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Foreword

Semiconductor devices have become essential and ubiquitous parts of our everyday
lives, and this has been enabled by an industry that has pursued a relentless reduction
in cost per function for over 50 years. Today’s devices contain billions of transistors
interconnected by kilometers of “wires,” yet all fitting in a fingernail-sized integrated
circuit. These devices are enabled by manufacturing processes that continue to increase
in complexity and require unprecedented innovation in physical structure, new materials,
process control, and throughput.

Some of the most important unit processes required to sustain this pace of innovation
include Etching, Deposition, Lithography, Metrology, and Wet Cleaning. In turn, the
improvements in these unit processes are dependent on critical subsystem technologies
and instruments that measure, control and sustain pristine vacuum systems, deliver critical
gases, reactive species, and power to these systems, and provide state-of-the-art laser,
optics and photonics capabilities to define and measure sub-nanometer features. MKS
Instruments uniquely serves this market with the broadest portfolio of solutions in the
industry.

The Semiconductor Devices and Process Technology handbook presents the
fundamental device physics, materials, and fabrication processes used to manufacture
semiconductors, as well as the technologies, instruments, and equipment that are used
to monitor, control, and automate the fabrication processes. This handbook was initially
conceived as training material for our employees. As it has evolved, we want to share it with
you, our customers, suppliers, and partners in the semiconductor industry, with the hope that
you will find it informative and of some value to your work.

This handbook came about thanks to what we learned from working alongside you for
over half a century. In that spirit, we welcome your feedback and input to future editions.
There’s no denying that rapidly evolving technology will continue to shape and transform this
industry in the years to come. MKS Instruments looks forward to facing the opportunities and
challenges this will present—together.

Gerald G. Colella
Chief Executive Officer & President

About MKS Instruments

MKS Instruments, Inc. is a global provider of instruments, subsystems and process control
solutions that measure, control, power, monitor, and analyze critical parameters of advanced
manufacturing processes to improve process performance and productivity. Our products are
derived from our core competencies in pressure measurement and control, flow measurement and
control, gas and vapor delivery, gas composition analysis, residual gas analysis, leak detection,
control technology, ozone generation and delivery, RF & DC power, reactive gas generation,
vacuum technology, lasers, photonics, sub-micron positioning, vibration isolation, and optics. Our
primary served markets include semiconductor capital equipment, general industrial, life sciences,
and research. Additional information can be found at www.mksinst.com.
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Semiconductor Physics and Basic Device Structures

. Semiconductor Physics and Basic Device Structures

A. Semiconductor Physics

1. Electrical Characteristics of Solids

When it comes to electrical characteristics, solid matter falls into one of three categories (Table 1):
it is either a conductor, an insulator, or a semiconductor, depending on whether or how well it conducts
electricity. Conductors have many “mobile charge carriers,” e.g., negative electrons. These are not strongly
bound to individual atoms and they can be easily made to flow through the conductor by the application
of an electrical potential [1] [2]. Examples of solid conductors include all of the familiar metals, along
with semi-metals such as graphite, a-tin, bismuth, antimony and arsenic. Insulators, on the other hand,
have their electrons tightly bound to the atoms; it takes a great deal of energy (i.e., a very high electrical
potential) to remove them from the atoms so that they can flow through the material. Examples of insulators
include glass, ceramics, plastics and wood.

» Many free electrons, which can easily be made to flow through material
Conductors » Examples: all metals, semi-metals such as carbon-graphite, antimony and
arsenic

» Very few free electrons
Insulators . .
» Examples: plastic, glass and wood

» Between the extremes of good conductors and good insulators

 Crystalline materials that are insulators when pure, but will conduct when

Semiconductors impurity is added and/or in response to light, heat, voltage, etc.

» Examples: elements such as silicon Si, germanium Ge, selenium Se;
compounds such as gallium arsenide GaAs and indium antimonide InSb

Table 1. Conductors, insulators and semiconductors.

Semiconductors lie between these extremes of electrical conductivity. They are high purity crystalline
materials that conduct electricity under relatively low electrical potential (when compared to insulators),
without the high electrical conductivity of metals. When certain impurities are added to the crystal matrix
of a semiconducting material, they contribute mobile charge carriers (either electrons or holes) that
can dramatically increase the electrical conductivity of the semiconductor under the proper conditions.
Semiconducting materials include elements such as silicon and germanium, along with compound (i.e.
multi-element) semiconductors such as gallium arsenide (GaAs), gallium nitride (GaN), silicon carbide
(SiC), indium antimonide (InSb), and indium phosphide (InP). Figure 1 shows a Periodic Table of the
Elements. The elemental semiconducting materials are all from Group IVA in this table, while compound
semiconducting materials are formed through the combination of elements from Groups IlIA and VA
(commonly referred to as IlI-V semiconductors) or Groups IIB and VIA (lI-VI semiconductors).

—3- emks
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Section A — Semiconductor Device Physics, Materials and Fabrication

VIIA
Helium
2
He
WA VA VA VIA  VIA | 400
Beryllium Boron Ne
3 4 5 10
Li Be B Ne
6.941 9.0122 10.811 20.18
Sodium | Magnesium Aluminum Silicon Argon
1 12 13 14 18
Na Mg Al Si Ar
22.99 24.305 1B VB VB VIB VIIB VIIB _* 1B 1B 26.982 28.086 39.948
Potassium | Calcium and| a anad o anganese 0 oba oppe Gallium | Germanium |  Arsenic Krypton
19 20 0 31 32 33 36
K Ca 0 Ga Ge As Kr
39.098 40.078 0.9 9! 69 69.723 7264 74.922 83.798
Rubidium | Strontium ol R d Indium Tin Antimony Tellurium Xenon
37 38 0 6 49 50 51 52 54
Rb Sr b 0 R R Pd Ag d In Sn Sb Te Xe
85.468 87.62 06 906 9 01.0 0 07.8 114.82 118.71 121.76 1276 131.2
Cesium Barium (e} Thallium Lead Bismuth Polonium Radon
55 56 6' 80 81 82 83 84 86
Cs | Ba a R O P g Tl Pb Bi Po Rn
132,91 137.33 8 80.9 0 08 00 204.38 207.2 208.98 209 222
Francium Radium o b org D
87 88 0 ] 06 0 08 109 110 11
Fr Ra R Db g B Mt Ds Rg
223 226 66 6 268 271 272
Lanth: Cerium Europium | Gadolinium | Terbiium | Dysprosium | Holmium Erbium Thulium Yiterbium Lutetium
57 58 59 60 61 62 63 64 65 66 67 68 69 70 7
La Ce Pr Nd Pm | Sm Eu Gd Th Dy Ho Er Tm Yb Lu
151.96 162.5
Figure 1. Periodic Table of the Elements.
Electrical conduction in solids is best understood in terms of a model that physicists call “Band
Theory.” Those interested in understanding more about this theory should review the material contained
in Appendix A of this text. The next section provides an abridged description of how electrical conduction
occurs in semiconductors; some knowledge of atoms, electrons, chemical bonds and electron orbitals
is required. Those unfamiliar or “rusty” on these concepts can find readily available texts as well as
entertaining and instructive Internet videos on the basics [3] [4] [5] [6] [7]-
2. Electrical Conduction in Semiconductors

(MOSFET) device, Figure 2(a), behaves as an electrical on/off switch, while a Bipolar Junction Transistor

Pure semiconductor crystals are not particularly good electrical conductors, although their
conductivities are much greater than those of insulators (Table 2). The electrical property that makes
semiconducting materials, and especially silicon, so valuable in electronics and other device applications
arises from the fact that their electrical conductivity can be continuously varied through the controlled
incorporation of dopant atoms into the crystal lattice. This property allows doped and undoped silicon to

be used for the control of electrical current in a multitude of electronic devices, including diodes, capacitors
and transistors. Transistors, especially, are extremely important in modern technology. They can be
likened to a valve that controls the flow of electricity: a Metal-Oxide-Semiconductor Field Effect Transistor

(BJT), Figure 2(b) behaves primarily as an amplifier (controlling signals) in its linear range. Such transistors

can only be fabricated using semiconductor materials.
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Material Resistivity (Q-cm) Conductivity (Q'-cm™)
Insulators
Hard Rubber 1-100 x 10% 1x10%to1x 101
Glass 1-10000 x 10° 1x108to1lx10°
Quartz (fused) 7.5 x 10Y 1.33 x 1018
Semiconductors
Carbon (Graphite) 3-60 x 10° 1.67 x 10° to 3.33 x 10*
Germanium 1-500 x 10 2.0t0 1.00 x 103
Silicon 0.10- 60 1.67 x 102 to 10
Metals
Silver 1.63x 10 6.17 x 107
Copper (annealed) 1.72 x10°% 5.95 x 107
Aluminum 2.65x 10°® 3.77 x 107

Table 2. Relative electrical resistivities and conductivities of some metals.

Today silicon is the primary semiconducting material employed for large scale electronic device
manufacturing and we will use it to illustrate the electrical properties of semiconductors. Keep in mind that
the properties described for silicon can equally describe other semiconducting elements in Table 2, as well
as the various compound semiconductors (GaAs, InP, etc.) that are used in more limited applications (albeit
with some variation in the finer details).

Metal-Oxide-Semiconductor Bipolar Junction Transistor
Field Effect Transistor
(MOSFET)
Gate Drain NPNicollector
Base
Source Emitter
Source Drain Emitter Base Collector
/ '/
n* n*
Bulk
\_ (a) (b) )

Figure 2. (a) Metal-Oxide-Semiconductor Field Effect Transistor (MOSFET) symbol and
structure; (b) Bipolar Junction Transistor (BJT) symbol and structure.

Pure silicon and other elemental semiconductors are commonly referred to as intrinsic semiconductors
[8] [9]. The term intrinsic means that electrical conductivity is an inherent property of the semiconducting
material and independent of the presence of additives. In addition to intrinsic semiconductors,
semiconductor device fabrication also makes use of extrinsic semiconductors (see Figure 3) that depend
on the presence of dopant impurities to increase the electrical conductivity of the material. Table 2 shows
the room-temperature resistivities and conductivities for a number of metals, intrinsic semiconductors and
insulators. Elemental silicon has a resistivity of 0.10-60 Q-cm—significantly higher than metallic resistivities;
however, it is many orders of magnitude smaller than the resistivity of a typical insulator.
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[~ 85 45
8.0 4.0
2 & z
= 2
B ‘E 7.5 35 B¢
I = 3 0
2% 28
=] —
85 70 30 02
o= 2
] et
- 65 Tungsten 25
6.0 2.0
700 900 1100 1300 1500
\_ Temperature (K) J

Figure 3. The electrical conductivity characteristics of a semiconductor
(silicon) vs. those of a metal (tungsten) [10].

A further difference between the electrical characteristics of semiconductors and those of metals lies
in the way their conductivities vary with temperature. At absolute zero (0 K), the electrical conductivity
of a semiconductor has a value of zero (i.e., the conductivity is at its minimum) whereas a metal exhibits
its maximum electrical conductivity at absolute zero; furthermore, conductivity increases with increasing
temperature in a semiconductor, whereas it goes down with increasing temperature in a metal. Figure
3 shows a graph comparing the temperature variation of the electrical conductivity of a semiconductor
(silicon) versus a metal (tungsten). The different behaviors of electrical conductivities seen in Figure 3 can
be understood in terms of the different mechanisms that govern electrical conductivity in a metal versus a
semiconductor.

Metals have many free electrons available to conduct electricity. In a metal, the valence band and the
conduction band overlap, so electrons are free to move into many available and vacant energy levels (see
Appendix A for a description of valence and conduction bands). When an electrical potential is applied
across a piece of metal, these electrons can flow freely from higher to lower potential. The conductivity is
limited only by the amount of electron scattering that occurs due to collisions between the flowing electrons
and fixed atoms in the metal lattice. At 0 K, the atoms in the metal lattice are at rest and electron scattering
is at its lowest possible value. As the temperature of the metal increases, thermal energy causes the atoms
in the lattice to vibrate. These vibrations increase the effective diameter which an atom presents to the flow
of electrons, increasing each atom’s ability to scatter electrons. Thus, as the temperature rises from 0 K, the
metal atoms vibrate with continuously increasing amplitudes, increasing the degree of electron scattering
and producing the observed reduction in conductivity seen in Figure 3.

4 S —
anc ConductionBand

(Thermal Electronics)

Shared |
Electrons:

------------ o art” Silicon at 0K Silicon at 298K

(a) (b) )

Figure 4. Silicon structure and electrical conduction.
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Figure 4 can help in understanding how the mechanism of electrical current flow in a semiconductor
differs from current flow in a metal. Figure 4(a) shows silicon atoms in a crystal, along with a crude
schematic of how the valence electrons associated with each silicon atom are shared to produce four
bonds containing eight electrons in every atom’s valence shell. As you will recall from basic chemistry,
covalently bound atoms require eight electrons in their valence shell to be stable. As Figure 4(a) shows,
every valence electron in a silicon atom is involved in a covalent bond and so, unlike in a metal, none are
free for electrical conduction; silicon, at absolute zero, is an insulator.

Figure 4(b) shows a crude schematic of the band structure (see Appendix A) of silicon at 0 K vs. the
same structure at 298 K (25°C). At 0 K, the valence band is full and the conduction band empty and there
is no thermal energy available to raise a valence electron into the conduction band. As the temperature
increases, the silicon absorbs thermal energy. While this energy increases the thermal vibrations of the
silicon atoms (producing increased atom-electron scattering), any loss in electrical conductivity due to
this phenomenon is swamped by the increase in electrical conductivity due to the thermal promotion of
electrons from the valence to the conduction band. This effect is not present in metals since the conduction
band overlaps the valence band. Promotion of an electron in the valence band to the conduction band
creates an electron-hole pair which constitutes mobile carriers in both the conduction band (electrons)
and the valence band (holes). Electrical current will now flow in the material when a potential is applied.
From Figure 4(b), we can see that in an intrinsic semiconductor, there is a balance between the number
of electrons in the conduction band and the number of holes in the valence band. The concept of holes
is important in discussions of electronic devices because electrical current is conventionally depicted as
being due to the movement of holes. Since holes represent the absence of negative charges (electrons), it
is useful to think of them as positive charges. By convention, electric fields [10] [11] (and therefore electric
potential) are depicted as a vector extending outward from areas of positive charge. Therefore, when
considering current flow, electrons move in a direction opposite to the applied electric field direction (i.e.,
toward the positive charge), while holes move in the direction of the electric field.

 ma IVA VA )

Aluminum Silicon

2 13 14 z
s <
o Al Si S
<) ®
0O | 26982 28.086 o
g_ Gallium | Germanium |  Arsenic -g
) o
- 31 32 33 3
o 7]
Ga Ge As
69.723 72.64 74.922
Indium Tin Antimony
49 50 51
In Sn Sb
114.82 118.71 121.76
Elemental
\_ Semiconductors )

Figure 5. Elemental semiconductors and
the most common n- and p-type dopants used
to create extrinsic semiconductors.
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When compared with metals, semiconductor electrical conductivities are not very high, as can be seen
from the values in Table 2. However, semiconductor conductivities can be significantly increased (and, in
fact, fine-tuned to target values) by adding impurity atoms known as dopants. “Doped” semiconductor
materials are commonly referred to as extrinsic semiconductors [8] [12]. Figure 5 shows the area of the
Periodic Table that contains the elemental semiconductors and the dopant elements that can be used to
create an extrinsic semiconductor. The dopants are those elements on either side of Column IVA in the
Periodic Table. A dopant atom is similar in size to the intrinsic semiconductor atom in the same row but
has either one fewer or one greater electron in its valence shell. The dopant atoms can easily replace the
semiconductor atom in its crystal lattice. Figure 6 shows the insertion of either a Group VA (n-type dopant,
phosphorus) or a Group IllIA (p-type dopant, boron) atom into the silicon crystal lattice as well as the effect
that the substitution of the silicon atom by a dopant atom has on the band structure of the silicon.

/

extra electron

Phosphorus (P)

Silicon

Silicon
Lattice

P-doped n-type B-doped p-type
Silicon Silicon
Conduction Conduction Conduction
Band « Band Band
0.045 eV
Donor level )
“with "exfra” 4 _} Bakd Gap 1.1eV _Acceptor__ _ __
electron Band Gap eénergy leve }0.045 eV
. Band Gap
Valence Band - Valence Band +B Valence Band
—— —_
n-type Silicon Pure Silicon p-type Silicon
N (a) (b) )

Figure 6. The effect of impurities on the band gap in extrinsic silicon [10].

When phosphorus, an n-type (donor) dopant is substituted for silicon, the extra electron in phosphorus’s
valence shell is at a higher energy level (the donor level in Figure 6(a)) than the electrons in the filled silicon
valence band. This dopant electron can easily jump the small energy gap (0.045 eV for P, much less than
the 1.1 eV band gap for pure silicon at room temperature; typical donor band gaps range from .039 to
.054 eV) to the empty conduction band and become a free carrier. The concentration of free carriers (and
therefore the electrical conductivity) in an n-type extrinsic semiconductor is roughly proportional to the
dopant concentration in the material. Since the free electron generated from dopant atoms in an n-type
semiconductor does not produce a corresponding hole in the filled valence band, the dominant charge
carriers in an n-type semiconductor are electrons. In a similar manner, boron can be easily substituted for
silicon in the bulk crystal lattice, as shown in Figure 6(b). Since boron has one less electron than silicon, this
creates a hole (an acceptor level) at an energy just greater than the top of the filled silicon valence band.
Under the influence of an electric field, it takes little energy (0.045 eV for B; typical acceptor band gaps range
from 0.045 to 0.160 eV) for an electron in the valence band to be promoted to this acceptor level, leaving
behind a hole in the valence band. Other bound electrons in the valence band can then jump into this hole
and the subsequent hole movement carries the electrical current. Thus, for p-type extrinsic semiconductors,
holes are the majority charge carriers for current flow. Figure 7 shows the relationship between dopant
concentration and resistivity (the inverse of conductivity) for n-and p-type dopants in crystalline silicon.
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B. Basic Device Structures
1. P-N Junction

o100

10°

102

10

11

10

Resistivity (Q-cm)

102

10

10+
102 10" 10" 10" 10" 107 10" 10"  10®  10%
\_ Dopant Concentration (atoms/cm?3) )

Figure 7. The dependency of the electrical resistivity at 298K
on the doping concentration.

The ability to continuously vary a semiconductor’s resistivity has only limited value when considered in
isolation since a device composed of a single, doped semiconductor is simply a neutral, passive electrical
component (i.e., a resistor). Rather, it is the combination of differently doped semiconductors with each
other and with other materials that has leveraged the unique physical properties of semiconductors with
the properties of more conventional insulators and conducting materials to create the solid state electronic
devices that enable much of modern technology. The most basic of these devices is the P-N junction [13]
[14].

When p-type semiconductor and n-type semiconductor materials are placed in physical contact,
the area around the contact (known as the junction) behaves differently than either of the two source
materials. Figure 8 illustrates the unique electrical field and charge conditions that exist at a P-N junction
along with the forces at play on the free carriers. In isolation, an n-type semiconductor material has a high
concentration of free electrons while a p-type semiconductor has a high concentration of free holes. When
the two materials are in contact, nature demands that the concentration of holes and electrons be the
same throughout the two materials; this phenomenon is called diffusion [15]. If electrons and holes were
uncharged, neutral species, diffusion of holes and electrons would eventually make the local concentration
of holes and electrons constant throughout the entire body of the joined p- and n-type materials. However,
when electrons migrate from the n-type semiconductor to the p-type semiconductor and holes migrate
from the p-type semiconductor to the n-type semiconductor, each type of carrier leaves behind fixed
charges; positive in the n-type material (positive Group VA cations in the silicon lattice) and negative in the
p-type material (negative Group lllA anions in the silicon lattice). This sets up an electric field across the
junction that eventually prevents further migration. The region over which the electric field extends is known
as the depletion region; it is devoid of free carriers and acts as an insulator that prevents further diffusion of
electrons and holes. A built-in electrical potential, V, is created by the electrical field at the P-N junction; in
the case of silicon this potential has a value of about 0.7 V.
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2. Diodes

Devices made of a simple P-N junction are solid state diodes (commonly referred to as a P-N Junction
Diode) [13]. The characteristic response of a solid state diode to an external electrical potential or to an
energy source such as light forms the basis for devices such as bipolar junction transistors, solar cells,
LEDs, lasers and photodiodes. As discussed above and shown in Figure 8, an isolated P-N junction
(i.e., not connected within a powered circuit) is in a state of equilibrium, with carrier generation and
recombination and carrier diffusion and drift all balanced in the presence of the electric field across the
depletion region. If one were to connect the P and N terminals of the diode shown in Figure 8, zero voltage
would be observed across the diode and there would be no current flow. However, when an external
potential is applied to the diode terminals, the unique properties of the P-N junction result in one-directional
current flow, the unique characteristic of a diode. Figure 9 shows a schematic of a silicon diode under
conditions of “zero,” “forward” and “reverse” bias. In the zero bias state Figure 9(a), there is no current flow,

as described above.

/

Electron
Diffusion

N

Electric Potential

p-type

1
1
I

Semiconductor
- -

o

" Depletion Layer
-

Electric Field

~

Hole
Diffusion

J

Figure 8. The P-N junction [16].

In the forward bias state Figure 9(b), the positive terminal of a power supply (i.e., a battery) is connected
to the p-type material of the diode and the negative terminal of the battery to the n-type material (Figure 9).
Under these conditions, the electric field due to the external voltage is oriented in the opposite direction of
the electric field due to the depletion region (see Figure 8). When it is connected to a power supply in this
manner, no current will flow through the diode until the external voltage exceeds the value of the built-in
potential in the depletion region, i.e., 0.7 V in the case of a silicon P-N junction. Additionally, under forward
bias conditions, the opposing E-field of the external voltage shrinks the depletion region of the P-N junction,
making it much thinner; this has the effect of producing a very low resistance path through the P-N junction
that will allow very large currents to flow through the diode with relatively small increases in voltage. This
effect can be seen in the voltage/current curve for forward bias conditions that is shown in Figure 9. The
effective limits to current flow through the P-N junction diode are so high that resistors are normally required
in series with the diode in order to limit the current to values low enough to prevent thermal damage to the

diode.

In the reverse bias state Figure 9(c), the positive terminal of a power supply is connected to the n-type
material of the P-N junction diode while the negative terminal is connected to the p-type material. Under
reverse bias, the positive voltage applied to the n-type material attracts the free electrons towards the
positive terminal and the negative voltage applied to the p-type material attracts holes. This has the effect
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of widening the depletion region, producing a high resistance to current flow in the diode. The resistance
produced in this manner is high enough that essentially no current can flow through the device (with the
exception of a small leakage current — see the curve in Figure 9(c)). This state exists under reverse bias
conditions until the bias voltage becomes high enough to cause the diode’s P-N junction to overheat and
fail, producing a short in the electrical circuit.

/
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A v 0
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V{forward}

0 0 |
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\ (@) Y
Figure 9. Current flow characteristics of a P-N junction diode [16].
3. Bipolar Junction Transistor
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Figure 10. The bipolar junction transistor.

The P-N junction diode is the simplest electronic device that can be built using semiconducting
materials (with the exception of a resistor). If we take two P-N junction diodes and physically join them in
a back-to-back manner as shown in Figure 10, we can produce the most fundamental of microelectronic
devices — a transistor. Transistors such as the one shown in Figure 10 are called bipolar junction
transistors [13] [17]. Bipolar junction transistors (BJTs) were invented in late 1947 by William Shockley,
Walter Brattain and John Bardeen at AT&T Bell Laboratories. They constituted what is arguably the first
step in the microelectronics revolution and Shockley, Brattain and Bardeen were awarded the Nobel Prize
in Physics in 1956 for this invention. The BJT is so named because its operation involves both electrons
and holes. It can be configured as either a PNP transistor or an NPN transistor which can be constructed
as either a three-layer sandwich as shown in Figure 10(a) or as a planar device on a semiconductor wafer
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as shown in Figure 10(b). The BJT is fabricated with an emitter and collector of similar semiconductor type
(i.e., either p-type or n-type) at either end with a very thin base of opposite polarity in between the emitter
and collector. In BJTs a small potential (for silicon devices, 0.7 V, enough to overcome the P-N junction
potential) is applied to the base. This overcomes the junction potential between the emitter and the base,
producing a small current flow from the emitter to the base. This current flow, in turn, regulates the much
larger current flow from the emitter to the collector. For those interested in a more in-depth understanding
of how the BJT operates, reference [17] provides an excellent video description. BJTs can be described

as “current regulating devices that control the amount of current flowing through them in proportion to the
amount of biasing voltage applied to their base terminal, acting like a current-controlled switch.” [18]

4. MOSFET

/ Source Source

Metal Metal Gate Metal
Contact Contact

Metal Metal Gate Metal
Contact Contact

Gate Oxide
Bulk Bulk

L (a) (b) )

Gate Oxide

Figure 11. NMQOS (a) and PMOS (b) MOSFETSs.

Another very common form of transistor is the Metal Oxide Semiconductor Field Effect Transistor
(MOSFET) [13] [19]. MOSFETs are planar surface devices that are the most commonly used variant of Field
Effect Transistors (FETs); the reader may also encounter Junction Gate Field Effect Transistors (JFETs)
and Insulated Gate Field Effect Transistors (IGFETs). MOSFETs are actually a subset of IGFETs. FETs
can replace BJTs in most electronic circuits and have advantages for use in microelectronics since they
consume and dissipate less power and they can be made much smaller than equivalent BJTs. Indeed,
MOSFET devices constitute the ubiquitous “bit” switch that is set to 0 (“Off” state) or 1 (“On” state) in
microelectronic logic devices (i.e., computers). FETs differ from BJTs in the way that current flow through
the device is controlled; the primary current flow through an FET is controlled by a small voltage applied to
one of the terminals rather than by a control current flow through any part of the device. Since MOSFETs
are the most widely used FET, we will use these devices to describe the components and operation of this
class of transistor. Figure 11 shows the elements of a typical MOSFET where the transistor is built into the
surface of a silicon bulk substrate. MOSFETs can be built as either NMOS or PMOS transistors, depending
on the polarities of the bulk, source and drain regions as shown in Figure 11. The majority of carriers
in NMOS devices are electrons while those in PMOS devices are holes. An NMOS device is built on a
p-doped silicon substrate that has had regions of n-type material which are created using ion implantation,
as shown in Figure 11(a).These n-type regions are called the source and the drain. This situation is reversed
in a PMOS device, as shown in Figure 11(b). The bulk material between the source and drain in a MOSFET
is called the channel. A very thin insulating oxide layer covers the channel region; it is commonly referred to
as a gate oxide. Finally, a conducting gate material, either a metal or highly doped polysilicon, is deposited
on top of the gate oxide, creating the three-terminal device structure shown in Figure 11.

The operational characteristics of an nNMOSFET transistor are shown in Figure 12; basic operating
principles of a MOSFET device can be explained within the context of an NMOS device as shown in Figure
13. Figure 13(a) shows the device in the “Off” state with the gate, source and drain voltages at zero and the
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bulk substrate connected to ground. Two P-N junctions exist between the n-type source/drain regions and
the bulk p-type substrate. In operation, the potential between the drain and source (V,.), and that between
the gate and source (V,), are always positive. When a small voltage, (V) is applied to the gate, the charge
carrying holes in the p-type substrate are repelled away from the substrate surface. When V  reaches a
threshold value (V,,,, the minimum gate to source voltage needed to turn the device on; this is less than the
0.7 V required in BJTs, typically 0.2-0.25 V in modern logic processors), the region under the gate becomes
completely depleted of charge, producing a region in the substrate called the “depletion zone”. Further
increases in V attract electrons from the electron-rich source (Vo) and drain (V) regions into the region
under the gate, producing an n+ region known as the “inversion layer”, shown in Figure 13(b). This inversion
layer is a conducting channel that connects the two n-type regions at the source and drain; it will allow
electrons to flow from the source to the drain when there is a positive voltage, V, between the source and
drain. To assure that the induced inversion channel extends all the way from source to drain, the MOSFET
gate structure slightly overlaps the edges of source and drain (the latter is achieved by a method known as
a self-aligned process [13] [20]).
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Figure 12. nMOSFET I-V characteristics [21].

When a drain-source bias, V, is applied to a NMOS device in the above threshold conducting state,
electrons move in the channel inversion layer from source to drain. At relatively small values of V, the I/V
characteristics of the device are linear with | (drain current) increasing with increasing V, (drain voltage),
as shown in Figure 13(b). Any change in the gate-source voltage V will alter the electron density in
the inversion layer, and, in this way, changes to V can also control the device current. For this reason,
characteristic |-V curves for NMOS devices typically depict a family of curves at different V., as shown in
Figure 12. When the drain voltage is increased to a value known as the saturation voltage, V,,, the charge
and current flow characteristics in an NMOS device evolve, as depicted in Figure 13(c). The inversion layer
under the gate becomes wedge shaped, wider (or deeper) near the source and essentially disappears (zero
thickness) at the drain. This phenomenon is known as “pinch-off” [22] and the point where the inversion
layer thickness is reduced to zero is called the “pinch-off point.” Pinch-off occurs because, at V,,, the
effective potential between the gate and substrate at the source end of the channel (V.= V) is greater
than the potential between the gate and the substrate at the drain end of the channel, which is just the
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potential needed to form the inversion layer called the threshold voltage (V= V -V, = V) Any higher
voltage on the drain will cause the gate to substrate voltage to be reduced below the threshold voltage
and the inversion layer will not be formed, creating the pinch-off point where there are no longer any
mobile electron carriers in the channel. When the voltage applied to the drain is increased beyond V,, the
pinch-off point moves further towards the source, reducing the effective channel length, L., as shown in
Figure 13(d). Under these conditions, the area between the pinch-off point and the drain is fully depleted
with no inversion layer. Since this region has no positive free carriers, there is no possibility for electron-
hole recombination if an electron enters the region from the electron-rich source and, if there is an electric
field across the depletion zone, the electron can freely transit to the drain. (Interested readers can find a
more detailed discussion of this phenomenon in reference [22].) As can be seen from Figure 12, the current
through the device becomes controlled solely by the gate voltage under drain saturation conditions.

~

Vp=small

Figure 13. Operating characteristics of an NMOS field effect transistor.

5. FinFETs

As MOSFET devices have continued to shrink in size, certain limitations have begun to impact their
performance. Specifically, at nanometer dimensions, subthreshold current leakage becomes a significant
factor (I, becomes unacceptably high) and the potential on the drain begins to dominate the electrostatics
in the channel region of the device. This causes a loss of gate control over the device current and an
increase in | .; these characteristics are known as short channel effects. Increases in | , have obvious
consequences for device performance. The problem especially impacts the devices used in mobile
applications where it can lead to an unacceptable drain on battery power. Over the years, this problem
has been overcome through the use of ever thinner gate oxides and the deployment of high-k dielectric
materials that increase the gate-channel capacitance. These approaches have been effective up to about
a decade or so ago when the continued thinning of gate oxides produced irremediable problems with gate
leakage and gate-induced drain leakage in nanometer-scale devices. These problems have been resolved
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through the use of an approach known as multi-gate FETs (MGFETSs), a three-dimensional departure from
traditional planar MOSFET designs.

Currently, the dominant non-planar transistor device geometry is the Fin Field Effect Transistor or
FinFET [283]. Figure 14 shows a comparison between the structure of a conventional planar MOSFET and
that of a FinFET. It can be seen that all of the familiar components of a MOS device are present in the
FinFET (drain, source, gate, gate dielectric) and that the device more effectively separates the source and
drain from the substrate silicon (FInFETs can be constructed on both bulk silicon and on buried oxide
layers) and has a multiple gate configuration. The source and drain regions are now part of a vertical fin
structure with the gate dielectric and gate electrode wrapped around it to produce multiple gates, one on
either side of the fin as well as one on top of the device. FinFETs can also be extended to create a gate all
around the device.

4 )

Gate Dielectric

Source
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Bulk

\_ Planar MOSFET FinFET Y,

Figure 14. A comparison between the structures of a planar MOSFET transistor and a FinFET transistor.

FinFET designs produce much better control of the gate current by using more than one gate to control
a single channel. They have much lower | . leakage characteristics and can conduct significantly more
current in the On state than comparable MOSFET designs.

Other Common Semiconductor Devices

In addition to the semiconductor devices that have been described in detail above, there are many
other device types that the reader may encounter in interactions with semiconductor manufacturers. Below
are some representative devices with graphic illustrations of their structures.

Flash Transistors

4 Ground  Wordiine Bitline N\
Floating Gate

Figure 15. Flash transistor structure.
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Flash transistors [24] are used in memory devices. Their design is similar to that of MOSFETs with
the main design difference being that they employ two gates rather than one in a planar MOSFET design
(Figure 15). When a potential is applied to the control gate of the flash transistor, current flows between the
source and drain. It differs from a conventional MOS device in that some electrons tunnel through the gate
oxide to produce a permanent charge on the floating gate. The presence of this charge constitutes a logic
“1” in the memory device. The charge on the floating gate can be removed by placing a negative potential
on the control gate. When the floating gate has no charge, it constitutes a logic “0” in the memory device.
Flash memory transistors are thus a fundamental component of most non-volatile memory devices, which
are devices that maintain their charge when power is turned off.

r

Gate
O Drain

Source
O

Figure 16. CMOS device structure.

CMOS

The acronym CMOS describes a Complementary Metal Oxide Semiconductor device [13] [25]. These
composite devices combine NMOS and PMOS switches to achieve unique characteristics that allow a full
suite of logic devices to be built [13] [26]. The device structure for a generic CMOS device is shown in
Figure 16. CMOS devices have high immunity to noise and low power consumption, thus generating less
waste heat, It is the most commonly used technology for very large scale integrated (VLSI) circuits.

Rectifier

Semiconductor rectifiers are p-n junction diodes specifically designed to rectify an alternating current —
i.e., to give a low resistance to current flow in one direction and a very high resistance in the other direction.

Zener Diode

A Zener diode is a voltage regulator that is a p-n junction diode having a precisely tailored impurity
distribution that produces a well-defined breakdown voltage. It can be operated in the reverse direction to
serve as a constant voltage source, as a reference voltage for a regulated power supply, and as a protective
device against voltage and current transients.

Varactor Diode

A varactor (variable reactor) is a device whose reactance, a measure of opposition to a change in
current or voltage, can be varied in a controlled manner with a bias voltage. It is a p-n junction with a special
impurity profile, and its capacitance variation is very sensitive to reverse-biased voltage. Varactors are
widely used in parametric amplification, harmonic generation, mixing, detection and voltage-variable tuning
applications.
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Tunnel Diode

A tunnel diode is a single p-n junction in which both the p and n sides are heavily doped. The depletion
layer is extremely narrow and under forward bias electrons can tunnel or pass directly through the junction,
producing a negative resistance effect (i.e., the current decreases with increasing voltage). The tunnel
diode is used in special low-power microwave applications, such as local oscillators and frequency-locking
circuits.

Schottky Diode

A Schottky diode has a metal-semiconductor contact (e.g., an aluminum layer in intimate contact
with an n-type silicon substrate). It is electrically similar to a p-n junction and is used extensively for high-
frequency, low-noise mixer and switching circuits. This metal-semiconductor junction has a lower forward
bias voltage than a semiconductor - semiconductor junction, and leads to higher switching speeds.
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Il. Semiconductor Materials

A. Bulk Crystalline Silicon and Compound Semiconductors

1. Electronic Grade Polycrystalline Silicon (Polysilicon)
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Figure 17. Schematic of a submerged electrode arc furnace
used in the production of MG-Si (after [27]).

Silicon [28] [29] is the second most abundant element in the earth’s crust (oxygen is the first). It
occurs naturally in silicate (Si-O containing) rocks and sands. The elemental silicon used in semiconductor
device manufacture is produced from high purity quartz and quartzite sands [30] [31], which contain
relatively few impurities. Electronic grade silicon, the name used for the grade of silicon employed in
semiconductor device manufacture, is the product of a chain of processes beginning with the conversion
of quartz or quartzite sand to “metallurgical grade silicon” (MG-Si), in an electric arc furnace (Figure 17)
according to the chemical reaction:

Si0, + C — Si + CO,

Silicon prepared in this manner is called “metallurgical grade” since most of the world’s production
actually goes into steel-making. It is about 98% pure [32]. For more details on the MG-Si process see
references [32] and [33]. MG-Si is not pure enough for direct use in electronics manufacturing. A small
fraction (5% — 10%) of the worldwide production of MG-Si gets further purified for use in electronics
manufacturing. The purification of MG-Si to semiconductor (electronic) grade silicon is a multi-step
process, shown schematically in Figure 18. In this process, MG-Si is first ground in a ball-mill to produce
very fine (75% < 40 pM) particles which are then fed to a Fluidized Bed Reactor (FBR). There the MG-Si
reacts with anhydrous hydrochloric acid gas (HCI), at 575 K (approx. 300°C) according to the reaction:

Si + 3HCI - SiHCI, + H,

The hydrochlorination reaction in the FBR makes a gaseous product that is about 90% trichlorosilane
(SiHCL,). The remaining 10% of the gas produced in this step is mostly tetrachlorosilane, SiCl,, with some
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dichlorosilane, SiH,Cl,. This gas mixture is put through a series of fractional distillations that purify the
trichlorosilane and collect and re-use the tetrachlorosilane and dichlorosilane by-products. This purification
process produces extremely pure trichlorosilane with major impurities in the low parts per billion range.

Purified, solid polycrystalline silicon is produced from high purity trichlorosilane using a method
known as “The Siemens Process.” In this process, the trichlorosilane is diluted with hydrogen and fed to a
chemical vapor deposition reactor. There, the reaction conditions are adjusted so that polycrystalline silicon
is deposited on electrically-heated silicon rods according to the reverse of the trichlorosilane formation

reaction:

SiHCI, + H, — Si + 3HCI

By-products from the deposition reaction (H,, HCI, SiHCI,, SiCl, and SiH,Cl,) are captured and
recycled through the trichlorosilane production and purification process as shown in Figure 18. The
chemistry of the production, purification and silicon deposition processes associated with semiconductor
grade silicon is more complex than this simple description. There are also a number of alternative
chemistries that can be, and are, used for polysilicon production. See references [32] to [34] for more in-
depth discussions of this topic. Wacker Chemistry AG has provided an on-line video on silicon production

and its use in photovoltaic cells [35].
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Figure 18. Process flow diagram for the production of semiconductor grade (electronic grade) silicon [36].
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2. Single Crystal Silicon Wafer Manufacture

The silicon wafers so familiar to those of us in the semiconductor industry are actually thin slices
of a large single crystal of silicon that was grown from melted electronic grade polycrystalline silicon.
The process used in growing these single crystals is known as the Czochralski process after its inventor,
Jan Czochralski [36]. Figure 19 shows the basic sequence and components involved in the Czochralski

process.
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Figure 19. (a) Schematic of Czochralski process (b) Process equipment
(reproduced with permission, PVA TePla AG 2017) [37].

The Czochralski process is carried out in an evacuable chamber, commonly referred to as a
“crystal puller” that holds a large crucible, usually quartz, and an electric heating element (Figure 19(a)).
Semiconductor grade polysilicon is loaded (charged) into the crucible along with precise amounts of any
dopants such as phosphorus or boron that may be needed to give the product wafers specified P or N
characteristics. Evacuation removes any air from the chamber to avoid oxidation of the heated silicon
during the growth process. The charged crucible is electrically heated to a temperature sufficient to melt
the polysilicon (greater than 1421°C). Once the silicon charge is fully melted, a small seed crystal, mounted
on arod, is lowered into the molten silicon. The seed crystal is typically about 5 mm in diameter and up to
300 mm long. It acts as a “starter” for the growth of the larger silicon crystal from the melt. The seed crystal
is mounted on the rod with a known crystal facet vertically oriented in the melt (crystal facets are defined
by “Miller Indices”). In the case of seed crystals, facets having Miller indices of <100>, <110> or <111>
are typically chosen. References [36] and [32] provide brief textual descriptions of Miller Indices and their
relation to crystal structures, while reference [38] provides an excellent video discussion of Miller Indices
and crystal facet orientations. The crystal growth from the melt will conform to this initial orientation, giving
the final large single crystal a known crystal orientation. Following immersion in the melt, the seed crystal is
slowly (a few cm/hour) pulled from the melt as the larger crystal grows. The pull speed determines the final
diameter of the large crystal. Both the crystal and the crucible are rotated during a crystal pull to improve
the homogeneity of the crystal and dopant distribution. The final large crystal is cylindrical in shape; it is
called a “boule.”
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Czochralski growth is the most economical method for the production of silicon crystal boules
suitable for producing silicon wafers for general semiconductor device fabrication (known as CZ wafers).
The method can form boules large enough to produce silicon wafers up to 450 mm in diameter. However,
the method has certain limitations. Since the boule is grown in a quartz (SiO,) crucible, some oxygen
contamination is always present in the silicon (typically 10'® atoms cm or 20 ppm). Graphite crucibles
have been used to avoid this contamination, however they produce carbon impurities in the silicon, albeit
at an order of magnitude lower in concentration. Both oxygen and carbon impurities lower the minority
carrier diffusion length in the final silicon wafer. Dopant homogeneity in the axial and radial directions is also
limited in Czochralski silicon, making it difficult to obtain wafers with resistivities greater than 100 ohm-cm.

Higher purity silicon can be produced by a method known as Float Zone (FZ) refining [36] [39]. In this
method, a polycrystalline silicon ingot is mounted vertically in the growth chamber, either under vacuum or
inert atmosphere. The ingot is not in contact with any of the chamber components except for the ambient
gas and a seed crystal of known orientation at its base (Figure 20). The ingot is heated using non-contact
radio-frequency (RF) coils that establish a zone of melted material in the ingot, typically about 2 cm thick.
In the FZ process, the rod moves vertically downward, allowing the molten zone to move up the length of
the ingot, pushing impurities ahead of the melt and leaving behind highly purified single crystal silicon. FZ
silicon wafers have resistivities as high as 10,000 ohm-cm.
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Figure 20. Float zone crystal growth configuration [40].

Once the silicon boule has been created, it is cut into manageable lengths and each length ground to
the desired diameter. Orientation flats that indicate the silicon doping and orientation for wafers of less than
200 mm diameter are also ground into the boule at this stage. For wafers with diameters less than 200 mm,
the primary (largest) flat is oriented perpendicular to a specified crystal axis such as <111> or <100> (see
Figure 21). Secondary (smaller) flats indicate whether a wafer is either p-type or n-type. 200 mm (8-inch)
and 300 mm (12-inch) wafers use a single notch oriented to the specified crystal axis to indicate wafer
orientation with no indicator for doping type. Figure 21 shows the relationship between wafer type and the
placement of flats on the wafer edge.
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Figure 21. Wafer flat designators for different wafer orientation and doping.

After the boule has been ground to the desired diameter and the flats have been created, it is cut into
thin slices using either a diamond encrusted blade or a steel wire. The edges of the silicon slices are usually
rounded at this stage. Laser markings designating silicon type, resistivity, manufacturer, etc. are also added
near the primary flat at this time. Both surfaces of the unfinished slice are ground and lapped [41] to bring
all of the slices to within a specified thickness and flatness tolerance. Grinding brings the slice into a rough
thickness and flatness tolerance after which the lapping process removes the last bit of unwanted material
from the slice faces, leaving a smooth, flat, unpolished surface. Lapping typically achieves tolerances of
less than 2.5 ym uniformity in wafer surface flatness.

The final stage in silicon wafer manufacture involves chemically etching away any surface layers that
may have accumulated crystal damage and contamination during sawing, grinding and lapping; followed
by chemical mechanical polishing (CMP) to produce a highly reflective, scratch and damage free surface on
one side of the wafer. The chemical etch is accomplished using an etchant solution of hydrofluoric acid (HF)
mixed with nitric and acetic acids that can dissolve silicon. In CMP, silicon slices are mounted onto a carrier
and placed in a CMP machine [42] where they undergo combined chemical and mechanical polishing.
Typically, CMP employs a hard polyurethane polishing pad combined with a slurry of finely dispersed
alumina or silica abrasive particles in an alkaline solution. The finished product of the CMP process is the
silicon wafer that we, as users, are familiar with. It has a highly reflective, scratch and damage free surface
on one side on which semiconductor devices can be fabricated.

Compound Semiconductor Wafer Production

Compound semiconductors are important materials in many military and other specialty electronics
devices such as lasers, high-frequency electronic devices, LEDs, optical receivers, opto-electronic
integrated circuits, etc. [43]. GaN has been commonly used in many different commercial LED applications
since the 1990’s.

Table 3 provides a list of the elemental and binary (two element) compound semiconductors along
with the nature of their band gap and its magnitude. In addition to the binary compound semiconductors,
ternary (three element) compound semiconductors are also known and used in device fabrication.
Ternary compound semiconductors include materials such as aluminum gallium arsenide, AlGaAs, indium
gallium arsenide, InGaAs and indium aluminum arsenide, InAlAs. Quarternary (four element) compound
semiconductors are also known and used in modern microelectronics.

The unique light-emitting ability of compound semiconductors is due to the fact that they are
direct band gap semiconductors [44]. Table 3 denotes which semiconductors possess this property. The
wavelength of the light emitted by devices built from direct band gap semiconductors depends on the
band gap energy. By skillfully engineering the band gap structure of composite devices built from different
compound semiconductors with direct band gaps, engineers have been able to produce solid state light
emitting devices that range from the lasers used in fiber optic communications to high efficiency LED
light bulbs. A detailed discussion of the implications of direct versus indirect band gaps in semiconductor
materials is beyond the scope of this work. Refer to the material contained in references [44], [45] and [46].

Simple, binary compound semiconductors can be prepared in bulk, and single crystal wafers
are produced by processes similar to those used in silicon wafer manufacturing. GaAs, InP and other
compound semiconductor ingots can be grown using either the Czochralski or Bridgman-Stockbarger [47]
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[48] [49] method with wafers prepared in a manner similar to silicon wafer production. Surface conditioning
of compound semiconductor wafers, (i.e., making them reflective and flat) is complicated by the fact that
at least two elements are present and these elements can react with etchants and abrasives in different
fashions.

Compound Semiconductors

'\SA?;?::]' Formula En e;g\);)Gap (:33_?: q-irryee:ei;
D = direct)
\ Diamond C 5.47 |
Silicon Si 1.124 |
Germanium Ge 0.66 |
Grey Tin Sn 0.08 D
IV-IV Silicon Carbide SiC 2.996 |
Silicon-Germanium Si Ge, Var. I
IV-VI Lead Sulfide PbS 0.41 D
Lead Selenide PbSe 0.27 D
Lead Telluride PbTe 0.31 D
"-v Aluminum Nitride AIN 6.2 |
Aluminum Phosphide AP 243 |
Aluminum Arsenide AlAs 217 |
Aluminum Antimonide AlISb 1.58 |
Gallium Nitride GaN 3.36 D
Gallium Phosphide GaP 2.26 |
Gallium Arsenide GaAs 1.42 D
Gallium Antimonide GaSb 0.72 D
Indium Nitride InN 0.7 D
Indium Phosphide InP 1.35 D
Indium Arsenide InAs 0.36 D
Indium Antimonide InSb 0.17 D
11-VI Zinc Sulfide ZnS 3.68 D
Zinc Selenide ZnSe 2.71 D
Zinc Telluride ZnTe 2.26 D
Cadmium Sulfide Cds 242 D
Cadmium Selenide CdSe 1.70 D
Cadmium Telluride CdTe 1.56 D

Table 3. The elemental semiconductors and the binary compound semiconductors (taken from [47]).
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B. Thin Films for Device Fabrication

1. Polycrystalline Silicon Thin Films

a. Overview

Thin films of polycrystalline silicon, commonly called polysilicon, have many applications in integrated
circuit structures [32] [50]. Heavily doped polysilicon and poly-silicide films have been used as gate
electrodes and interconnects in MOS devices (albeit largely replaced by metal in the modern devices).
Heavily doped polysilicon has also been employed for the emitter in bipolar junction transistors. More
lightly doped polysilicon has been used to fabricate polysilicon diodes for use as high value resistors and
as trench refill in dielectric isolation technologies. Polysilicon films have also found use in trench capacitor
fabrication. Outside of the area of integrated circuit manufacturing, polysilicon films are critical to the
commercial photovoltaic (PV) industry. Most of the available commercial PV panels are based on polysilicon
technology.

Polysilicon thin films are produced using a process known as chemical vapor deposition or CVD.
We will discuss this methodology in more detail in Section B, Chapter V, but for now, it is sufficient to
know the basics of the process. In a CVD process, the substrate upon which a thin film is to be deposited
(i.e., an in-process silicon wafer) is placed in a sealed deposition chamber and heated to a specified
temperature. Depending on the thin film process (i.e., polysilicon, silicon dioxide, silicon nitride, etc.) and
the nature of the CVD process (i.e., thermal low pressure, high pressure CVD, or plasma enhanced CVD)
the deposition temperature can range between 300°C and 800°C. The process is most often carried
out under vacuum conditions, but atmospheric pressure CVD process can also be employed. Once the
substrate is at temperature and a clean ambient (either vacuum or inert atmosphere) has been established,
a continuous and controlled flow of a gaseous precursor containing the elements needed to form the thin
film is introduced to the deposition chamber. These gas-phase compounds adsorb on the hot surface of
the substrate where they undergo decomposition to produce the desired solid thin film and a gaseous
by-product that is pumped or purged out of the chamber. In this way amorphous (no crystal ordering) and
polycrystalline thin films can be formed in the device manufacturing process.

b. Material and Electrical Properties

Polycrystalline silicon films are composed of domains of small (typically about 0.1 pm) microcrystals
of silicon, commonly called grains, separated by grain boundaries. Figure 22 shows a transmission electron
micrograph (TEM) cross-section of a polysilicon
film on a silicon substrate. In TEM images,
crystalline material with different crystal
planes show up as having different levels of
contrast in the image (i.e., some orientations
will appear light, some dark). This is because
different crystal planes have different atomic
densities which directly impacts the intensity of
the TEM image. The TEM in Figure 22 clearly
shows the kind of contrast differences that
indicate polycrystalline material. The many
areas of differing contrast show that the film
is composed of many individual crystalline
domains with their crystal facets oriented
more or less randomly. Note that there is some
tendency towards less-than-random grain
orientation in most polysilicon films since Figure 22. Cross-sectional TEM of polycrystalline silicon thin film
substrate characteristics can influence the [51] (Reproduced by permission of The Electrochemical Society).
crystal growth direction of individual grains.

Poly Il
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Since polycrystalline silicon is actually made up of small domains containing crystalline silicon, it
is perhaps unsurprising that many of the materials properties of polysilicon thin films approximate those
of bulk crystalline silicon. Table 4 provides a comparison of a few representative properties. It can be
seen that properties that depend primarily on the average value of that property in either the bulk or the
microcrystals within the thin film, i.e., density and thermal coefficient of expansion, have similar values in
both bulk crystalline silicon and in polycrystalline silicon films. However, properties such as the temperature
coefficient of electrical resistance that are influenced by the polycrystalline nature of polysilicon thin films
and by the properties of the grain boundaries are significantly different. Additionally, thin films deposited
on different substrates possess unique properties such as intrinsic stress that are not relevant to bulk
crystalline silicon.

Property Bulk Crystalline Silicon Polycrystalline Si Thin Film
Density 2.329 g/cm?® 2.3 g/lcm?®
Thermal Coefficient of Expansion 2.6 ym/(m-K) (at 25°C) 2 ym/(m-K) (at 25°C)
Temperature Coefficient of Resistance | -70 x 10 /°C 1x10%/°C
. Compressive;
Intrinsic Stress N/A 1-5 x 10° dynes/cm®

Table 4. A comparison of some selected properties for bulk single crystal silicon and
polycrystalline silicon thin films [32].

The primary origins for the differences between the properties of bulk crystal silicon and
polycrystalline silicon thin films are the influences of intentional doping and of the grain boundaries present
in polysilicon thin films. The influence of doping on semiconductor electrical properties (and hence on
the electrical properties of individual grains in a polysilicon film) was discussed in the earlier section on
semiconductor physics and does not need to be repeated here. In this section we will focus on describing
the impact that grain boundaries have on polysilicon thin film properties. Grain boundary regions are
composed of disordered, amorphous silicon that contains many structural defects and partially bonded
silicon atoms. These crystalline and chemical defects in the grain boundaries affect the resistance to
electrical current flow between the silicon microcrystals and can also influence dopant distribution within
the individual microcrystals [52]. These influences have a strong impact on the electrical properties of the
polysilicon film, changing their values relative to those observed for bulk, crystalline silicon.

4 )
Crystalline Grain Crystalline Grain
>
E’) 4 1
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E : Econduction band
------------------- :-----------:------------------. Evalenceband
\_ Grain Boundary )

Figure 23. The energy band diagram for a polysilicon thin film near a grain boundary
(zero applied voltage) [52].
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Doped polysilicon films exhibit higher electrical resistivities than bulk monocrystalline silicon that has
been doped to a similar level. This is due to the combined effect of high resistivity in the grain boundaries
and thermally induced dopant segregation out of the microcrystals and into the grain boudaries. Resistivity
within a grain boundary is relatively high due to the fact that grain boundaries, being amorphous, have
high concentrations of chemical defects. Incomplete chemical bonds in a grain boundary act as traps
for charge carriers, reducing their average concentration over the breadth of the thin film and therefore
increasing the effective resistivity of the film as a whole. Figure 23 shows a representation of the energy
band characteristics at a grain boundary (after references [32] and [52]) that portrays the energy band
characteristics experienced by free charge carriers transiting a grain boundary. Grain boundaries are
typically 5 to 10x10® cm wide and can be modeled as separate, amorphous silicon regions with an
increased band gap.

The diffusion constants for dopant atoms (i.e., how fast a dopant atom will move through a material
at a given temperature) are significantly higher in the grain boundaries than in the crystalline regions and
this means that, at elevated temperatures, dopant atoms move more quickly through grain boundaries
than they do through crystalline regions. Therefore, dopant atoms within a microcrystal that move into
the grain boundary are transported away from that boundary faster than dopant atoms within the crystal
can move to maintain a uniform concentration. This sets up a driving force for dopant migration out of the
crystal that can produce relatively low dopant concentrations at the edge of the microcrystals. Phosphorus
and arsenic, especially, are prone to migrate out of the crystalline grains to the grain boundaries. This
phenomenon increases the average resistivity of the polysilicon film since dopant atoms that lie within the
grain boundary are not effective in reducing electrical resistivity. This characteristic can present significant
problems when trying to control dopant concentrations in polysilicon films at levels below saturation.

Consideration of the influence of grain boundaries on resistivity as described above can help us to
understand the relationship between polysilicon film structure and electrical resistivity. Films with large grain
sizes should exhibit lower electrical resistivity than films with small grain sizes, at comparable doping levels.
This is due to the fact that grain boundary densities in thin film are reduced when the grain size is larger,
and this leads to a relative reduction in the impact of dopant segregation and charge carrier trapping effects
due to grain boundaries. In addition, grain size and dopant concentrations interact to determine the degree
of dopant depletion arising from grain boundary effects. Under the influence of heat treatment, small grains
with lower transit distances to nearby grain boundaries become depleted of dopants more quickly than do
larger grains. This effect can be counteracted to some degree by higher dopant concentrations, since this
results in narrower depletion regions that make full depletion of the grains more difficult.

c. Deposition of Polycrystalline Silicon Thin Films

CVD polysilicon process requires high purity, gaseous source materials that contain the silicon to
be deposited [53], [54]. Typically, this source material is the chemical compound silane, SiH,, but some
polysilicon processes have been developed that use a related silicon hydride, disilane, Si,H,.

It is instructive to consider the purity requirements for CVD source gases. You may often hear the
term “five nines purity” or something similar in discussions of the source gases used for CVD processes.
This means that the gas must be 99.999% pure, a purity typical of electronic grade silane. Put another way,
the maximum total impurity concentration permitted for CVD gases is one part in 100,000 or 10 ppm. The
magnitude of 1 ppm can be understood using the following real-world comparison:

1 ppm =

m 1oz of saltin 62,500 Ib. of sugar
m 10z of sand in 3 tons of concrete
m  1inchin 16 miles

m 1 minutein 1.9 year

A review of some of the physical properties of silicon hydrides is provided in Table 5.
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SiH, SiH, Si_H, n-Si H,
Melting Point (°C) -185 -132.5 -117.4 -85
Boiling Point (°C) -111.9 -14.5 52.9 107
Density at M.P. (g/cc) 0.68 0.69 0.725 0.825
Vapor Pressure (mm @ 0 °C) 95 25 (20°C)
(mm @-118 °C) 530 1
Heat of Formation (kJ/mol) +34.31 +75 +121

Table 5. Selected physical properties of some silicon hydrides (taken from [55] [56]).

Of the silicon hydrides shown in Table 5, only silane and disilane are indefinitely stable at 25°C and
they are the primary, commercially available silicon hydrides used for CVD polysilicon processes (tri- and
tetrasilane, Si;H, and Si,H, , respectively, are available as specialty chemicals). Silane and disilane are
supplied as high pressure compressed gases and it is important to be aware of safe handling procedures
for high pressure compressed gases. There are a number of videos available on the web that can provide
basic instructions for the safe handling of compressed gas cylinders — example, references [57] and [58]. All
silicon hydrides are pyrophoric [59] — meaning they will spontaneously burst into flames (or explode) if they are
exposed to air, which makes working with these materials particularly hazardous. Silane and disilane are thus
doubly dangerous and special training is needed for anyone who regularly deals with these materials [60], [61],
[62].

Polysilicon thin films are most often deposited using surface pyrolysis of silane (pyrolysis: chemical
decomposition produced by heating) according to the chemical reaction sequence [32]:

SiH, (gas) + surface site > SiH, (adsorbed)
SiH, (adsorbed) - SiH, (adsorbed) + H, (gas)
SiH, (adsorbed) - Si (solid) + H, (gas)
The overall reaction can be written as:
SiH, (gas) - Si (solid) + 2H, (gas)

This reaction is most often performed under vacuum conditions (in a process known as low pressure
chemical vapor deposition - LPCVD) at temperatures ranging between 580°C and 650°C.

Silane-based LPCVD polysilicon process characteristics have been studied extensively over the past
three decades. The deposition rate increases with both temperature and pressure, as shown in Figure 24 [63].
Practically, silane-based LPCVD polysilicon deposition temperatures are limited to values below 650°C since
silane reacts preferentially in the gas phase rather than on the substrate surface above this temperature. Too
much gas phase reaction in the LPCVD process produces rough, poorly adhering films and particles that
are device killers. Silane-based polysilicon processes performed at temperatures below about 580°C exhibit
deposition rates that are too low to be of any practical use in device fabrication. However, disilane-based
polysilicon processes have higher deposition rates at lower temperatures that allow polysilicon processes to
operate down to about 500°C. It is important to understand that a mixed amorphous/polycrystalline silicon
film is produced in any LPCVD polysilicon process that is carried out at temperatures below about 580°C and
that full polycrystallinity is only achieved when the films are annealed well above this temperature. LPCVD
polysilicon films are typically annealed at temperatures ranging between 800°C and 1000°C. The relative
proportion of amorphous material in a deposited thin film is also dependent on the partial pressure of silicon-
containing reactant during the deposition process. Films deposited at higher silane pressures, for example,
exhibit significant amorphous silicon content up to temperatures as high as about 650°C.
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Figure 24. Deposition rate and crystallinity for
silane-based LPCVD polysilicon thin films [63].

Quite complex but reasonably well-understood relationships exist between polysilicon deposition
process parameters and the physical properties of the deposited polysilicon thin film. It is beyond the
scope of this overview to go into great detail in reviewing these relationships, however, it is possible to
give the reader an appreciation for how some of these interactions can play out. Figure 25 shows TEMs
of silane-based polysilicon films in the as-deposited form [64]. Each film was deposited at a different
temperature, varying between 560°C and 640°C. The TEM analysis indicates that the films deposited at
560°C (upper left image, Figure 25(a)) are almost completely amorphous while those deposited at 640°C
(lower right in Figure 25(a)) are nearly fully polycrystalline. TEM images were obtained for the same films
after they had been annealed in hydrogen for 30 minutes and these are shown in Figure 25(b). While
we won’t go into the underlying science here, it is easy to see that the temperature of deposition has a
profound effect on the crystalline characteristics of the annealed films. After annealing, the films deposited
at 560°C and 580°C have much larger grain size than do the annealed film that had been deposited at
620°C and 640°C. Similar relationships are found between other aspects of the physical structure of
polysilicon thin films and the deposition process pressure, the process gas flows and reaction chamber
configuration. Excellent discussions of these relationships and other aspects of polysilicon processes and
thin films can be found in textbooks by Stanley Wolf and Richard Tauber [32] and by Ted Kamins [50].

Figure 25. Transmission electron micrographs of as deposited and annealed polysilicon thin films; (a) as-deposited
films, deposition temperature clockwise from the upper left: - 560°C, 580°C, 620°C and 640°C; (b) the same films
after annealing in H, at 980°C for 30 minutes (reproduced by permission of The Electrochemical Society [64]).
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Polysilicon thin film deposition processes can be performed in batch mode, using a horizontal or
vertical hot-wall LPCVD reactor, by treating one substrate at a time using a single wafer processor (SWP)
or as a continuous process in an atmospheric pressure (APCVD) reactor. Basic schematics for some of
approaches to these different reactor configurations are shown in Figure 26 [65]. Each of these reactor
configurations has its own unique characteristics for the deposition of polysilicon and other thin films and
these characteristics will be further discussed in chapters dealing with CVD equipment. In the particular
case of polysilicon deposition processes, the key impacts of the process are the film uniformity over the
substrate surface and the number of particles that are deposited on the growing film during the process.
The film uniformity is determined by geometric and thermal factors unique to each CVD method. Batch
mode LPCVD systems must be designed to balance the expected interplay between process gas flows,
process pressure, wafer spacing and localized surface-to-volume ratios within the reactions zone. All of
these parameters are varied in the development of proprietary processes aimed at achieving the ideal thin
film properties for a given user’s polysilicon application. Single wafer deposition tools are somewhat more
limited in that local surface-to-volume ratios are fixed in these systems and wafer spacing is not a variable
parameter. However, the reduced volume and more even temperature control possible in single wafer
systems makes it inherently easier to develop polysilicon deposition processes with good film uniformity
and tightly controlled physical properties. Single wafer systems can be designed to operate either at low
pressure or at atmospheric pressure. The primary advantage offered by continuous APCVD systems rests
in the fact that the process can be made continuous, with the concomitant increase in throughput that
this allows. Polysilicon deposition rates in SWP and APCVD systems are necessarily higher than those in
LPCVD systems and this can produce differences in annealing behavior for films produced in the different
systems. SWP systems have gained dominance for most semiconductor CVD process requirements over
the past couple of decades owing to the better control and greater production flexibility that these systems
can offer. They are almost exclusively used to perform the processing steps required in advanced device

fabrication.
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Figure 26. Some of the different reactor configuration used for the deposition of polysilicon thin films [65].
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2. Epitaxial Thin Films
a. Silicon Based Epitaxial Thin Films
/
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Epitaxy is defined as the “regularly oriented growth of one crystalline substance on another” [67].
Both homoepitaxy (growth of an epitaxial layer of the same material as the substrate) and heteroepitaxy

Figure 27. Biaxial and uniaxial strain techniques [66].

(growth of an epitaxial layer composed of material that is different than the substrate) processes are used in
semiconductor device fabrication. Heteroepitaxial films can be formed with either strained or relaxed lattice

structures, depending on interfacial conditions and lattice parameters (Figure 27, Ref. [68]). The strain in

the film can be either biaxial or uniaxial, depending on how the different materials are arranged in a device
(Figure 28). Epitaxial films can be formed using a number of different methodologies, including evaporation,

sputtering, molecular beam epitaxy, liquid phase epitaxy, and chemical vapor epitaxy.
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Figure 28. Epitaxial film growth modes.
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Epitaxial materials are inherently freer of oxygen and carbon impurities than are bulk crystalline
silicon wafers. They provide two unique advantages for device fabrication that cannot be achieved by other
means: 1) they offer a direct means for creating controlled and abrupt changes in dopant profiles; and 2)
they allow the creation of strained crystalline layers that give the device designer some ability to control
electron mobility by a technique known as band gap engineering [69]. Leveraging these advantages has led
to the use of silicon epitaxial layers for a variety of technological requirements in semiconductor devices.

Controlled dopant profiles and abrupt dopant profile changes offer unique advantages for device
design. In bipolar devices the use of epitaxial layers to control dopant profiles enables higher switching
speeds, improves high voltage operation and linearity, lowers base resistance and simplifies isolation
schemes. In MOS devices, the use of epitaxial layers can lower diffused-line capacitance and improve
diffused-line charge retention, improve resistance to alpha particle and static charge damage and improve
dynamic Random Access Memory (RAM) performance. In addition, the use of epitaxial silicon layers in
CMOS devices can improve latch-up protection. Hammond [67] notes that Vapor Phase Epitaxy (VPE)
silicon makes possible many different doping profiles that are used in modern device fabrication. These
include:

m  n-type silicon over p-type silicon

m  p-type silicon over n-type silicon

m Lightly doped over heavily doped layers — either type
m Lightly doped over heavily doped buried layer patterns
m  Conducting silicon on insulator

m  Silicon layers with controlled profiles

CMOS designs that employ a lightly doped layer of epitaxial silicon over a heavily doped substrate
achieve higher breakdown voltages while simultaneously keeping collector resistance low. CMOS transistor
performance has also been significantly improved through the exploitation of strain-induced band-structure
modification [70] that directly impacts carrier mobility in targeted device layers. This band engineering
approach leverages the enhanced electron mobility that is observed in epitaxial Si layers that are under
biaxial tensile strain [71] as well as the enhanced hole mobility that is produced in epitaxial Si, Ge,
layers under biaxial compressive strain [72]. A more intuitive way to view the influence of lattice stress on
electrical conduction is to consider the impact of stress on electrons and holes. Electrons travel through
the space that divides the atoms in the crystal lattice in pseudo ballistic trajectories until they encounter
an electric field. Therefore, as they move through a crystal lattice, electrons are slowed by interactions
with the positive electric fields surrounding each silicon atom in the lattice. When the lattice is subjected
to tensile stress, the distance between atoms in the lattice is increased and electrons have longer ballistic
trajectories between interactions with lattice atoms and, hence, higher mobility. Hole mobility has the
opposite relationship with stress in the crystal lattice. Hole movement in the lattice is caused by an
electron moving from the outer shell of a silicon atom to the outer shell of a neighboring silicon atom that
has a positive charge (the hole). Basically, the hole is filled in creating a hole in the atom that donated the
electron. Compressive stress reduces the distance between neighboring silicon atoms making this transfer
of electron to hole easier and, in that way, increasing hole mobility. Strained epitaxial layers that are created
through the use of juxtaposed Si and Si, ,Ge, epitaxial layers are used in the source and drain regions in
advanced CMOS transistors [73]. Channel layers in these devices also use epitaxial strained layers.
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Figure 29. The origin of tensile strain in epitaxial Si/SiGe and its use in devices [65].

Intel was the first to use strained layer technology in high volume manufacturing of their 90 nm CMOS
technology (see Figure 27). Figure 29 shows how epitaxial and other layers can be used to achieve uniaxial
and biaxial strain characteristics in Intel’s 90 nm CMOS transistor structure [66]. A number of recent reviews
are available on the characterization and use of strained epitaxial layers in advanced device structures [74]
[75] [76]. Strained silicon epitaxial layers may also find use as enabling technology in advanced photonics
applications [77]. Table 6 provides some specifications for silicon epitaxial layers in selected device
applications (from Hammond).

CVD epitaxy, also known as VPE, is the technology of choice for both homoepitaxial and
heteroepitaxial processes for semiconductor device fabrication. Figure 30 shows a schematic
representation of a typical VPE deposition process (for an As-doped n-epitaxial Si layer) on a wafer surface
[77]. Typically, silicon epitaxial processes are carried out at atmospheric pressure using a high flow of
hydrogen carrier gas. Si, ,Ge, epitaxial processes differ from silicon epitaxy in that they are much more
sensitive to ambient contaminants such as oxygen. Special care must be taken in these processes to
employ point-of-use ultra-purification of the feed gases and/or to process under ultra-high vacuum (UHV)
conditions. In addition, Si, Ge, processes are performed at significantly lower temperatures than silicon
epitaxy. Recently, silicon carbide epitaxial layers have become of interest for device makers. These are
higher temperature processes, running 300°C — 400°C hotter than silicon epitaxy processes.

Thickness Resistivity
(microns) (ohm-cm)

Device Type

Bipolar Discrete Devices

High Frequency 0.5-3.0 0.15-1.5
Power 5-100+ 0.5-100+
Bipolar Integrated Circuits
Digital Memory 0.5-5 0.3-1.5
Microprocessor 0.5-5 0.3-1.5
Linear 3-15 2-20
MOS-on-epitaxy ICs
P/P+ 4-20 10-40
N/N+ 0.5-7.0 1-10
Bipolar/MOS 0.5-3.0 0.5-3.0

Table 6. Silicon Epitaxial layers, applications and specifications [67].
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The chemical reactions used for the production of undoped and doped epitaxial silicon and Si, ,Ge,

include:
m  SiCl, + 2H, & Si + 4HCI (~1200°C)
m  SiHCI, + H, > Si + 3HCI (~1150°C)
m  SiH,CI, 2 Si + 2HCI (~1100°C)
m  SiH, > Si+2H, (~1050°C)

m  GeH, > Ge +2H,
= BH, > 2B+3H,
m  PH,>P+3/2H,

= AsH,>As+3/2H,

" :
- HCI /

o——8
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HSICl,
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J

Figure 30. Schematic representations of the mechanism of epitaxial silicon layer formation [77].

Conventional VPE homoepitaxial processes are roughly divided into three categories: high temperature
epi (1150°C - 1200°C); low temperature epi (1050°C — 1100°C); and selective epi. The heteroepitaxy
processes most often encountered in device fabrication are Si, Ge, on Si, and IlI-V epitaxy. Reactors may
operate at atmospheric pressure or under reduced pressures down to UHV. In addition, reactors may be
batch-type systems (horizontal, vertical pancake and barrel reactors) that are almost exclusively used for
high temperature epitaxial processes; rapid thermal processing reactors that can be employed for both
high temperature (HT) and low temperature (LT) epitaxial processes; and UHV-CVD systems (developed by
IBM, especially for Si, Ge ). In addition to the industry standard CVD system, physical vapor deposition
is employed in molecular beam epitaxy (MBE) systems [78]. It requires an ultrahigh vacuum environment
(~10"°Torr) and tightly controlled beams of evaporated atoms which impinge on the substrate to form the
epitaxial layer. Semiconductor and dopant sources are arrayed around the substrate and shutters control
the exposure of the substrate to each elemental species. Sources can be solids or gases. MBE methods
are the most versatile and precise methods available for the formation of epitaxial layers. However, the
exacting process requirements and the difficulty of achieving significant substrate throughput in the process
have meant that this method has been largely confined to research applications and a few very advanced
optoelectronic applications.
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Figure 31. AIXTRON’s G5+ Epitaxial Reactor [65].

Most modern epi processes are performed in deposition tools similar to the one shown in Figure
31. Such process tools incorporate both clean and deposit steps and allow the user to deposit sequential
homo- and/or heteroepitaxial layers with customized surface preparation and minimal risk of interfacial
contamination. The condition of the surface of a substrate strongly influences the perfection and hence the
electrical properties of an epitaxial film. Thus the ability to control the interfacial chemical and structural
properties is a necessary attribute of epitaxial process tools. Epitaxial processes require a starting substrate
free of native oxide to ensure crystallinity in the epitaxial layer and to maintain high surface mobility of the
adsorbed reactant species. Substrates must be pre-cleaned to remove contaminants and any native oxide
on the surface and be maintained in this cleaned state until the epitaxial process has been completed.
Historically, silicon homoepitaxy employed an HCI/H, mixture as an in situ clean of the silicon substrate
surface prior to the epitaxy process. Modern homo- and heteroepitaxy processes that employ chemical/
mechanical polished substrates no longer require this step, and, instead, use a high temperature H, bake to
remove any native oxide from the substrate surface.

A high co-flow of hydrogen carrier gas during the epitaxial layer deposition process helps to keep
the concentration of elemental reactants on the substrate surface low enough to promote ordered crystal
growth; it also helps to avoid particle-producing gas phase reactions. Silicon homoepitaxial processes
that employ chlorosilane precursors and temperatures in excess of 1000°C have growth rates that range
between 0.2 and 2.0 um/min, depending on the process conditions. Process temperatures in both homo-
and heteroepitaxial processes are high enough to promote surface mobility of the adsorbed silicon,
germanium and dopant atoms so that they move freely on the substrate surface until they become locked
into an ordered crystal lattice site, as shown in Figure 30. In addition, high temperatures in epitaxial
processes promote desorption of the reaction by-products from the substrate surface (i.e., HCI, H,) which,
in turn, maintains high deposition rates and surface mobility.
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The mechanistics of both homo- and heteroepitaxial process can be roughly broken down into the
following steps, illustrated in Figure 30:

m transport of the reactants to the deposition region

m transport of the reactants by diffusion from the main gas stream, through the boundary layer next
to the substrate surface

m  adsorption of the reactants on the substrate surface

m  surface processes: migration, decomposition, reaction and site incorporation
m  desorption of by-products from the surface

m transport of by-products through the boundary layer

m transport of by-products out of the deposition region
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Figure 32. Schematic of a UHV-CVD Epitaxial Reactor [79].

The development of epitaxial processes for Si/Si, Ge, hetero- and quantum well structures requires
low temperature processing to avoid diffusion and intermixing at the Si- Si, | Ge, interfaces. The silicon and
germanium sources used in Si, Ge, epitaxy are normally silane, SiH,, and germane, GeH,; compounds that
begin to decompose at process temperatures of 500°C (some Si, ,Ge, processes use chlorosilanes and
require somewhat higher temperatures). The assumption that extremely low vapor pressures of water and
oxygen in the gas phase are required in Si CVD epitaxy processes [80] [81] stimulated the development
of the UHV-CVD epi processes in the late 1980s. It was found that the minimum temperature, in general,
for epitaxial processes was lower for UHV-CVD [81] with films deposited at temperatures less than 500°C.

emks — 36—



Semiconductor Materials

However, the relatively high cost associated with the technique tends to restrict its application to those
areas with no other option. Si, Ge processes in UHV-CVD reactors can be configured to operate as batch
processes and Figure 32 shows a schematic view of such a UHV-CVD system [79]. A turbomolecular
pump combined with a roots blower and a mechanical pump in series are used to achieve UHV conditions,
typically with base pressures of <10 Torr. As with conventional epitaxial processes, hydrogen is used as
a carrier gas, silane and germane are the reactive gases and B,H, and PH, are mixed into the gas flow

for p- and n-type doping of the epitaxial layers. UHV-CVD epitaxial Si, Ge,_ films are grown at deposition
temperatures ranging from 450°C - 520°C. At higher deposition temperatures the hydrogen passivation

of the substrate desorbs and a clean wafer surface cannot be maintained. High temperature bakes such
as those in conventional silicon epitaxial processes are not possible in UHV systems due to the limits of
the system components. With wet chemical cleaning, including an HF dip for surface H-passivation, and
rapid transfer to the deposition chamber, the Si/Si, Ge, interface typically shows oxygen and carbon
contamination in the range of 10" to 10" atoms/cm?. The silicon surface atom density is 7 x 10" atoms/
cm?, which means that less than one atom in a thousand at the interface is a contaminant.

b. Compound Semiconductor Epitaxial Thin Films
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Figure 33. Source elements for compound
semiconductors - e.g. I-VI and IlI-V.

Compound semiconductors [82] are materials such as GaAs, AlGaAs, GaN, CdSe, InP, InSb, etc.
These materials combine the elements from equidistant columns on either side of Column IVA of the
Periodic Table, to produce materials having the general formula ANB®N, where the superscripts refer to the
periodic group containing the element (i.e., lI-VI, llI-V, etc.). lll-V materials, especially GaN and GaAs, along
with silicon carbide, SiC, are the dominant commercial compound semiconductors and have the longest
history of device usage. GaAs-based microelectronic devices, for instance, exhibit much lower signal noise
than do microelectronic devices employing other types of semiconductors. This is a very important attribute
in weak signal amplification. In addition, they are much more resistant to radiation-induced damage than
are silicon devices. GaAs has a direct optical band gap of around 1.4 eV [83] which allows it to be used for
thin film solar cells as well as for light emitting diodes. The term “direct band gap” implies that a material
emits a photon of light through a single, direct electronic transition between the valence and conduction
bands of the material (Figure 34). “Indirect” band gap materials such as silicon require that an electron pass
through an intermediate state during such transitions, prohibiting direct photon emission.

Device technology employing GaAs and InP substrates is reasonably well developed and these
substrates are currently used in ways analogous to silicon for the fabrication of advanced electronic
devices. Microelectronic device fabrication on GaAs substrates has a long history in high speed and
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radiation hardened military and space applications and, more recently, in commercial opto-electronic
devices. InP substrates have been employed for the fabrication of optical network components such

as Dense Wavelength Division Multiplexing (DWDM) lasers [84], Vertical Cavity Surface Emitting Lasers
(VCSELs) [85], pump lasers [86], etc. as well as for high speed electronics circuits. GaN substrates have
become available and are finding use in optical device manufacture due to the fact that GaN alone offers
light emission in the blue region of the spectrum (needed for white light LEDs). GaN substrates are also
being used for the manufacture of power devices. Finally, silicon carbide, SiC, is being used for substrates
for more efficient and compact power electronics in motor controls, power supplies and inverters [87].
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Figure 34. Energy band structure of Si vs GaAs [88].

Compound semiconductor substrates suffer from certain material properties when used in device
fabrication. Heat dissipation in compound semiconductors is hampered by their much lower thermal
conductivity as compared with silicon. This is a significant problem for the use of these substrates
in applications with even normal power dissipation requirements. Another drawback of compound
semiconductors, when compared with silicon, is that it is impossible to grow a well-behaved, strongly
insulating thermal oxide on these binary and ternary compounds. Thermal oxidation of GaAs or InP (and
others) results in preferential oxidation of one of the elements over the other and in the production of an
oxide with poor material and electrical properties. This issue has probably been the single most important
factor in limiting the use of compound semiconductor substrates since the early days of integrated circuit
manufacture. Indeed, in the latter part of the 20" Century there was a standing joke within the industry that
GaAs was and would always be the “material of the future” for just this reason. This being said, the advent
of smaller feature size and advances in deposition methods such as Atomic Layer Deposition (ALD) has
made the issues of native oxide removal and insulating oxide layer formation more easily addressable in
compound semiconductor device fabrication, opening many opportunities for this technology. Epitaxial
film deposition is a critical technology for leveraging the advantageous electrical properties of compound
semiconductors in advanced devices and significant effort has been applied to the development of
processes and equipment for this purpose.

Epitaxial methods for the deposition of thin films of compound semiconductor materials have made
possible the synthesis of artificial crystal structures such as quantum wells and superlattices that have
opened myriad possibilities for the use of compound semiconductors in microelectronic devices. In the
past two decades, these new structures have found many applications that exploit their superior electrical
and optical properties in advanced electronics, photovoltaic, optical and optoelectronic devices. Modern
multiple quantum well lasers, for example, contain graded index separate confinement heterostructures
(GRINSCH) [89] or VCSEL’s [85] that emit light at very low threshold currents at room temperature under
continuous wave operation.
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The quality of epitaxial layers of compound semiconductors, like that of silicon epitaxial films, is
critically dependent on the crystallographic characteristics of the substrate on which the layer is grown
and on interfacial relationships between the substrate and epitaxial layer. As with silicon epitaxy, substrate
surfaces must be clean and free of all contaminants, including any native oxide. Surface cleaning is a much
more complex problem with compound semiconductors than it is with silicon, due primarily to the binary,
ternary or quaternary chemistry of these surfaces. Many different approaches have been, and continue to
be, evaluated for cleaning. To date, there is no universal approach for such cleans, with successful cleaning
procedures being very much tied to the chemical make-up of the particular compound semiconductor and
to the interfacial characteristics required in a given application. Bromine/methanol, ammonium hydroxide
and hydrochloric acid based wet chemistry methods, analogous to the ammonium hydroxide and
hydrofluoric acid chemistries used in silicon processing, have been used to clean GaAs surfaces for some
applications [82]. Thermal annealing methods have also proven successful in removing native oxides from
compound semiconductor surfaces [82]. Hydrogen passivated surfaces have been produced on GaAs and
other compound semiconductors by methods such as atomic hydrogen cleaning utilizing remote-plasma-
generated atomic hydrogen [90]. The crystal lattice quality and orientation of the substrate also plays a
critical role in the properties of epitaxial compound semiconductors since lattice mismatching between
substrate and film leads to strain in both crystal lattices. Those readers seeking in-depth discussion of the
issues surrounding interfacial effects in compound semiconductor devices are referred to reference [82].

A number of approaches have been (and continue to be) developed for producing epitaxial layers of
compound semiconductors. Methods such as Liquid Phase Epitaxy (LPE), UHV-CVD, VPE, and MBE have
all been successfully employed for compound semiconductor epitaxy [91], however, the most successful
approach for industrial applications has proven to be Metal Organic Chemical Vapor Deposition, MOCVD.
MOCVD is being used broadly for epitaxial layer deposition in both conventional, atmospheric pressure
CVD reactors and in advanced ALD reactor configurations. The interested reader is encouraged to obtain
and review the available comprehensive treatments on the chemistry and deposition technology of MOCVD
for epitaxial compound semiconductor films and other applications available in the literature [92] [93].
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Figure 35. Schematic of a simple MOCVD reactor system [94].
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The primary advantage of MOCVD for compound semiconductor epitaxy is the fact that most of
the metal constituents in these materials are available as readily transportable, commercially available,
high purity organometallic compounds. Organometallics are chemical compounds that incorporate both a
central metal atom and attached organic groups. They are all relatively volatile and thus they can be used
to carry relevant metals, especially those in Groups Il and Il in the periodic table, into a reaction chamber
where they decompose on the hot substrate surface, depositing the desired epitaxial film. Volatile hydrides
of these metals, analogous to the common precursors for silicon (SiH,) germanium (GeH,) and dopants
(B,H,, PH,) are either unknown or chemically unstable and thus unavailable for use in CVD epi processes.
With the exception of gallium chloride, Ga,Cl,, halides of these metals (analogous to the chlorosilanes) are
unusable in MOCVD, primarily due to the fact that they are non-volatile solids. As a result, metal organic
compounds have proven the best precursors for epitaxial processes and they include compounds such as:

= trimethylgallium (TMG - Ga(CH,),)

m triethylgallium (TEG - Ga(C,H,),)

= trimethylindium (TMI - In(CH,),)

m  trimethylaluminum (TMA - Al(CH,),)

m  trimethylantimony (TMSb - Sb(CH,).)
m  diethylselenium (DES - Se(C,H,),)

m  dimethylcadmium (DMCd - Cd(CH,),)

Examples of the process chemistry employed for MOCVD compound semiconductor epitaxial processes
include:

Ga(CH,), + AsH, + H, > GaAs + CH, + H,
Cd(CH,), + Te(i-C,H,), + H, » CdTe + CH, +i-C,H,

As in Si and Si, Ge,_ epitaxial processes, MOCVD compound semiconductor epitaxial processes are
carried out using a high flow of hydrogen carrier gas to ensure good crystallinity in the epitaxial layer and,
in some cases, to participate in the deposition chemistry. Reactor system for compound semiconductor
epitaxy by MOCVD come in a variety of configurations. The basic components of a MOCVD reactor system
are shown in Figure 35. The system is composed of subsystems that include reactant storage, a gas
handling and control manifold, the reaction chamber and a pump exhaust system. Hydrogen carrier gas
and gaseous metal hydride co-reactants feed systems for the MOCVD reaction chamber and are similar
to those in conventional APCVD and LPCVD systems. Since most organometallic compounds are volatile
liquids, bubbler systems that use hydrogen to entrain the organometallic compound in the vapor phase
are required (“alkyl source” in Figure 35). Modern MOCVD epitaxy systems incorporate similar subsystems
to those shown in Figure 35 and incorporate advanced designs for the deposition chamber that ensure
high quality epitaxial layer growth and high throughput. AIXTRON, for example, offers batch systems that
employ either a planetary susceptor (Figure 36(a)) or a close-coupled showerhead design as shown in
Figure 36(b).
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Figure 36. AIXTRON MOCVD epitaxial reactor systems, (a) planetary system; (b) close-coupled showerhead system [95].

3. Dielectric Thin Films

a. Silicon Dioxide

Insulating thin films of silicon dioxide SiO, are uniquely critical materials within silicon semiconductor
device technology since they are major components in all MOS devices, as well as in other metal-insulator-
semiconductor (MIS) and tunneling structures [96]. For instance: thermal grown oxides are employed as
sacrificial protective layers and masks for substrate doping; thick thermal oxide films are used as isolating
field oxides in devices with relatively large design rules (thermal oxide use in this application has been
largely supplanted by deposited oxides and trench isolation in nanometer scale devices); and thin oxide
films are used as gate oxides or gate oxide components in more advanced devices, albeit supplemented
by high-k ALD deposited materials.

Thermal SiO, films for device components can be formed in a variety of ways; the selection of method
is dependent on such factors as substrate composition/topography and the thermal tolerances of other
device features on the substrate. Methods for producing SiO, films include thermal oxidation of silicon,
PECVD, LPCVD, APCVD, MOCVD, and PVD. The chemistries range from simple oxygen-based reactions to
the complex organometallic chemistry used in MOCVD. Of these methods, the thermal oxidation of silicon
produces the highest quality insulators.

The availability of an adherent, impermeable, high dielectric strength thermal oxide is, arguably,
the reason that silicon technology has dominated semiconductor device design and microelectronics
manufacturing for the past 50 years. Other materials such as germanium and GaAs have superior electrical
properties when compared with silicon; indeed, germanium was selected as the substrate in the first transistor
design. However, neither of these materials nor any other likely candidates except silicon has a well-behaved
insulating oxide that can be grown on the substrate by simple thermal oxidation in large batch processes. It is
this single attribute that has allowed silicon technology to dominate the microelectronics world for so long.
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s o 20 . . o
DC Resistivity ((Q-cm, 25°C) > 10 Melting Point (' C) ~1700
Density (g/cm?®) 2.27 Molecular Weight 60.08
Dielectric Constant 3.8-3.9 Molecules/cm?® 2.3x10%
Dielectric Strength (V/cm) 5-10x 10% | Refractive Index 1.46
Energy Gap (eV) ~9 Specific Heat (J/g°C) 1.0
Etch Rate (BOE, A/min) 1000 Stress in film on Si (dyne/cm?) 2-4x10°
Linear Expansion Coefficient (cm/cm °C) | 5.0 x 107 Thermal Conductivity (W/cm °C) 0.014

Table 7. Selected physical constants of thermally grown silicon dioxide. Taken from “Silicon Processing for the VLS| Era”,
Stanley Wolf and Richard N. Tauber, Lattice Press, 1986 [32].

Table 7 is a table taken from Wolf and Tauber [32]. It contains selected physical properties of silicon
dioxide that are relevant to its use in semiconductor device manufacture. It can be seen that thermal
oxide has excellent electrical properties for use as an insulator in microelectronic devices. It exhibits very
high resistivity, but, more importantly, it has a high breakdown electric field strength. The large energy
gap provides good protection from tunneling, at least down to nanometer-scale thicknesses. Physically,
thermally grown oxides are stable with reproducible Si/SiO, interfaces, an important factor in device
fabrication at low nanometer dimensions. Finally, the oxide can be grown in a conformal manner over varied
topography on the silicon surface. This means that insulating films produced by thermal oxidation will not
exhibit thin spots at sharp edges and corners in the underlying topology, obviously important for good
electrical insulation in a device. Silicon dioxide thin films are an amorphous form of silica consisting of SiO,
tetrahedra linked together through all four oxygen atoms. The term amorphous means that the films do not
have a well-defined crystal structure, having only short range order in their molecular components.

Silicon can be thermally oxidized using either dry oxygen or steam. Dry oxidation is typically used for
films having thicknesses of less than 100 nm since growth occurs more slowly (and thus more controllably)
in the dry process (typically 14 — 25 nm/hour). Wet oxidation uses steam as the oxidant and exhibits
significantly higher growth rates (100 — 200 nm/hour). Wet oxidation is preferred for the formation of thicker
films, up to 1000 nm. Dry oxidation, however, produces a higher quality oxide than wet oxidation since
films formed using the latter process have significant concentrations of hydroxyl groups, OH-, both in the
bulk film and at the Si/SiO, interface. This degrades their electrical properties as compared to those of
“dry” oxides. Note that advanced methods such as in situ steam generation (ISSG) at low pressures (<
20 Torr) resolve some of the purity issues of wet oxides and these processes have found use for ultra-thin
gate oxidation and shallow trench isolation liners. Figure 37(a) provides a schematic that identifies the
key physical and chemical aspects of the thermal oxidation of silicon while Figure 37(b) shows a typical
equipment arrangement for the process (in this case ISSG).
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Figure 37. Thermal silicon oxidation: a) Process [97]; b) Equipment configuration
(Reproduced with permission of Solid State Technology) [98].
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Since the simplest oxidation chemistry is that associated with dry oxidation and since, in general, it
produces the highest quality thermal oxide, we will use this process as the basis for a discussion of how
silicon is oxidized and the characteristics of the film produced by the oxidation. The growth process of
silicon oxidation has been extensively studied over the past 50 years. While the chemistry can be simply
expressed:

Si+0, > Si0,

the kinetics of the process and the structure of the film and interface [99], [100], [101], [102] are far from
simple. The oxidation process occurs at the Si/SiO, interface and the rate of the oxidation is determined by
a complex relationship between the concentration of oxygen in the gas and on the surface of the growing
film, the rate of diffusion of oxygen through the growing oxide film, and the chemical reaction between
oxygen and silicon at the interface. Since the reaction consumes silicon, the interface continually moves
into the silicon substrate during the oxidation process, with Si-Si bonds being broken and new Si-O bonds
formed. This complicates the kinetics, since it causes the oxygen diffusion times and concentration of
oxygen at the interface to vary with time. Also, the transition from the tightly ordered crystal lattice of
silicon to the more open amorphous structure of silicon dioxide produces a volume expansion of the
substrate/oxide film system as the oxide film grows. In the final structure, about 46% of the silicon dioxide
that is grown is found within the bounds of the original silicon while 54% of the oxide is new volume.

An understanding of all of these factors is critical in the device fabrication process since they must be
quantitatively known or estimated for precision in gate oxide processing at the nanometer scale.

N
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Figure 38. A model of the Si/SiO2 interface; grey balls represent silicon atoms,
Black Balls represent oxyten atoms [103].

The nature of the interface between the silicon substrate and the silicon dioxide film (Figure 38)
in thermally grown gate oxides is also a critical parameter since it strongly influences the operational
characteristics of transistors at nanometer dimensions. The interface is not perfect at the atomic level,
but rather a randomized transition from Si - Si to Si — O bonding. Interfacial zones that are as close to
perfect at the atomic level are sought in the manufacturing process in order to achieve optimal device
performance since the greater the perfection of the interface, the more predictable and repeatable are the
electrical properties in devices. Many studies have been performed over the past few decades in an effort
to understand and control the character of the interface and to limit the impact of imperfections on device
performance ([100] [101] [102] are representative). Much work has gone into finding process and equipment
approaches to improve this interface.
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Figure 39. One-dimensional Deal-Grove model for the oxidation of silicon [104].

The growth process of thermal SiO, films has been extensively modeled and experimentally
evaluated. Almost all models of the process begin with the model developed by Bruce Deal and Andy
Grove in 1965 [105]. They proposed that the oxidation rate was determined by the combination of two
processes. The first involved the actual chemical reaction of oxygen with silicon at the oxide/substrate
interface, while the second was the diffusion of oxygen through the previously formed oxide film. The
combination of these processes resulted in the formulation of the classical “linear-parabolic” rate law of
Deal and Grove (Figure 39):

dx/ = F/ — (kc"/m)/
dt = /N (1 + K/, 4 kh fDen)

where x is the oxide thickness, F the total flux of oxidant molecules through the oxide, k the first-order rate
constant for the oxidation reaction, C* the concentration of oxidant at the oxide surface, N, the number of
oxidant molecules incorporated into a unit volume of the oxide layer, h the gas phase transport coefficient
of oxygen, and D_, the effective diffusion coefficient of oxygen in silicon dioxide. When the differential
equation is solved, the above equation can be rewritten as

2+ Ax =B(t+1)
where

a=20, (Y3 +1/3)

2D .. C*
—_ eff
b= /N1

and
T = (x% + Ax,)/B.
The Deal-Grove model requires the parameter 1 (a shift in the time coordinate) in order to account

for the presence of an initial oxide layer on the silicon surface. This approach was found to provide an
excellent fit to experimental data for oxidation processes utilizing H,0/0, mixtures and for dry oxidation
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processes at thicknesses in excess of approximately 40 nm [106]. Deal-Grove estimates fail, however, in
predicting oxidation rates in dry oxygen within the thin regime (<20 nm) and in accounting for the observed
pressure dependence of both thin and thick oxidations. Within the thin regime, observed oxidation rates in
dry processes are significantly greater than Deal-Grove predictions and the reaction exhibits a power law
dependence on the oxygen pressure with rate proportional to P" where m = 0.6-0.8 [107] [108]. It is beyond
the scope of this overview to detail the refinements to the Deal-Grove model that have occurred over the
past few decades. In 1995, one author wrote in a publication on thermal oxidation kinetics “An examination
of the literature and available experimental evidence does not permit a definitive choice of model for the
oxidation of silicon” [109]. A review of the literature since that time suggests that, while our understanding
has improved, the thermal oxidation kinetics remains a valid field of study. The reader is referred to some of
the reports and reviews that are available in the literature, and the references therein [110] [111] [112] [113]
[114] for more detailed information on this topic.

Deposited Silicon Dioxide Thin Films

Silicon dioxide thin films can be deposited under a variety of conditions and using a variety of
chemistries. Over the past half century, silicon dioxide films have been deposited using reaction conditions
that varied from atmospheric pressure through sub-atmospheric pressures (SACVD) to low, vacuum
pressures (LPCVD and PECVD). The reactions that produced the oxide film have been both thermal and
plasma-enhanced. The chemistries employed in the deposition processes have varied. In this section,
we will describe a few of these routes to deposited silicon dioxide films and the properties of the films
produced.

Silane-Based Oxides (Low Temperature Oxide, LTO)

For much of the past 50 years, the most widely used deposited silicon dioxide film processes
have used the reaction of silane with oxygen or a milder oxidant such as nitrous oxide, N,O. The primary
advantage of hydride-based deposited silicon dioxide films is the low deposition temperature, compatible
with aluminum metallization. The chemistry for the deposition processes are relatively simple:

SiH, +20, > SiO, +2H,0
SiH, + 2N,0 > SiO, + 2N, + 2H,

The first of these processes is usually thermally driven while the second is normally plasma enhanced;
both were originally batch processes, depositing oxide films on up to a hundred wafers at a time, however
they have been adapted to single wafer processing environments. Process temperatures are in the 200
— 450°C range with PECVD reactions normally performed at the lowest temperatures. These processes
have noteworthy safety risks since the precursor, silane, is a high pressure, pyrophoric gas. This means
that, should the gas leak from its high pressure cylinder, it will spontaneously burst into flame or, under
certain conditions, explode. There have been a number of lethal accidents in the semiconductor industry
associated with silane and safety precautions are critical in its handling.

While the chemistry of hydride-based silicon dioxide deposition can be summarized by relatively
simple reactions, the detailed chemistry that occurs in these systems is actually quite complex. Under the
pressure and temperature conditions employed in all of the hydride-based oxide deposition processes
(SACVD, LPCVD and PECVD) unstable reactive intermediate species formed in the gas phase make a
significant contribution to the overall deposition process. Reactive intermediates are formed by reactions
such as:

SiH, + 0, > SiH,(OH),
SiH, + H,0 > SiH,OH +H,
SiH, + N,O > SiH,OH +N,
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The formation of silanols, SiH (OH), _, is chemically favored (AH

f(SiH,(OH)

,~-100 kcal/mol) in this

system. They are highly reactive chemical species that further react to pzrocfuce SiO, once adsorbed

on the substrate surface. The presence of reactive silanol intermediates in these deposition processes
has major consequences for both the equipment requirements and the materials properties of the oxide
films produced. The equipment used in the deposition processes, especially for the LPCVD process,
must be configured with precise surface area/volume relationships between the surface of the substrate,
the spacing of substrates in batch processes, and the surfaces surrounding substrate edges. If these
relationships are not maintained, the uniformity of the thin oxide film over the substrate surface can be
seriously degraded. Additionally, silanols in the gas phase readily react with other silanols and with silane
to produce gas phase particulates that are extremely damaging to device yields. As with film uniformity
issues, control of gas phase nucleation in the reactions is strongly dependent on reactor geometry and
surface-to-volume rations in the reaction chamber.

LPCVD/APCVD LPCVD/APCVD
Deposition Thermal LTO TEOS
(Densified) (as deposited)
Source o, SiH, + O, TEOS + O, SiCl,H, + N,O SiH, + N,O
Temperature (°C) 900-1000 400-450 700 900 200-400
Composition SiO, SiO,(H) SiO, SiO,(ClI) SiO,(H)
Step Coverage Conformal Nonconformal Conformal Conformal Nonconformal
Thermal Stability Stable Densifies Stable Loses Cl Loses H
Dielectric Constant 3.9 4.1 43 - 6-9
Dielectric Strength (MV/cm) | 10 6-7 5-6 - 7
Density (g/cm?®) 2.2 21 2.2 2.2 2.3
Stress 3
A 7 3 Compressive | 3 Tensile 1 Compressive | 3 Compressive | Compressive
(10° Dynes/cm?) :
to 3 Tensile

Table 8. Comparison of different silicon dioxide processes and properties.

The as-deposited materials properties of LTO (silane-based) silicon dioxide films deposited in these
processes are distinctly inferior to those of thermal silicon dioxide films. Films of these materials have to be
densified after deposition and, even following densification, significant quantities of Si-OH and Si-H remain
in the film. The result of this contamination is a dielectric strength for deposited films that is significantly
weaker than that of thermal oxides, typically 6-7 MV/cm (vs. approximately 10 MV/cm for thermal oxide).
These films cannot, therefore, be used in applications requiring high electrical integrity such as gate oxides.
Therefore, their material property limitations have historically restricted their use in device fabrication to
the formation of insulating layers between the active layer on the substrate and the different levels of metal
in the device. In nanometer-scale device structures, however, intermetal dielectric films require almost
perfect conformality in the deposited films, a property that LTO films lack. The term conformality refers
to the uniformity of coverage over sharp edges and deep trenches in the substrate topography. Figure
40 illustrates good vs. poor conformality characteristics. The poor conformality of hydride-based silicon
dioxide processes has led to their being largely supplanted by TetraEthOxySilane (TEOS, sometimes also
called TetrakEthylOrthoSilicate) and TEOS/O, processes. Table 8 provides a comparison of some of the
critical properties of LTO films compared with other silicon dioxide thin film sources.
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Figure 40. Deposited film conformality: a) conformal film; b) nonconformal film.

High Temperature Oxide (HTO)

High temperature silicon dioxide (HTO) films are formed by the reaction of dichlorosilane and nitrous
oxide:

SiH,Cl, + 2N,O > SiO, + 2N, + 2HCI.

HTO processes are carried out at high temperatures, typically around 900°C and under low pressure
conditions, typically around 200 mTorr process pressure. The high process temperature results in an
oxide that is very close to thermal oxide in many of its properties (Table 8). However, the high process
temperature also limits the utility of HTO, since dopant migration and loss of metal line integrity become
problems. In addition, the presence of chlorine as a contaminant in HTO can be a problem. For these
reasons, HTO films do not have an extensive list of applications in device fabrication. However, the use of
rapid thermal processing techniques with very short time at temperature has raised interest in the use of
HTO as a replacement for Oxide-Nitride-Oxide (ONO) films as interpoly dielectrics in flash cells and gate
dielectrics.

TEOS-Based Oxides

TEOS-based oxides have largely supplanted LTO as passivation and intermetal dielectric films in
device manufacture [115] [116]. The TEOS molecule has the chemical formulation Si(OC,H,),. Formally,
TEOS is an organometallic compound and TEOS-based deposition processes can be classed as MOCVD,
although this is rarely noted as such.

Early use of TEOS-oxides employed LPCVD batch processing and simple thermal decomposition of
the TEOS molecule [117]:

Si(OC H) _700°C | SiO +4CH +2HO.
2 54 2 2 4 2

In practice, the process usually required a small amount of co-reactant oxygen for good process
characteristics such as film uniformity and low particle counts. The LPCVD TEOS process produced a very
stable silicon dioxide film with properties approaching those of thermal oxide (Table 8). More importantly,
the films exhibited excellent conformality, able to uniformly cover relatively severe surface topographies to
produce an excellent interpoly dielectric.

The process temperature requirements of LPCVD TEOS-oxide processes limited their use as
intermetal dielectrics, so PECVD-based TEOS oxide processes were quickly developed to fill this need.
PECVD TEOS-oxide processes exhibit high deposition rates at low deposition temperatures while
simultaneously producing oxide films having excellent conformality. The low deposition temperatures
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(200°C-400°C) allow these processes to be used for the deposition of intermetal dielectrics. Unfortunately,
the low deposition temperature can be problematic for film quality, yielding oxide films that are hygroscopic
and containing significant structural and electrical defects and some process modifications and/or post-
deposition processing may be required to raise the film quality to acceptable levels [118] [119] [120].

More recently, TEOS/O, processes have been developed that produce excellent silicon dioxide films
for intermetal dielectric applications [121]. Originally, TEOS/O, was developed as LPCVD [122] and APCVD
[123] processes; the most successful variant on TEOS/O, has been the subatmospheric pressure CVD
(SACVD) TEOS/Q, process [124]. SACVD TEOS/O, processes deposit highly conformal, high quality silicon
dioxide films at process pressures ranging from 100 Torr to 600 Torr and temperatures as low as 300°C,
allowing their use in all interlevel insulation applications. The process chemistry can be simply written as:

Si(OC,H,), + O, > SiO, + 2CH, + 2C,H,0 + 5/20,
however, it is actually much more complex [125] [126].

b. Silicon Nitride

Silicon nitride, Si,N,, films can be deposited using either LPCVD or PECVD techniques. The process
chemistry is simply written as:

3SiH,Cl, + 4NH, > Si,N, + 6HCI + 6H,.

In practice, HCl is undesirable in the process effluent since it can cause severe corrosion in the
downstream components and therefore, a sufficient excess of ammonia is added to the process to ensure
that the reaction chemistry is:

3SiH,Cl, + 10NH, > Si,N, + 6NH,CI + 6H,.

The presence of NH,Cl in the process effluent can also be detrimental to the maintenance
requirements of the deposition system (although not as bad as HCI). LPCVD silicon nitride processes
require high temperatures, typically in excess of 700°C, while PECVD nitride can be deposited at
temperatures below 400°C. The usual trade-off between process temperature and film quality exists for
these two processes, with the LPCVD process producing a high quality, stoichiometric film and the PECVD
process producing a non-stoichiometric film containing varying concentrations of silicon-hydrogen bonds.

Silicon nitride films are amorphous, hard materials that find two primary uses in device manufacture:
masking layers and final passivation. Masking layers are typically deposited using LPCVD since this
produces the most impervious film. Silicon nitride masking layers are especially useful for thermal oxidation
processes since oxygen does not easily diffuse through the nitride. Silicon nitride has a number of desirable
qualities as a passivation layer. PECVD methods allow it to be deposited at temperatures compatible with
the underlying device structures. The film is nearly impervious to critical ambient contaminants such as
moisture and sodium. Finally, by adjusting the PECVD process conditions the inherent stress in the film
can also be adjusted to eliminate any risk of film delamination or cracking. As will be discussed later,
silicon nitride finds use as a stop for chemical mechanical polishing processes. Table 9 provides a list of
representative properties of LPCVD and PECVD silicon nitride thin films.
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Property LPCVD Si N, PECVD Si N,
Composition Si,N, SiNH,
Density (g/cm®) 28-31 25-28
Dielectric Constant 6-7 6-9
Dielectric Strength (MV/cm) | 10 0.6
Bulk Resistivity (Q-cm) 10%- 10 10
Stress (dyne/cm?) 1.8 x 10% (tensile) 8 x 10° (compressive)

Table 9. Representative properties of LPCVD vs. PECVD silicon nitride [32].

c. High-k and Low-k Dielectrics

The dielectric constant (k) of a material is a measure of the polarizability of that material. In a
dielectric, polarization can have three origins. An external electric field can induce electronic polarization in
which the electrons in neutral atoms are displaced from a symmetrical arrangement around the nucleus. It
can also induce atomic or ionic polarization in which adjacent positive and negative ions are distorted from
their equilibrium positions in a crystal lattice. Finally, it may cause dipolar or orientational polarization in
which permanent dipoles in a material align with the external electric field. Low dielectric constant (low-k)
materials exhibit weak polarization when subjected to an applied electric field; high-k materials are strongly
polarized in the presence of an external electric field.

Over the past two decades, materials having dielectric constants (k-values) that are both higher and
lower than those of conventional silicon dioxide and silicon nitride have become increasingly important
in device manufacturing. Low-k materials are important for the reduction of Resistance-Capacitance
(RC) delays in interconnects. High-k materials are important for use in storage capacitors and nonvolatile
memory devices, and have become a critical component that allows continued scaling in the ultra-thin film
stacks employed as gate insulators in nanometer scale devices.

Low-k materials, when used as insulators between the multilevel interconnections in a device,
have the ability to improve device speed through reductions in RC delays. RC effects occur due to
the unintended formation of capacitor structures when two metal interconnects are separated by an
insulating layer. When this occurs, there is a delay in the transmission time of interconnect signals that is
proportional to the time it takes to charge the incidental (parasitic) capacitor. This time, denoted by the
symbol 1, is equal to the resistance of the interconnect times the capacitance of the incidental capacitor.
This capacitance is, in turn, directly proportional to the dielectric constant of the insulating material and the
area of the incidental capacitor and inversely proportional to the distance between the metal lines. Thus, as
the distance between metal lines in multilevel metal structures is reduced, the delay in signal transmission
increases unless the dielectric constant of the material separating the metal lines can be reduced.

Historically, the insulator used to separate metal lines in a device (the inter-level dielectric, ILD)
has been SiO, which has a dielectric constant of about 3.9. By way of comparison, the lowest possible
dielectric constant is 1.0 (vacuum or air). Materials for ILD applications have been specifically designed for
the reduction of their dielectric constant. In general, the design principals focus on the reduction of any
chemical characteristics that can result in moisture absorption and in designing the molecular chemistry
to reduce polarization strength and density. This latter characteristic can be accomplished by reducing the
Si-O bond density in the material and through the incorporation of fluorine (SiOF dielectric constant = 3.7)
and organic species such as CH, (SiOC(H) dielectric constant = 2.8).
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Dielectric Material Dielectric Constant

Silicon Dioxide SiO, 3.9
Silicon Nitride Si,N, 7-8
Aluminum Oxide Al,O, 8-10
Hafnium Oxide HfO, 25
Titanium Oxide TiO, 30-80
Zirconium Oxide ZrO, 25
Tantalum Pentoxide Ta,O, 25-50
Barium-strontium-titanate BST 100-800
Strontium-titanate-oxide STO 230+
Lead-zirconium-titanate PZT 400-1500

Table 10. High dielectric constant materials [127].

Many materials with dielectric constants lying between the limits of air and SiO, have been
evaluated as ILDs over the past few decades. CVD methods have been employed to deposit carbon-
doped silicon oxide and organosilicate glass, OSG. These methods have produced ILDs with dielectric
constants as low as 2.5, albeit with decreasing mechanical strength in the films. Spin-on hydrocarbon and
fluorocarbon polymers have been evaluated, including polyimides, polyarylethers (PAE), polynorbornene
and polytetrafluoroethylene (PTFE). These materials typically exhibit dielectric constants around 2.5.
However, they tend to have weak mechanical strength, poor thermal stability and poor adhesion. Mixed
organic/inorganic silicon based polymers having very open lattice structures, collectively known as
polysilsequioxanes (SSQ), have also been evaluated. Most recently, the very low dielectric constant of air
(1.0) has been leveraged for ILD dielectric constant reduction through both direct use [128] and the use
of highly porous materials for ILDs. Air gaps have also been used in both logic interconnects and DRAM
devices. The latter materials include porous silicate glass, xerogel/aerogel, porous organosilicate glass,
porous SSQ, porous organics and porous SiLK (a trademarked porous organic polymer). These materials
are normally applied using a spin-on sol-gel process followed by heat treatment to remove the solvent.

High-k gate dielectric materials, mainly transmission metal oxides, have proven crucial for successful
device operation at device feature sizes of 65 nm and below. At these dimensions, the gate oxide in Field
Effect Transistors, if fabricated from SiO,, must have a thickness of 0.7 nm. This is much less than the
direct electron tunneling thickness for SiO, films of 3.0 nm. This means that electrons can “tunnel” through
such thin oxides to produce gate leakage currents of about 100 A/cm? at 1V. Obviously, such large leakage
currents effectively destroy the transistor functionality. The use of high-k materials as part of the transistor
gate structure avoids this problem since the high degree of polarizability of these materials allows low
electrical potentials on the gate to more strongly influence the underlying channel. Table 10 provides
dielectric constant values for some high-k materials of interest to the semiconductor community.

d. Other Dielectrics

Silicon Oxynitride, SiO N
XY

Silicon oxynitride was one of the first high-k materials to be explored in the quest to avoid excessive
leakage through ultra-thin gate insulators. SiOXNy has the additional benefit of improved barrier performance
for boron penetration in surface-channel P-MOSFETs that have P+ gate electrode doping. Silicon oxynitride
is a compromise in that silicon nitride provides better material characteristics; however, the deposition
process for silicon nitride produces a high density of traps in the film, making it unsuitable for use as a
gate dielectric. SiOXNy films can exhibit dielectric constants up to around 5.0, as compared with silicon
dioxide values of 3.9. Currently, SIO N materials are of interest as gate insulators for conventional device
fabrication [129] [130] and as components having tunable refractive indices for photonics application [131].
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Silicon oxynitride films can be formed on the substrate using a number of simple, accessible chemical
approaches:

m  Thermal nitridation of silicon followed by re-oxidation

m  Annealing of SiQ, films in nitrogen-containing ambient such as nitrous oxide (N,O), nitric oxide
(NO,) or ammonia (NH,)

m  Growth of SiO, on nitrogen implanted substrates
m  Low temperature remote plasma nitridation of SiO,
m  ALD nitride deposited on SiO,

s PECVD, CVD

Using electron cyclotron resonance (ECR) remote plasma reactors, SiO N can be deposited at low
temperatures and with minimal damage to the gate insulator-substrate interface with the substrate. ECR
PECVD approaches allow for relatively precise control of oxygen to nitrogen ratios, low S-H concentrations,
good uniformity and microstructure control in the SiOxNyfiIm. Approach (e) has received recent attention as
a preferred route to SiOxNyformation.

Aluminum Oxide, AI_ZO_3

Aluminum oxide is another material of potential interest as a gate insulator, especially for thin film
transistors (TFTs) on glass and flexible substrates, owing to its high dielectric constant (~9), relatively
low leakage current and good thermal/electrical stability [132] [133]. To be of use in modern device
fabrication, and especially for applications on flexible substrates, Al,O, films must be deposited at quite low
temperatures. Conventional PVD and CVD deposition approaches for ALO, at low temperatures have not
produced films with acceptable properties for device applications. The films exhibit high leakage and poor
stability due to the grainy growth and rough, polycrystalline surfaces. ALD methods, however, have proven
to produce excellent films for TFT gate insulator applications. ALD processes for Al,O, film deposition can
be performed at temperatures as low as 120°C, making them ideal for the production of TFTs on flexible
substrates and as a blocking dielectric in memory devices. Al,O, is also used in non-volatile memory
applications such as 3D-NAND.
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4. Metal Thin Films for Contacts and Interconnects

a. Metal Materials Requirements

Global
Interconnects
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Figure 41. Metal applications within an older planar IC. Multilevel metallization terminology [134].

In semiconductor device fabrication, contacts are the metal components in direct contact with silicon
in transistors and other devices, while interconnects are the current-carrying lines that connect discrete
devices within an Integrated Circuit (IC). Figure 41 shows a cross-section of a (somewhat older) device
depicting a multi-level metallization scheme. It can be seen that, within an IC structure, metals are used
as gate and electrode contacts (Tungsten Silicide, light region above the source and drain), contact plugs
(Tungsten Plug) and interconnects (Copper 1 through Copper 5). Diffusion limiting barrier layers (i.e. Ta and
TaN) are required to prevent metal diffusion into semiconducting and insulating areas of the device.

It was noted in the section on low-k and high-k dielectrics that parasitic capacitances in metal
interconnects are a cause of RC delays in signal transmission through the electrical connecting lines of an
IC (the C component in RC). Of equal importance is the other parameter in this relationship, the resistance
of the interconnect lines, R. For this reason, manufacturers have sought the lowest resistivity materials
for interconnects in device fabrication. The electrical resistivities and conductivities of some conducting
materials are shown in Table 11. It is important to note that the R component in RC delays is also reduced
through the use of shorter interconnect lines. Line length reduction, along with the ability to interconnect
a larger number of components per chip (packing density), have been the driving forces behind multilevel
metallization in device designs. Figure 41 defines some of the terms common to this area.
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Material Resistivity (Q-m) Conductivity (/Q-m)

Silver, Ag 1.59 x 108 6.29 x 107
Copper, Cu 1.68 x 108 5.95x 107
Gold, Au 244 x10°% 4.10x 107
Aluminum, Al 2.65x 10°® 5.81x 10
Tungsten, W 5.6x10°% 1.79 x 107
Iron, Fe 9.71x10°® 1.03 x 107
Platinum, Pt 10.6 x 108 0.94 x 107
Lead, Pb 22 x10°® 0.45 x 107
Manganese, Mn 48.2x 10°® 0.21 x 107
Constantan (Ni, Cu) 49 x 108 0.20 x 107
Mercury, Hg 98 x 10® 010 x 107
Nichrome (Ni, Fe, Cr Alloy) 100 x 108 0.10 x 107
Carbon (Graphite) 3-60 x 10° -

Table 11. Electrical resistivity and conductivity of metals at 298K [127].

The different metal functions within an IC have different materials property requirements. Gate and
electrode contacts must provide a stable, ohmic interface between the metal conducting lines (or contact
plugs) and silicon. These contacts must be able to endure the temperatures and other physical and
chemical conditions experienced in post-deposition processing. Contact plugs must have highly conformal
deposition processes that produce gap-free metal structures leading to a low resistance path between the
electrode contacts and the interconnect network above the transistor device. Interconnects must provide a
stable, high speed path for signal transfer between the device components that make up the IC.

Yves Pauleau, in a review some years ago [135], succinctly described the materials properties that are
desirable in a metal interconnect material for use in sub-micron device fabrication:

m  Low electrical resistivity

m  Low resistance, ohmic contact structures

m  Stable contact structures

= High electromigration resistance

m  Adherence to insulating films (SiO,)

m  Stable with respect to insulating films (SiO,)
m  Low internal stress

m  Low surface roughness

m  Easily etched using plasma processes

m  Fine line patternability

m  Compatibility with all other semiconductor processes

m Low cost
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Early on, heavily doped polysilicon and heavily doped regions in silicon substrates were used to
form some of the conducting lines for integrated circuits. However, as device size shrank and speed
requirements increased, the low resistivities required for contact and interconnect structures in these
devices proved unachievable using doped silicon. For this reason, silicon interconnects and contacts
will not be considered further in our discussion. Rather, we will discuss the elemental metal thin films
now commonly employed for contact and interconnect formation. Of these, we will focus on aluminum,
tungsten, and copper, along with the barrier layer materials that are normally used in conjunction with these
metals. Our discussion of metal films will be conducted within the context of the material requirements
listed by Pauleau.

Historically, aluminum was the primary metal employed for contact and interconnect metallization
in IC device fabrication. However, aluminum has been supplanted in modern devices by a combination of
tungsten and copper with accompanying barrier layers such as titanium nitride and Ta/TiN stacks. Figure
42 compares some of the differences between the aluminum metallization in earlier device designs with
current approaches using tungsten contact plugs prior to first level metallization.

/

Aluminum
Contacts Tungsten Sio,
Plugs

O T

Substrate

N (a) (b) J

Figure 42. (a) aluminum metallization for device designs > 350 nm;
(b) first level metallization for designs < 350 nm [136].

b. Aluminum

Aluminum has a number of advantageous properties which led to its widespread use in earlier device
generations. Aluminum metal has the third lowest resistivity of the candidate metals for metallization (Table
11). It is easily deposited as a uniform, smooth, polycrystalline film over the entire substrate surface using
evaporation or sputter deposition methods (PVD) [32]. While aluminum thin films are most often deposited
using PVD techniques, it is also possible to deposit aluminum films by chemical vapor deposition using
volatile organometallic precursors such as tri-isobutylaluminum, Al(i-C,H,).:

Al(-C,H,), > Al + 3CH, + H,

While the CVD process has become reasonably well developed over the past few decades, most
aluminum thin films for semiconductor device fabrication continue to be deposited by PVD owing to
the relative simplicity and low cost of these processes. In particular, magnetron sputtering is the most
commonly used process for aluminum thin film deposition due to the high deposition rates (1pm/min)
achievable in this process. A key difference between CVD and PVD films has been the fact that, historically,
CVD films have produced far better step coverage in high aspect ratio contact structures (CVD: 50%
-100% coverage with gap fill; PVD: 15% coverage with poor gap fill). Whether deposited by PVD or CVD
techniques, aluminum forms a coherent, stable film that strongly adheres to both the silicon and dielectric
layers in an IC.
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Once formed, aluminum thin films are readily patterned to produce contact or interconnect structures
using standard photolithographic methods and chloride-based Reactive lon Etch (RIE):

CCl, + e < CCL* + CI' + 2¢
Al + 3CI'= AICL
The aluminum trichloride produced in the RIE reaction is volatile, with a boiling point of 177.8°C,

and can be easily pumped away under vacuum. The corrosive nature of AICI, introduces some unique
maintenance problems in the RIE vacuum equipment and these will be discussed in more detail in Section B.
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Figure 43. Aluminum contacts to silicon (a) ohmic contact;
(b) rectifying (Schottky) contact; (c) tunneling contact [137].

In early contact applications, aluminum was deposited directly onto silicon [135]. It was found that,
depending on the doping of the silicon, such metal contacts exhibited different electrical properties.
Figure 43 shows these different electrical characteristics. Aluminum (or any other metal) in direct contact
with silicon can produce ohmic, rectifying or tunneling electrical characteristics. Ideally, an aluminum-
silicon contact should have ohmic characteristics, however, this only occurs when the contact is to p or p*
silicon since aluminum constitutes a p-type dopant for silicon. Aluminum contacts to n-type silicon form
rectifying diodes, as described in Section A, Chapter I.2.b. For this reason, practical contacts between
aluminum (or any metal) and n-type silicon employed a thin, n*-doped region at the interface that creates a
tunneling contact. While such contacts are, in fact, rectifying, when the width of the depletion layer at the
metal-semiconductor interface is very thin (3 nm or less), carriers can easily tunnel across, producing the
equivalent of an ohmic contact. Such barriers require n* doping densities of 10'® cm= or more.
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Figure 44. Pitting or spiking of aluminum through the p/n junction [138].
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Once formed, aluminum contacts are normally annealed at high temperature (400°C) in a reducing
atmosphere (forming gas; 20:1 N,:H,). This step significantly improves the contact resistance with silicon.
Care must be taken that annealing temperatures remain below the Al/Si eutectic temperature since, at high
enough temperatures, silicon can diffuse from the contact interface into aluminum to produce an Al/Si alloy
(solubility of Si in Al at 400°C = 0.5%). When significant diffusion of silicon into the aluminum occurs, it
creates voids in the silicon which are “backfilled” by the aluminum. This produces a phenomenon known
as pitting or junction spiking (Figure 44). When spikes penetrate through the underlying p/n junction they
can dramatically increase leakage current and/or reduce breakdown voltage. In most aluminum deposition
processes, ~2% Si is added to the aluminum to prevent out-diffusion and spiking. This is another reason
why PVD continues to dominate aluminum film deposition; CVD processes cannot effectively incorporate
silicon into the growing aluminum film. Modern aluminum contact structures employ shallow junctions
and barrier layers to eliminate rectifying behavior and prevent unintentional doping of the substrate and/or
junction spiking due to metal/silicon alloy formation. In recent device generations, simple aluminum contact
structures have been largely replaced by structures containing metal silicide electrodes, diffusion barrier
layers and tungsten contact plugs.

Aluminum was the most common metal employed for interconnect metallization in CMOS processes
above about 200 nm, however its use has been supplanted in later generations by more conductive and
electromigration resistant copper metallization (see below). In addition to aluminum’s higher resistance
relative to other metal candidates, electromigration has been the other major issue prompting a shift away
from aluminum interconnect structures. Electromigration [138] [139] [140] is a phenomenon that arises from
two factors: 1) the kinetic influence of electron-atom collisions in the interconnect line; 2) the field-induced
movement of ionized aluminum atoms. Under the influence of these two factors metal ions move toward
the positive end of the conductor while vacancies move toward the negative end. The ultimate effects of
electromigration are the reduction of connectivity through the creation of voids in the interconnect lines and
the creation of shorts through the production of hillocks and whiskers (Figure 45). While aluminum has been
largely supplanted by copper in advanced devices, those remaining applications in which aluminum is used
for interconnects typically employ aluminum-copper alloys to help reduce this problem.
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Figure 45. Electromigration, cause and effects [141].

c. Tungsten

CVD tungsten, despite having somewhat higher resistivity, has replaced aluminum in contact plug
applications. The use of tungsten rather than aluminum is primarily due to the better gap fill characteristics
of tungsten in high aspect ratio structures (Figure 46) making it ideal for 3D-NAND. Figure 47 depicts the
evolution of metal contact structures over the past few decades.
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Figure 46. SEM of a tungsten contact plug showing
excellent gap fill characteristics [142].

Because of its high resistivity, tungsten is employed only for plugs along with local and sometimes first
level interconnects. Blanket tungsten thin films are deposited using one of the following chemical reactions:

2WF, + 3SiH4 > 2W + 3SiF, + 6H,
WF, +3H, > W+ 6HF
2WF, + 3Si > 2W + 3SiF,.

Care must normally be taken to minimize the last reaction in the above series since it can lead to
the same junction spiking problems as described earlier for aluminum. For this reason, contact plugs that
are fabricated using CVD tungsten processes require the use of a barrier layer, typically TiN (see below),
between tungsten and silicon. More advanced device structures with very high aspect ratio contact holes
employ a PVD tungsten seed layer to ensure conformal coverage by the tungsten film.
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Figure 47. Evolution of metal/silicon contact structures.
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d. Copper

Copper has a much lower resistivity than aluminum and it has largely replaced aluminum in
interconnect applications in device structures with design rules below about 200 nm [143]. The low
electrical resistivity of copper wiring greatly reduces RC delays and lowers power consumption in
nanometer scale devices. Low resistivity wiring has become critical as interconnect technology has

become the determining factor in signal delays on an IC chip. Additionally, copper is much more resistant

to electromigration than is aluminum.

The advent of copper as an interconnect material was initially hampered by the fact that it is a highly
mobile metal and thus can produce unintended contamination, both in the fab and on-chip. Furthermore,

the conventional approaches to thin film deposition and etch are not possible with copper, making it

difficult to create patterned structures on a device surface. Any issues associated with unintended copper
contamination within the fab were fairly easily resolved by isolating copper processing areas from other fab
areas. On-chip contamination presented a somewhat more difficult problem. Since copper easily migrates

into both the dielectric and semiconducting materials that surround it on a device surface, diffusion of
the metal could only be prevented by the total encapsulation of copper structures by barrier materials.

The need for patterning copper layers on substrate surfaces eventually necessitated the development of
a completely unique approach for the formation of copper interconnect structures. Finally, copper, unlike
aluminum, lacks a stable, adherent native oxide and this makes it more prone to corrosion and adhesion

problems in integrated device schemes. Barrier (capping) layers have been developed that alleviate this

problem.

Copper can be deposited using PVD, CVD or electrochemical plating technologies. Either a physical
or chemical pre-deposition clean is needed prior to the deposition of a barrier layer (see below) followed
by a seed layer for copper electroplating. Practical PVD processes for copper deposition do not produce
usable thicknesses for interconnect formation; they are limited to the formation of copper seed layers that
promote follow-on copper electrodeposition for interconnects. PVD processes have poor step coverage
and gap-fill characteristics and this makes them unsuitable for copper deposition beyond this initial seed

layer. CVD processes could conceivably fulfill copper thin film needs. However, the available volatile
precursors for copper CVD processes are very limited. No volatile, simple, binary copper compounds

similar to silicon halides or hydrides are known. Rather, copper CVD precursors are complex organometallic

species that are difficult to manufacture and costly to use. Additionally, CVD copper processes tend to

produce relatively impure copper films and blanket CVD copper films do not lend themselves to subtractive
patterning. As a consequence of the issues with PVD and CVD copper, the primary method for depositing

copper layers in semiconductor device fabrication is a unique-to-copper electroless deposition process

[144] [127] [145] [146].
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Figure 48. A a schematic of an electroplating process [147].
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Figure 48 shows a schematic representation of the electroplating process. Electrochemical processes
for copper typically use some variant on solutions containing inorganic copper salts to deposit bulk copper
on a substrate surface. In electroplating processes, these solutions typically employ copper sulfate, CuSO,
and a copper anode to drive an electrochemical reduction:

Cu** +2e > CU°

Electroless plating reactions (i.e. electrochemical processes that do not require external electrodes)
are also being explored. These processes reduce copper ions to copper metal without the need for
electrochemically driven reactions, for example:

Cu?* + 2HCHO + 40H" - Cu’ + 2HCOO" + 2 H,O +H,

The actual solution chemistries employed by different equipment/process suppliers for use in their
copper deposition tools are highly proprietary. These proprietary solutions tend to be complex mixtures of
inorganic copper salts with various inorganic and/or organic process promoters.

Coupled with the problems in finding viable deposition processes for copper was the fact that
patterning copper films cannot be accomplished using conventional methods. Common fluoride or
chloride-based dry etching technology does not work for copper since the fluoride and chloride by-
products of the etching process are non-volatile and cannot be easily removed to create a patterned
interconnect structure. These difficulties with the deposition and patterning of copper led, in the late
1990’s, to the development of a unique copper metallization process known as the Damascene Process,
shown in Figure 49 [148]. Damascene processing completely eliminated the need for the use of dry etching
in patterning copper lines and vias. Rather, dry etching is performed on the dielectric material where
the material is placed. Damascene processes also introduced the use of special barrier layers such as
Tantalum, Tantalum Nitride, Titanium Nitride, and Titanium-Tungsten that prevented copper diffusion into
other materials in the IC and improved the adhesion of the subsequent copper layer. Figure 49 shows a
schematic for the Dual Damascene process. In this process, the interlayer dielectric is first deposited on
the substrate using conventional CVD methods, then patterned using standard photolithography and dry
etching techniques to produce the via pattern. Next, the trench pattern is created, again using conventional
photolithography/dry etch. A barrier layer impermeable to copper diffusion is then deposited, followed by
the deposition of a PVD or CVD copper seed layer. Once the seed layer is in place, the substrate undergoes
a blanket copper electroplating process, filling both the vias and trenches in a single step to create the
copper interconnect. Following the electroplating process, the copper on the surface of the substrate is
polished back using chemical mechanical polishing, CMP. This step stops when it contacts the interlevel
dielectric (ILD), leaving only the copper in the vias and trenches. The CMP process is described in more
detail in Section B, Chapter VIII. Finally, a capping layer of a material impermeable to copper diffusion is
deposited, resulting in complete encapsulation of the copper in the vias and trenches. Manufacturable
copper process technology was first introduced by IBM [149] and Motorola [150] in 1997 and developments
since then have made copper metallization common throughout the industry.
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Figure 49. Schematic representation of the Dual Damascene Process.

Barrier layers are needed as metal diffusion barriers for contact electrodes and copper capping
layers. Depending on the materials and process compatibilities between the barrier layer and silicon or
a particular metal, different barrier layers are preferred for different applications. However, a number of
general materials properties can be identified for barrier layers, including:

= High degree of metal impermeability at sintering temperatures (sintering refers to joining of the
materials by thermal means)

m  Ohmic and low contact resistance

m  Good electrical conductivity

m  Good adhesion between the semiconductor and metal

= High electromigration resistance

= Good step coverage

m  High deposition rates in high aspect ratio gaps

m  Compatible with chemical-mechanical polishing (CMP)

Aluminum is no longer common in contact structures and, so, we will not consider barrier layers for

aluminum in any detail. In those remaining multilevel metallization schemes that still employ aluminum,

titanium nitride, TiN, is the barrier material of choice since it has a low enough resistivity that it can
become the principle conductor should electromigration produce a void in an aluminum line. TiN is usually
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deposited by PVD methods (typically by ion plasma PVD). CVD TiN processes have also been developed
that use either inorganic halide or organometallic titanium chemistries:

3TiCl, + 7NH, - 3TiN + 4NH,CI + 5/2H,
Ti[N(CH,),], + 4NH, = TiN + Mixed by-products

The ammonium chloride product of the inorganic (TiCl,) route to TiN can lead to high maintenance
requirements in the deposition equipment and this has produced a strong interest in organometallic CVD
processes employing TDMAT (Ti[N(CH,),],) and similar chemical compounds. Titanium nitride is also
commonly used as a barrier layer for tungsten contact plug and interconnect applications.

Barriers, liners and capping layers are an inherent part of copper metallization technology.
Damascene and Dual Damascene Cu metallization processes normally employ Ta/TaN as the barrier layer
for sidewalls and at the bottom of lines to prevent copper diffusion into surrounding device components.
Typically, these layers are deposited using advanced PVD methods that can achieve uniform and conformal
coverage in high aspect ratio vias and trench structures. Once copper metallization is in place on a device,
the metal requires a top (capping) barrier to prevent corrosion of the copper and to promote adhesion
between the copper and subsequent dielectric layers. Capping layers that have been developed for copper
are primarily relatively high-k dielectric materials, typically silicon nitride, silicon carbon hydrogen, or silicon
oxide carbide. Reference [151] provides a comprehensive discussion of barrier and capping layers for
copper metallization.
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lll. Example Fabrication Process: CMOS Devices

The materials requirements and methodologies employed for the manufacture of a semiconductor
device are admirably demonstrated using a discussion of the steps and processes involved in the
production of a basic CMOS device structure. As noted earlier, the term CMOS stands for Complementary
Metal Oxide Semiconductor with CMOS devices incorporating both NMOS and PMOS transistors. Figure
50, taken from UC Berkeley EE course notes on Digital Integrated Circuits by Jan M. Rabaey and Andrei
Vladimirescu, shows the basic operations required for the formation of a planar CMOS device in its most
simplified form. This section describes the individual steps involved in a typical CMOS process flow for the
planar devices employed in older technologies for the purpose of illustrating device fabrication at a level
accessible to readers with a range of technical backgrounds.

Define active areas
Etch and fill trenches

Implant well regions

Deposit and pattern

polysilicon layer

Implant source and drain
regions and substrate contacts

Create contact and via windows
Deposit and pattern metal layers

Figure 50. Simplified CMOS process flow [152].

A. Wafer Surface Cleaning

P

- P-epi

CMOS devices are normally fabricated on substrates having a p-type <100> silicon surface. Modern
CMOS devices employ p+ silicon wafers that have a p-type epitaxial layer (sometimes referred to as “epi”
wafers) on which the devices are to be formed. The p-type epitaxial silicon on a p+ substrate configuration
achieves higher breakdown voltages while simultaneously keeping collector resistance low in the device.
The material and process characteristics of epitaxial silicon are described in Section A, Chapter 11.B.2.

The epitaxial silicon layers used for CMOS device fabrication are typically deposited on silicon substrates
using dichloro- or trichlorosilane in a hydrogen carrier gas at temperatures that range between 1100°C and
1200°C.
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Figure 51. The surface contaminants that may be present on a silicon wafer.

Prior to a wafer’s entry into the CMOS fabrication process, its surface must be cleaned to remove
any adhering particles and organic/inorganic impurities. Silicon native oxide also needs to be removed.
Continually shrinking device design rules have made cleaning technologies ever more important to
achieving acceptable product yields. In modern device fabrication, wafer cleaning procedures can make
up 30% - 40% of the steps in the total manufacturing process. Wafer cleaning has a long developmental
history within the semiconductor industry. See collections and studies of the classic methods from authors
such as Werner Kern [47], [153] and Tadahiro Ohmi [154] for more detailed discussion.

Contaminants on wafer surfaces may be present as adsorbed ions and elements, thin films, discrete
particles, particulates (clusters of particles), and adsorbed gases [153]. Figure 51 shows a schematic of the
kinds of contaminants present on the wafer surface prior to it entering the process flow; Table 12 describes
the impact of the different kinds of surface contamination on device performance while Table 13 shows the
cleaning solutions employed to remove the different contaminants.

Type of Contamination Main Influences on Device Characteristics

Particle Contamination

Pattern defects
lon implantation defects
Insulating film breakdown defects

Alkali Metals

MOS transistor instability
Gate oxide film breakdown/degradation

Metallic

Contamination
Heavy Metals

Increased PN junction reverse leakage current
Gate oxide film breakdown defects

Minority carrier lifetime degradation

Oxide excitation layer defect generation

Organic Material

Gate oxide film breakdown defects

CVD film variations (incubation times)

Thermal oxide film thickness variations (accelerated
oxidation)

Haze occurrence (wafer, lens, mirror, mask, reticle)

Chemical
Contamination

Dopants
(B.P)

MOS transistor V, shifts
Si substrate and high resistance poly-silicon sheet
resistance variations

Inorganic
Contamination

Bases (amines,
ammonia)

Acids (SOx)

Degradation of the resolution of chemically amplified resists
Occurrence of particle contamination and haze due to salt
generation

Native and Chemical Oxide Films
Due to Moisture, Air

Increased contact resistance
Gate oxide film breakdown/degradation

Table 12. Wafer contamination and its effects.
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Cleaning

Contaminant Chemical Mixture Description Chemicals
Procedure Name
Piranha (SPM) Sulfuric acid/hydrogen peroxide/DI water ?_z‘ls_%g‘(')%%’ H,0
Particles —
Ammonium hydroxide/hydrogen peroxide/DI NH,OH/H,O_/H,O
SC-1(APM) water 1:4:20; 80°C
SC-2 (HPM) Hydrochloric acid/hydrogen peroxide/DI water :'?IQH%OSZZSZO
Metals
(not copper) Piranha (SPM) Sulfuric acid/hydrogen peroxide/DI water g‘f_?“gﬁ%/Hzo
Dilute hydrofluoric acid/DI water (will not HF/H,O
DHF en 2
remove copper) 1:50
Piranha (SPM) Sulfuric acid/hydrogen peroxide/DI water HZS,O.‘*/H%,OZ/HZO
3-4:1;90°C
. Ammonium hydroxide/hydrogen peroxide/DI NH,OH/H,O,/H,O
Organics SC-1(APM) water 1:4:20; 80°C
DIO3 Ozone in de-ionized water '(\)A?)/?Jgs()ptlmlzed
DHF Dilute hydrofluoric acid/DI water T'::L/OI—E)ZO
Native Oxide N.H FHFHG
BHF Buffered hydrofluoric acid 4 2

Table 13. Cleaning solutions used to prepare substrates for the CMOS process.

1. Contaminant Types and Solution Cleaning Methods

a. Particles

Particle contamination can originate as airborne dust from a variety of sources including fab
equipment, process chemicals, the internal surfaces of gas lines, wafer handling, gas phase nucleation in
film deposition systems, and fab operators. Even particles of low nanometer dimension have the potential
to generate “killer” defects, either through the action of physically occluding the formation of key features
in the device (producing patterning, feature and implant defects) or by creating localized electrically weak
spots in thin insulating films. Cleaning solutions for particle contamination include piranha cleans for gross
particulate (and organic) contamination and SC-1 cleans for small, strongly adhering particles. Piranha
solutions are extremely strong acids which oxidize many surface contaminants to produce soluble species
that can be removed in solution. SC-1 solutions remove insoluble particles by oxidizing a thin layer of
silicon on the surface of the substrate which then dissolves into the solution, carrying adsorbed particles
with it. Modern SC-1 cleans employ megasonic (0.8 — 2.0 MHz) vibration to aid in the removal of particles
from the surface. SC-1 solutions prevent re-adsorption of the particle by inducing the same zeta potentials
a measure of electrostatic repulsion, on the particle and substrate surfaces. All cleaning solutions that
contain hydrogen peroxide (piranha, SC-1, SC-2) leave a thin oxide layer on the silicon wafer surface.

b. Metals

Semiconductor devices are particularly sensitive to metallic contaminants since metals are highly
mobile in the silicon lattice (especially metals such as gold) and therefore they easily migrate from the
surface into the bulk of the silicon wafer. Once in the bulk silicon, even moderate process temperatures
cause metals to rapidly diffuse through the crystal lattice until they are immobilized at crystal defect sites.
Such “decorated” crystal defects degrade device performance, permitting larger leakage currents and
producing lower breakdown voltages [32]. Metal contaminants can be removed from the substrate surface
using an acidic clean such as SC-2, piranha or dilute hydrofluoric acid (HF); these cleans react with the
metal to produce soluble, ionized metallic salts that can be rinsed away.
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c. Chemical Contamination

Chemical contamination of the substrate surface can be broken down into three types: surface
adsorption of organic molecular compounds; surface adsorption of inorganic molecular compounds; and
an ill-defined, covalently-bound thin (ca. 2 nm) native oxide consisting of the chemical oxide/hydroxides of
silicon, SiOX(OH)y.

Organic Compounds

Surface contamination by organic compounds either through airborne contamination or as residue
from organic photoresists (PRs) is omnipresent in cleanrooms due to the presence of volatile organic
solvents/cleaners and outgassing from polymer construction materials. Gross contamination by organics,
such as occurs with incomplete PR removal, can impact device yields by leaving residues that form carbon
during high temperature process steps. These carbon residues can form nuclei which behave as particle
contaminants. Small amounts of residual metal resident in the PR compound can be trapped on the surface
in these carbon residues [153]. PR residual contamination can be removed using piranha cleans and other
high efficiency PR cleanup methods, as described in Section B, Chapter I1.B.

Organic contamination due to ubiquitous volatile airborne contaminants also require removal from
the wafer surface. The presence of these contaminants can hinder the removal of native oxide by dilute HF
solutions (see below), producing poorly defined interfaces between the gate oxide and the substrate and
gate electrode. Poor interface characteristics strongly degrade gate oxide integrity [155] [156] [157] [158]. The
presence of organic compounds on the surface can affect the initial rates of both thermal oxidation and CVD
processes, introducing undesirable and unknown variations in film thickness [159]. The SC-1 clean removes
these organic residues through oxidation by peroxide and solvation of the products by NH,OH. The SC-1
clean slowly removes any native oxide, replacing that layer with a new oxide produced by the oxidizing action
of the peroxide. In recent years, ozone dissolved in DI water (DIO,) is finding increasing use as a replacement
for older Pirhana and SC-1 cleans as a “green” and safer alternative for the removal of organic contaminants.

Inorganic Compounds

Chemical compounds containing dopant atoms such as boron and phosphorus can be present on
wafer surfaces due to effects such as the outgassing of phosphorus-containing flame retardants or dopant
residuals in process tools [160]. If they are not removed from the wafer surface prior to high temperature
processing, these elements can migrate into the substrate, modifying the targeted resistivity. Other kinds of
volatile inorganic compounds such as basic compounds like amines and ammonia and acidic compounds
like sulfur oxides (SO,) will also produce defects in semiconductor devices if they are present on the substrate
surface. Acids and bases can cause unintentional shifts in the basicity or acidity of chemically amplified
resists leading to problems in pattern generation and resist removal. These compounds are highly reactive
and will readily combine with other volatile ambient chemical species to create particles and haze due to the
formation of chemical salts on the substrate surface. Adsorbed acidic and basic species can be removed
from the substrate surface by the combined action of SC-1 and SC-2 cleans.

Native Oxide

Silicon, like many elemental solids, naturally forms a thin layer of oxidized material on its surface by
reaction with oxygen and moisture in the ambient air [161]. The chemical formulation of this layer is not
well-defined, being a more or less random aggregation of Si-O-Si, Si-H and Si-OH species. The presence of
this native oxide on the silicon surface causes problems in semiconductor device manufacturing since it can
lead to difficulties in controlling the formation of very thin thermal oxide thicknesses. Any native oxide that is
present on the substrate during thin gate oxide formation will electrically weaken the gate insulator through
the incorporation of hydroxyl groups. Additionally, if native oxide is present on the silicon surface of a contact
pad, it will increase the electrical resistance of that contact. Over the past 50 years, our understanding of the
nature of silicon native oxide and its impact on device performance has greatly increased [162] [163] [164]
[165] [166]. These studies found that very dilute solutions of HF, in de-ionized water, DI, or dilute solutions
of ammonium fluoride, NH,F, HF and DI water (buffered oxide etch, BOE) completely remove silicon native
oxide, leaving a hydrogen-terminated clean silicon surface according to Figure 52.
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Figure 52. Native oxide removal and H-terminated silicon surface characteristics (after [167]).

RCA Cleanin

The first successful wet-cleaning process for front-end-of-line (FEOL) silicon wafers was developed
at RCA by Werner Kern and co-workers and published in 1970. Since then, there have been many
developments and successful modifications of the approach and RCA cleaning continues to be the primary
FEOL pre-deposition cleaning in the industry today.

RCA cleaning procedures are a combination of the different procedures described above. The
process consists of consecutive SC-1 and SC-2 solutions, followed by treatment with a dilute HF solution
or buffered oxide etch (BOE). The product is a clean, hydrogen-terminated silicon surface, ready to be used
in the CMOS process flow.

B. CMOS Device Structure

The CMOS process flow can be demonstrated using a description of a simple device formed by
two inverters. This discussion is adapted from on-line lecture notes that have been made available from
University of California Berkeley [152]. Figure 53 shows the circuit schematic for the device.

The device structure employs a twin-tub CMOS process that has a number of advantages. It allows
the manufacturer to separately optimize the n- and p-type transistor structures which, in turn, allows for
independent tuning of the electrical characteristics of the n- and p-type devices.

The starting material for device fabrication is a heavily doped silicon <100> wafer with a lightly doped
epitaxial layer, as described above. This substrate structure protects the device against “latch-up,” a
condition that allows excessive current flow through the device.
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Figure 53. Two-inverter circuit [152].

Figure 54 shows a schematic cross-section of the device structure detailing the different layers and
materials used in the CMOS fabrication process for a planar device.

4 )
Gate Oxide
Tisi, AlCu

Tungsten

Figure 54. Schematic of the physical cross-section of the twin-tub
two inverter device structure [152].

The process described in this section is simplified as necessary and does not address the many
advanced materials and methods that have been developed for sub-100 nm device designs.
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C.CMOS Process Steps

1.

Pad Oxide (Thermal Oxidation)

The initial step in the CMOS process Pad Oxide
is the formation of a “pad” thermal silicon F y - 1
dioxide layer on the wafer surface. The pad P-epi
oxide relieves stress between the substrate
and the subsequent silicon nitride layer
(see below), diminishing stress-induced
dislocations in the substrate (thick nitride layers can induce such dislocations [168] [169]). Silicon dioxide’s
excellent electrical properties and the fact that thin films of the material can be formed by direct oxidation
of the substrate have made thermal silicon dioxide the primary insulating film material employed in
semiconductor device manufacture. Thermal oxides have high electrical resistivity (>10%° Q-cm), a high
energy band gap (~9 eV) and a high breakdown field strength (>10 MV/cm). The films exhibit conformal
growth on exposed silicon surfaces and, when grown on H-passivated silicon surfaces, have extremely
regular, stable and reproducible Si/SiO, interfaces. Their high etch selectivity with HF is also a very
desirable characteristic in device manufacturing processes.

Pad oxides are 10 - 50 nm thick, typically grown using a “dry” oxidation process:
Si+0, > SO,

Dry oxidations are performed at temperatures ranging from 900°C to 1200°C at high oxygen
pressures. Dry oxidation processes exhibit relatively low oxide growth rates when compared against other
thermal oxidation processes, typically around 14 — 25 nm/hr. Because of this, dry oxidation processes
are normally used only when silicon dioxide film thicknesses of less than 100 nm are needed. In general,
dry oxidation processes produce silicon dioxide films with the highest quality electrical and material
characteristics.

Thermal silicon dioxide films can also be produced using the reaction of the substrate with steam in
what is known as a “wet” oxidation. Wet oxidations can be performed using entrained water:

Si+2H,0 - SiO, + 2H,
or using the in situ generation of steam through the reaction of hydrogen and water:
2H,+ 0O, > 2H,0 + Si 2 SiO, + 2H,

A more detailed discussion of thermal oxidation processes is provided in Section B, Chapter IV.A.

Silicon Nitride

The next step is the deposition of a
layer of silicon nitride over the pad oxide.
This layer acts as a stop for the chemical
mechanical polishing (CMP) step later in
the process. Silicon nitride thin films can be
deposited by Low Pressure Chemical Vapor
Deposition (LPCVD) using the chemical
reaction:

¢ Pad Oxide

3SiH,Cl, + 10NH, > Si,N, + 6NH,CI + 6H,

The equipment and processes employed for silicon nitride and other LPCVD thin films are described
in greater detail in Section B, Chapter V.
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3. Shallow Trench Isolation (STI) Process

In a CMOS device, shallow trenches filled with silicon dioxide are used to electrically isolate the n-
and p-type active areas on the substrate surface. The following procedure is used to create these trenches
in technologies below 300 nm.

The silicon nitride layer is patterned
using a photolithography process. The first
step in photolithography is the deposition
of a layer of photoresist. Photoresists
are light sensitive organic materials that
become either more (positive resist) or less _
(negative resist) soluble in selected solvents e Insoluble ] Insoluble
on exposure to appropriate wavelengths S L L S “ad U
of light. In the first step of the STI process,
a photoresist layer is deposited on the
silicon nitride using a method known as
spin coating. In this process the substrate
is rotated at a high angular velocity (up to
5000 rpm) while a viscous liquid solution of the photoresist is dispensed onto the center of the substrate.
Centrifugal force drives the photoresist solution to the edges of the substrate and a layer of photoresist
with a very uniform thickness across the substrate is deposited on the surface. The target thickness of
the layer varies, depending on the particular CMOS process. Following formation of the photoresist layer,
the substrate is subjected to a “soft bake” at an elevated temperature that removes the solvent in which
the photoresist was dissolved. Once the photoresist layer has dried, it is patterned using light exposure.
Typically, CMOS processes use ultraviolet (UV) light and step-and-repeat patterning using a tool called a
“stepper.” After exposure, the substrate, with resist, is subjected to another bake step that further hardens
the photoresist layer that remains behind in the unexposed regions. Next, the substrate undergoes a
development step that dissolves away the
photoresist in the exposed areas, forming
the desired pattern in the photoresist
mask on the silicon nitride layer. Advanced
patterning tools and the photolithography
process in general are described in detail in
Section B, Chapter VI.

Photoresist UV Light

Photoresist ez Photoresist

Once the mask has been formed, the isolation trenches can be created. This is done by etching the
trench into the substrate, then backfilling the trench with deposited silicon dioxide. The substrate —with
its masking photoresist and underlying silicon nitride layers —first undergoes a plasma etch process to
remove material in those areas not covered by photoresist (silicon nitride, pad oxide and epitaxial silicon),
creating the isolation trenches. A sequential series of plasma etch chemistries is required to remove these
different materials. The silicon nitride layer is removed using a fluorine atom etch that employs sulfur
hexafluoride as the fluorine source. The pad oxide layer is removed using a fluorine atom etch that employs
carbon tetrafluoride as the source gas. Finally, the silicon in the epitaxial layer is removed using a mixture
of difluoroethylene and sulfur hexafluoride as the fluorine atom source. The reasons for these different
chemistries rests in the need to optimize the
etch rates and etch directionality for each
individual layer being removed in the trench
formation process. Etch processes are
described in Section B, Chapter VII.

Following trench formation, the photoresist layer is removed in a plasma ashing step (see Section B,
Chapter 11.B) and a wet clean is performed that leaves a passivated silicon surface in the trenches (typically
an RCA clean incorporating piranha, SC-1, SC-2 and DHF). A trench liner of thermal silicon dioxide is
grown on the exposed epitaxial silicon within the trench, followed by a trench filling oxide deposition step
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in which an organometallic silicon source
(tetraethoxysilane, TEOS, Si(OC,H,),) is TEOS-Oxide
reacted with ozone, O,, in a high density : |
plasma deposition process known as HDP-
CVD to deposit undoped silicon dioxide in
the trenches. The process characteristics
and equipment requirements for TEOS-
Oxides and HDP-CVD are discussed in detail
in Section B, Chapter V.

The final step in the STI process is the
use of chemical mechanical polishing (CMP
— see Section B, Chapter VIII) to planarize
and polish the surface. In this step, the
purpose of the silicon nitride layer becomes

Thermal Oxide
Retrograde V, Adjust

apparent as the much greater hardness
of the nitride allows it to act as a stop that
prevents the CMP process from removing the
TEOS-oxide in the shallow trenches. Following
the CMP process, the remaining nitride is
stripped off selectively using phosphoric
acid (H,PO,) at 140°C and the pad oxide
removed using HF. A new layer of thermal
oxide is then grown on the substrate surface
using dry oxidation.
N- and P-Well Process

The next step in the CMOS process Boron implant, variable dose and energy
flow is the formation of the active area n-
and p-wells. These wells are formed in the
open substrate surface areas defined by
the shallow trenches. In the first step of well .
formation, a photoresist is deposited and Photoresist
patterned (as described above) so that the
n-well area is masked and the p-well area is
exposed. The substrate then undergoes an
ion implantation process to deposit boron
into the substrate in the exposed p-well area.
In the ion implantation process, a boron (or
phosphorus) source is first ionized under high vacuum conditions to create ''B* ions in the gas phase. The
source can be a solid target or a gaseous boron compound, depending on the equipment used. The "'B*
ions are passed through a magnetic field analyzer that eliminates any contaminating ionic species before
being accelerated using electromagnetic fields to a selected energy. The substrate to be implanted is
located in a process chamber at the end of the ion acceleration column and it undergoes ion bombardment
by the ""B*ions coming out of the acceleration column. The "'B*ions penetrate into the silicon substrate
to a depth that is dependent on the energy imparted to them in the accelerating column. The final position
and concentration of dopant atoms in the substrate is dependent on the ion energy and exposure time,
respectively. In modern CMOS devices, different ion energies are employed to create zones in the substrate
that have different dopant concentrations at different depths. Following p-well ion implantation, the n-well
for the device is created in a similar manner. The final step in well formation is a rapid thermal anneal of
the substrate that removes any lattice damage that may have occurred in the implantation process and
establishes a continuous vertical dopant concentration profile in the well. lon implantation equipment and
processes are described in detail in Section B, Chapter lll. It should also be noted that certain modern
device technologies employ in situ doped layers to avoid the need for ion implantion.
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5. Gate Process

The first step in the gate formation
process is an RCA strip and clean
(incorporating piranha, SC-1, SC-2 and DHF)
that removes any residual contamination and
the thin thermal oxide layer, leaving a
hydrogen-passivated silicon surface. Following this, a thin dielectric layer that will become the gate oxide
is grown on the exposed silicon in the well areas. Older device structures employed a thermal oxide layer
for this purpose; however, as devices shrank in size and the gate oxide layer became ever thinner to
accommodate lower gate voltage, leakage due to quantum tunneling of electrons through the gate oxide
became a serious problem. For this reason, more advanced CMOS devices use multilayer gate oxide
structures that employ barrier layers and high dielectric constant (high-k) materials. High-k materials
achieve greater electrical fields in the substrate at higher physical oxide thickness than can be achieved
using silicon dioxide. The greater physical thickness of the gate prevents quantum tunneling and excessive
leakage. For the purpose of describing the CMOS process flow, we will assume the simpler case in which
silicon dioxide is suitable for gate formation. The silicon dioxide gate oxide layer is grown, typically to a
layer thickness of 5-10 nm, using a thermal oxidation process that is made more controllable through the
use of slower oxidizers than oxygen, e.g., nitrous oxide, N,O, as the oxidizing agent. Modified processes
and applications for thermal oxidation and high-k dielectrics are discussed in detail in Section B.

Nwell  — P-well

The next step in the gate process is
the formation of the gate electrode using
highly doped polycrystalline silicon. First,
an undoped polysilicon layer (400 — 500
nm) is deposited over the gate oxide on the
substrate. Polysilicon is usually deposited
using a LPCVD process carried out at 200 — 300 mTorr and 600°C - 620°C. In advanced devices, a barrier
layer such as TiN may be deposited on the oxide prior to the polysilicon deposition. Barrier layers are
employed in advanced device structures to reduce or eliminate impurity diffusion from the polysilicon
into the gate oxide. Polysilicon properties and processes, and LPCVD processes and equipment are
described in detail in Section B, Chapter V.A. The substrate is next coated with photoresist, and the resist
is patterned and developed to define the gate structure in the active areas. Using a plasma etch process
that employs fluoride-based chemistry (i.e., CF,, CH,F,, SF, etc.), the polysilicon layer is etched away
except in those areas protected by the photoresist. Following the polysilicon etch process, the substrate
undergoes a plasma ashing step to remove the photoresist. The polysilicon is then oxidized in a thermal
oxidation process, forming a layer of oxide surrounding the polysilicon core of the gate structure. Next, a
layer of LPCVD silicon nitride is deposited over the gate structure, followed by a plasma etch of the nitride
layer that leaves nitride side-wall spacers on either side of the polysilicon gate. This structure is subjected
to an ion implant process in which the polysilicon gate is heavily implanted with phosphorus to increase
its electrical conductivity. Variations on the ion implant process flow are used to form lightly doped drain
and source regions under the sidewalls, but these are not included in this discussion in order to simplify
the presentation of fabrication principles.

The ion implant process creates the n+ A/Oxide

and p+ source/drain regions in the P-well SiiN,a( Polysilicon e SiiN, ( Polysilicon’) Gat ‘}OXIde
and N-well, respectively. A piranha clean is [ N+ o\ N\EOS
then performed to remove any remaining N-well — il P-well

photoresist residues.

Contact Process

The substrate undergoes a short (~ 1 min) oxide etch using buffered oxide etch (BOE) that removes the
thermal oxide from the top of the polysilicon gate and from the surfaces of the source and drain regions in
the substrate. A sputtering process (PVD — see Section B, Chapter V.B) is used to deposit a layer of titanium
over the gate, source and drain areas. This is followed by a rapid thermal process that converts the areas
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where titanium is in contact with silicon to
titanium silicide, TiSi,, i.e., the top layers of
the gate, source and drain. The titanium layer
is then etched in sulfuric acid, removing any
remaining elemental titanium but leaving
behind the TiSi,. Titanium silicide improves
the ohmic contact between metallization and
the gate, source and drain. It should be noted that some processes use metal gates or add gates at the end
of the device fabrication process (gate last processes).

The next step in this process is the
deposition of a SiO, dielectric layer using Alumi _
a TEOS-CVD process. The TEOS-oxide QIR TEQS-Oxide
process is chosen for this layer due to - “ u
excellent step coverage characteristics B 2 e\ [N+ —
that allow it to conformally cover the gate N-well
structure. The TEOS-oxide dielectric layer is
then patterned and etched to open contact
holes to the source/drain regions followed by an RCA clean to remove photoresist residues. Next, Tungsten
is sputter deposited and is the first metal layer. The tungsten layer is patterned using photolithography
so that the source/drain contacts are protected by PR while the tungsten/TEOS-oxide layer on top of the
gate is exposed. The tungsten is then etched away using a reactive ion etch. While it is not evident in the
accompanying cross-sections, the contact to the gate is also created in this segment of the process.

P-well

A TEOS-based CVD process is used
to deposit a second layer of dielectric,
commonly referred to as an intermetal
dielectric. This dielectric layer is patterned
using a conventional photolithography Tungsten TEOS-Oxide
process to create contact holes to the first
level metal which contacts the source/drain
regions. A sputter deposition process and
photolithography are employed to deposit
and pattern an aluminum-copper alloy in this
second-level metal process.

In summary, the CMOS structure is complete and forms the building blocks for complex IC structures.

—73- emks



This page intentionally left blank.



Section B

Process Equipment,
Technology, and
MKS Instrument's

Product Applications

— 75—

emks



This page intentionally left blank.



;;: Vacuum Technology

. Vacuum Technology

This section provides a brief overview of vacuum science and technology. There are excellent
treatments on the underlying science and technology of vacuum characteristics and technology available.
See references [170] [171] [172] for in-depth treatments of both the science and practical aspects of
vacuum generation, maintenance and measurement.

A. Basic Concepts
In simple terms, vacuum may be defined as:
A space or container from which the air has been completely or partially removed.

The first basic concept that the reader needs to understand is that of gas pressure. If you fill a balloon
with gas, it is the pressure of the gas within the balloon that keeps it inflated. This pressure is a measure
of the cumulative force of individual gas molecules colliding with each other and with the walls of their
container (in this case the balloon). The force (pressure) that the gas exerts is a combination of the number
of molecules present within the container and the velocity of their movement. The velocity of the molecules
in the gas is given by a distribution that is dependent on the molecule’s mass and temperatures, as shown

in Figure 55.
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Figure 55. The relative velocity distribution of various gases at 25°C [172].

The pressure on a container’s surface (in this case, the inside of the balloon) is defined as the rate at
which momentum, mass x volume, mv, is transferred to the surface. Since molecules hitting the surface do
so at many different angles, the amount of momentum transferred in any given collision is also dependent
on the angle of incidence of the collision. Without going into the details of the derivation (these can be
found in references [170] and [172]), pressure can be expressed in molecular terms by the equation

P = nkT,

where P is the pressure (in Pascals), n is the number density of gas molecules (in m™), k is a constant
(known as the Boltzmann constant and having a value of 1.3806 x 102 joules/K) and T is temperature (K).
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The key characteristic of vacuum for use in semiconductor processes is that a vacuum has so few
atoms or molecules that they do not affect any process being carried out within the vacuum. Thus, one
reason for vacuum processing in semiconductor manufacturing is the assurance of high purity in the
finished product. The statement also implies other, more complex, advantages to the use of vacuum
in semiconductor processing: e.g., ballistic transport of ions between a source and a substrate in ion
implantation, or directional etching made possible by the lack of atom/ion scattering under vacuum
conditions.

So, how many atoms or molecules is few? To understand this question, we first must understand
how many atoms or molecules there are in a given volume of space at atmospheric pressure. Atmospheric
pressure is the pressure around you on a normal day. We can get at this number (roughly) using the Ideal
Gas law:

PV =nRT,

where P is the pressure, V is the volume, n is the number of moles of substance in that volume, R is a
constant known as the “Universal Gas Constant” and T is temperature. On a normal day, the pressure of
the atmosphere around you is commonly designated as 1 atmosphere (1 atm), so P = 1 atm. (Note that
pressure can be expressed in other units. These include pounds/sq. inch (14.7 psi = 1 atm) and Pascals
(101.3 kPa = 1 atm)). The volume that we will consider is a cubic meter, so V=1 m3, and the temperature
is typically 25°C or 298K (K denotes degrees on the Kelvin temperature scale which starts at absolute zero
or -273.15°C), so T = 298K. R, the Universal Gas Constant, has a value in these same units, of 8.205746

x 108 m3-atm/°mole. This leaves only n, the number of moles of material present in the volume, to be
determined. Re-arranging the Ideal Gas equation:

n =PV/RT = (1 atm x 1 litre)/( 8.205746 x 10-° m3-atm/K-mole x 298K).

Doing the calculation and canceling the units yields the following answer for the number of moles of
gas that is present in a cubic meter of volume at 1 atmosphere pressure and room temperature:

n = 40.8945 moles.

This number, in turn allows us to determine how many molecules are present in the cubic meter of
gas since a mole of any material contains Avogadro’s number, N, (6.022 x 10%) of molecules:

number of gas molecules inam?®=n x N, = 40.8945 x 6.022 x 10?
= 2.4626849 x 10% molecules in a cubic meter of gas at room temperature

=6.9735479 x 10 molecules in a cubic foot of gas at room temperature

Description Pressure Pressure Number of Molecules

(Torr) (Pa) per m® of Gas

Atmospheric Pressure 760 101.3 kPa 2.5 x10%

Low (Rough) Vacuum 25 to 760 3 kPa - 100 kPa 8.1 x 102 -2.5 x 10%

Medium Vacuum 1x10°to 25 100 mPa - 3 kPa 3.2x10*°-8.1 x 10

High Vacuum 1x10° to 1x103 100 nPa — 100 mPa 3.2 x10%% - 3.2 x10%°

Ultra-High Vacuum (UHV) 1x1072 to 1x10° 100 pPa — 100 nPa 3.2 x10%° - 3.2 x10%

Extremely High Vacuum < 1x1072 <100 pPa < 3.2 x10%°

Outer Space <3x10'7 to 1x10°® <3 fPa-100 pPa 970,000 - 3.2 x10%®

Table 14. Vacuum classifications and molecules/litre.

emks — 78—



Vacuum Technology

The term vacuum, in the formal sense, describes any pressure less than normal atmospheric
pressure. In pratical application, it is classified as one of three kinds of vacuum: either low (rough) vacuum,
medium vacuum or high vacuum (Table 14). You can see from the values in the right-most column of Table
14 that even in the furthest reaches of outer space there are still nearly a million molecules of gas in a cubic
meter. Most semiconductor processes are conducted under either medium or high vacuum conditions.

B. Creating a Vacuum

The creation of a vacuum can be simply stated as the removal of gas molecules from a defined
volume. This simple statement masks some very complex phenomena associated with molecular flow in
the gas phase. An in-depth understanding of the creation of vacuum requires consideration for physical
characteristics such as gas viscosity, flow type (degree of turbulence), the thermal conductivity of the gas,
and gas diffusion properties. An in-depth discussion of these factors is well beyond the intended scope
of this work and the reader is again referred to references [170] [171] and [172]. In addition, a number of
highly useful articles on practical aspects of vacuum technology are available on-line from the Normandale
Community College in Bloomington MN [173].

In practice, industrial vacuums are produced using different kinds of vacuum pumps. Vacuum pumps
can be based on a number of different principles [170]:

m  Compression-expansion of the gas (piston pumps, rotary pumps, Root’s (dry) pumps)
m  Drag by viscosity effects (vapor ejector pumps)

m Drag by diffusion effects (vapor diffusion pumps)

= Molecular drag (molecular drag or turbomolecular pumps)

m lonization effects (ion pumps)

m  Physical or chemical sorption (sorption pumps, cryopumps and gettering processes)

In practice, within the semiconductor industry, the reader will primarily encounter mechanical pumps
that operate on the compression-expansion principle, molecular drag pumps such as turbopumps, and
physical sorption pumps such as cryopumps. We will therefore limit our discussion of pumping options for
the creation of vacuum to these methods.

Mechanical Compression-Expansion Vacuum Pumps

Mechanical pumps that operate on the compression-expansion principle are by far the workhorse for
vacuum creation within the semiconductor industry. Those wishing a detailed discussion of the construction
of such mechanical pumps are referred to the seminal article by Harris and Budgen [174]. Figure 56 shows
the internal construction of common mechanical vacuum pumps. Rotary vane and rotary piston pumps are
known as two-sealed pumps with piston pumps commonly used for larger pumping capacity applications.
Rotary vane pumps are oil-sealed units that operate on the principle of rotary displacement of the gas
entering the pump. Figure 56(a) shows the basic components of this pump which include an inlet, a stator
(housing), an eccentric rotor with vanes that move radially outward under a combination of centrifugal
and spring forces, and an outlet. As the rotor rotates, a vane passes the inlet and gas enters the working
chamber from the inlet. Continued rotation of the vane increases the volume of the working chamber,
drawing in more gas until the eventual passage of the second vane past the inlet seals the gas between
the two vanes within the working chamber. Further rotation compresses this captured gas increasing its
pressure until it opens the discharge valve against atmospheric pressure. Qil in the outlet chamber prevents
backflow of the discharged gas; some oil leaks back into the working chamber lubricating the system
and sealing the vanes to the interior surface of the stator. An instructive animation of rotary vane pump
operation has been produced by Edwards Vacuum and is available on YouTube [175]. Rotary vane pumps
are typically used in applications requiring low or medium vacuum operation and come in single and two-
stage pumping configurations; two-stage pumps are capable of achieving lower base pressures.
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Figure 56. Compression-expansion pumps: (a) rotary vane pump;

(b) rotary piston pump; (c) mechanical booster (Roots) pump [174].

While they can still be found in many semiconductor applications, oil-sealed rotary vane pumps have
largely been supplanted in the industry by “dry” pumps owing to the fact that dry pumps offer less risk of
oil contamination in the process (Figure 57). Dry pumps are also compression-expansion pumps; however,
they employ different mechanisms to create this action. The most common mechanical arrangements for
dry vacuum pumps in use in semiconductor processing include screw-type pumps (e.g., Edwards CSX
Series [176] and Qerlikon Leybold’s DRYVAC [177] pumps) and multi-stage lobe (Roots) pumps (e.g.,

Pfeiffer A4 Series [178]). In addition, claw pumps (e.g., Busch Mink Series [179]) are used for some vacuum

applications.
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(a) Screw-type dry vacuum pump (Edwards Limited,
US Patent 8,075,288 B2 Dec. 12, 2011)

(b) Multi-lobed roots blower (Edwards Limited, US
Patent 8,500,425 B2 Aug. 6, 2013)

W
T e |

.

(c) Claw-type vacuum pump (The Boc Group, US

\_ Patent 5,846,066 Dec. 8, 1998) )

Figure 57. Different kinds of
dry vacuum pumps.

All mechanical compression-expansion pumps are limited in the base vacuum pressure that they
can achieve, with values of about 0.1-1 millitorr (~0.1-1 x 10®* mbar) being typical. Note that different
pump size/configurations are capable of handling different amounts of gas flow through the pump while
maintaining vacuum, but this is a separate property from the base pressure achievable. Figure 58 shows
typical pumping characteristics for a rotary vane pump. Pumping curves for screw and claw type pumps,

while they may differ in relative pumping
speeds and high pressure pumping

characteristics for comparable models, 4

show similar pumping curve shapes at
pressures below 1 Torr (mbar), the pressure
regime of interest for most semiconductor
manufacturing processes. The fact that
compression-expansion pump pumping
speeds begin to fall off at pressures below
0.1 Torr is significant for semiconductor
manufacturing. This characteristic means
that prolonged times are needed to achieve
base pressure when using only a mechanical
rotary vane, screw or claw pump. This
problem can be solved by the addition

of a Roots blower to the vacuum pump.

Figure 59 shows a pumpdown curve for a - e o) /

mechanical compression-expansion pump
versus systems using two different size

Typical Pumpdown Curve \

Pressure (Torr)
| "]

0 50 100 150 200 250

Figure 58. Typical pumpdown curve for a mechanical
compression-expansion vacuum pump.
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pump/Roots blower combination. It can be seen that much higher pumping speeds are achieved at low
pressures when the pump/blower combination is employed. This is the reason that you will almost always
see a Roots blower in combination with a compression-expansion pump, as shown in Figure 60, with the
blower exhaust positioned at the entry to the vacuum pump. The purpose of the blower is two-fold in this
application. First, it increases the overall gas handling capacity of the system over and above that of the
vacuum pump alone. Secondly, it reduces pump down time in the system by maintaining the gas pressure
at the entry to the vacuum pump at values significantly higher than those in the process chamber. Thus
with the blower/pump combination—when the pressure in the chamber being pumped down is below 10
millitorr for example, and the pumping speed of the vacuum pump at that pressure is 1 or 2% of its value at
pressures above one Torr—the addition of a blower at the mouth of the vacuum pump raises the effective
pressure to values at which the pump retains relatively high pumping speeds.

§E Roots Blower
=1
[
[
Q
N
o
£
Qo
£
=1
a /\
Pressure (mbar)
Mect v Pump
\ Mechanical Vacuum Pump w/Roots Blow / \ /

Figure 59. Typical pumping speed versus pressure curve Figure 60. Typical pump/blower combination

for a rotary vane vacuum pump with and without a employed in semiconductor processing [182].

Roots blower (Edwards Vacuum,).

Turbomolecular Vacuum Pumps

Mechanical compression-expansion pumps are used in almost all systems to achieve base pressures
of 10 - 107 Torr. For processes requiring lower pressures, other approaches to pressure reduction must
be employed. Turbomolecular pumps are pumping systems that are effective at pressures below 10 Torr
which can be employed in certain semiconductor processing/analytical equipment.

Within a turbomolecular pump (Figure 61), a number of circular discs with angled blades (referred to
as rotor discs) rotate at a very high speed (up to 90,000 rpm). Between each moving disc/blade assembly
is a mirror-image static disc/blade assembly known as a stator disc. The moving blades impact gas
molecules within the pump and physically impart additional momentum
(proportional to the blade speed) to the molecules, moving them in the
direction of the stator disc. The pump is designed to ensure that the
mean free path of molecules in the gas within the pump is greater than
the distance between the rotor disc blades and the stator disc blades.
This assures that the momentum imparted by the rotor is not lost in
molecular collisions, but rather moves the gas molecules through the
stator blades. Here they encounter another rotating blade that moves
them towards another stator further down the pump and closer to the
exhaust. The gas is thus compressed through a number of stages in the
turbomolecular pump until it finally exits the turbomolecular pump and is
drawn away by the backing mechanical pump. Depending on the model,
turbopumps can handle gas loads of up to a few thousand liters/second
and are capable of reducing chamber pressures to around 10-'° Torr. For
a greater, in-depth understanding of turbomolecular pumps, refer to the Figure 61. Cutaway view of a
literature [180] [181] and numerous commercial sites on the Internet. turbomolecular pump [183].
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Cryopumps
Cryopumps are vacuum pumps that capture (as opposed to e N
transport) the gas in a process chamber, depositing the condensed gas TO VAGUUM CHAMBER

on internal surfaces in the pump that have been cooled to cryogenic
temperatures (below 120K). Cryopumps can be cooled by liquid
helium, liquid nitrogen or by a stand-alone cryocooler, depending on
the temperature required by a particular pumping application. Like the
turbomolecular pump, cryopumps can only operate under low pressure
conditions, typically less than 10 Torr. The pumping mechanism is

the steady depletion of gas molecules within the volume of the pump A

as they are deposited on the cold surfaces of the cryopump. This TS
promotes continuous diffusion of gas molecules from the chamber ' il v
being pumped into the cryopump, thus evacuating the chamber. Jg _
Cryopumps can pump all gases from a process chamber, including g.&'f

noble gases, so long as the temperature is low enough to condense g{rﬁ

the gas. It provides a perfectly clean approach (i.e., no oil or other g;ﬁ
contaminants that might backstream into the process chamber) for g-{—:;fl_ g

the generation of high vacuum conditions between 10 and 10° Torr.
Figure 62 shows a cutaway view of a typical cryopump structure. Unlike
mechanical vacuum pumps and turbomolecular pumps, cryopumps

are not capable of continuous pumpdown of a chamber. Cryopumping
is, of necessity, a batch process since the pump must be periodically

g8 =t

¥

: . T,
“regenerated” to remove the build-up of condensed gases. During \_ == )
the regeneration cycle, the cryopump is isolated from the process
chamber and its temperature is raised to room temperature or higher to Figure 62. Cutaway view of an
convert all of the condensed material to the gas phase so that it may be industrial cryopump [184].

pumped away. A mechanical backing pump is required to reduce the
system to the cryopump operating pressure and to remove built-up gases during the
regeneration cycle.

MKS Product Applications in Vacuum Production

While MKS is not directly involved in the production of vacuum pumps, it does have robust products
for roughing, foreline and ultra-high vacuum (UHV) applications. MKS’s products in this area include
medium and UHV vacuum components and fittings; heater jackets for vacuum components; and custom
fabrication of vacuum systems.

\
steel and are specifically prepared for use in high vacuum process or UHV % %
applications. They possess the following properties critical to vacuum and
UHYV applications: . .@f‘

,‘1 f
[\

m  Low outgassing under vacuum

MKS Medium and UHV Vacuum Components and Fittings

components. Series 23 ButtWeld components and fittings (Figure 63) include

45° and 90° elbows, crosses, tees, reducers, reducing tees, end caps, metal

MKS offers a line of stainless steel, aluminum and brass vacuum e
hose and tubing. All Series 23 components are made of type 304 stainless

m  Chemically resistant . J

= Annealed for consistent leak-free welding Figure 63.

m  Minimized corrosion concentration points Series 23 Butt\Weld
Components.
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MKS also produces a line of ISO-KF and ISO-Universal vacuum
components and fittings that are suitable for medium vacuum applications.
The ISO-KF system (Figure 64) refers to small, quick release vacuum flange
components (up to 2”) that are manufactured to DIN 28403 and ISO 2861
standards. These fittings are suitable for use in vacuum applications down to
pressures of about 10 Torr and up to pressures of about 1.5 atm. MKS Series

iy §

31 ISO-KF components and fittings provide the basic building blocks to \‘_% S—_—
produce all necessary vacuum piping for the following applications: = A
m  Roughing and foreline pumping H‘r‘ J
= Small systems )
Figure 64.
m  Systems requiring frequent cleaning Series 31 ISO-KF Vacuum
Components.

m  Research systems in which configurations change frequently

MKS Series 76 1SO-Universal products are similar to ISO-KF but
specifically designed for larger applications such as connection to piping for
pumping systems and cleanrooms, roughing, and foreline pumping for large
systems and high vacuum conductance interconnects.

In addition to products aimed at medium vacuum applications, MKS
produces the Series 88 CF UHV high purity stainless steel components and
fittings (Figure 65) which are suitable for use in ultra-high and extremely high
vacuum (XHV) applications. These are a full line of components, similar to
those described above, but employing metal sealed CF vacuum flanges and
fittings. CF flanges consist of a soft metal gasket and knife edges on the

Figure 65.
mating faces of the flange that cut into the metal to provide an extremely Series 88 g;: UHV Vacuum
tight vacuum seal. The use of metal gaskets as the vacuum seal also makes Components.

possible a high temperature bake-out of the vacuum system, up to 500°C.

Such bake-outs are the only way to remove adsorbed moisture and other volatile materials from the internal
surfaces of a vacuum system and achieve UHV/XHV conditions in the system. With appropriate system
preparation and bake-out, Series 88 products can accommodate vacuum systems that operate at base
pressures below 102 Torr. Series 88 CF UHV components are suitable for use in the following applications:

m Difficult applications with corrosive, radioactive, toxic or air sensitive materials
m  Materials creation and processing such as molecular beam epitaxy

m  Analytical instrumentation including Auger electron spectrometers, mass spectrometers, and
electron microscopes

= High energy physics installation such as accelerators and fusion devices

MKS Heater Jackets for Vacuum Components

Good and repeatable vacuum conditions can only be achieved in a system when volatile materials
such as adsorbed gases and moisture and/or more complex volatile chemical compounds are removed
from the interior (“wetted”) surfaces in the vacuum system. If not, these volatile materials will desorb from
the surfaces at a slow rate, constantly contaminating the vacuum environment and preventing the system
from achieving its ultimate base pressure.

Adsorbed volatile materials can be removed from vacuum-wetted surfaces by the application of
heat. MKS’s advanced heaters and heater control systems (Figure 66) are well-suited for use in a variety of
medium vacuum applications including ALD, CVD and etch in semiconductor device fabrication as well as
many other deposition applications. The heaters are thin and conformal, use less energy than conventional
heat tracing/insulation installations, and have superior control of temperature uniformity.
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Figure 66. MKS Heater Jackets (orange) installed on a CVD system.

C. Measuring Vacuum

The reader is referred to two excellent treatises on vacuum pressure measurement that have been
made available from NIST [185] and the National Physical Laboratory in the UK [186].

Vacuum Measurement Principles
Direct Measurement

The first true pressure measurement was made by Evangelista Torricelli in the 17™ Century, when he
invented the mercury barometer and measured atmospheric pressure. The mercury barometer is simply
a glass tube that is filled with mercury and placed upside down in a dish of mercury without allowing any
air to enter (Figure 67). What Torricelli found was that the force that the atmosphere exerts on the mercury
in the dish (at sea level) is sufficient to support a column of mercury in the tube that is 760 mm high. The
weight (force) of the column of mercury exactly counter-balances the pressure (force) that the atmosphere
exerts on the mercury in the dish. If the pressure on the surface of the mercury in the dish is less than
normal atmospheric pressure, the mercury column will have a height that is less than 760 mm, since the
force on the mercury in the dish will be less. If there was no gas pressure exerted on the mercury in the
dish (i.e., if it were in a vacuum) the level of the column would be equal to the level of mercury in the dish.
So, vacuum - i.e., pressures lower than atmospheric pressure — has been historically divided into 760 units,
based on the mercury height in a manometer. This experiment is the reason that today we use a unit of
measurement for vacuum pressure that is named after Torricelli — the Torr — and why a Torr is exactly 1/760™"
of normal atmospheric pressure at sea level. A derivative of the Torr often used in semiconductor process
vacuum measurements is the millitorr or 1/1000th Torr. Pressures lower than 1.0 millitorr are usually
expressed as scientific notification, (e.g., 1.0 x 10® Torr). Vacuum and meteorological measurements in the
European and Asian systems usually refer to pressures in “atmospheres” where 1 atmosphere (referred to
as 1 bar) is the normal atmospheric pressure at sea level. Vacuum measurements in this system are usually
reported in terms of 1/1000th’s of an atmosphere (the millibar). The Pascal, another unit often used for
pressure measurement is the Sl unit of pressure measurement, equal to 1 Newton/m?2.
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Since Torricelli’s time, liquid filled manometers have remained in use as a fundamental standard
for absolute vacuum pressure measurement, with many customized designs having been developed
[187]. Since liquid manometers make a direct and absolute measurement of vacuum and pressure, they
are often considered as the fundamental measurement standard to which measurements made by other
kinds of pressure measurement devices can be referenced. Many kinds of vacuum measurement devices,
commonly called vacuum gauges, have been developed since Torricelli’s time.
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Figure 67. The mercury manometer.

Mechanical Deformation

Probably the most common type of vacuum gauges encountered in technological environments
are those that employ mechanical deformation as the underlying principle for measuring pressure. These
include diaphragm, bellows, and Bourdon gauges. Since pressure is a measure of force per unit area,
pressure has the ability to deform different kinds of material elements in a reproducible way. The degree
of deformation that an element undergoes is proportional to both the material properties of the element
and to the pressure exerted on it. In this way thin, flexible elements can be used to measure low pressures
(thicker, stiffer ones can be similarly used for measuring high pressures). The degree of deflection of these
elements can be measured in a variety of ways, including direct mechanical measurement, variation in
electrical properties of a device containing the element and deflection of optical probes. Figure 68 shows
some of the structures that can be employed as deformation elements in a pressure measurement device.
Mechanical deformation gauges include capacitance manometers, Bourdon gauges, resonant diaphragm

gauges, bellows gauges, piezoelectric gauges, and others.

Diaphragm Capsule Bellows Bourdon Tube
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Figure 68. Common mechanical deformation elements used in pressure measurement
devices and their mode of deformation with changing pressure [186].
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Capacitance manometers detect the deflection of a diaphragm using changes in capacitance
between the diaphragm and a powered electrode. They are commonly used for pressure/vacuum
measurement. Strain-based gauges are a variant on this approach that are commonly encountered in
positive-pressure (i.e. greater than atmospheric pressure) applications. Strain gauges employ a thin
diaphragm with a strain sensing electronic circuit mounted on its backside. A change in pressure causes
the diaphragm to deflect producing strain that is detected by the sensor.

Gas Density Measurements

Some vacuum gauge designs are based on a response to gas density and some species dependent
molecular property such as specific heat. For instance, in thermal conductivity gauges, gas pressure is
determined by measuring the energy transfer from a hot wire to the surrounding gas. The heat is transferred
into the gas through molecular collisions with the wire and the frequency (and therefore the degree of
heat transferred) of these collisions is dependent on the gas pressure and the molecular weight of the
gas molecules. These gauges only exhibit simple proportionality between pressure and heat transfer
at relatively low pressures, with typical measurement ranges lying between 10 and 10 Torr. Thermal
conductivity gauges include thermocouple, thermistor and Pirani gauges. They are generally relatively
inexpensive and reliable. Figure 69 provides a representation of the physical configuration of a Pirani
gauge head and the electrical circuit used for pressure measurement. The measurement uses the thermal
element as one arm of a Wheatstone bridge. Using the bridge, changes in the electrical resistance of the
element can be measured and these changes are proportional to its temperature. Using this information
and the known electrical characteristics of the element, the heat transfer can be calculated and related to
the gas pressure. Thermocouple and thermistor pressure gauges are very similar to Pirani gauges with the
primary difference being that the hot wire temperature is measured directly using either a thermocouple or
thermistor attached to the element.

Another type of density measurement involves ionization of the surrounding gas. The principle of
operation for one variety of this type of gauge, the hot cathode gauge, is shown in Figure 70. A filament (the
cathode) emits electrons by thermionic emission and a positive electrical potential on the grid accelerates
these electrons away from the filament. The electrons oscillate through the grid until they eventually strike
either the grid or a molecule of gas. When an electron impacts a gas molecule, a positively charged cation
is created that is accelerated toward and collected by a negative electrode known as the collector. The
electrical current created in this manner is directly proportional to the number of ions that are created in the
gas phase which, in turn, is directly proportional to the gas pressure.
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Figure 69. Physical and electrical Figure 70. Operating principle for a hot
configuration of a Pirani thermal cathode ionization gauge [188].

conductivity gauge [186].
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Partial Pressure Measurements

Residual gas analyzers (RGAs) are often used to measure pressures, especially in the semiconductor
industry where they are commonly available for other process purposes. RGAs are compact mass
spectrometers that can detect and analyze residual gases within a vacuum system. Within the RGA,
incoming gases are ionized in a manner similar to that used in ionization gauges and the ions are mass
filtered using an electromagnetic quadrupole. The quadrupole can be controlled to create a variable
electromagnetic field that can be swept to detect ions of different mass to charge ratio. After exiting the
quadrupole, the ions are detected using a Faraday cup or other more sensitive detectors. A detailed
discussion of the operating principles and characteristics of RGAs is discussed in Section E. For additional
information, see Bibliography reference [172].

Other Measurement Principles

Other specialty methods have been used to measure vacuum pressures in the UHV to XHV pressure
regime. These are variations of ionization gauges.

Major Vacuum Gauge Types

The selection of a measurement method for a given vacuum application depends largely on the
expected vacuum environment and the degree of accuracy required for the measurement. For example,
a gauge that is expected to measure process pressures during a deposition or etch must, by necessity,
be exposed to the process gases. This may or may not impact the measurement accuracy and it may
cause physicochemical problems for the components of the gauge, depending on the type of gas that
is employed in the process. If a vacuum gauge is needed for the measurement of base pressure in a
system in which the chemical nature of residual gases is unknown, gauges in which the measurement
has a dependence on the molecular properties of the gas being measured may not be suitable. In a
manufacturing environment, it is also important that gauge selection be cost effective. In the case of
vacuum gauges, depending on the design and associated ancillary equipment, gauge costs can vary by
orders of magnitude. Once the specifications for the vacuum gauge range, accuracy, process compatibility,
and cost have been defined, it is important to select the gauge that best matches these specifications.
Table 15 provides a comparison of the different gauge types for relative performance in several areas along
with the relative cost for such gauges. This section will provide more detail on the vacuum gauge types
commonly found in semiconductor device fabrication applications.

Mechanical Thermal Strain Capacitance lonization Sr;gtrlc;?g
Gauges Gauges Gauges Gauges Gauges Gauges
ggﬁ?“re/\/ acuum Range | 5 500 atm 10* to 760 0to500atm | 10 to 500 atm | 10 to 0.01 10710 1
Gas Sensitivity None High None None High High
Accuracy Poor to Good Fair Fair to Good Excellent Fair Excellent
Main Power No Yes Yes Yes Yes Yes
Electrical Output No Yes Yes Yes Yes Yes
Corrosion Resistance Poor Fair Good Excellent Poor Poor
Physical Size Good to Poor Good Excellent Excellent Fair Fair
Ol Sty ler Fair Poor Fair Good Fair Good
Personnel
. Fair to Fair to . . .

Relative Cost Excellent Good Excellent Fair Fair High

Table 15. Performance and relative cost of major pressure gauge types.
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Because of the almost universal requirement for pressure sensors that can provide signals for process
control and automation in semiconductor manufacturing, simple mechanical gauges such as the Bourdon
gauge and bellows gauge find only limited use in semiconductor device fabs and will not be discussed
further.

Thermal Conductivity Gauges

Only the Pirani gauge will be described in this section since thermocouple and thermistor gauges
find limited application in the semiconductor fab. Pirani gauges were first developed in the early
1900’s. As noted earlier, the sensing element is a wire of known resistance and known temperature
coefficient of resistance (i.e., how its resistance varies with temperature). The element forms one leg of a
balanced Wheatstone bridge. When gas molecules collide with the heated element, they extract heat from
it, changing its resistance which unbalances the bridge relative to its reference state. Since the number
of collisions and hence the amount of heat transferred to the gas is proportional to the gas pressure, the
voltage required to maintain the bridge in balance is proportional to the pressure.

Pirani gauges have limitations that must be recognized when they are used. Since different gases
have differing abilities to transfer heat away from the filament (i.e., different specific heat capacities), the
Pirani gauge response depends on the gas that is present in the system. Thus, users must calibrate the
Pirani gauge for the expected residual gas in the system. At the same pressure, a system that has been
purged with helium will yield a different Pirani gauge reading than one purged with nitrogen (see Figure
71, Figure 72). Since the Pirani element operates at temperatures of between 100 and 150°C, care must
be taken that reactive gases that can break down and deposit solid material on the element are excluded
from the gauge. Should such deposits occur (or should corrosive gases react with the element), the
accuracy of the Pirani will be diminished. Since the Pirani depends on heat dissipation from the element
by the surrounding gas, the Pirani loses accuracy when the pressure drops below about 10 Torr where
heat transfer is significantly reduced. At high pressures (10 Torr and above), the mean free path of gas
molecules becomes reduced to a point where nonlinearities enter into the pressure-voltage relationship
and reduce the gauge’s sensitivity. Advanced Pirani gauges are constructed so as to permit convective
forces within the gauge to assist molecular flow. These latter designs enable Pirani gauges to be used with
good accuracy up to 760 Torr pressure. Pirani gauges are normally received calibrated for nitrogen and
calibration curves are required for use with other gases. Pirani gauges are relatively fast with response to
pressure changes occurring in a tenth of a second or less [189].

The relatively low cost, small size and good sensitivity of Pirani gauges make them the gauge of
choice for routine vacuum measurements in the low to medium vacuum range. Their low accuracy (5% of
reading) relative to other types of vacuum gauge limits their use to non-critical applications. Their sensitivity
to reactive gases means that they must be isolated from process gas streams.
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Figure 71. Pirani gauge actual pressure versus reading Figure 72 The response of a Pirani gauge to
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Capacitance Manometers
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Figure 73. Capacitance manometer schematic showing the
internal components and functional zones.

Capacitance manometers are electro-mechanical gauges that measure both pressure and vacuum.
The capacitance gauge translates a pressure-modulated movement in a thin diaphragm into an electrical
signal proportional to the pressure. Figure 73 shows the major components of a commercial capacitance
manometer. The pressure sensor is the thin diaphragm that is exposed to the pressure or vacuum being
measured via the inlet tube. An electrode, typically a ceramic disk with conductive pathways, is mounted
in the reference cavity behind this diaphragm and is powered with an electrical signal (either AC or DC).
Pressure differences between the process and the reference cavity deflect the diaphragm slightly, changing
the distance between it and the electrode. Changes in this distance produce variations in the capacitance
between the diaphragm and the electrode and this variation in electrical signal is proportional to the
pressure change. This signal is amplified by the on-board electronics and output to the device’s electrical
connector for transmission to pressure indicators and process controllers.

Since the diaphragm deflection is proportional to force (pressure), pressure measurements by
the capacitance manometer are independent of the composition of the gas being measured. Thus, a
capacitance manometer’s output doesn’t change if the gas composition in the process changes. In many
chemical and thin film processes the chemistry can change on a second-by-second basis; capacitance
manometers provide a critical advantage in such processes. Capacitance manometers typically read
pressure or vacuum over a five-decade range; i.e., from 1000 Torr to 0.01 Torr.

There are two basic types of capacitance manometer sensors:

m  Absolute capacitance manometers in which the reference cavity is evacuated to high vacuum so
that the pressure measurements will always be referenced to vacuum

m  Differential capacitance manometers that do not have a reference cavity — just a tube or passage
that can be connected to any pressure or vacuum source. These manometers read the difference
in pressure between the inlet tube and the reference cavity at the backside of the electrode. They
are routinely used as safety switches and for airflow pressure drop measurements

Capacitance manometers are frequently used as reference devices for other types of gauges (i.e.,
they are the calibration standard against which other gauge types are measured). An unheated 1000 Torr
capacitance manometer has an accuracy specification (which includes repeatability) of about 0.25% of
reading. This can be compared with an accuracy of 5-25% of reading for a Pirani or thermocouple gauge of
the same range — a ratio of 100X.

NOTE: Thermal or mechanical gauges should NEVER be used to calibrate a manometer — the manometer is far more
accurate.
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Capacitance manometers are vacuum measurement workhorses in the semiconductor industry.
Because of their insensitivity to gas composition absolute capacitance manometers are found in almost
every semiconductor process tool where they are used to monitor in-process pressures. Differential
capacitance manometers find broad application in areas requiring pressure-based switching and control
such as chamber load locks.

lonization Gauges

UHV and XHV pressure measurements are routinely performed using ionization gauges configured as
either hot cathode gauges (HCGs) or cold cathode gauges (CCGs). Both sensor types determine pressure
from measurements of an ion flux created by collisions between energetic electrons and residual neutral gas
molecules within the gauge (see our earlier discussion). HCGs employ thermionic emission from a filament
as a source of electrons while CCGs use a circulating space charge to create a free electron plasma.

When the pressure of a vacuum system is below about 10 Torr, direct pressure measurement
methods such as capacitance manometers and Pirani gauges no longer work well and it becomes
necessary to use methods that basically count the number of molecules in the gas space. This latter
quantity is called the number density and is commonly given the symbol n. In terms of the number density,
the pressure can then be calculated as:

p=cnT,

where p is the pressure, c is a constant and T is the temperature. lonizing the gas and collecting the ions

is a convenient way of establishing the number density in the gas phase since there is a well-defined
statistical relationship between the collisional dynamics that create ions and the number density of
molecules in a gas and hence the pressure of that gas. lonization gauges perform this measurement using
free electrons that have been produced by either thermionic emission or plasma generation. The ion current
that is collected by the negatively biased collector can be related to pressure once the gauge has been
calibrated. The basic gauge equation for ionization gauges is:

I, =Knl,

where | is the ion current, K is a constant relating to the ionization probability, n is the number density of
gas molecules and /, is the ionizing electron current.

Figure 74 shows a typical Bayard-Alpert (B-A) hot ~ ™\
cathode ionization gauge. It has three electrodes: the Filament ———")
cathode or filament, the collector and the anode grid.
Energetic electrons emitted from the cathode (biased at
about 30 Vdc) are accelerated towards the anode grid
(typically 180 Vdc) colliding with and ionizing molecules
present in the gas phase. The positive ions that are
created in the collisions are accelerated towards the
collector (0 Vdc) located along the axis of the anode
grid producing an ion current that is measured by the
gauge electrometer. This gauge configuration produces
a strict, linear relationship between collector current and
pressure. HCG measurements are gas-dependent since
different atoms and molecules exhibit different ionization
efficiencies (due to factors such as electron-molecule
collision cross-section and ionization potential). They £ ]
are usually calibrated for either nitrogen or argon and ¥
attention must be paid to the relationship between the
gauge calibration gas and process gas protocols when L
selecting a HCG. Gas correction factors are available . )
that permit field adjustment of HCG readings.

Anode Grid

Figure 74.
Typical Bayard-Alpert hot cathode ionization gauge.
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The useful operating range of measurement of the HCG is defined, in the upper limit, by restrictions
on the mean free path of the ions when the number density in the gas phase becomes too high. At
high number densities, an ion has a high probability of interacting with either a free electron or a neutral
molecule before reaching the collector. When this happens, the initial electron-molecule ion creation event
no longer contributes to the ion current, introducing inaccuracies in the relationship between that current
and the system pressure. In practical terms, this upper limit for the use of ionization gauges is about 103
Torr. Historically, the lower limit of HCGs was considered to be reached when either electrical leakage
currents in the gauge head or the controlling electronics become comparable with the ion current being
measured. However, advances in modern electronics have extended the lower limits of these gauges into
the XHV regime. In HCGs, the lower limit is the so-called X-ray limit. In an HCG, X-rays are emitted when
electrons impact the grid. A small fraction of these X-rays are intercepted by the ion collector in the HCG
where they cause electrons to be photoelectrically ejected. This photoelectron current leaving the collector
is electrically detected as identical to the positive ion current, adding to the current and producing a false
pressure reading. This phenomenon results in the standard lower limit for pressure measurement using the
best conventional HCGs having a value of around 10-'" Torr.

With good operating protocols and proper calibration, the sensor-to-sensor reproducibility of
Bayard-Alpert HCG readings is typically about 2%. Repeatability of readings is 1-2%, limited mainly by
uncontrollable random sensitivity variations.

Care must be taken to avoid exposure of the working components of an HCG to process gases while
the HCG is operating (other than purge gases such as nitrogen and argon). Reactive gases can damage
gauge components when they are at operating temperature, either through unwanted deposition or through
corrosion. Even when the gauge is not “on,” process and ambient gases will adsorb on the components
of the HCG and these materials will slowly desorb from the gauge surfaces during normal operation,
increasing the local pressure within the gauge. “Degassing” can be used to drive the molecules adsorbed
on the gauge surfaces back into the process chamber, where they can be pumped out of the system.
Degassing can be done as required or as part of a regular pumpdown sequence. Regular degassing helps
prevent process deposits from collecting and ensures that the HCG provides the most sensitive and
repeatable pressure indications.

Cold cathode gauges, also known as Penning gauges (after their inventor), have been in use since
the late 1930’s. CCGs differ from HCGs in that they employ high voltages between the electrodes (in the
kV range), in place of a hot filament, to generate free electrons and a crossed magnetic field to create a
controlled electrical current path in the gauge. CCGs rely on randomly emitted electrons caused by cosmic
rays, a radioactive source, and field emission to initiate stable electron plasma within the current path of
the gauge. The discharge within a CCG normally
ignites within a very short time at 10 Torr or above, ~
a few minutes at 10-® Torr, and longer times at
lower pressures. In operation, the crossed fields Magnetic Field
trap a near-constant circulating electron current in (Into Page)
this path. Electrons moving within the conduction
path collide with residual gas molecules, producing
the ion flux that is measured. Figure 75 shows a
schematic that can help in understanding the ion
generation mechanism within CCGs. In the Figure,
Electron 1 (whose path begins on the left side of
the circle) is accelerated by the electric field in
approximately cycloidal jumps around the anode
at a constant radius until it encounters a neutral
molecule. If it has sufficient energy, the electron
causes an ionization event which produces a
positive ion and an additional electron (2) which
undergoes acceleration in the conduction path in
a manner similar to electron 1. The ion generated \_
in the collision moves to the cathode where its
impact generates a secondary electron which
similarly enters into the conduction path. Through

J

Figure 75. Electron path and ion generation in an inverted
magnetron sensor.
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these mechanisms, the circulating electron current N\
quickly builds to a stable value, determined by High voltage - b ;
the fields and geometry within the sensor. Once a feedthrough to SO0 cun

o L7 anode (+4kv) feedthrough to
critical electron density is reached, space charge electrometer
depression of the electric field within the device
prevents any further production of electrons from
the cathode. The circulating electron current
becomes very stable and nearly independent of Leaf connector
pressure and surface conditions.

Guard electrode

Since its invention, the cold cathode Magnet _
gauge has undergone numerous evolutionary ; \ Cathode
developments that have extended its range and k| -
accuracy. The inverted magnetron sensor geometry
is now the most commonly used for CCGs, owing
to its wide range and freedom from spurious
effects. The advent of inverted magnetron designs ~ \_
enabled the development of compact CCGs
capable of measurement below 10-° Torr. Other
improvements, such as isolation of the collector
and the use of guard electrodes have further
broadened the spectrum of application for CCGs. Today, CCGs mated with simple, reliable controllers can
be used in a wide variety of vacuum measurement applications, especially those that require a combination
of ruggedness, durability and high sensitivity/accuracy. Figure 76 shows a cutaway view of MKS’s inverted
magnetron cold cathode sensor design.

J

Figure 76. Cutaway view of an MKS inverted magnetron
cold cathode sensor.

Cold cathode gauges exhibit upper limits on pressure measurements similar to those observed for
hot cathode gauges. Typically, CCGs are effective for measuring operating pressures that range between
10"%and 102 Torr. As with HCGs and for similar reasons, CCG readings are gas dependent. Because of the
different operating principle, however, CCGs require different gas correction factors than those for HCGs.
Repeatability for CCGs is not normally as consistent as that of HCGs, with typical values of about +5%
and reproducibility sensor-to-sensor of 20-25% is not uncommon. For high accuracy operations, CCGs are
normally calibrated against a transfer standard such as a spinning rotor gauge or a high accuracy HCG.

Spinning Rotor Gauges

Spinning rotor gauges (SRGs) also known as e
molecular drag or viscosity gauges, measure the Evacuated
number density of the surrounding gas. Like Pirani
gauges, SRGs measure pressure by measuring the
transfer of energy from a sensor to the surrounding gas.
In the case of the spinning rotor gauge, a small steel
ball is magnetically levitated within a non-magnetic
tube that is mounted horizontally and connected to the
vacuum system. Figure 77 shows a schematic of the
SRG. In the measurement procedure, the ball is spun to
a few hundred hertz using a rotating magnetic field then
the drive field is turned off and the rate of deceleration
of the ball is measured using magnetic sensors. Since

~

Drive coil

Pickup coil

the deceleration is caused by the transfer of energy Suspension magnet

from the ball to gas molecules during collisions, it can - J
be rellated, using gas kinetic theory, to the nur.nber. _ Figure 77. The spinning rotor gauge (reproduced
density of the gas and thus to the pressure. Like Pirani with permission from the Institute of Measurement
and ionization gauges, SRGs are sensitive to the gas and Control) [186].

species. SRGs are often used as a reference gauge for
calibrating other gauge types.
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Figure 78. Applications for different vacuum gauge types in a semiconductor process tool.

Vacuum Gauge Applications in Semiconductor Processing

Vacuum gauges are critical components of many semiconductor processing tools, especially
deposition and etch tools. Figure 78 provides a simple schematic to help understand vacuum gauges in a
semiconductor process and the applications that are available.

MKS Product Applications for Vacuum Pressure Measurement

MKS offers a wide array of vacuum gauges for application in semiconductor and other industries.
These products are detailed in the product overview available on the MKS website, entitled: “Advanced
Vacuum Measurement Solutions”. MKS products cover essentially all of the semiconductor industry’s
vacuum gauge requirements with products ranging from capacitance manometers to spinning rotor gauges.

MKS Baratron® Capacitance Manometers

MKS Baratron® capacitance manometers -~
are an ideal choice for measuring pressure
and vacuum in many industrial, medical,
semiconductor, LED, and critical thin film
applications, including semiconductor device
manufacturing, optical coating, flat panel display,
and solar cell manufacturing processes. They
are extremely accurate and stable over long
periods of time. MKS Baratron manometers are
constructed from corrosion resistant materials,

Y4

and are insensitive to the types of aggressive . AN

process gases, such as halogens, typically used in Figure 79. Figure 80.
semiconductor etch processes. Standard Baratron Baratron® Capacitance 296A Differential
manometers such as the one shown in Figure 79 Manometer. Capacitance Manometer.

measure absolute pressure and are widely used
for stand-alone pressure sensing as well as being
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integrated into process control equipment. Baratron manometers for typical semiconductor applications
have full scale pressure ranges from 20mT up to 1000Torr. They come in a variety of application-specific
configurations including both unheated and heated versions. MKS also supplies capacitance manometers
that measure differential pressure (Figure 80), as well as ancillary equipment for the use of these
manometers in process settings, including power supplies, readouts and other accessories. MKS also

provides calibration subsystems and services.

MKS, Granville-Phillips® Pirani and MicroPirani™ Gauges

MKS, Granville-Phillips® produces the 275 Convectron® Pirani vacuum
gauge (Figure 81) and Series 475 gauge controller offering exceptionally
stable performance for low vacuum measurement. Unlike traditional
thermocouple and Pirani gauges that use only conductive heat loss,
Convectron® gauges take advantage of heat loss due to convection at
higher pressures to extend the range of accurate, repeatable measurement
to atmospheric pressure. MKS Granville-Phillips also offers the Convectron
system as Mini-Convectron® modules with built-in controls and a
DeviceNet™ interface. Key features of the Convectron gauge include:

m  Vacuum pressure measurement from atmosphere to 1x10* Torr

m Individually calibrated gauges ensure the highest measurement
performance

m  Easy installation in space-restricted locations
= Wide selection of vacuum fittings simplifies installation
m  Compatible with several of MKS’s vacuum gauge controllers

Figure 81.
Convectron® Vacuum Gauge.

m  Temperature compensation offsets the effects of ambient temperature changes

= Rugged construction

MKS, Granville-Phillips also offers a line of modular vacuum gauges
and transducers that are based on Micro-Electro-Mechanical System
(MEMS) design and which have built-in controllers and extremely small
footprints. These micro- and mini-transducers and modules are ideal for size-
critical applications and include a variety of sensors and transducers. We will
describe two representative examples of these transducers, beginning with
the 925 MicroPirani™ vacuum transducer (Figure 82). This transducer has
an extended range of 10 Torr to 1 atmosphere and three set-point relays for
process control. It can be used in a variety of applications including:

m  General vacuum pressure measurement

m  Foreline and roughing pressure measurement

m  Gas backfilling measurement and control

m  Mass spectrometer control

m  Activation of UHV gauges

m  System process control (interlocks, valves, pumps)

m  Control system pressure

/

ST

Figure 82.
925 MicroPirani™
Transducer.

The second example is the 910 DualTrans™ MicroPirani Piezo vacuum transducer. It comes in the
same form-factor as the 925, however, it contains two gauges in one package: a MEMS MicroPirani sensor
and a Piezo sensor. This combination extends the measurement range of this transducer to measure
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pressures from 1.0 x 10 to 1500 Torr. This wide range allows the 910 to be used in vacuum chamber
applications requiring absolute vacuum/pressure measurement with switching capabilities.

The full line of sensors and transducers based on MEMS MicroPirani™ technology is detailed on the
MKS website for all Granville-Phillips indirect vacuum gauges.

MKS, Granville-Phillips® UHV Gauges

MKS, Granville-Phillips offers a line of Bayard-Alpert hot cathode ionization gauges including
conventional glass-sealed and nude gauges, all-metal Stabil-lon® gauges, and the world’s smallest
Micro-lon® gauges.

MKS, Granville-Phillips Series 274 Bayard-Alpert ionization gauges ' N
(Figure 83) are available in three configurations: glass tubulated; nude with
electron bombardment (EB) degas; and nude with I°R (resistive) degas. The ) . s
307 Bayard-Alpert vacuum gauge controller and the 350 Bayard-Alpert UHV oty
vacuum gauge controller offer a number of options for control of one or more . tﬂi

of these gauges. Figure 83 compares the tubulated and nude Bayard-Alpert r = 4
ionization gauge configurations. All series 274 gauges provide excellent 4 S
vacuum measurement with comparable accuracy. The nude gauge with EB Glass Tubulated Nude
degas offers somewhat lower ultimate pressure measurement capability with
a lower X-ray limit of about 2 x 10" Torr. The glass tubulated gauge and nude \_ J
gauge with I°R degas have a slightly higher lower limit of 3-4 x 10'°. Both
types of gauge have an upper pressure measurement limit of about 2 x 102 Figure 83.

Torr. The Series 274 gauges are configured for high reliability, with a bifilar 274 Series B-A

grid and either a burn-out resistant filament or dual tungsten filaments. These lonization Gauges.
gauges find ready acceptance in both research and industrial applications, s N
with proven performance and reliability characteristics.

MKS, Granville-Phillips 370 Stabil-lon sensor (Figure 84) and
370 Stabil-lon vacuum gauge controller products are the most accurate hot
cathode ionization gauges available. These gauges are housed in an all metal
tube that eliminates glass breakage, decomposition and helium permeation.
The metal housing acts as an electrostatic shield, protecting the gauge from
external electric fields. The combination of metal housing, an internal design

in which the physical relationship between the grid and the filament has been \_ )

significantly stabilized relative to other B-A designs and significantly improved

control electronics result in exceptional reliability and accuracy for this gauge. Figure 84.

The 370 Stabil-lon has an accuracy when calibrated for nitrogen, of 4% of the 370 Stabil-lon® B-A

reading and a repeatability of 3% for measurements between 1 x 102 Torr to 1 Vacuum Gauge.

x 10 Torr. By comparison, many other B-A gauges have reading inaccuracies

in the 30-40% range. The range of the 370 Stabil-lon gauge (when equipped 4 i‘i ii )

with a Convectron® option) is 2 x 107" to 999 Torr. ﬂ §J | i? =
MKS, Granville-Phillips also produces a line of very small B-A ion gauges ‘EJL ' 4 Dk!"

and gauge controllers for size critical applications, the Series 355 Micro-lon
Bayard-Alpert vacuum gauge (Figure 85) and the 358 Micro-lon vacuum

auge controller.

Having only 10% of the volume of a conventional gauge, these are
the world’s smallest hot cathode ionization gauges. However, they offer
comparable range, accuracy and repeatability to most full size B-A gauges.

Their range when cglibrated with eithe'r air or nitrogen.is 5x 107 tg 5x j0’2 . 355 Micgzg;%élgiA Gauge
Torr (to 1000 Torr with Convectron option). The 355 Micro-lon achieves its high showing external and
performance through the combination of a unique, patented dual ion collector cutaway views.

/ dual filament design and ultra-clean construction. Also available is the Series
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Vacuum Technology

354, 392, 390 Micro-lon modules product line that combines Micro-lon ionization gauge technology with a
miniature Pirani Conductron® heat-loss sensor to provide accurate, continuous pressure measurement from

high vacuum to atmosphere.

In addition to Bayard-Alpert hot cathode ionization gauges, MKS,
Granville-Phillips supplies a cold cathode vacuum gauge system, the Series
943 which includes either the 431 or 423 I-Mag® cold cathode sensors
(Figure 86). The sensors are based on an inverted magnetron design with
proprietary features that improve the accuracy relative to other CCGs. The
431 sensor has a higher operating temperature with customized models
available for research applications. The 423 I-Mag sensor is designed as a
lower cost, more compact and rugged sensor suitable for OEM and industrial
applications. These CCGs can be used in the following applications:

= High energy physics

m  Analytical instruments

m Laser production

m lon implantation

m  Mass spectrometry

s PVD

MKS also produces the SRG-3 Spinning Rotor Gauge (Figure 87) for

applications ranging from metrology to use as an in situ standard on high
vacuum process chambers to ensure accuracy of vacuum readings from
other methods. The high accuracy and repeatability of the SRG method

makes it a reference standard that is used in a variety of circumstances. The
SRG-3 system offers the user consistent traceability as required by ISO9000.

MKS, Granville-Phillips® Multipurpose Vacuum Gauge
Controllers

MKS, Granville-Phillips offers a number of options for the combined

Figure 86.
431 and 423 I-Mag®
Cold Cathode Sensors.

Figure 87.
SRG-3 Spinning Rotor
Gauge System.

display of different vacuum gauges and types. These control options can be found on the Controllers for

Vacuum Gauges and Transducers section of the website.

MKS, Granville-Phillips® RGA Partial Pressure Analyzers

MKS, Granville-Phillips offers the 835 Vacuum Quality Monitor (VQM™)
mass spectrometer (Figure 88) for the measurement of partial pressures
in vacuum systems. This system uses an autoresonant ion trap mass
spectrometer gauge rather than a quadrupole mass analyzer. When coupled
with a total pressure gauge such as a Stabil-lon Bayard-Alpert gauge,
the VQM provides a measurement of the partial pressures of each gas
component in the vacuum system. The VQM can detect gases such as H,,
H,0, CO, and CO at pressures as low as 10 Torr. The MKS website
provides a useful instructional video for this system.

4 )

Figure 88.
835 VQM® System.
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D. Vacuum/Pressure Control

Stable and precise control of a processing system’s vacuum/pressure is critical for high-yield
semiconductor device fabrication. Processes such as SAPCVD, LPCVD and etch exhibit optimal behavior
at well-defined process pressures and it is critical to maintain and transition process pressures in a
well-controlled, stable manner. Similarly, advanced processes such as ALD must have tight control over
system pressures during gas switching steps. The required vacuum/pressure control in these and other
semiconductor unit processes is accomplished using closed-loop control for a number of variables that
affect the vacuum process.

To understand the issues involved in vacuum/pressure control in semiconductor process equipment,
consider the simplified schematic for a hypothetical process control system in a deposition or etch tool
as depicted in Figure 89 (for the sake of simplicity, plasma processing is not considered). The Figure
shows the equipment components with connections denoting the primary inputs and outputs used by
an automatic process controller for the different control functions in the system. The process controller in
this particular instance requires vacuum/pressure information from the different vacuum gauges depicted
in Figure 89 as input for automated gas switching, purge/reactant gas flow control, wafer transfer, and
vacuum/pressure control.

Vacuum/pressure gauges provide key information that is used to trigger different actions in a process
sequence. Consider the following (much simplified) process recipe steps for a hypothetical deposition
process performed in the process tool shown in Figure 89.

1. Load substrate in loadlock and seal loadlock

2. Pump down loadlock to rough pump base pressure

3. Equalize loadlock and process chamber pressures

4. Transfer substrate to process chamber and seal chamber

5. Purge process chamber and pump to mechanical pump base pressure

6. Open valve to high vacuum pump and bring process chamber to high vacuum base pressure
7. lIsolate high vacuum pump

8. Open isolation valve to mechanical pump

9. Establish purge gas flow at expected process pressure

10. Bring chamber and process to process temperature setpoint under purge gas flow
11. Switch from purge gas to process gas

12. Run deposition process for pre-set time

13. Shut off process gas and pump to rough pump base pressure

14. Cycle purge process chamber to remove residual process gas

15. Pump chamber to rough pump base and equalize loadlock and chamber pressure
16. Transfer substrate to loadlock and seal process chamber

17. Isolate loadlock and backfill to 1 atm with purge gas

18. Remove finished substrate
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Figure 89. A hypothetical deposition or etch tool showing vacuum sensing and control elements.

It is easy to see that there are many times in this process sequence when the process controller
needs information on the pressure in either the loadlock or the process chamber in order to perform a
process step. The simple task of loading the substrate into the loadlock requires that the pressure in
the loadlock be equal to or greater than that in the surrounding fab environment, otherwise atmospheric
pressure would prevent the outer loadlock door from opening. A differential pressure gauge comparing the
loadlock and atmospheric pressures can tell the controller if the pressures are equal. If not, the controller
can add additional purge gas to bring the pressures into equilibrium. Once equilibrium is established, a
simple switch can release the loadlock door and allow substrate loading.

Since overall control of the process is not our focus in this section, we will only give further
consideration to steps in which vacuum/pressure control is needed. Step 2 in the process above requires
that the loadlock be pumped from atmospheric pressure down to the base pressure of the rough pumping
system which is typically around 10 Torr. If the process simply opened a valve between the loadlock and
the mechanical pump, the loadlock would quickly pump down to base pressure. However, the pneumatic
shock and accompanying turbulence would disturb any particles in the loadlock, contaminating the
substrate surface. This is avoided by adjusting the pumping speed on the loadlock from relatively low at the
beginning of the pumpdown to full speed once the loadlock pressure is close to base pressure. Once the
system is under vacuum, pneumatic shocks during purge and process gas switching are normally avoided
through the use of precise and controlled adjustments of the gas flow rates. Steps 9 and 10 in the process
seqguence also require vacuum/pressure control. In these steps, the gas flow and pumping speed must be
adjusted to maintain an optimal pressure during the deposition process. While there is some relationship
between gas flow and process pressure, the optimal process pressure does not usually occur at the
optimal gas flow values and these two variables must be controlled separately.

— 99— emks



MKS INSTRUMENTS HANDBOOK
Section B — Process Equipment, Technology, and MKS Instruments’ Product Applications

1.

2.

Semiconductor processing systems commonly use one of three main approaches to vacuum/
pressure control in process steps such as those discussed above:

using a throttling valve

Ballast Gas Control

Control the pumping speed by changing rotational speed of a mechanical blower

Control the pumping speed by adjusting the flow rate of ballast gas feed between the process
chamber and pump

Control the pumping speed by adjusting the vacuum conductance of the vacuum downstream foreline

Downstream Control

Dynamic Range

Blower Speed Control

Low — 10:1 Typical

Moderate — 500:1 typical,

High — 1000:1 typical,

1000:1 max 10,000:1 max
Types of Pumps Will not work with all pumps | Works with any pump that All

can operate at process

pressure
Speed of Response Moderate Fast Fast

Initial Capital Cost

AC or SCR motor controller

Bypass valve and optional
controller

Exhaust valve and controller

Extra Operating Costs None None None
Susceptibility to Effluent None None Slight
Gases

Special Requirements Pump controller and flow Bypass valve and pump None

rates must be properly sized

must be properly sized

Table 16. Pressure control techniques.

Automatic closed-loop control of the vacuum/pressure is accomplished by monitoring the process
pressure using, most commonly, a capacitance manometer which provides a feedback signal for chamber
pressure to a process control system. This system uses PID (Proportional Integral Derivative), a common
combination of control algorithms or some other kind of control algorithm to generate corrections to the
pressure control setpoints in one of the control schemes detailed above (1 to 3 above).

Table 16 compares the different approaches to vacuum/pressure control over a number of operational
and cost parameters.

MKS Product Applications for Vacuum/Pressure Control

(subsequent sections).

MKS’s approach to vacuum/pressure control focuses on the equipment needed for vacuum isolation
(next section) and downstream closed-loop control of each variable that affects a vacuum process

In the downstream control approach, an exhaust throttle valve is opened or closed, changing the
conductance to the vacuum pump in order to achieve and maintain the desired process pressure—this
separates the process variables of gas flow and process pressure, making them independent of one
another within the limits of acceptable process conditions. Downstream pressure control provides high
dynamic range, works well with all types of vacuum pumps, has a fast response time, is tolerant to most
effluent gases, and has moderate initial costs.

MKS'’s product line for vacuum/pressure control allows the user to isolate and maintain closed-loop
control of the process pressure through the use of a throttling control valve and digital PID or self-tuning
pressure controllers. A typical pressure control system that uses MKS components works as follows:

emks
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1. A Baratron capacitance manometer senses pressure in a vacuum chamber
2. This pressure is compared to the desired set point pressure in the pressure controller

3. The pressure controller commands the control valve to open or close, changing the chamber pressure
and bringing it to the desired process set point

The following products enable this approach to vacuum/pressure control.

MKS supplies detailed product configurations for reliable pressure management and downstream
pressure control.

MKS Vacuum Isolation Valves

4 )

V-100 CRV i
: Ultra-high Vacuum
Standard Corrosion & Ozone Metal Sealed
Valve Resistant

Jalapefo Series Two-stage High Flow
Heated Valves Soft-start Valve High Conductance Valve

Figure 90. Vacuum Isolation Valve models.

Integral to any vacuum/pressure control scheme is the ability to isolate a process system from
the vacuum source (pump). MKS produces a broad spectrum of application-specific vacuum isolation
valves (Figure 90). The MKS family of valves includes: bellows sealed valves, ball valves, soft start dual-
stage valves, UHV valves, and safety shut off valves. Valve actuation includes manual, pneumatic, and
electromagnetic actuators. They are extremely reliable with lifetimes of up to 1,000,000 cycles under clean
conditions. Specialty valves for harsh process conditions include heated valves that prevent by-product
condensation and deposition, and corrosion resistant valves for applications such as metal etch.

~ 101 - emks


https://www.mksinst.com/docs/UR/pmcT1.pdf
https://www.mksinst.com/docs/UR/dwnstrem.pdf
https://www.mksinst.com/docs/UR/dwnstrem.pdf
https://www.mksinst.com/product/Category.aspx?CategoryID=555
https://www.mksinst.com/product/Category.aspx?CategoryID=555

MKS INSTRUMENTS HANDBOOK
Section B — Process Equipment, Technology, and MKS Instruments’ Product Applications

MKS Downstream Valves and Pressure Controllers

MKS supplies downstream throttling control valves in a number of configurations, both as stand-alone
units with integrated controllers and as units configured for remote control. Many MKS downstream pressure
control valves are available in heated options.

Stand-alone units include T3Bi high speed valves (Figure 91), and “smart” exhaust throttle valves
such as the 153D and 683B valves (Figure 92). T3Bi valves are high speed throttling valves that integrate
all control, communication, and driver circuits within the throttle valve assembly, eliminating the need for
a separate pressure control electronics module. The T3Bi self-tuning control algorithm and high-speed
operation drives the system to set point quickly and with minimum overshoot, ensuring repeatability in
process recipes. RoHS compliant, the T3Bi valve accepts Baratron manometer inputs and accommodates
multiple communications protocols for ease of integration into local control schemes. T3Bi valves are
programmable for pressure, position or set point limits. T3Bi valves are particularly well suited for “house
exhaust” or atmospheric pressure throttling applications. The 153D and 683B valves are based on the
standard MKS 253B exhaust throttle valve with add-on electronics that eliminate the need for separate
control modules. The 153D and 683B valves can be configured for either pressure control or flapper
position control. They exhibit linear valve transfer characteristic for smooth, linear pressure control. They are
specifically designed for computer-controlled applications where a simple pressure control system is desired.

MKS also supplies conventional throttle valve and remote controller configurations in the 253B exhaust
throttle (Figure 93) and 653B high speed exhaust throttle valve products with associated controllers such
as the 651C digital/analog pressure controller (Figure 94). The MKS Type 253 is available in standard sizes
and flange styles, and is compatible with all MKS throttle valve controllers. Type 653 valves are available in a
variety of sizes and flange styles, and are compatible with MKS Type 651 and 1651 controllers.

MKS provides an excellent overview in the Downstream Pressure Controllers and Valves product
selection guide.

4 N/ N/ )
. L AN J
Figure 91. Figure 92. Figure 93. Figure 94.

T3Bi Throttle Valve. 683B “Smart” Throttle Valve. 253B Exhaust Throttle Valve. 651C Pressure Controller.

MKS Upstream Valves and Pressure Controllers

MKS supplies upstream gas flow control valves that can be interfaced with appropriate MKS
controllers and pressure sensing valves to control chamber pressure by regulating the gas flow into the
chamber. Both conventional valve/controller and fully integrated valve/controller configurations are available.

Conventional upstream valve and valve controller combinations include the baseline 248D flow control

valve, (Figure 95), the 148J all-metal control valve, and the 154A high flow valve which can be controlled
using the MKS 651 and 1651 pressure controllers. These valves can be controlled using the MKS 250E
pressure/flow control module or the 1249 solenoid control valve driver. The latter control valve driver is
intended for use with PCs, PLCs or other controllers that provide the necessary PID control functions but do
not have the required current output to drive a flow control valve.
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MKS supplies integrated upstream pressure valves and controllers for closed-loop electronic pressure
control. These are self-contained compact, closed-loop electronic control systems used for upstream or
downstream pressure control. MKS’s 640A and 641A absolute and gauge pressure controllers (Figure 96)
contain a Baratron capacitance manometer, a normally-closed proportional control valve, and closed-loop
control electronics. Pressure output and input control signals in these controllers are linear 0-5 VOC or
0-10 VDC. Two trip points are included in the 640/641, with LED status indicators, for use as simple on/off
process limits. The 640 and 641 pressure controllers can be interfaced with a single- or four-channel power
supply/readout or with the Type 647 multichannel gas flow and pressure controller.

In addition to single zone integrated pressure controllers, MKS offers the DPC dual-zone pressure
controller (Figure 97) that integrates an inlet pneumatic shut-off valve, two independent channels of
pressure control with mass flow metering, and a vacuum outlet. This was designed to reduce the overall
cost of ownership of pressure control subsystems for backside wafer cooling, specifically for the latest two-
zone electrostatic chucks.

MKS also offers the nPC series PC90 integrated closed-loop pressure controller and PC99 integrated
closed-loop pressure controller (Figure 98) that includes a mass flow meter. The tPC pressure controller
provides digital control in a web-enabled format. It is a self-contained, compact, closed-loop electronic
pressure control system that is designed for a wide range of pressure and flow conditions. It contains a
Baratron capacitance manometer, normally closed or normally open control valve, and closed-loop control
electronics. The nPC is available in either an upstream or downstream pressure control configuration,
making it well suited for controlling process chamber backpressure or process gas delivery pressure. With
either digital (DeviceNet or RS-485) or analog I/0 and its Ethernet setup/diagnostics capabilities, the nPC
is easily integrated into most process tools. The nPC pressure controller is a complete, compact pressure
control package that minimizes cost and space requirements.
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Figure 95. Figure 96. Figure 97. Figure 98.
248D Flow Control Valve. 640 Series DPC Dual-zone nPC PC99
Pressure Controller. Pressure Controller. Pressure Controller.

MKS Vacuum/Pressure Switches

MKS offers several different models of vacuum/pressure switches (Figure /~ . N\
99) for accurate and reliable protection of vacuum equipment, atmospheric ﬂ-

switching, and vacuum/pressure processes. Designed for applications where ® mks
a DC signal output is not required, these switches provide relay outputs LT T
that are readily interfaced with alarms, valve actuators, computers, process I

controllers, load locks and other protection devices. e p—

oy

MKS Vacuum/Pressure Calibrators :g:.

A transfer standard is a secondary device that is traceable to a national ~ \_ T . J
laboratory or other recognized standards body (e.g., National Institute of ]
Standards and Technology, NIST). Transfer standards are used in both Figure 99.

Vacuum/Pressure Switch.
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laboratory and production environments. MKS’s PVS6E vacuum calibration system provides NIST-traceable
calibrations over pressures ranging from 10-°to 1000 Torr and can be used to calibrate capacitance
manometers, thermocouple gauges, Pirani gauges, convection enhanced Pirani gauges, other capacitance
manometers and transmitters, and mechanical/dial gauges. Hot or cold cathode ionization gauges

can be calibrated over the upper end of their range. Portable variants of this system (the PBTS1A and
PBMS2B Portable Baratron Transfer Standards) with somewhat reduced functionality are also available. In
addition, the SRG-3 spinning rotor gauge can be used as a traceable standard for calibration of pressure
measurements.

E. Residual Gas Analysis

Residual gas analysis is the analysis of low levels of residual gas that remain in a vacuum chamber
following pump down. Such gases may include residues from ambient air such as oxygen, nitrogen, water,
along with process residues that may include reactants such as silane, organometallics, halides, etc.,
and reaction products such as ammonia, hydrogen, moisture, etc. Vacuum chambers can also contain
contaminants due to system leaks and hydrocarbons that backstream into the process chamber from the
pumping system. Reproducible process results from a vacuum process are only possible when the system
is guaranteed to be leak-tight and when the kind and quantity of residual gases in the process system are
known and accounted for in the process protocol. Residual gas analyzers (RGAs) are a critical analytical
tool for gaining this knowledge.
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Figure 100. Functional components of a quadrupole mass spectrometer.

Modern RGAs utilize quadrupole mass spectrometry as their underlying operational principle.
Quadrupole mass spectrometers (QMS) can monitor multiple gas-phase species in real-time. They have a
wide dynamic range and can track gas-phase reactant, product and contaminant concentrations from ppb
to % levels. A QMS detects and quantifies chemical species by first ionizing the molecules and/or atoms in a
gas stream and then separating these ions by mass/charge (m/e) ratio. A quadrupole analyzer requires high
vacuum for operation since ions must pass freely through the analyzer, affected by only the analyzer field. The
operating pressure within a QMS is typically below 10 Torr and this is maintained using a turbomolecular
pumped vacuum system, usually on-board the RGA. Depending on the pressure of the system being
analyzed, the inlet to the QMS may be a simple vacuum connection (if the system being analyzed is under
medium to high vacuum) or a differentially pumped capillary tube (to limit the volume of gas entering the QMS
and avoid raising the internal pressure of the RGA). When the RGA is in operation, a gas sample stream from
the chamber being analyzed enters the QMS at the ion source (from the left in Figure 100). Various methods
may be used to ionize the sample, with electron-impact ionization being the most common. Electrons emitted
by a hot filament knock electrons off the incoming molecules and atoms to form positive ions. The ions
are separated according to their m/e ratio by a quadrupole mass filter and detected by a Faraday plate or
secondary electron multiplier. Readers desiring a greater understanding of how the quadrupole mass analyzer
works are directed to references such as [186] [171] and, especially, [190]. All of the gas components are
analyzed within a single scan and the results of the analysis are displayed as a mass spectrum (plot of m/e
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versus peak intensity). The ionization process produces both parent ions (the original molecule with a positive
charge) and ionized fragments of the original neutral molecules; the fragmentation pattern acts as a fingerprint
that identifies the various neutral species that were present in the gas stream sample. If the identities of the
major components are known, specific mass peaks can be monitored and calibration coefficients applied

to derive the relative composition for each species present. Owing to the fundamental nature of the species
being measured, the QMS data is relatively simple to interpret. Furthermore, because all species within a given
sample are analyzed, mass spectrometers can detect and highlight the presence of unexpected species or
contaminants in a product gas stream.

Some newer RGAs employ an ion trap as a mass analyzer rather than a quadrupole. The theory of
operation of these systems is quite complex and well beyond the scope of this introductory work. Refer to
[190] pages 100-122 for an in-depth discussion of these systems.

A number of compact, accurate and simple to use RGA systems are commercially available. MKS’s
RGA product line offers a variety of levels of RGA utility, from simple partial pressure analyzers to complex
mass spectrometers.

MKS Product Applications for Residual Gas Analysis and QMS Process Monitoring

MKS, Granville-Phillips® RGA Partial Pressure Analyzers

MKS, Granville-Phillips offers the 835 Vacuum Quality Monitor (VQM®)
mass spectrometer (Figure 101) for the measurement of partial pressures
in vacuum systems. This system uses an autoresonant ion trap mass
spectrometer gauge rather than a quadrupole mass analyzer. When coupled
with a total pressure gauge such as a Stabil-lon Bayard-Alpert gauge, the
VQM provides a measurement of the partial pressures of each gas component
in the vacuum system. The VQM can detect gases such as H,, H,0, CO,
and CO at pressures as low as 10'* Torr. The MKS website provides a useful \_ J
instructional video for this system.

Figure 101.
MKS QMS Products 835 VQM® System.

MKS offers a number of configurations within its Vision and Cirrus™ gas analysis product lines. These
may be configured as RGAs, RGA Process Monitors, and Atmospheric Pressure Gas Analyzers.

Process Monitors

In-depth Application Notes for MKS RGA process monitors can be found on the MKS website
(RGA vacuum process monitors.) MKS Vision and HPQ products utilize the TOOLweb® process-specific
automated control and monitoring platform for RGAs and other sensors on semiconductor process tools.

MKS’s Microvision 2 (Figure 102) “smart head” technology collects data on potentially damaging
residual gases that negatively impact the process quality at millisecond speed. The electronics unit
mounts directly onto the analyzer head, and connects to the system PC via Ethernet. It is designed as an
application specific tool to monitor pumpdown, baseline, and leakback conditions in semiconductor and
thin film processes.

The Vision 2000-C™ (Figure 103), Vision 2000-E™, and Vision 2000-P™ RGAs combine a closed
ion source with an automated inlet to enable monitoring of the complete CVD, PVD or Etch process cycle,
from base vacuum to process pressures of up to 700 Torr. These RGAs incorporate Microvision 2 “smart
head” technology and are integrated with the Process Eye™ Professional control platform. Process Eye
is designed for process monitoring applications where a flexible control platform is required to achieve
automation and full integration with a process tool. Process Eye Professional uses recipes to define the way
in which the RGA scans, displays and responds to the data acquired.
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MKS produces the 300mm Resist-Torr RGA (Figure 104) for the detection of photoresist residues on
wafers during the high pressure (~8 Torr) wafer degas step just prior to insertion of the wafer into a 300
mm PVD chamber. The 300 mm Resist-Torr is a fully automated monitor with built-in calibration for the
calculation of the PR index that measures the photoresist contamination level in the degas chamber. The
Resist-Torr employs a fast response capillary sample inlet to ensure vacuum integrity in the QMS. When
integrated with Process Eye and TOOLweb RGA sensor control software, the 300mm Resist-Torr system
provides completely automated operation and highly reliable photoresist detection.

The MKS HPQ3 and HPQ3S (Figure 105) are designed as in situ process monitoring tools that can

operate well beyond the normal 1 x 10 mbar total pressure restriction of most RGAs without the need

for differential pumping of the sample inlet. The lack of requirement for differential pumping significantly
simplifies the operation of these tools and reduces their footprint in the process environment, making
them particularly suitable as in situ monitors in a wide range of CVD, PVD and Etch applications, from leak
detection to process monitoring.

~

J
Figure 102. Figure 103. Figure 104. Figure 105.
Microvision 2 Vision 2000-C™ 300mm Resist-Torr® HPQ3 High Pressure
Residual Gas Analyzer Residual Gas Analyzer. Photoresist Residual Gas Analyzer.

Detection Monitor.

Atmospheric Pressure Gas Analyzers

MKS’s Cirrus line of atmospheric pressure gas analyzers are based on quadrupole mass analyzers in
which the gas sampling system has been configured to permit the analysis of a sample gas at atmospheric
pressure. These analyzers accomplish this by employing an inert, silica-lined capillary inlet that restricts
the amount of gas sample that is allowed to pass to the quadrupole mass analyzer chamber (which is
maintained under high vacuum using a turbomolecular pump/diaphragm pump combination).

Two categories of Cirrus gas analyzers are available, the Cirrus 2 product line and the Cirrus 3-XD.

The Cirrus 2 benchtop system (Figure 106) is a state-of-the-art QMS e N\
specifically designed for high sensitivity and long-term analyzer stability.
It is capable of near real-time monitoring of a wide array of gases and gas
mixtures with a dynamic sensitivity range that varies between parts per billion
(ppb) and percentage levels. It can be configured to sample up to 16 gas
streams, with special configurations available to sample corrosive gases or
to produce high mass resolution spectra. As well, it can be supplied with an

integrated optical sensor for continuous carbon monoxide (CO) sensing. The \
Cirrus 2 incorporates an Ethernet interface, allowing it to be controlled by
either a local PC or through an organizational network. It is operated using the \_ J

Process Eye Professional control platform which allows for fully automated
operation and calibration and which incorporates and tracks data from other
process sensors.

Figure 106.
Cirrus™2
Benchtop Gas Analyzer.
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Vacuum Technology

Cirrus 3-XD atmospheric pressure gas analyzers (Figure 107) are
designed for research and engineering applications requiring trace gas
analyses that are beyond the limits of normal QMS systems. The addition
of patented V-lens™ ion optics technology to the Cirrus QMS platform
provides a unique analytical advantage for the Cirrus 3-XD that ensures gas-
independent low baseline and stable, robust detection of gases at low ppb
levels. This guarantees a high level of confidence in trace level analyses. The
fast response capillary inlet design allows the system to capture 250 data
points per second for near real-time analyses. The Cirrus 3-XD employs the
Process Eye Professional control platform for fully automated operation and \_ J
calibration. Available in either benchtop or rack-mounted configurations, the
Cirrus 3-XD is ideal for in-line monitoring and analysis of trace contaminants
in process gases, including solvent vapors, hydrocarbons, atmospheric and
inorganic gas species (including corrosives), freons, and noble gases.

~

Figure 107.
Cirrus™3-XD Atmospheric
Pressure Gas Analyzer.

MKS Software for RGA, Process and Chamber Monitoring

Process Eye Professional (Figure 108) is a network-compatible application that leverages the features
and functions of Microsoft® operating systems (32-bit and 64-bit Windows® XP, Vista, Server 2008 and
Windows 7). It is designed for process monitoring applications requiring a flexible control platform for
automation that is fully integrated with a process tool. Process Eye Professional uses recipes to define the
way in which the RGA scans, displays data, and responds to the data acquired.

EasyView (Figure 109) is the latest RGA software platform for MKS’s range of RGAs. Designed
specifically for simplicity in installation and operation, EasyView is an interactive, ICON-driven package
with many advanced data display and data storage capabilities. It is a network-compatible application that
leverages the features and functions of Microsoft® operating systems (32-bit and 64-bit Windows® XP, Vista,
Server 2008 and Windows 7).
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Figure 108. Process Eye™ Professional. Figure 109. EasyView RGA.

TOOLweb RGA (Figure 110) is an automated platform for the control and monitoring of process-
specific RGA and other general sensors on semiconductor tools. Comprised of sensor hardware, a tool
connectivity module, and software for real-time control and web-based data review, TOOLweb RGA
monitors the tool chamber environment both during and between periods of wafer processing and after a
pump-down. It can function as either a stand-alone tool-level controller or as a component in a tool group
or fab-wide installation. TOOLweb RGA enables complete reporting and alarming on both a per tool and
cross tool basis with full tool and factory host integration capability.
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Figure 110. TOOLweb® RGA.

emks

— 108 —



Substrate Surface Cleaning

Il. Substrate Surface Cleaning
A. Piranha, SC1, SC2, RCA and DHF

Wet chemical cleaning and conditioning of wafer surfaces is a critical process step in most, if not
all, semiconductor device fabrication schemes. The acidic cleans listed in the title of this section have a
long history of use in semiconductor processing; forecasts call for their continued use into the foreseeable
future. We have already discussed the chemical composition, actions and process applications of
these wet cleaning methods in Section A.lll.1 of this book and we will not repeat that discussion here.
Readers interested in the underlying science of these cleans can reference the in-depth treatments of the
fundamentals of silicon substrate surface cleaning that are available in the literature [47] [153] [154].

This section will briefly describe some of the equipment used for wet cleaning silicon substrates
in modern semiconductor fabrication plants. Such equipment can range from very simple “wet bench”
cleaning stations in older technologies to sophisticated automated single wafer cleaning tools employed in
advanced technologies.

Reinhardt and Kern state that, “in the past, wafer cleaning and surface preparation were considered
more of an art than a science.” [153]. This was especially true in the era when “wet benches” for simple
batch immersion and rinsing dominated substrate cleaning. Scientific studies over the past three decades
have revealed the importance of chemical concentration control over all points on a substrate surface. This
is needed in order to guarantee the required material properties of the layers and interfaces in the often
severe topographies of advanced devices. Batch processing can limit the degree to which such control
can be achieved in high aspect ratio geometries, and single wafer approaches have been developed to
solve such issues. Indeed, back end of line (BEOL) post-patterning cleaning, especially for cleaning Cu
interconnect lines and high-k interlayer dielectrics, has had to move entirely away from batch wet bench
processing to more controlled single wafer wet cleaning approaches. Furthermore, batch methods, while
very convenient for wafer diameters up to 150mm and which can be made workable for 200mm substrates,
become unwieldy when applied to substrates with diameters beyond 200mm. This too has contributed to
a shift to single wafer wet cleaning technologies. Finally, batch methods are not as easily automated as
are single wafer approaches. However, conventional wet benches will often be found in semiconductor
fabs, either in less critical front end of line (FEOL) application areas or in R&D and process development
applications.

A modern wet bench ~ ™\
cleaning station is shown in |
Figure 111. Modern benches
are configured with a FOUP
(front opening universal pod)
interface and wafer handling
robotics to ensure low
particulate substrate transfer
into and out of the wet bench.
Within the wet bench are liquid
tanks in which a cassette
containing substrates can
be immersed in the desired
cleaning solution. Cleaning
solutions are typically pre- or
in situ mixed within the wet
bench station using ultra-high \_
purity semiconductor grade
reagents and ultrapure water Figure 111. A modern wet bench cleaning station [191].
(UPW). Once the substrates
have been immersed in the
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cleaning solution for a prescribed time, the e
chemical reaction is rapidly stopped and any
chemical residues removed by a combination
of high volume UPW spray rinsing and rapid
overflow dump rinsing. In this latter step, the e
wafers are subjected to repeated cycles of ;
a very fast hot or cold UPW immersion and
draining with spray rinsing using ultrapure
water. Once a cassette of substrates has
been rinsed, it is quickly dried, typically
using some kind of high speed spin drying.
Megasonic agitation and/or isopropyl alcohol
(IPA) may be employed during the rinse/ Figure 112. Auto'matt_ed _single wafer cleaning station,
dry cycle to enhance the rinsing and drying basic principles [194] [195].

abilities of the system. Depending on the tool

design, these steps may require multiple tanks and cassette spinners or all functions may be integrated
within a single tank.

Cleaning Agent | Dispensing Head
Spin Substrate

As noted above, advanced device designs and larger substrates cannot be cleaned using batch
wet bench approaches. Over the past decade, single wafer cleaning systems have been developed that
have leveraged improvements in economical spray as well as new and improved cleaning chemistries.
Highly automated, single wafer treatment systems have been designed that employ multiple cleaning
stations, each cleaning one wafer at a time, to maintain production-scale throughputs. These new single
wafer systems incorporate significantly more precise control over localized surface chemistries than can
be achieved using batch processing. Additionally, particle contamination is inherently more controllable in
single wafer handling and processing systems; this is a critical aspect for low defect processing in modern
equipment. Figure 112 shows a schematic of a typical automated single wafer cleaning arrangement in a
commercial single wafer cleaning tool.

MKS Product Applications in Wet Substrate Surface Cleaning

While MKS does not offer a product line in either bench or single wafer substrate cleaning tools, MKS
does supply equipment for producing certain chemicals used in cleaning solutions, specifically MKS’s line
of ozonated water delivery systems [192] [193]. DI water/ozone solutions (DIO,) have been found to provide
a clean, safe and highly effective replacement for Piranha and RCA SC-1 and SC-2 cleans in many aspects
of surface cleaning.

Organics Removal and Photoresist Strip

As a strong oxidizer, ozone, O,, rapidly reacts with most organic chemical compounds. O, reacts
directly with hydrocarbons and also generates oxygen radicals that react even more vigorously with
organics. Thus DIO, can be used as an effective clean that removes ambient organic molecules adsorbed
on the wafer surface. More importantly, when coupled with megasonic agitation, DIO, is very effective in
removing photoresist residues from a wafer surface.

SCROD Cleaning

While pure DIO, is not suitable for cleaning metals and particles from a wafer surface, cleaning
protocols that combine the use of O, with HF and/or hydrochloric acid are highly effective for this purpose.
Single-wafer spin cleaning with repetitive, alternating use of DIO, and dilute HF (DHF) is known as the
SCROD cleaning method. SCROD cleaning oxidizes the substrate (through the action of the O,) creating a
self-limited oxide layer of about 1 nm thickness which the HF subsequently dissolves. The sequential
oxidation and dissolution of the oxide layer efficiently removes both particles and adsorbed metals from the
substrate surface. Originally developed by workers at Sony, SCROD cleaning has been shown to remove
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87% of aluminum oxide particles, 97 % of silicon nitride particles, and 99.5% of polystyrene latex particles
from a substrate surface [196] [197]. This is nearly an order of magnitude more efficient particle removal
than can be achieved using a standard SC-1 clean. Similarly, studies have shown that metal contamination
levels on a substrate surface of less than 1 x 10° can be achieved using SCROD approaches [197] [198].

Advanced Reticle Cleaning

Traditional methods (RCA) for reticle cleaning degrade their optical properties and reticles can only be
cleaned between 2 and 8 times before unacceptable degradation occurs due to surface roughening [199]
[200]. Since ozone-based chemistries produce very little surface roughening, they are becoming preferred
in reticle cleaning applications.

MKS LIQUOZONP® Dissolved Ozone Delivery Systems

MKS offers the LIQUOZON® product line containing several different configurations for the generation
and delivery of DIO,;

LIQUOZON® PrimO, Ozonated Water Delivery System e

The LIQUOZON® PrimQ, system is designed specifically for application
in multi-chamber single wafer cleaning tools. Configuration options that permit .
the system to be mounted in the subfloor and allow for DIO, reclaim make the gl
unit particularly convenient and cost effective within the fab environment. The
PrimQ, can deliver up to 60 L/min of DIO,, depending on the desired ozone
concentration. At 2 L/min flow, ozone concentrations as high as 115 ppm
can be maintained while at 60 liters/min ozone concentrations of 20 ppm are
achievable. Figure 113 shows the LIQUOZON® PrimO, unit and Figure 114
depicts the DIO, delivery characteristics of the system.

Figure 113.
LIQUOZON® PrimO,,
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Figure 114. LIQUOZON® PrimO, DIO, delivery characteristics.
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LIQUOZONE® Single Ozonated Water Delivery System

The LIQUOZON 120 N\
Single DIO, delivery system
is a highly compact unit
specifically designed for low 100
flow single chamber, single-
wafer cleaning systems.
The system delivers up to
95 ppm ozone DIO, at rates
of 2 liters/min; at flow rates
up to 20 liters/min ozone
concentrations of 30 ppm
are achievable (Figure 115).
Overall, the unit delivers
DIO, water with ozone
concentrations between 5
and 95 ppm at flow rates
between 0.5 and 20 L/min
and at a pressure of up to 2.5 0 y
bar (gauge) (0.25 MPa). The 0 5 10 15 20 25 30
small footprint of the Single Flow Rate [L/min]
Series makes it uniquely -
SUite.d to single wafer Figure 115. LIQUOZON® Single DIO,delivery characteristics.
applications, as well as many
immersion applications.
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LIQUOZON® Smart High
Output Ozonated Water
Delivery System
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Operating Range AX8407 Generator

) 14-0038 10 Cell
1- 25 L/min 14-0036 7 Cell

-
o
o

The LIQUOZON Smart
system is available in two
flow configurations. The
basic LIQUOZON Smart
system delivers up to 25
liters per minute while the
high flow option can produce
up to 50 liters per minute
(Figure 116). The system
is configured for multiple
outlets and flow rates up to

With High Flow Mode
(XF Mode)

Operating Range

2 - 50 L/min

=
o

With 2 DIO, Outlets at
High Flow Mode

(XF Mode)
2 -80 L/min

S
o

Dissolved Ozone Concentration [ppm]
(-2]
o

[
o

80 liters per minute makes 0 . . !

it suitable as a supply for 0 10 20 30 40 50 60 0 80
multiple cleaning tools. \_ Flow Rate [L/min] D
Maximum dissolved ozone

concentration is 80ppm. Figure 116. LIQUOZON® Smart delivery characteristics.

DIO, is generated in the

LIQUOZON Smart system

at a pressure of up to 2.5 bar (gauge) and flow rates of up to 50 L/min (80 L/min with multiple outlets). At 5
L/min flow, a dissolved ozone concentration of 114 ppm can be achieved while at 50 L/min flow, the ozone
concentration has a maximum of 36 ppm.
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LIQUOZON® Stream High Output Ozonated Water Delivery System

The LIQUOZON e

Stream system is designed 120 |t

14-0094-PZ
14-0094-PV

.

Lt

for use with multi-chamber \I >
single wafer cleaning tools 100 »
80

having cleaning applications
requiring up to 140 L/

AX8415 Generator
I Flow Range —

min DIO, flow and ozone
concentrations of 25 - 115
ppm (Figure 117). The
LIQUOZON Stream system
has an integrated analyzer
for dissolved ozone that
can be used for accurate
closed-loop control of //‘
the DIO, concentration. 0 ;

60

40

20

Dissolved Ozone Concentration [mg/L]

///////////

5to 100 L/min

B Flow Range
5 to 140 L/min,

extra booster —
pump is added

////

LIQUOZON Stream is 0 20
specifically designed for the \_

40

60 80
Flow Rate [L/min]

100 120 140

maintenance of stable DIO,

concentrations, even with Figure 117. LIQUOZON® Stream DIO, delivery characteristics.

varying DIO,demands. It has

an integrated booster pump for low pressure UPW supplies.

LIQUOZON® HeliO, Modular Ozonated Water Delivery System

LIQUOZON HeliO, (Figure 118) is an ozonated water delivery system
specifically designed for solar applications, including cleaning, surface
conditioning and oxide growth. The system is modular with at least two
modules: a stand-alone gas module and a wet module that integrates with the
customer tool (Figure 118 and Figure 119). It can be configured for
closed-loop control and operation in either single pass or recirculation mode.

It can also be configured with special safety features.

~

Wet Module

Gas Module

J
Figure 118.
LIQUOZON® HeliO,
Modular Ozonated
Water Delivery System.
4 )
Pump Tool
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Figure 119. Typical application set-up for the LIQUOZON HeliO, system.
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B. “Dry” Substrate Cleaning

“Dry” substrate cleaning refers to processes in which reactive, unstable ions and/or radicals are
created in a plasma, directed to a substrate surface and there allowed to react with contaminants on the
surface to produce volatile products that can be pumped away. In this way, contaminants such as organic
material can be removed from the substrate surface.

The most common application for dry substrate cleaning is photoresist stripping and “descum” steps.
Photoresist stripping involves the removal of photoresist residues by reaction with atomic oxygen radicals
or some other highly reactive species to produce a volatile product that can be pumped away by the
vacuum system. Photoresist descum is a similar but milder process carried out after photoresist patterning
and development to remove residual photoresist left in a developed area. Such residues can negatively
affect the uniformity in subsequent dry or wet etching steps. A descum step can also improve sidewall
profiles.

B a
Microwaves or RF
Molecular O, (p@)
| l . Process Chamber
= N T cof
H.0 3 _ - col

\_ To Pump J

Figure 120. Components in a photoresist strip tool.

A representative chemical reaction sequence for the generation of oxygen radicals in a photoresist
stripping process is shown in Figure 120 and in the chemical equation below. In this process, molecular
oxygen gas is fed into a plasma chamber in which a microwave plasma is present. The plasma is generated
under high vacuum conditions to ensure that the electrons, ions and other reactive species within it have a
relatively long mean free path and thus long lifetimes. Highly energetic free electrons, present in the plasma,
collide with the incoming, low energy oxygen molecules. If enough energy is transferred in a collision or if
enough additive transfers occur, the internal energy of the oxygen molecule is raised to the point where the
molecule is no longer stable and splits apart into two atomic oxygen radicals:

0/
02+e_—-‘02‘+e- TR 02"_‘_&_—"
\

0O
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Oxygen radicals are oxygen atoms with an unpaired electron. These extremely reactive species are
long-lived under the material and vacuum conditions present in the system. They are pumped into the
process chamber where they impinge on the heated surface of the substrate. There they react with organic
hydrocarbon residues such as photoresists to generate carbon oxides and water. These volatile oxides are
then pumped away by the vacuum system. Other chemistries may also be employed in cleaning processes,
depending on the nature of the contaminants that need to be removed from the substrate surface.

The increase in etch and deposition steps, new materials, and new structures used in 2.5D and 3D
packaging have made cleaning processes like photoresist strip and descum increasingly important for high
device yield. The varying levels of cleanliness requirements and the different materials employed in the
manufacturing process have made the availability of multiple cleaning options in a product line increasingly
important to high yield.

Surface activation, an important process tied to cleaning, prepares the surface for the next process
step ensuring good quality adhesion resulting in high quality die. This can also be accomplished using
plasma techniques. Acceptable cleaning processes for semiconductor applications must achieve the
following challenging objectives:

m  Contamination free surfaces for highly sensitive devices
m  Surface preparation and activation for better adhesion

m  High throughput, ensuring minimal cycle time for higher overall productivity

m  Ecologically friendly alternatives to concentrated sulfuric acid wet clean or others
MKS Product Applications in Dry Substrate Surface Cleaning

MKS offers RF and microwave plasma alternatives to wet substrate surface cleaning. These
alternatives are compatible with multiple process gases, ensuring the best clean based on material
chemistries. MKS’s RF and Microwave Plasma products are an economical and environmentally
sustainable alternative to wet cleans, avoiding the use of acids and solvents that require special storage
and disposal.

The MKS R*evolution® lll (Figure 121) is an integrated remote plasma
source that provides extremely clean reactive gas species for surface cleaning
applications. It integrates a quartz vacuum chamber, an RF power supply and
all necessary controls into a compact, self-contained unit easily installed on a
tool’s process chamber. The extreme cleanliness of the reactive gas supplied
by the R*evolution® Ill is ensured by its advanced design that employs a
low-field toroidal RF plasma source. RF power is inductively coupled through
ferrite cores into plasma that is confined within a toroidal quartz chamber.
The source operates efficiently over an extremely wide range of gas flows
and pressures, and generates reactive species in O,, N,, H,, H2/N2, and H2/
He gasses. The use of quartz as the material of construction of the plasma

chamber significantly reduces losses of atomic gases such as O, H, and N Figure 121.
through wall recombination. Surface recombination rates of atomic gases on R*evolution® Il
quartz are 100-1000 times lower than on most metals and dielectrics resulting Remote Plasma Source.

in higher reactive gas output for the R*evolution lIl.

Toroidal RF sources are uniquely suited for high throughput photoresist stripping in advanced device
fabrication. Their design produces high plasma densities and high concentrations of reactive species while
the low electric fields result in minimal ion bombardment of the chamber walls and excellent gas stream
purity. ICP mass spectrometry (ICP-MS) and x-ray photoelectron spectroscopy (XPS) analysis of wafers
processed in a photoresist strip tool using a remote toroidal RF source under conditions producing strip
rates 2-3 times greater than in the same system equipped with a microwave source show extremely low
(~1 x 10" cm) particulate, quartz and metal contamination.
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Applications for the R*evolution Il include photoresist strip, wafer pre-clean, gate nitridation, and

oxidation.
The MKS AX7610 Downstream Plasma Source (Figure 122) is a general e N
duty microwave plasma source for use in remote plasma applications such
as photoresist strip and passivation, surface modification, chamber cleaning
and reactive gas generation. It can be configured with either a quartz tube
for cleaning applications requiring atomic oxygen, hydrogen and nitrogen or
a sapphire tube compatible with more corrosive reactive gas generation from
species such as CF, and NF,.
The MKS AX7610 is designed to be integrated into a microwave plasma
subsystem comprised of power supplies, microwave magnetron heads, \_ J
matching systems, etc. as shown in Figure 123. MKS offers a variety of
microwave power generators and system accessories. Figure 122.
AX7610 Downstream
Plasma Source.
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Figure 123. Microwave Plasma Subsystem.
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lon Implantation

lll. lon Implantation

The primary means of doping silicon for semiconductor device manufacturing have been ion
implantation, gas source doping, and solid source doping. lon implantation is by far the most important
mode of introducing dopant atoms into silicon substrates and it will be the only method discussed here.
Readers interested in older methods such as gas and solid source doping are referred to standard texts
for further information. We will only provide a brief discussion of the basic aspects of ion implantation here.
Those interested in developing an in-depth understanding of the issues associated with ion implantation
are directed to texts on VLSI and Ultra Large Scale Integration (ULSI) Technologies [32] [96] and to available
monographs on ion implantation [201] [202] [203].

4 lon lon A
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L ) (electrically grounded)
lon Source
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Figure 124. Components of an ion implanter [204].

lon implantation owes its importance to the fact that it allows precise control over the depth of
penetration of dopant atoms into the silicon. In the ion implantation process, dopant atoms are first ionized
in an ion source. The source typically contains a plasma, generated by either RF or microwave radiation, in
which the dopant atoms are ionized by electron impact. Figure 124 shows a schematic of an ion implanter
(from [204]). lon implanters must be maintained under high vacuum to permit linear free travel of the ions
without occurrence of dispersion due to collisions with ambient gas molecules. lons are extracted from the
ion source using electromagnetic fields and the ion beam created by the extraction is directed into a mass
analyzer where the beam is focused and bent through a right angle. The radius of the bend is determined
by a combination of electromagnetic field characteristics and the mass to charge (m/e) ratio of the ions.
This allows ions of a particular mass to be selected to exit the mass analyzer using a movable aperture (or
an electromagnetic lens). In this way, only the desired dopant atom is selected from the different ions that
may originate from the ion source. The beam of selected ions is then accelerated to high energies, ranging
anywhere from sub-keV to MeV values and the high-energy ion beam is steered using electromagnetic
fields so that it impinges on the semiconductor surface.
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When a dopant ion strikes the substrate e N\
surface, it penetrates into the substrate crystal
matrix to a depth that is proportional to its Incident lon Beam
energy and angle of incidence. It doesn’t
penetrate the substrate in a linear manner but
rather takes a “drunkard’s walk” path through
the crystal as its direction is scattered by
collisions with substrate atoms (Figure 125). lon Path
This results in a concentration profile for dopant
atoms vs. penetration into the substrate that
has a Gaussian distribution similar to that
shown in Figure 126. Since dopant atoms do \
not necessarily substitute into lattice sites
during the implantation process (they can come Figure 125. Representative ion penetration path
to rest in interstitial positions), post-implant into a silicon substrate.
annealing is necessary to “activate” the dopant
by substituting the dopant atom into crystal / N
lattice sites. The anneal will also act to repair Nl
any damage done to the silicon crystal matrix i
by collisions with the high-energy dopant
ions and to broaden the dopant distribution
profile somewhat. Once substituted into the
lattice, the dopant will act as either a donor or
acceptor depending on its electronic structure.

N (x) = Npexp

['X—RPJ’I
2R 7

o
e
=

lon implantation is normally used for
n- and p-well formation in the substrate
silicon and source/drain formation. The CMOS
process flow discussed in Section A briefly .
discusses the use of ion implantation for this

Impurity Concentration, N(x)

:-—aR, AR; .
Depth Into the Substrate, Rp .

Figure 126. Representative dopant profile in a substrate
purpose. that has undergone ion implantation.

MKS Product Applications in lon Implantation

The success of ion implantation processes is heavily dependent on the quality of the vacuum within
ion implanters. As a consequence, most of MKS’s product lines associated with high vacuum applications
in vacuum generation, control and monitoring are of relevance in the ion implant market. Detailed
discussion of vacuum generation, control and monitoring is provided in Section B.l. These include:

= MKS Medium and UHV Vacuum Components and Fittings

m  MKS Heater Jackets for Vacuum Components
m  MKS Product Applications for Vacuum Pressure Measurement

= MKS Product Applications for Residual Gas Analysis and QMS
Process Monitoring

MKS Products for lon Source and Beamline Cleaning

MKS ASTRON® Paragon® (Figure 127) remote plasma generators can be
used for F* generation in cleaning applications for ion sources and beamlines.

. . . . L Figure 127.
Application notes on the use of reactive gas generators in this application are ASTRON® Paragon®
available on the AVS User Group website and from the IEEE [205]. Remote Plasma Source.
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Thermal Processing

IV. Thermal Processing

The primary high temperature (thermal) processes employed in semiconductor processing are thermal
oxidation, diffusion and annealing. These processes are normally performed at temperatures in excess of
900°C and at atmospheric pressure.

A. Oxidation

Thermal oxide (silicon dioxide) is a silicon dioxide film produced by the oxidation of substrate silicon,
usually at temperatures in excess of 1000°C. Thermal oxides can be grown using a “dry” oxidation process:

Si+0, > Sio,
Or a “wet” oxidation process:
Si+2H,0 - SiO, + 2H,

Dry oxidations are typically performed at 900°C — 1200°C at high oxygen pressures. Dry oxidations
exhibit the lowest oxide growth rate of the thermal oxidation processes used in semiconductor device
manufacture, typically around 14 — 25 nm/hr. Because of this, dry oxidation processes are normally used
only for processes that require silicon dioxide film thicknesses of less than 100 nm. Dry oxidation processes
tend to produce silicon dioxide films with the highest quality electrical and material characteristics. “Wet”
oxidations can be performed using either entrained water or in situ generated steam produced by the
reaction of hydrogen and water:

2H, + 0, > 2H,0 + Si > SiO, + 2H,

Historically, wet oxidation was used in the LOCOS (LOCal Oxidation of Silicon) process for the
production of electrically isolating “field oxide” in older device designs. The use of TEOS oxides and new
flowable CVD films has largely supplanted this process in advanced device fabrication.

Silicon dioxide has been, arguably, the most important material of the different thin films employed
for semiconductor device fabrication for more than a half century. Indeed, the fact that silicon forms a
stable and adherent oxide with good electrical properties is probably the reason why. As a consequence,
many studies are available in the literature that deal with the growth and characterization of thermal silicon
dioxide thin films and the interested reader is referred to these works and references contained therein for
an in-depth understanding of such aspects as the oxide growth mechanism and interface characteristics
[105] [108] [109] [110].

Practically, thermal silicon oxides can be grown using a variety of equipment configurations and
the best approach depends on the particular device requirements. In this section we will describe those
equipment configurations that would most likely be encountered in the semiconductor fab.

Wafer Surface Preparation

Thermal oxides are used primarily for gate oxides in silicon semiconductor devices. In this
application, it is critical that the silicon dioxide/silicon interface be as perfect as possible with a minimum
of atomic scale defects such as “dangling” chemical bonds and non-stoichiometric hydroxyl contaminants,
as discussed in Section A, Chapter IIl.A. To ensure this, substrates normally undergo a surface preparation
step immediately prior to oxidation. This step typically involves the removal of any native oxide followed by
hydrogen passivation of the surface using a dilute HF-last process. Alternatively, silicon surfaces can be
passivated using a remote plasma-based process.
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Batch Thermal Oxidation

[

-

Figure 128. Horizontal hot-wall furnace load station.

Both dry and wet thermal oxide films can be produced using batch processing and resistively
heated tube furnaces. These furnaces can be configured as either “horizontal hot-wall” or “vertical hot-
wall” furnaces. Horizontal and vertical furnace systems are ubiquitous in older semiconductor fabs. Any
reader who has visited an older fab will be familiar with these installations. Figure 128 shows an image
of a conventional “load station” of a horizontal hot wall system. Unfortunately, it is extremely difficult
to automate wafer handling in horizontal systems and ultra-low particulate processing demands such
automation. Furthermore, vertical furnace processing has been found to yield better oxide film uniformities
across the substrate surface. For these reasons, any batch processing that is found in more modern fab
environments is usually conducted in furnaces configured for vertical processing. Such configurations can
be readily adapted to robotic, cassette-to-cassette wafer handling and FOUP interfaces. For this reason,
horizontal systems will not be considered further in our discussion.

4 A
Heating Element
Quartz Tube
| |Gas Feed
Wafer Silicon Wafers in holder
Transfer
Robot
Wafer holder
Pedestal
Elevator
- J

Figure 129. Vertical thermal batch furnace.
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Figure 129 shows a schematic diagram of the internal components in a verticle furnace. Wafers of
up to 300 mm diameter can be processed in vertical furnace environments. In a typical “dry” oxidation
process, wafers are robotically transferred from a FOUP pod to a quartz wafer holder within the furnace.
This wafer holder, commonly called a “boat” or “cassette,” is used to hold the wafers during processing.
These boats maximize the number of wafers processed for a given spacing between wafers since a
minimum spacing between wafers is required to maintain acceptable uniformity of the oxide film across
the wafer. A typical batch will contain 50 — 100 wafers with a number of baffle (non-process) wafers located
at the top and bottom of the load. The quartz boat is mounted on a mechanical elevator. Once the boat is
fully loaded, the elevator raises the load into the hot environment within the quartz process tube, sealing
the tube against atmosphere. The tube is usually hot during the load step, but at a lower temperature than
during the oxidation process. The ambient atmosphere within the wafer handling compartment and process
tube is an inert gas in order to eliminate any potential for uncontrolled oxide growth as the wafers enter
the hot zone of the furnace. After the load is in the hot zone and the tube sealed, the temperature is raised
to process temperature, again under a blanket of inert gas that prevents any oxide formation. Process
temperatures can range from 1000 to 1250°C. Temperatures and temperature profiles within the furnace
must be precisely controlled, usually to within tolerances of +£0.5°C variance from setpoint or less. Once the
whole system has equilibrated at the desired process temperature, the oxidant gas is introduced and the
oxidation allowed to proceed for a fixed time, forming the oxide film on the silicon substrates. The oxidant
gas can be (most often) high purity oxygen or a mixture of pre-combusted hydrogen and oxygen (steam +
oxygen), depending on the device requirements. After the oxidation has proceeded for the prescribed time,
oxidant gas flow is shut off, the tube is purged with inert gas and the temperature of the system lowered to
the unload setpoint. The elevator then unloads the system by lowering the boat containing the wafers into
the inert gas-filled wafer handling compartment to a position accessible by the wafer handling robotics.
The load is allowed to cool to ambient temperature and the robotics transfer the processed wafers from the
wafer boat to waiting FOUP pods.

Steam oxidation using a vertical batch furnace proceeds similar to dry oxidations but uses pyrogenic
steam as the oxidizing gas. Pyrogenic steam is generated outside of the furnace in a quartz chamber where
hydrogen and oxygen are combusted and the product steam is fed to the process tube.

Single Wafer Thermal Oxidation Processes

4 Lamp Housing R
Window Il KA T NN N AR il I
1 Vi 1
2H,(9) + 0,(9) >2H,0(9) 4
2 Wzafer 2 halogen
Edge Ring
Quartz doguy
Cylinder
Y Watef-cooled ' Yrometers
Reflector Plate

Figure 130. Rapid thermal oxidation chamber showing wafer
in chamber and multi-zone heating lamp array [206].
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Conventional, furnace-based thermal oxidation processes can be problematic for advanced

device fabrication. In addition to particle control issues in the large batch process tools, many advanced
device structures cannot tolerate the temperature burden experienced by the substrate during the load,
equilibrate, process and unload process cycle. The reason is the temperatures and process durations
required for thermal oxidation, dopant atoms migrate out of the device design parameters, changing
concentration profiles and thus the electrical properties of the transistors being fabricated. There are only
two ways to avoid this problem: either lower the temperature or reduce the time that the substrate spends
at high temperatures. Since the time at temperature required for a given silicon oxidation process and

film thickness is more or less fixed, process engineers have sought ways to reduce the ancillary time at
temperature budget in the thermal oxidation process. This has been achieved through the use of rapid
thermal oxidation (RTO) tools. These are single wafer tools in which the wafer is rapidly heated to oxidation
temperature using an array of lamps in an optical system. When using RTO tools, temperature ramp up and
ramp down times can be drastically reduced (Figure 130). Additionally, since the substrate spends only a
relatively short time at oxidation temperatures, it is possible to perform the oxidation at somewhat higher
temperatures reducing the thermal budget even further. Figure 131 compares the thermal budget for a
conventional vertical hot-wall batch reactor with that for a rapid thermal oxidation tool.

4 )

Rapid Thermal Oxidation
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Batch Oxidation
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Figure 131. Thermal budget for RTO versus batch hot wall oxidation.

As with vertical batch systems, single wafer RTO systems are configured to allow cassette-to-
cassette robotic wafer handling throughout the process. Typically, the RTO tool is incorporated into a
multi-chamber cluster tool with 4 or more process stations. Different stations in the tool will perform
different functions. For example, a cluster tool dedicated for gate stack formation might have individual
stations for oxidation, nitridation, anneal, and cool down. Figure 132 shows a typical cluster tool configured
for the production of gate stacks. Wafers are brought to the tool in a FOUP pod and interfaced with the
robotic handler (bottom two stations in the cluster tool). The robot transfers wafers from the FOUP pod to
the starting gate oxide station where the substrate undergoes rapid thermal oxidation. It then undergoes,
sequentially, nitridation, anneal, and polysilicon deposition in dedicated cluster stations, forming the
device gate stack on the substrate. After a cool down phase, the robotics transfer the finished wafer to the

outgoing FOUP station.
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Figure 132. Integrated gate stack cluster tool.

B. Diffusion

Diffusion is the movement of impurity atoms in silicon (or another semiconductor) at high temperature.
Basically, diffusion can be described as a “smoothing out” of any localized high concentration of impurity
atoms that is driven by the motion of the atoms in the material and by their mobility through the dominant
atomic matrix (Figure 133). The impurity concentration gradient, dC/dx, is the driving force for diffusion.
Diffusion can be mathematically expressed using Fick’s first and second laws of diffusion. The diffusion
of dopant atoms in silicon is reasonably predictable using these laws along with information on the
temperature and time at temperature for a substrate. We will not discuss the quantitative relationships for
diffusion here. For more details, see the excellent discussion of this topic in Wolf and Tauber’s text [32] and
references therein.

Diffusion is normally carried out in a horizontal hot-wall tube furnace that is essentially identical to the
batch oxidation furnaces described in the previous section.

Figure 133. Dopant atom diffusion in the silicon crystal lattice.
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C. Annealing

Conventional, high-temperature annealing is used in device manufacturing to relieve stress in silicon;
to activate ion-implanted dopants and to reduce structural defects and stress; and to reduce interfacial
charge at the silicon-silicon dioxide interface. There are also lower temperature annealing processes that
may not be referred to as such. Some other heat treatment processes are occasionally referred to as
annealing. These include glass densification, polysilicon and doped polysilicon anneal, silicide formation
and contact sintering. The normal temperature range for annealing processes lies between 900 and 1100°C
(when processes such as polysilicon anneal and silicide formation are included, the lower limit is extended
to about 700°C). It is normally performed in an inert ambient such as nitrogen or a reducing ambient such
as forming gas (N,/H,). Wolf and Tauber [32] provide an excellent discussion on the importance of thermal
annealing in device fabrication.

Historically, thermal annealing processes were most often performed using conventional resistively-
heated tube furnaces. However, as device designs shrank late in the last century, it was found that the
time at temperature profiles necessary for dopant activation and crystal damage repair in such approaches
resulted in undesirable dopant diffusion. Since atom mobility within the silicon matrix is negligible at
temperatures much below 900°C, temperature reduction was not an available option for solving this
problem. As with the thermal oxidation processes discussed above, most of this undesirable dopant
migration occurred during the heat-up and cool-down phases in these processes. A typical furnace anneal
process for dopant activation and crystal damage repair might require 30 minutes at 900°C. Under such
conditions, dopant atoms, especially the small B atom, suffer excessive diffusion. Studies showed that
dopant activation and crystal repair in the same substrate could be achieved with a 1050°C for 20 seconds
(or less) without excessive dopant diffusion which led to the obvious problem resolution of rapid thermal
annealing (RTA). As with rapid thermal oxidation, in RTA the silicon wafer is heated to high temperature
in seconds by a bank of heat lamps. Cooling is also rapid since the thermal mass of the entire system is
small.

D. Rapid Thermal Processing

Thermal budgets have become so important in modern processing that single wafer rapid thermal
processing approaches are now ubiquitous in the industry. These processes are commonly lumped
together under the label Rapid Thermal Processing or RTP and they include annealing, oxidation, and thin
film deposition processes.

MKS Product Applications in Thermal Processing

While MKS does not directly produce thermal processing equipment for the semiconductor industry,
it acts as an OEM supplier to other organizations that produce this equipment. Here we list some of the key
equipment components supplied by MKS to these producers.

Gas Generation and Flow/Delivery Products

All thermal processes require precise control of the gas ambient. Thermal oxidations require an
inert ambient during heat up and cool down coupled with sharply delineated periods when oxidant gas is
present at the process temperature. Diffusion and annealing processes must be performed under either
an inert gas ambient or a reducing ambient such as forming gas. MKS gas generation and flow control
products are commonly used across the semiconductor industry for this purpose. The discussion below
includes some, but not all, MKS Gas generation and Flow/Delivery Products, focusing primarily on those
products that are expected to find use in thermal processing applications.

Native Oxide Removal and Surface Preparation

Modern device structures demand precise, atomically clean and defect-free interfaces between gate
insulators and substrates. This can only be achieved when ill-defined native oxides are not present during

emks - 124 -



Thermal Processing

the initial growth phase of thermal oxides. To achieve this, it is necessary to etch the native oxide away and
to passivate the surface with hydrogen. A number of MKS products are relevant to this surface preparation
process.

The Paragon® H* (Figure 134) is a remote RF plasma source specifically — /~ ™\
created and optimized to produce a high output of hydrogen radicals. Atomic
hydrogen etches native oxide from the substrate surface and passivates the
surface. The use of remote plasma for hydrogen atom generation eliminates
any direct exposure of the substrate to plasma, ensuring low defect surface
passivation. It is designed to deliver up to 5 L/min hydrogen at pressures of
up to 3 Torr, delivery parameters that are well suited to plasma-based silicon
surface passivation processes. MKS supplies an Application Note on Toroidal
Plasma Source Operation with Hydrogen that is focused on the use of remote
toroidal plasma sources for hydrogen generation.

Microwave Plasma Subsystems are also suitable for atomic hydrogen Figure 134.

production in surface passivation applications. ASTRON® Paragon®
Remote Plasma Source.

Plasma-based surface passivation technologies are all performed under
medium to high vacuum conditions. MKS Vacuum Measurement and Control,
detailed in Section B, Chapter I, all find application in these technologies.

Thermal and Pressure-based Mass Flow Controllers and Meters

Mass Flow Controllers (MFCs) and Meters (MFMs) from MKS are designed to meet a broad variety of
processing applications. Most MKS mass flow control and metering products offer both analog (0-5 VDC;
4-20 mA) and digital (Devicenet, Profibus®, EtherCAT®, RS485) I/0 with embedded Modbus and an Ethernet
user interface.

G-Series MFCs and MFMs are broadly applicable instruments that e ™\
provide cost-effective, high performance measurement and control of gas i
flows between 5 cc/min (sccm) and 250 L/min (slm) with an accuracy of 1% of '
setpoint. They have multi-range, multi-gas capability and are available in either

elastomer or metal-sealed configurations (Figure 135). pova
ALTA MFCs are especially suitable for mass flow control of high flows =
of hydrogen in pyrogenic oxidation and annealing applications. Hydrogen P -
normally presents a notoriously difficult flow control problem. ,;i‘ ' P ﬁ
I-Series MFCs are metal-sealed multi-gas/multi-range controllers that - /
are also suitable for hydrogen service in pyrogenic oxidation and annealing Figure 135.
applications. The I-Series MFCs are IP66-rated for use in harsh industrial G-Series Thermal
environments. Mass Flow Controllers.
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Thin Film Deposition

V. Thin Film Deposition

The thin films that are used to fabricate microelectronic devices are all formed using some kind of
deposition technology where the term refers to the formation of a deposit on a substrate. In semiconductor
device manufacture the following deposition technologies (along with their commonly used acronyms) are:

m  Low Pressure Chemical Vapor Deposition — LPCVD

m  Plasma Enhanced Chemical Vapor Deposition - PECVD

m  Sub-Atmospheric Pressure Chemical Vapor Deposition - SACVD
m  Atmospheric Pressure Chemical Vapor Deposition - APCVD

= Atomic Layer Deposition — ALD

m  Physical Vapor Deposition — PVD

= Ultra-High Vacuum Chemical Vapor Deposition — UHV-CVD

m  Diamond-Like Carbon - DLC

m  Commercial Film - C-F

m  Epitaxial Deposition - Epi

Since epitaxy was discussed in some detail in Part A, the process will not be discussed further in this
section. APCVD processes other than epitaxy can be understood within the context of the discussion on
CVD and thin film formation below; these processes will not be described in detail. Rather, we will briefly
describe thin film deposition principles and representative CVD processes followed by a brief description of
PVD processing.

Typical films produced by CVD processes include:

m  Epitaxial Silicon

m  Epitaxial Compound Semiconductors

m  Polycrystalline Silicon

m  Silicon Dioxide (including P- and B-doped Oxides)
m  Aluminum Oxide

m  Low-k Dielectrics (SiO-F, DLC, amorphous C-F)

= Silicon Nitride

m  Titanium Nitride

= Tantalum Nitride

m  Transition Metal Oxides (i.e. TiO,, ZrO,, Hf,O,, Ta,0,);
m Metals (Al, W, Cu)

= Silicides (WSi, CoSi)
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A. Chemical Vapor Deposition and Thin Film Formation

Chemical vapor deposition processes can be defined as: any process in which a thin solid film is
formed on a substrate by the surface-mediated reaction of adsorbed precursors from the gas phase.
The reactive nature of CVD processes distinguishes them from physical processes such as evaporation
and sputtering that are employed in PVD. The term “surface-mediated” refers to the fact that the solid
film is formed by a heterogeneous reaction occurring at the substrate surface. The chemical compounds
that react on the surface can be either the original reagent chemicals fed to the system or short-lived
intermediate species created in the high temperature gas phase. As a general rule, most CVD processes
and equipment are designed so as to avoid the formation of such gas phase intermediate species, since
they can self-react to produce gas phase particulates. Historically, most CVD processes were carried out
using batch reactor approaches in either horizontal, hot-wall tube reactors under vacuum or in continuous
reactors at atmospheric pressure. As device sizes shrank, however, the need for tighter control over the
chemical processes in CVD reactions became ever more critical, leading to a greater prevalence today of
single wafer/cluster tool equipment configurations in which thin films can be grown.
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Figure 136. Aspects of a CVD process.

Figure 136 shows a schematic that can help in understanding the different processes in a CVD
reactor. Chemical vapor deposition processes can be broken down into a number of discrete steps: First
the precursor chemicals must be fed into the CVD reactor. Once in the reactor, precursor molecules must
be transported to the substrate surface, usually through a combination of fluid transport and diffusion.
Once on the surface, the precursor molecule must remain there long enough to react. After reaction occurs,
the product thin film atom must remain on the surface while the by-product molecules must desorb from
the substrate surface to make room for more incoming precursor molecules.

For now, we will not consider the pressure of the reaction nor the kind of reactor configuration, since
these can vary widely and are often process-specific. The main common characteristics among different
types of CVD processes is that, in all cases, the reactions or critical aspects of the reactions are thermally
driven, and this requires that energy be added to the process. This energy can be in the form of heat to the
substrate, plasma energy to the reactants or a combination of both.
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The precursors used for CVD reactions must be of extremely high purity since any impurity will end
up incorporated into the deposited film. Such impurities introduce uncontrolled changes in the material
properties of the films that are detrimental to device performance. As a corollary to the statement on
purity, CVD precursors must also be stable under storage conditions since any decomposition produces
impurities that will be fed to the process. Ideally, CVD precursors only react under the temperature and
pressure conditions that exist within the CVD process.

Precursors/Diluents

Typical precursors for CVD processes include:

= Oxygen

m  Halides: H,SiCl,, HSiCl,, TiCl,, WF, etc.

m  Hydrides: SiH,, GeH,, AlH,(NMe,),, NH,, etc.

m  Organometallics: AlMe,, Ti(CH,tBu),, etc.

m  Metal Alkoxides: TEOS, Tetrakis Dimethylamino Titanium (TDMAT), Ti(OiPr),, etc.
m  Metal Dialkylamides: Ti(NMe,),, etc.

m  Metal Diketonates: Cu(acac),

m  Metal Carbonyls: Ni(CO),

The first step in the actual CVD process is the controlled introduction of the precursors and any
required diluent gases into the reaction chamber; this introduction is depicted on the left side of the
chamber in Figure 136. To do this, the precursors must have sufficient vapor pressure to produce a stable,
controllable flow to the process chamber. High pressure gases such as silane, hydrogen, ammonia, etc.
meet this criterion and are easily delivered to the process using MFCs. Many liquids (e.g. halides such as
dichloro- and trichlorosilane, titanium tetrachloride, tungsten hexafluoride, tantalum pentachloride;
organometallic compounds such as TEOS, trimethylphosphate (TMP), aluminum alkyls,
tetrakis(diethylamido) hafnium, tetrakis(dimethylamido)titanium, etc.) also have sufficient vapor pressure
to produce stable, controllable flows using MFCs. Potential precursors having lower volatility, including
volatile solids, present a problem for delivery to CVD reactors since most methods employed to date suffer
from repeatability problems. In practice, a substrate is loaded into the process chamber and heated to the
required process temperature under inert gas flow. Once the substrate is at temperature, the precursor/
diluent gas mixture is introduced to the process chamber.

Fluid Flow/Diffusion

Once in the chamber, the precursor molecule is transported to the substrate surface by fluid flow
effects, diffusion or a combination of both phenomena. These factors control the rate of arrival of precursor
molecules at the substrate surface; this rate combined with the residence time/reactivity of the precursor
on the surface, determines the rate of growth of the CVD film. In very low pressure CVD reactions (i.e.,
UHV-CVD), the precursor mean free path is of the same dimensional order as the size of the CVD process
chamber and precursor molecules flow to the substrate surface without the interference of hydrodynamic
boundary layer effects or gas phase reactions. Under these conditions, the rate of film growth is dependent
only on the chemical reaction rate on the substrate surface provided that sufficient precursor is fed to the
reactor inlet. Under intermediate pressures such as those in conventional LPCVD and PECVD processes
(0.1 — 10 Torr), gas phase collisions and boundary layer effects more strongly influence precursor delivery
to the substrate surface. LPCVD processes, while they are still primarily rate-limited by surface reaction
rates, can be affected by mass transfer rates (diffusion rate) of precursor through the boundary layer to the
substrate surface. LPCVD process conditions are designed with the assumption that the rate of film growth
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will not be limited by the rate of diffusion of precursor through the boundary layer rather than by the surface
reaction rate, however, many LPCVD processes end up operating in a mixed regime where boundary

layer effects play a role. The allowance for boundary layer effects plays a significant role in the physical
configuration of most LPCVD reactors. A similar situation exists in PECVD reactors where mass transfer
issues can influence the process even more strongly since the highly reactive chemical species produced

in plasma result in much higher surface reaction rates. Additionally, LPCVD and PECVD reactors must

be designed with care for surface-to-volume ratios and gas phase recirculation cells to avoid gas phase
nucleation and particle contamination. APCVD processes operate at pressures of 760 Torr and, under these
conditions, gas phase collisions and surface boundary layer effects dominate. Fluid flow patterns must be
carefully managed within APCVD reactors to ensure that equal concentrations of reactants reach all parts
of the substrate surface. As with LPCVD/PECVD processes, surface-to-volume ratios and gas recirculation
zones are present and, in fact, are an even more critically important consideration for APCVD reactor
designs.

Gas Phase Reaction and Nucleation

Depending on the chemical nature of the precursor as well as the temperature and pressure
conditions within a CVD process, gas phase reactions may occur. All CVD reactors and processes are
specifically designed to minimize or eliminate such reactions since they can lead to the nucleation of
particulates in the gas phase and this can drastically reduce device yield. The reader should be aware,
however, that some processes such as TEOS/ozone SACVD actually depend on the gas phase formation of
reactive intermediate compounds in order to achieve beneficial process and product characteristics. This
issue is highly process-specific and it is beyond the intended scope of this discussion.

Surface Adsorption and Reaction

While it may not be the controlling factor for growth rate in all forms of CVD, the adsorption and
reaction of the precursor(s) on the substrate surface are obvious pre-requisites for thin film growth and
it is worthwhile to take a moment to understand the processes that occur on the surface during thin film
deposition. The factors that control the surface reaction are:

m  Precursor flux to the surface

- Controlled by fluid flow and/or diffusion (see above)

= Availability of surface sites that will adsorb precursor molecules and retain them long enough for
reaction to occur

- Controlled by product desorption rate and affected by adsorbed impurities

m  Substrate surface temperature

- Affects both residence time and reactivity of the precursor molecule

Once the precursor reaches the surface, it must adsorb and remain there long enough to react
either by decomposition or with a co-reactant similarly adsorbed on the surface. The concentration of
adsorbed precursors on a substrate surface is governed by the rate of arrival of precursor molecules at
the surface; the proportion of incident molecules that stay on the surface; and the density of sites available
for the adsorption of precursor molecules. Precursor arrival rates are also called the precursor flux and
the probability of an incident molecule actually sticking to the surface once it arrives there is known as the
“sticking coefficient”. The rate of adsorption of precursor molecules is directly proportional to both factors
and to the density of free adsorption sites on the surface. If reaction by-products remained adsorbed, they
would block fresh precursor from adsorbing and thus slow the rate. Similarly, if impurities are present they
may occupy surface sites limiting the adsorption of fresh precursor and slowing film growth rates.
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Figure 137. Decomposition of ammonia on a FCC metal surface [207].

Molecular precursors, once adsorbed on the substrate surface, undergo decomposition and/
or reactions that are promoted by their interaction with the surface. A typical surface decomposition is
represented by the adsorption and decomposition of ammonia, NH,, on a metal surface, shown in Figure
137. In this case, the ammonia molecule undergoes a step-wise decomposition to produce a nitrogen atom
on the surface and hydrogen molecules which desorb into the gas phase. The hydrogen desorption rate is
dependent on the temperature and the process pressure. As noted above, this rate impacts the overall rate
of the deposition process since the sites occupied by hydrogen or other by-product atoms cannot adsorb
incoming precursor molecules. Silane and other molecular precursors used in semiconductor CVD adsorb
and decompose on silicon and other surfaces in an analogous manner.
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Figure 138. Vacancy, edge and kink sites on a substrate surface. Figure 139. Adatom surface migration and nucleation.

The elemental adatoms (atoms that are adsorbed on a surface) that are created in the surface
reactions are not stationary; in the case of a single crystal substrate such as a silicon wafer, they migrate
across the surface until they encounter a high-energy surface site. High energy sites on a single crystal
surface are sites such as atomic vacancies in a crystal face, lattice edges where a crystal plane ends and
sites where a lattice edge experiences a “kink” (Figure 138). On non-crystalline surfaces such as silicon
dioxide these well-defined high energy sites are not present, however, other types of surface sites act
to trap adatoms. Once it encounters such a site, the adatom tends to remain stationary and to act as a
starting point for surface nucleation of the desired thin film (Figure 139). Nuclei grow on the surface by the
addition of migrating adatoms until they finally coalesce into a coherent film layer and the process begins
again on this layer (obviously, this is an idealized view and actual growth will be “messier” with growth
occuring over multiple layers and levels on a real surface). Figure 140 shows a highly-idealized picture of
the different stages of film growth that follow the adsorption of atomic precursors on a substrate surface.
These stages occur in all CVD and PVD thin film deposition processes.
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Figure 140. The stages of thin film growth.

Energy

The surface reactions that produce the thin films in these deposition processes require energy to
promote the chemical reaction and to enable the surface migration of adatoms which produces nucleation
and continuous film formation. In most deposition processes, thermal energy fulfills either all or a portion of
the energy requirements of the process. Usually, this thermal energy is supplied using conventional resistive
heaters, inductive heating or infrared lamps; the choice usually depends on the device requirements/
limitations and the equipment configuration in use. Energy can also be supplied to the system in the form
of high energy chemical species produced using a plasma. The plasma source is usually either a radio
frequency (RF) or microwave power supply. Historically, plasmas that supplied reactive chemicals for the
deposition have been created adjacent to substrate surfaces; however, many modern processes employ
remote plasma sources from which the reactive species can be extracted and fed to the thin film process
without incurring direct exposure of the substrate to the plasma. The reason for this lies in the fact that the
free ions and electrons in a plasma can bombard the growing film, producing defects and adding impurities
that are detrimental to its material properties.

Transport of Product Gases

In order for the chemical reactions that produce the thin films on the substrate surface to proceed at
an acceptable rate, it is necessary to remove the product gasses from the deposition environment. This
is usually accomplished using mechanical vacuum pumps or blowers. Obviously, pumping speeds, gas
handling capacity and materials compatibilities of the pumping system must be matched to the inlet flows,
reaction characteristics and physical/chemical properties of the product gases.

Low Pressure Chemical Vapor Deposition (LPCVD) Systems

LPCVD deposition systems typically operate at pressures that range from 0.1 to 10 Torr. The reader
will recall that this is considered a medium vacuum application. Reactor configurations that have been
used for LPCVD thin film processes include resistance heated tubular hot-wall reactors, vertical flow batch
reactors and single-wafer reactors. Throughout the latter part of the 20" Century, much LPCVD processing
was performed in horizontal hot-wall tube reactors, a schematic of which is shown in Figure 141.
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Figure 141. A horizontal hot-wall LPCVD reactor [32].

These reactors could process 100 or more wafers simultaneously and were very successful in
depositing LPCVD silicon dioxide, silicon nitride and polysilicon thin films. LPCVD reactions for these films
require temperatures that range from 425°C (silicon dioxide, low temperature oxide, LTO) to 740°C (silicon
nitride) with occasional processes running at greater than 800°C (silicon dioxide, high temperature oxide,
HTO). These process temperatures are achieved using resistive electrical heaters. The precursor gas in
this equipment configuration is fed into the reaction chamber using either an inlet at the front of the tube or
long injector tubes which lie on the bottom of the tube and run the length of the boat of wafers. However,
both of these gas inlet configurations present problems for the user. If the precursor is simply fed in at the
front of the tube, it will react on the wafer and equipment surfaces as it passes down the tube, depleting
the precursor concentration in the gas phase. This results in higher precursor concentrations and therefore
thicker deposited films on wafers located at the front of the tube. As a consequence, the film thickness
profile for a LPCVD process in which the precursor is input at the door and a constant temperature is
maintained over the wafer load looks like that shown in Figure 142. This depletion problem could be
overcome through the use of temperature ramps over the wafer load (increasing temperatures towards the
pump end of the load) or through the use of gas injectors in lower temperature processes. However, as
device designs grew smaller in the ‘90s and early 2000s these solutions failed as they led to unacceptable
variations in film properties (between films deposited at the cooler temperatures at the door end of the load
and those deposited at the higher temperature pump end) or to reproducibility and costly maintenance
issues in the case of injector use. Additionally, the relatively high time-at-temperature burden of batch
hot-wall processes could no longer be tolerated when processing devices at smaller design rules. Finally,
certain hot-wall LPCVD processes required “caged boat” wafer carriers (doped TEOS oxide, in situ doped
polysilicon) that produced particle levels that were unacceptable for advanced device processing. For these
and other reasons, horizontal hot wall systems have fallen into disuse in most fab environments.
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Figure 142. Film thickness profile over a wafer load in a constant temperature
LPCVD process without precursor injectors.
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The failings of conventional LPCVD equipment in advanced device processing led to an exploration of
several alternative equipment configurations for LPCVD processes. Cold-wall, inductively coupled systems
and cold-wall, vertical flow small batch systems experienced some acceptance and can still be found in
use today. However, modern fabs have largely migrated to the use of single wafer cluster tools for CVD

and other processing needs owing to demonstrated advantages in wafer handling, effective particle and
process control and process integration.
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Figure 143. A typical single wafer CVD process chamber configuration.

Exhaust
Port 200°C<T<800°C

.

“ 3&'_\3.‘2‘—'— -

vd—

J

Single wafer cluster tools process a single wafer at a time in small process chambers that can
be designed for optimal performance in a variety of areas. Gas recirculation and surface-to-volume
characteristics within single wafer chambers can be much more precisely tuned than in other equipment
configurations, eliminating any potential for gas phase nucleation and in-process particle generation. Fluid
flow and diffusion is much more effectively controlled in these configurations which results in more efficient
use of precursors and higher deposition rates. The latter characteristics have allowed device manufacturers
to significantly reduce the time-at-temperature burden in CVD processes, a key requirement in the

manufacture of devices with nanoscale geometries. These and other more process-specific advantages
have resulted in the wide-spread use of such cluster tools within the industry.

The internal configuration of a single wafer process chamber within the cluster tool depends on the
intended process to be performed within the chamber. Figure 143 shows a schematic of a representative
single wafer CVD chamber. Precursor is fed to the chamber using a showerhead arrangement that ensures
a uniform concentration of precursor over the entire wafer face. The showerhead and chamber walls are
cooled to temperatures below which deposition should not occur in order to minimize any potential for
particle production by the spalling of deposits on these surfaces. The substrate is heated using resistive
or optical heating of the wafer chuck. The gas exits the chamber via exhaust ports below the wafer. The

geometries within the chamber are precisely designed to optimize process performance for zero particle
generation, even film uniformity and desirable film properties.

Figure 144 shows a schematic for a cluster tool configuration. Wafers are introduced into a transfer
station using a load-lock arrangement and FOUP protocols. Once the transfer station has been pumped
to vacuum conditions, a robotic wafer handler (in the central chamber) picks up the wafer and transfers it
to a process chamber. The process chamber is sealed and the wafer undergoes the intended process, in
this discussion thin film deposition by CVD. When the process is complete, the wafer is extracted from the
process module and transferred either to another process module (i.e., gate stack processing, annealing,
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etc) or to a cooling module then to the transfer station that is brought back to atmospheric pressure so that
the processed wafer can be removed from the system.
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Figure 144. Schematic of a modern cluster tool.

2. Plasma Enhanced CVD (PECVD) Systems

Plasma enhanced CVD systems, like 7 Pressure Graphite ™\
LPCVD systems, began as batch processors Sensor Electrodes
for loads of up to 100 wafers at a time. The O
key advantages sought in the use of PECVD 3-Zone Furnace

vs. LPCVD were the ability to reduce process
temperatures while maintaining or increasing
deposition rates. As device geometries grew
ever smaller, limiting time-at-temperature
became more important in maintaining the
material properties and electrical characteristics
of the components already in place on partially
fabricated devices. As PECVD processes

Load Gas Quartz
matured, other advantages such as the \ Door Inlet Tube J
ability to manipulate thin film material and .
conformational properties became apparent. Figure 145. Hot wall PECVD system.

The early commercial configurations for

PECVD processing were derived from LPCVD technology of the time, with the PECVD process performed
in an evacuated (2-10 Torr) hot-wall tube reactor environment (Figure 145). These systems exhibited
similar failings to hot wall LPCVD and modern PECVD processing migrated to single wafer cluster tool
environments with the advent of VLSI and ULSI processing.
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Outwardly, single wafer process o e _— T ™\
chambers for PECVD look somewhat similar Gas Gas
to those for LPCVD. Figure 146 shows a
schematic that illustrates the characteristics —J l 5' l L
of a single wafer plasma chamber. As Bl rF Power
with single wafer LPCVD chambers, the
precursor gas is fed to the chamber using
a showerhead arrangement to ensure
uniformity of precursor concentration | water

over the wafer face. Direct exposure RF
(radio frequency) PECVD systems typically
employ the showerhead as an electrode
for the introduction of RF energy to create
the plasma. Precursor entering the plasma
undergoes electron-molecule collisions,
producing high energy excited molecules
and molecular fragments that adsorb on
the substrate surface and deposit the film.
Like LPCVD systems, the wafer sits on a
heated platen and the by-product gases are
exhausted through ports below the wafer
level.

Methods such as High Density Plasma
(HDP)-CVD use remote inductively coupled
plasma or electron cyclotron resonance
chambers to generate high concentrations
of reactive species and ions. In some cases,
HDP-CVD reactors are designed with a
microwave plasma source for reactive species
generation and an ability to bias the substrate
for controlled ion bombardment such as is
shown in Figure 147. Other PECVD reactor
configurations do not expose the substrate
to direct plasma exposure so as to avoid
ion and electron bombardment. In these
configurations, remote plasma generation
is combined with ion screening so that only
neutral excited species such as molecular and
molecular-fragment radicals can reach the
substrate.
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Figure 146. Single wafer plasma chamber.
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Figure 147. HDP-CVD system [208].

3. Sub-Atmospheric Pressure CVD Systems

The primary application for SACVD equipment is in the TEOS/ozone silicon dioxide CVD process.
TEOS/O, processes fulfill the need for reduced time-at-temperature in interlevel dielectric processing for
ULSI. Additionally, TEOS/O, has self-planarizing characteristics superior to other silicon dioxide thin film

deposition process.
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B. Atomic Layer Deposition (ALD)
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Figure 148. Steps in an ALD process.

Atomic layer deposition is similar to LPCVD except that the chemical process is broken down into
steps that isolate different adsorption and reaction steps to have self-limiting reactions. The process
employs separate pulses of precursors and reactants that pass sequentially through the process chamber.
Figure 148 illustrates the ALD process. With the substrate in the process chamber and under high vacuum,
an initial precursor is introduced into the chamber. The molecular character of the precursor is such
that it will form a chemically-bound monolayer on the substrate surface (Step 1). Any layers beyond the
monolayer are only bound by physisorption forces which are weak enough to allow any precursor other
than that in the monolayer to be pumped away under high vacuum. Once the monolayer is present on
the substrate, the chamber is re-evacuated and purged to remove any excess precursor (Step 2). Next, a
reactant is introduced to the process chamber (Step 3). It reacts with the monolayer material to form the
desired compound on the substrate surface (Step 4). By-products of this reaction are pumped away.

In terms of representative chemistry, consider an ALD process for aluminum oxide. A pulse of
aluminum alkyl compound, in this case trimethylaluminum, is introduced to the process chamber. The
untreated substrate has been prepared prior to the ALD process so that it has a well-ordered covering of
hydroxyls on the surface and the aluminum alkyl reacts with hydroxyls that coat the surface forming an
Al-O bond and losing a CH, group through reaction between the CH, ligand and the surface OH group
(Step 1). CH, is a gas; it is pumped away and any residual in the chamber is removed using a fast inert gas
purge (Step 2). The surface is now coated with Al-CH, and the reactant, in this case water, is introduced to
the chamber (Step 3). It reacts with the Al-CH, bonds, generating more CH, gas, a bridging Al-O-Al and an
Al-OH bond. The residual CH, is removed from the system using pump/purge (Step 4). The bridged Al-O-Al
becomes part of the growing film and the Al-OH at the film surface presents a new, hydroxyl coated surface
that is ready for the ALD process to start all over again.

ALD processing thus requires a very demanding and precise combination of effective precursor
delivery and control with process and tool monitoring. The ALD process consists of many cycles of short
cycle-time steps employing multiple precursors delivered as very small, tightly controlled gas pulses.
The key advantage of ALD processing is the fact that it produces perfectly uniform films over large area
substrates and perfect three dimensional conformality in the film. As well, the controlled
monolayer-by-monolayer growth allows the user precise control over film thickness. With the proper
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selection of precursor and reactants, time-at-temperature burdens can be kept very low in ALD processing.
The primary disadvantage of the process is its relatively slow deposition rate, but this is not proving to be a
serious impediment to its use for devices having nanometer scale feature sizes.

ALD processes can be either thermally driven or plasma enhanced. Plasma enhanced ALD processes
using direct plasma, remote plasma, and combined direct/remote plasma have been demonstrated.
They are normally carried out using single-wafer cluster tool equipment configurations. Figure 149 shows
schematic depictions of different kinds of ALD reactors.
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Figure 149. Different kinds of single wafer ALD reactor configurations [209] [210].

C. Physical Vapor Deposition (PVD) Systems

Physical Vapor Deposition (PVD) processes deposit thin films by using physical processes such as
evaporation or sputtering. These processes vaporize material from a solid source under high temperature/
high vacuum or plasma and redeposit the material on the substrate surface. Thermal evaporation and
sputtering are the primary methods of PVD. Thermal evaporation vaporizes the source material by heating
it in vacuum while sputtering uses a plasma to produce ion bombardment (normally argon ions) that creates
a vapor from the source material. Films that can be deposited by PVD include most metals and dielectric
materials.

MKS Product Applications in Thin Film Deposition

Figure 150 shows a typical single wafer chamber thin film deposition system and all of the ancillary
MKS components involved in the operation of the system. This generic diagram is applicable to single
wafer LPCVD, PECVD, SACVD, ALD and PVD. Specific MKS product applications are noted in the following
pages.
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Figure 150. Ancillary systems in thin film deposition equipment.

Products for Precursor Delivery (except ALD)

Thermal and Pressure-based Mass Flow Controllers and Meters

Mass Flow Controllers (MFCs) and Meters (MFMs) are designed to meet a broad variety of processing
applications. Most MKS mass flow control and metering products offer both analog (0-5 VDC; 4-20 mA)

and digital (Devicenet, Profibus, EtherCAT, RS485) I/O with embedded Modbus and an Ethernet user

interface.

G-Series MFCs and MFMs are broadly applicable instruments that provide cost-effective, high

performance measurement and control of gas flows between 5 cc/min (sccm) and 250 L/min (slm) with
an accuracy of 1% of setpoint. They have multi-range, multi-gas capability and are available in either
elastomer or metal sealed configurations.

ALTA MFCs are especially suitable for mass flow control of high flows of hydrogen in pyrogenic
oxidation and annealing applications. Hydrogen normally presents a notoriously difficult flow control

problem.

I-Series MFCs are also suitable for hydrogen service in pyrogenic oxidation and annealing
applications. The I-Series MFCs are IP66-rated for use in harsh industrial environments.
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MKS ozone gas delivery products are suitable for a variety of purposes including TEOS/O, SACVD.
They incorporate field proven, high concentration, ultra-clean ozone generation technology as well as
integrated ozone concentration monitor, flow control, and power distribution. Safety monitors, status
indicator, and ozone destruct are available on some models.

The O,MEGA® generator is a compact, integrated ozone solution that incorporates flow control
for both O, and dopant gas species, as well as an electronic pressure controller (Figure 151). Designed
for maximum flexibility, O,MEGA subsystems are the smallest, most complete ozone delivery systems
available.

Also available is the SEMOZON® line of ozone gas generators which includes the SEMOZON AX8575,
a fully integrated, high output ozone gas delivery system that can be configured as a multi-channel system
delivering ozone for up to 4 channels supporting multiple chambers or multiple tools. It has an optional
in-rack chiller for ultra-high concentrations Figure 152.

Products for Flow Ratio Control

MKS offers a line of digitally controlled, web-enabled gas flow ratio measurement and control
technology for multi-channel gas flow distribution. The DELTA™ Il mass flow controller divides and controls
mixed process gas flows to either multiple chambers or zones within a process chamber at ratios specified
by the user to maximize process uniformity and repeatability. The DELTA Il is used in a variety of flow
splitting applications, including etch, strip and CVD (Figure 153).

Plasma Generators for PECVD

MKS RF Generators deliver reliable solid state power for today’s thin film deposition applications.
MKS RF generators insure consistent, repeatable power delivery in the most critical applications.

The SurePower 13.56MHz product line offers the highest power density available, up to 13kW in a 3U
full rack package. SurePower uses patented intrinsic power amplifier protection and embedded V-I sensor
to achieve superior reliability and power accuracy.

The MKS KEINOS™ line of plasma generators are designed for pulsed duty applications in
environments that experience fast impedance changes such as PECVD (Figure 154). The KEINOS line
of generators delivers up to 13 kW of power with pulsing to 20 KHz, multiple set point pulsing, pulse
shaping, and frequency tuning. MKS also produces a line of pulsed DC power generators for use in PECVD
applications.

VL7330

“ HITIOHINGA CILVE MO

. AN
Figure 151. Figure 152. Figure 153. Figure 154.
O,Mega Ozone Generator SEMOZON® AX8575 Delta™ || KEINOS™
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Reactive Gas Generators

MKS offers a variety of plasma-based reactive gas generators designed for both general use and for
specific processes (Figure 155). These generators provide reliable sources of active NF, and other
fluorine-based radical species as well as reactive species derived from O,, N,, H, and H,O. These
generators find application in deposition technologies in which remote sources of plasma species are
needed and in maintenance functions such as the generation of reactive species for CVD chamber
cleaning.

The AX7610 is a general duty microwave plasma source for use in remote plasma applications and
reactive gas generation. It is designed to be integrated into a microwave plasma subsystem comprised of
power supplies, microwave magnetron heads, matching systems, etc. MKS offers a variety of microwave
power generators, magnetron heads and system accessories.

Plasma Sources for PVD Thin Film Deposition Reactors

MKS offers a line of RF_ and DC power generators for applications that include PVD and direct plasma
PECVD applications. Product frequencies range from DC to high RF frequencies with power levels up to
100 kW.

Products for ALD Systems

MKS offers the high performance P-Series MFCs and meters for applications in ALD processing (Figure
156). These are metal sealed, pressure insensitive MFC/MFMs with full scales up to 250 slm. Key for precise
gas pulse production in ALD applications, they exhibit less than 750 millisecond settling time and are multi-gas,
multi-range units with both analog and digital I/O and embedded Modbus and Ethernet user interfaces.

Ozone generation products from MKS are suitable for a variety of purposes including TEOS/O3 SACVD.
They incorporate field proven, high concentration, ultra-clean ozone generation technology as well as
integrated ozone concentration monitor, flow control, and power distribution. Safety monitors, status indicator,
and ozone destruct are available on some models.

The Paragon H* (Figure 155) and R*evolution (Figure 157) remote plasma sources find use in ALD as an
ultra-clean source of reactive gas for wafer pre-cleaning to promote film adhesion as well as for generating
reactive precursors.

The MKS T3Bi throttle valve, an intelligent, high speed exhaust valve, provides fast downstream vacuum/
pressure control for ALD applications. This throttle valve is designed for fast recovery from flow and pressure
variations, a pre-requisite for vacuum control in ALD systems (Figure 158).
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Figure 155. Figure 156. Figure 157. Figure 158.
ASTRON® Paragon® P-Series Mass Flow R*evolution T3Bi Throttle Valve.

Remote Plasma Source. Controllers and Meters. Reactive Gas Generator.
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Gas Composition and Process Monitors (for CVD, ALD, PVD)

MKS gas composition monitors are based on Fourier-transform infrared spectroscopy (FTIR) and
quadrupole mass spectrometer (QMS) technologies. The MultiGas™ 2030 (Figure 159) is an operator-friendly
FTIR-based analyzer capable of ppb to ppm sensitivity for multiple gas species process monitoring applications.
It has permanently stored calibration spectra, simplifying installation and calibration needs. The Vision 2000-C™
(Figure 160) gas analyzer is an application-specific RGA designed for continuous in situ monitoring of chemical
vapor deposition (CVD) and etching processes during chamber clean, passivation and deposition. The Vision
2000-C is designed to detect subtle changes in low concentration species and high mass species decay with
respect to time.

MKS also offers the Process Sense™ non-dispersive infrared (NDIR) analyzer for use in monitoring CVD and
etch chamber cleaning processes (Figure 161). The Process Sense™ endpoint sensor is a small, low cost partial-
pressure analyzer specifically designed to determine the completion of plasma chamber cleaning of deposition
chambers. Process Senseis based on near infrared absorption.

Effluent Management Systems

Downstream effluents in some thin film manufacturing processes can lead to yield loss and
excessive equipment downtime due to clogged forelines, damaged pumps and valves, and contaminated
transducers. Clogged lines simultaneously reduce flow conductance and raise particle counts. Effluent
problems can also create serious safety issues. MKS has developed a series of traps and effluent
management solutions and vacuum line heaters to help maintain clear piping.

Automation and Control Systems

MKS offers a Programmable Automation Platform (PAC) that can be easily configured to perform
standard control and automation tasks (Figure 162). The advanced analytics feature of the Automation
Platform provides a smarter automation solution. It can be configured to connect, monitor, control, analyze,
and optimize processes—fully delivering on the concept of “learned” automation. The Automation Platform
supports the MKS SenseLink™ QM application for real-time multivariate analytics, incorporates knowledge
and solutions in design of experiments (DOE) and process optimization, and applies it to controls and
automation. In addition to supporting advanced control algorithms (both MKS and third party), the
Automation Platform easily integrates with other MKS devices and instruments including pressure gauges,
mass flow controllers, valves, gas analysis solutions, etc.

MKS Pressure Measurement

MKS Baratron capacitance manometers are widely used for pressure in thin film deposition.
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Figure 159. Figure 160. Figure 161. Figure 162.
MultiGas™ 2030. Vision 2000-C™ Process Sense™ Automation Platform.

Residual Gas Analyzer. Endpoint Sensor.
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Photolithography

VI. Photolithography

A. Basic Principles and Procedures

Itis

The word lithography comes from the Greek words for stone, lithos, and to write, graphia.
defined in the Merriam-Webster dictionary as: “a method of printing from a flat surface (such

as a smooth stone or a metal plate) that has been prepared so that the ink will only stick to the
design that will be printed.” In semiconductor device manufacturing, the stone is the silicon
wafer and the ink is the deposition, lithography and etch process that creates the desired
feature. Since lithography for device fabrication involves the use of optical exposure to create the
pattern, semiconductor lithography is commonly called “photolithography.” An illustration of the
photolithography process, in this case to define shallow trench isolation features, consists of the
following steps:

—_

Substrate cleaning and preparation

2. Form layers of thermal oxide and deposit a layer of silicon nitride on the clean substrate
3. Deposit a carbon hard mask followed by a layer of anti-reflective material
4. Deposit a layer of photoresist
5. Pre-bake the photoresist
6. Align the substrate/photoresist and photomask and expose the photoresist using UV radiation
7. Post exposure bake
8. Develop the pattern in the photoresist and hard bake to remove remaining solvent
9. Perform etch to open dielectric anti-reflective coating (DARC) and hard mask pattern and remove
photoresist and DARC
10. Perform etch to open trenches in substrate and remove hard mask
11. Clean surface
4 )
Nitride Antireflective Coatlng
P-Epi
P+ <100> Wafer
Wafer Clean Pad Oxide and Carbon Hard Mask Spin Coat
Nitride Deposition and Antireflective Photoresist and
Coating Deposition Pre-Bake
Etch Trench then Open Antireflective Develo, and Hard Exposure and
Remove Hardmask Coating and Hard Mask; Post-Exposure Bake
itntp F;lho‘;oreSést a;rld
ntretlective L-oatin
- i J

Figure 163. A schematic representation of a semiconductor device patterning process.
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Figure 163 shows a schematic of the basic steps in patterning features for silicon device fabrication;
we will discuss each step in some detail. The reader is also referred to the section on CMOS Process Flow
in Part A of this work to help place the photolithography process in context with device fabrication.

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

The substrate to be patterned must first be cleaned and have its surface treated to improve
photoresist adhesion. Fresh unprocessed wafers (as is the case in n- and p-well formation)
typically undergo an RCA clean (see Part A). More structured substrates may require a simple
degrease, rinse and dry or the removal of residual photoresist from earlier steps using a remote
plasma oxygen clean or a dissolved ozone clean, DIO,. Once the surface is clean, a photoresist
adhesion promoter is often employed to improve the wetting characteristics of the photoresist
(sometimes called “wafer priming”). The primer makes the surface more compatible at the
molecular level with the organic photoresist. In wafer priming, the substrate is first dried (15
minutes at 80-90°C), then exposed to the primer. Primers are usually polar molecules based on
siloxane chemistries (e.g. 1,1,1,3,3,3-hexamethyldisilazane, HMDS, (CHS)SSiNHSi(CHS)S). Exposure
of the substrate to the primer can be done in either the liquid or vapor phases.

4 )

Resist Dispenser

Photoresist ﬁ

Excess Resist Flies
Off During Rotation

Wafer to be Coated \
Vacuum Chuck

. J

Figure 164. Schematic for a spin coater showing major components and actions.

The clean substrate has a thermal “pad” oxide formed on its surface followed by the deposition of a
layer of CVD silicon nitride.

Using PECVD, a layer of amorphous carbon hard mask followed by a layer of DARC are deposited
on the substrate. A hard mask is employed to improve line edge roughness and the integrity of the
structure during etch.

The substrate is placed on a vacuum chuck in a photoresist spinner. It is then spun at a rate of
3000-6000 rpm. A viscous, liquid photoresist solution is dispensed at the center of the substrate and
centrifugal force spreads the photoresist over the entire substrate surface at a uniform thickness.
Figure 164 shows the principle components and actions in the photoresist spin coating process.
The final thickness of the resist is determined by the resist viscosity and the reciprocal of the spinner
rotational speed. Resist layer thicknesses vary according to process needs; they can be as thick as
1-2 pm.

Photoresists are chemical compounds that change their structure when exposed to ultraviolet (UV)
light; this, in turn, changes the solubility of the photoresist in the exposed region. Two types of
photoresists are used, either positive resists or negative resists. A positive photoresist becomes more
soluble when exposed to UV light while a negative resist becomes insoluble in the exposed areas.

The pre-bake step (sometimes called a “soft bake”) evaporates the photoresist solution solvent
from the photoresist layer on the substrate. This is typically done using microwave or IR heating in a
production environment, or a convection oven or hot plate in development labs. It is important that
pre-bake conditions are optimized to a given device process requirement.
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Step 6:

Step 7:

Following the pre-bake step, the photoresist-coated substrate is exposed to a pattern of UV

light. In modern ULSI technology this exposure is accomplished using projection technology and
a step-and-repeat or scanner equipment configuration in which small sections of the substrate
are patterned many times across the surface of the substrate. Older technologies for photoresist
exposure include contact printing and proximity printing. Photolithography is an immensely
complicated and exacting process and we will only introduce the basics of modern methods here.
See more detailed discussions of semiconductor photolithography technologies that can be found
in standard texts by Wolf and Tauber [32] and by Sze [96].

4 )
=11 v Lot Source

I _ Collimating Lens System

Image

IEél Mask/Reticle + Pellicle
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Reduction Lens System

‘ ) Substrate with Photoresist Coating

Figure 165. Projection photolithography components [211].

The basic components of projection lithography are shown

in Figure 165. In projection photolithography, the substrate

and mask are first aligned using registration marks on the
mask and wafer. For exposure, UV light is passed through

a lens system to produce a collimated (parallel) beam. The
collimated beam passes through the photomask (Figure 166)
which contains the pattern to be printed on the substrate. In
projection lithography, these masks are called reticles, and they
are designed to pattern one or more die or a section of a die,
depending on die size and pattern complexity. In this method,
the light beam containing the patterning information is passed
through another lens system that reduces the pattern size to
that required in the microelectronics device. Once a die or array

. . Figure 166. Photomasks (reticles)
exposure is completed, the stepper shifts the substrate (and/or [213] (Photo provided by

mask) to align the system to the next section of the substrate Toppan Printing Co., Ltd.)
to be patterned and the process is repeated.

Following exposure of the entire substrate, the patterned photoresists undergo another bake

(a “post exposure bake”). This reduces certain optical artifacts in the photoresist pattern (e.g.,
standing wave effects [212]) and promotes some chemical reactions important to changing the
solubility of the developed resist. Additionally, it removes any trace amounts of solvent remaining
in the resist.
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Step 8:

Step 9:

Step 10:

Step 11:

Following exposure, the photoresist pattern is developed by removing the more soluble portions
(unexposed regions in a positive resist, exposed regions in a negative resist). Most common
photoresists use aqueous (water-based) developers that are sprayed onto a rotating wafer in spin
developer equipment much like that used in photoresist coating processes. Typically, the substrate
is both rinsed and dried in the spin developer. After the development step, only the desired

pattern of photoresist remains on the substrate surface. The photoresist pattern then undergoes

a further baking procedure (known as a “hard bake”) which hardens the final resist image so that

it can withstand subsequent processes such as etching or ion implant. This is typically a high
temperature bake, with temperatures of up to 150°C used in the process.

The substrate with patterned photoresist undergoes sequential etch processes to replicate the
photoresist pattern in the DARC and hard mask coatings. The photoresist is then stripped using
an O, plasma ashing process, followed by DARC removal in a fluorocarbon etch. The substrate is
subjected to a piranha clean to remove any organic residues.

This step is the ultimate goal of the patterning process — pattern transfer to the underlying
substrate. In ion implantation, incoming ions will not reach the substrate in those areas where
hardened photoresist remains. Likewise, in an etch process, only those areas without photoresist
will undergo material loss. In patterning for film deposition, those areas with photoresist will have
the deposited film removed when the photoresist is removed.

The final step is removal of the hard mask using an O, plasma strip and a final cleaning step that
removes any remaining organic residues.

Note that precise temperature control is required in all of the pre- and post-exposure steps.

1. Deep

UV (193 nm) Technology

Deep ultraviolet (DUV) technology for photolithography is exclusively based on projection optics.
We will limit our discussion to this approach. Those interested in a detailed discussion of modern
semiconductor photolithography technology are referred to available monographs [214] [215].

The physics of light are a strong determinant for the ultimate resolution achievable in a given
photolithography process (along with other factors related to substrate and resist properties and design
methodologies). Two physical rules determine the minimum feature size that can be created by a
photolithography process:

The smallest linewidth, W, that can be printed is determined by the wavelength, A, of the exposing
light and by the numerical aperture (NA) of the projection optics according to the Rayleigh
Equation:

W=k, -
NA

k, is a factor that accounts for the processing characteristics such as quality of the resist and

the use of resolution enhancement techniques like off-axis illumination. k, has a theoretical
minimum of 0.25, although values below 0.3 are considered too difficult or expensive for common
use. The numerical aperture of a projection system, NA, is a measure of the optical system’s
ability to collect and focus the light from the source. Figure 167 shows the relation between the
numerical aperture of a lens system and other relevant parameters in the system. In terms of
smaller feature sizes, a larger numerical aperture is desirable since it reduces the minimum feature
size achievable in the photolithography system. The maximum value for NA of a lens with air
operating as the imaging medium is 1.0, although values greater than 0.95 are not normally found.
The consequence of these considerations is that feature sizes below a quarter of the exposure
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wavelength are theoretically impossible and that practically, feature sizes of slightly less than

a third of the exposure wavelength are achievable. This means that, for optical considerations
alone, 193 nm systems can process, in practical terms, devices with minimum feature sizes down
to about 40 nm. This can be extended with design methods and additional multiple patterning
techniques that are widely used at 22nm feature sizes and below (see below).

/

Numerical Aperture and Airy Disc Size )

NA = (n)sin(u)
(@u= 7° NA=0.12
(b) p=20° NA=0.34
(c) p=60° NA =0.87

Figure 2

(@ (b) (c)

N

Figure 167. The relationship between numerical aperture (NA), the
half-angle of the light cone, and the refractive index of the imaging
medium between the lens and the substrate (reprinted with permission
of Molecular Expressions.com at Florida State University [216]).

m  The depth of focus (DOF) is also determined by the wavelength of the exposing light and the
numerical aperture according to:

DOF=k,——

(NAY

k, is related to k, and has a minimum value of 0.5 um with conventional resist technologies.

Using this representative value for k, and a maximum NA of 0.95 shows that resist thicknesses
are limited to about 100 nm for 193 nm systems for conventional system characteristics (i.e.,
conventional resists, etc.). The use of systems with higher k, values (systems employing advanced
resists such as Polymethyl Methacrylate (PMMA) and other system modifications) allows thicker
resists to be used.

These rules highlight the key parameters that have had to be adjusted as photolithography
technology has been adapted to produce smaller and smaller feature sizes. The Rayleigh Equation shows
that to reduce the feature size you must either reduce the wavelength of the exposing light or increase
the numerical aperture of the projection optics. Depth of focus (the vertical distance over which the image
remains in focus) must be sufficient to ensure accuracy and precision in the feature size through the entire
thickness of a resist. Simplistically, the feature size achievable in a lithography process depends on the
relationship shown in the Rayleigh Equation while the process yield is critically dependent on the projection
system’s DOF shown in the above equation.

Figure 168 shows the historical progression of IC feature sizes and the wavelength of the
photolithography light source required to achieve these feature sizes. Up until recently, photolithography
equipment designers have focused primarily on reductions in the wavelength of the light used for exposure
as the primary method for achieving smaller feature sizes. This is due to the fact that reductions in the
wavelength of the light source resulted in less of a reduction in DOF than did increases in the numerical
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aperture. Using this approach, lithography equipment has progressed from use of the G-line of the mercury
arc lamp in the 1970s and early '80’s (A = 436 nm; useful down to feature sizes of about 450 nm) to the
I-line of the mercury lamp in the mid-1980’s (A = 365 nm; useful down to feature sizes of about 380 nm) to
the KrF excimer laser in the '90s (A = 248 nm; useful down to feature sizes of about 250 nm) to the DUV
technology which employs an ArF excimer laser light source (A = 193 nm).

4 1000 A

T |

Wavelength
248 nm

193 nm

OPC
Phase shift; 100 nm
Immersion
Double pattern
Gridded layput

. EUV |
.. 13.5nm
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' ' ' . 10
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45 nm
Feature Size 32 nm
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Figure 168. Historical progression of IC feature size and photolithography technologies.

DUV technology employs ArF excimer lasers and this should limit it to feature sizes of 65 nm and
greater when air (NA = 1) is the medium between the optical system and the substrate. Obviously, then,
semiconductor manufacturers require a new light source with a wavelength less than 193 nm to achieve the
needed reductions in feature size for the 45, 32 and 22 nm technology nodes. Unfortunately, commercial
light sources at wavelengths below 193 nm have not been available in the past (we will discuss the
extreme ultraviolet, EUV source later). In order to get around this problem, device manufacturers have
found a number of ways to adapt 193 nm technology to produce feature sizes below 65 nm. By creative
use of different combinations of optical proximity correction (OPC — removal of optical distortions), phase
shift, immersion lithography, and multiple patterning, manufacturers have proven out 193 nm lithography
for the production of feature sizes significantly below conventional expectations (0.3- (A\/NA) = 61 nm
for conventional, single-exposure 193 nm dry lithography). Intel, for example, employed 193 nm dry
lithography and double patterning to achieve its 45 nm patterning technology. The company then adapted
this technology to include immersion lithography and achieved 32 nm patterning technology.

OPC techniques compensate for image distortions that occur when printing feature sizes smaller than
the wavelength of the exposing light. Typically, these distortions occur as shortening of line ends, corner
rounding or changes to linewidths. OPC corrections are made at the mask level and involve changes to the
mask image such as the addition of serifs at design corners and augmentation to linewidths. Figure 169
shows a simple example of how OPC corrections are made at the mask level.
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Figure 169. Representative optical proximity corrections to a photomask [217].

Phase shift [218] is a technique that enhances edge contrast in the image being patterned, removing
defects that occur due to diffraction limitations at sub-wavelength patterning. Phase shift masks do this by
changing the thickness of different sections of the pattern on the mask which changes the phase of light
passing through (Figure 170). Reference [214] provides a useful, brief description of how phase shifting
works.

4 )

AD =
where
n = glass index of refraction
\_ d = shifter thickness )

Figure 170. Shifting the phase of light by using different mask thicknesses [219].
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Immersion lithography, Figure 171, bypasses the feature size limitations of dry lithography by
changing the medium between the optical system and the substrate from air to water. This increases the
value of NA beyond 1.0; water has a refractive index of 1.44. Consideration of the Rayleigh Equation shows
that the use of water as a medium reduces the minimum single-exposure feature size to about 40 nm when
using 193 nm light. Water has come into standard use as the medium in immersion lithography systems.
The use of immersion techniques both increases the amount of light that can reach the resist (increasing
the resolution) and changes the phase of the light so that it improves DOF. For these and other reasons,
single exposure immersion lithography is the dominant approach for patterning in advanced device
fabrication processes at design nodes down to 45 nm.

al
Lens n=1.50
“Dry” Exposure |
n=1.0 g, 2,
BRIy @0 Tl L “Dry” Focal Plane
Subtrate For 193i n=1.44

Wet Focal Plane /

Figure 171. Layout and optical characteristics of immersion lithography [220].

Beyond the 45 nm node, the combination of 193 nm immersion lithography with enhanced techniques
such as multiple (i.e., double, triple, quadruple) patterning provides patterning technology until the
advent of cost-effective Extreme Ultraviolet Lithography (EUVL). Quadruple patterning uses multiple,
shifted exposures such as the process shown in Figure 172, effectively “cheating” the feature size limits
imposed by the wavelength of the light source. Even with EUV, multiple patterning will continue to be used.
(Quadruple patterning has provided a solution for patterning as low as 5 nm.)
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Figure 172. Multiple patterning technique [221].
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The optical system in the 193 nm photolithography tool is known as a catadioptric system — the term
simply means that it combines both lenses (refractive) and mirrors (reflective) as elements for directing
and conditioning the light from the laser. This type of system is advantageous since it accommodates a
relatively broad bandwidth of the source laser light with limited chromatic aberration. Refractive elements in
the optical system are fabricated from either synthetic fused silica or calcium fluoride, materials that have
low absorption of 193 nm light. Photomasks (reticles) in these systems are typically made from fused silica
with chrome patterns. Figure 173 shows a schematic of the exposure mechanism and relative motions of
the reticle and wafer in a step and scan exposure system along with the manner by which water immersion
is maintained between the objective lens and the wafer. In the step and scan process, a slit of light is
scanned across one or more die patterned on the reticle. The light passes through the reticle reproducing
the part of the pattern on the reticle that is illuminated on the wafer, albeit at much reduced feature size
owing to passage through the reduction lens. Simultaneous (and highly precise, accurate and repeatable)
movement of both the reticle and the wafer is used to produce the full image of the die on the wafer. Once
a die has been patterned, the process “steps” over to the next die area to be patterned. Overlay (the
relative position of one patterning layer to another), CD (critical dimension size), and throughput drive the
requirement for highly precise motion control in the reticle and wafer stage translations employed in step
and scan systems. Typically, overlay tolerances of 15% of the CD are required in 193 nm technologies.
Throughput requirements (up to 200 wafers/hr) result in a maximum processing time less than 20 s per
wafer. This means that relatively high velocities and accelerations occur in the reticle and wafer translation
operations. Motion control systems in these lithography tools must be able to achieve these velocities
and accelerations with no impact on vibration levels of the reticle or wafer since this would impact the
achievable CDs.

4 Slit R

Light Source

‘Reticle
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Water
Supply '

Demagnifying Recove
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Punﬁed Water
Silicon Wafer _—-Wafer

/ Patterned

(a) (b)

Figure 173. (a) Configuration and relative motions in a step and scan exposure tool [222];
(b) water immersion arrangement [223] (Courtesy of Lachina www.lachina.com).
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k1 193 nm 193 nm water immersion 193it
0.75 0.85 0.93 1.07 1.2 1.3 1.35 1.55 1.80
) 130 nm .505 .573 .620
% 90 nm .350 .396 429 499 .560
E 65 nNm .286 .310 .360 404 438
E 45 nm .280 .303 315
T 32nm .257 .298

Table 17. k,, NA and feature sizes for representative 193 nm patterning processes.

Table 17 provides examples of successful application of 193 nm lithography in IC manufacturing.
Note: 193i* refers to extended 193nm lithography aimed at avoiding the use of EUV lithography.

2. Extreme Ultraviolet (EUV) Lithography at 13.5 nm

EUV lithography [224] is being developed to fulfill single-exposure patterning requirements at feature
sizes below 22 nm (Figure 174). Unique to this technology is the nature of the light source. There is no
readily available conventional light source having a wavelength below 157 nm (the wavelength of light from
a F, excimer laser). The F, excimer laser source has not gained broad use for lithography at small feature

sizes. This is probably due to a number of factors, including difficulties with the required CaF, optics

(increased mask registration errors, birefringence) and the success of the creative extension of 193 nm
patterning technology that allowed it to function down to the single-exposure limit of 157 nm lithography
(32 nm). Instead, lithography equipment developers have turned to an entirely new way of generating light
at extreme UV wavelengths for use in lithography at sub-32 nm feature sizes.
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Figure 174. EUV lithography schematic [225].
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Light sources of 13.5 nm consist of a high-power CO, laser, laser beam transport and focusing
optics and a light source vessel. Within this system, 13.5 nm light is generated using laser pulsed plasma
(LPP) excitation of tin molecules by a CO, laser. The 13.5 nm light is generated inside of a vacuum vessel
where droplets of tin pass through the focal point of pulses of high intensity light from the CO, laser. As
the small (~30 um diameter) droplets of molten tin encounter the pulse of high intensity laser light, they
are vaporized and the tin atoms undergo electronic excitation and ionization, creating a hot plasma with
electron temperatures of 10’s of electron volts (1 eV = 11,605 K). Electron-ion recombination and ion de-
excitation within the plasma emit photons at 13.5 nm. Conversion efficiencies (CEs) (light energy produced
divided by energy input to the system) for this mode of light generation are relatively low, with CEs of 3-5%
reported for some Sn-based EUV sources. The light emitted by the plasma is collected using an ellipsoidal
collector that reflects it to an intermediate focus at the front of the light source. The mirror is unique in that
it is not a conventional polished optical mirror, but rather an engineered structure made up of thin layers of
molybdenum and silicon designed to reflect the greatest amount of 13.5 nm light (this type of reflector is
known as a Bragg reflector). From the intermediate focus, the light is transported to the optical train in the
photolithography system using solely reflective optical components. The entire optical system is maintained
under high vacuum since 13.5 nm light is strongly absorbed by all solids, liquids, and gases. The mirrors
are Bragg reflectors, similar to the collector in the light source that can reflect up to 70% of the incident
light. They are critical system components that must have extremely low surface roughness (a few atoms)
and highly precise flatness and curvature. Since reflection is not 100%, the number of reflectors between
the source and the substrate has a significant impact on the energy of the EUV beam at the substrate
surface.
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Figure 175. The principle employed in a Bragg reflector; cross-sectional TEM of multilayer EUV mirror grown
by e-beam evaporation and ion beam sputter deposition. Courtesy: F. Bijkerk, University of Twente. [226].

Since the optics are all reflective, the masks used in EUV scanners must also be reflective since
no optical materials are transparent to EUV. In theory, transmission masks could be used if the substrate
was less than 100 nm thick, but this is not a practical solution. EUV masks are fabricated on very low
thermal expansion substrates using similar multilayer Bragg reflector technology as the other reflective
components in the system. The multilayer reflector has 40-50 pairs of Mo and Si thin film layers each and
a total thickness of about 300 nm topped by a capping layer of about 11 nm of Si. A buffer layer, typically
SiO,, is deposited on top of the stack, followed by an absorber of Al, Cr, Ta or W material with a thickness
of about 100nm. This absorber layer and the buffer layer are patterned to produce the reflective mask.
Figure 175 shows a TEM image of the multilayer stack in a EUV mask while Figure 176 provides a simplified
process flow for EUV mask fabrication. Since there are no optical materials that are transparent at 13.5
nm, any pellicles employed with EUV masks must be extremely thin (pellicles are the enclosures used to
protect the photomask). TSMC has described a 50 nm thick pellicle membrane supplied by ASML that has
a claimed transmission of 85% of the EUV light (useful for lower power EUV) [225]. Great care is required in
maintaining these masks in a defect-free state and no defects are permitted in a completed mask. Transport
of masks to and from a lithography tool is performed using specialized dual pod containers to ensure
mask integrity. There are currently no actinic inspection techniques for EUV masks (i.e. inspection using a
wavelength of light that is similar to the feature sizes on the mask)
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Photoresist materials for EUV continue to be developed and improved. It is expected that photoresist
formulations will have some unique requirements as compared with conventional resist technology.
Chemically amplified resists that served the industry well since the introduction of 248 nm exposure
wavelengths appear to have certain inherent resolution/sensitivity trade-offs that will force the development
of more advanced resist formulations for EUV technology. Currently, hybrid approaches such as those
that employ a sacrificial spin-on carbon (SOC) film and a resist layer containing organometallic R,M(OR),
molecular linkages is receiving considerable attention [227].
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Figure 176. EUV mask fabrication step.

MKS Product Applications in Photolithography

Integrated Solutions Business

MKS Integrated Solutions is a well-established provider of modules and  /~ ™\
subassembilies for lithography steppers.

Optics

MKS, through its newly acquired Light & Motion Division (formerly
Newport Corporation), offers a line of the highest quality optics, including w
lenses, mirrors, filters, beam splitters, polarizers, optical systems, windows, ' N
and many other components and systems. These high performance optic ;
components cover UV, ViS, NIR, and IR wavelengths (Figure 177) and are \_
suitable for photolithography applications—some of which are detailed at the
Optics Application Portals. Figure 177.
Specialty Optics.
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Motion Control

Precise, accurate and repeatable motion control is a necessity for
modern step and scan photolithography tools. MKS offers Precision Motion
Control Products with a broad array of general duty and customized motion
solutions applicable in wafer patterning and other applications under the
Newport® brand. Newport has developed an extensive catalog of manual
positioning and motion control standard and custom products for applications
ranging from industrial to nanopositioning (Figure 178).

Products for Semiconductor Lithography: The MKS Newport® product

line offers a series of high performance air bearing stage solutions (Figure 179) Figure 178.
suitable for use in semiconductor lithography applications and customized Nanopositioning

tools for automated manufacturing and process control. These are extremely Stage Assembly

rigid structures suitable for use with wafers up to 300 mm diameter. Very high N

accelerations (up to 5G in some models) and velocities (400 mm/sec to 1000
mm/sec) are achievable while simultaneously retaining high repeatability (25 -
50 nm) and accuracy (0.2 — 0.4 pm).

Lasers and Light Sources: Many precision positioning applications
employ lasers and other light sources for measurement and calibration
purposes in the application. MKS Spectra-Physics® product lines offer a
broad selection of light sources (Figure 180) suitable for these and other
applications.

Surface Cleaning Applications Figure 179.
DynamYX® 300
Organics Removal and Photoresist Strip Wafer Positioning Stage.
As a strong oxidizer, ozone, 03, rapidly reacts with most organic 4 N\

chemical compounds. O, reacts directly with hydrocarbons and also
generates oxygen radicals that react even more vigorously with organics.
Thus ozonated DI water can be used as an effective clean that removes
ambient organic molecules adsorbed on the wafer surface. More importantly,
when coupled with megasonic agitation, DIO, is very effective in removing
photoresist residues from a wafer surface.

Advanced Reticle Cleaning

. J

Figure 180.
Spirit® Laser Light Source.

Traditional methods (RCA) for reticle cleaning degrade the optical
properties and reticles can only be cleaned between 2 and 8 times before
unacceptable degradation occurs due to surface roughening [199] [200].
Since ozone based chemistries produce very little surface roughening, DIO3
cleans are becoming preferred in reticle cleaning applications.

LIQUOZONE® Dissolved Ozone Delivery Systems (see Section B.l): MKS offers the LIQUOZON®
product line containing a number of different configurations for the generation and delivery of DIO,. A
slightly more detailed description of these products can be found in section B.II.

LIQUOZON® PrimO3 Ozonated Water Delivery System

LIQUOZON® Single Ozonated Water Delivery System

LIQUOZON® Smart High Output Ozonated Water Delivery System

LIQUOZONE® Stream High Output Ozonated Water Delivery System
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R*evolution® Il Remote Plasma Source (see Section B.ll): The R*evolution® III’s Low-Field Toroidal
technology is a stand-alone reactive gas source that produces ultra-clean, ion-free atomic neutrals and
radicals for use in, among other applications, advanced photoresist removal processes. The very high flow
of radical species that can be achieved in the R*evolution® IIl (up to 6 sIm) produces photoresist strip rates
twice as fast as conventional microwave systems.

Type AX7610 Downstream Plasma Source (see Section B.Il): The AX7610 is a conventional microwave
plasma source that can be used in less demanding photoresist strip processes. It is a conventional
microwave source chamber with a quartz or sapphire plasma tube and must be incorporated into a larger
system that includes a microwave power generator, waveguide components, and an intelligent matching
system.
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Etch Technology

VIl. Etch Technology

Nitride Antireflective Coating
Pad Oxid Carbon Hard Mask _
ey S e )
P-Epi ’
P+ <100> Wafer
Wafer Clean Pad Oxide and Carbon Hard Mask Spin Coat
Nitride Deposition and Antireflective Photoresist and

Coating Deposition Pre-Bake

oy, ﬂvf&’; _’&"}

Etch Trench then Open Antireflective Develop and Hard Exposure and
Remove Hardmask Coating and Hard Mask; ake Post-Exposure Bake
Strip Photoresist and
Antireflective Coating
. J

Figure 181. Etching to create a pattern on a substrate [228].

In semiconductor device fabrication, etching refers to any technology that will selectively remove
material from a thin film on a substrate (with or without prior structures on its surface) and by this removal
create a pattern of that material on the substrate. The pattern is defined by a mask that is resistant to the
etching process, the creation of which was described in detail in Section B.VI, Photolithography. Once the
mask is in place, etching of the material that is not protected by the mask can occur, by either wet chemical
or by “dry” physical methods. Figure 181 shows a schematic representation of this process.

Historically, wet chemical methods played a significant role in etching for pattern definition, up until
the advent of VLSI and ULSI technology. However, as device feature sizes were reduced and surface
topographies grew more critical, wet chemical etching gave way to dry etching technologies. This shift
was due, primarily, to the isotropic nature of wet etching. Wet etching produces material removal in all
directions, as shown in Figure 182, which results in a discrepancy between the feature size defined by the
mask and that which is replicated on the substrate. VLSI and ULSI designs demand much more precise
mask to pattern feature size correlation than was needed at larger feature sizes. In addition, aspect ratios
(depth to width ratios) in advanced devices increased and achieving these ratios required an ability to
anisotropically etch material using directional etching technologies. Figure 183 provides a schematic to
help in understanding isotropic vs. anisotropic feature generation and directional etching. The final blow to
wet etching’s utility in advanced processing may have been the fact that many of the newer materials being
used for device fabrication did not have accessible wet chemistries that could be employed for etching.
These issues combined to relegate wet etch technologies to nearly exclusive use for cleaning rather than in
etching applications. Only devices that have relatively large feature sizes (such as some MEMS structures)
continue to employ wet methods for etching. Surface cleaning has been discussed in detail in Sections A.lll
and B.II.

Anisotropic etching uses a suite of technologies cumulatively known as “dry” etch. These
technologies are universally used for etching in VLSI and ULSI device fabrication and they will be the only
methods discussed in detail in this Section. Dry etching can remove material through physical means
such as ion impact accompanied by ejection of material from the substrate or by chemical reactions that
convert substrate material to volatile reaction products that can be pumped away. Dry etching technologies
include the following commonly used methods (whether the etch process occurs through chemical etching,
physical etching, or a combination as noted in parenthesis):
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m Isotropic Radial Etching (Chemical)

m  Reactive lon Etching (Chemical/Physical)
= Sputter Etching (Physical)

= lon Milling (Physical)

= lon Beam Assisted Etching (Physical)

m  Reactive lon Beam Etching (Chemical/Physical)

Wet Etch

Figure 182. The isotropic character of wet etch processes.

Isotropic Etch Directional Etch

Vertical Etch

J

Figure 183. Degrees of directional etching.

All dry etching technologies are conducted under vacuum conditions with the pressure dictating, to
some extent, the nature of the etch phenomenon.

Table 18 is taken from Wolf and Tauber [32] and shows the relative pressure regime and generalized
characteristics for the different etch methods. While there are a number of specific variants on the
equipment and process characteristics used for etching, we will limit our discussion to a brief description of
the process basics and the three primary etching methodologies identified in Table 18.
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<100 mTorr Physical Sputtering and lon Beam Milling Higher
Excitation
Physical momentum transfer Energy

Directional etch possible
Poor selectivity
Radiation damage possible

~100 mTorr Reactive lon Etch

« Physical (ion) and chemical
« Directional
« More selective than sputtering

Isotropic Radial Etching

Chemical (faster by 10 — 10,000x)
Isotropic

More selective

Less prone to radiation damage

Higher
Pressure

Table 18. Pressure regimes and characteristics for different etch methods.

A. Basic Processes

In-depth discussions of plasma etching fundamentals are available in a number of texts (Wolf and
Tauber, Sze [32] [96]) and the interested reader is referred to these sources. Here we provide only the
briefest description of the basic fundamentals of plasma generation. Within a plasma etching process, a
number of physical phenomena are at work. When a strong electrical field is created in a plasma chamber
using either electrodes (in the case of a DC potential or RF excitation) or a waveguide (in the case of
microwaves), the field accelerates any available free electrons raising their internal energy (there are always
a few free electrons in any environment resulting from cosmic rays, etc.). Free electrons collide with atoms
or molecules in the gas phase and, if the electron transfers enough energy to the atom/molecule in the
collision, an ionization event will occur producing a positive ion and another free electron. Collisions that
transfer insufficient energy for ionization can nevertheless transfer sufficient energy to create a stable but
reactive neutral species (i.e., molecular radicals). When sufficient energy is fed to the system, a stable,
gas-phase plasma containing free electrons, positive ions and reactive neutrals is produced.

In plasma etching processes, the atomic and molecular ~ R ™\
ions and/or reactive neutrals from a plasma can be used o * o .
to remove material from the substrate by either physical or v & o s .
chemical pathways, or by mechanisms that employ both. o\ i ;
Purely physical etching (Figure 184) is accomplished by it
using strong electric fields to accelerate positive atomic 2
ions (usually an ion of a heavy inert element such as argon)
towards the substrate. This acceleration imparts energy to _ l /
the ions and when they impact the substrate surface, their — —
internal energy is transferred to the atoms in the substrate.
If sufficient energy is transferred, a substrate atom will \

be ejected into the gas phase to be pumped away by

the vacuum system. The incident ion is neutralized in the
collision and, since it is a gas, it desorbs into the gas phase \ J
to be re-ionized or pumped out of the system.

Figure 184. Physical etching of a substrate.
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Chemical etching differs from physical etching in that it employs a chemical reaction between reactive
neutral species created within the plasma and the substrate material. The most common type of chemical
etching involves halide chemistries in which chlorine or fluorine atoms are the active agent in the etching
process. A representative chemistry for etch processes is the use of NF, for silicon etching. The chemical
reaction sequence in this etch process is:

NF,+& ———> 'NF,+F +e

Si (s) + 4F ——> SiFaT

NF, is dissociated in the plasma to produce highly ' N
reactive atomic fluorine radicals. These radicals react with Reactive Radical,._______ . /
silicon in the substrate to produce silicon tetrafluoride, ! ‘//\'__"
SiF,, which is a volatile gas that can be pumped away. In
this manner silicon is etched from the substrate. Chemical T
etching, like wet etching, is an isotropic process without / 3
directionality (Figure 185). The reason for this is that the
sticking coefficient of reactive neutrals is relatively low, so
most impacts with the substrate surface do not result in
etching, but rather with simple desorption of the reactive
neutral back into the gas phase. This phenomenon results in
an evening-out of the etch process within the feature being
etched and ultimately isotropic character in the etch.

O

Most of the etching technologies used in modern - /
device fabrication incorporate aspects of both physical Figure 185. The source of isotropic
and chemical etching. In processes such as reactive ion character in plasma etching [208].
etching (RIE), directional etching is achieved by biasing
the substrate so that ionic species from the plasma are e
accelerated towards the substrate surface. There they Reactive Radicals
interact with the surface and the reactive neutrals to — ~—
produce volatile products that can be pumped away _
(Figure 186). The ion energy in RIE is much lower than /
that employed for physical etching technologies and ion

bombardment effects are negligible. The transfer of ion onic Sp S
energies to the surface can enhance the directionality

through improved adsorption of reactant species on the l/

bombarded surface (incoming ions create high energy
defects where adsorption and reaction preferentially occur)
and through enhanced by-product desorption (incoming
ion energies are transferred to reaction products causing
them to desorb from the surface).

Chemical etch is enhanced by
ion bombardment

. J

Figure 186. Chemical etch enhanced by
low energy ion bombardment [208].
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B. Isotropic Radical Etching

r Gasinlet

Quartz
Tube

Electrode

Door

N

Figure 187. Schematic barrel etcher components.

High pressure plasma etching processes typically operate around 0.2 — 2 Torr. These are glow
discharge methods that etch material via a chemical rather than a physical mechanism. The process
pressures employed in plasma etching result in very low mean free paths for the ions generated in the
plasma preventing any contribution from ion bombardment in the etching process. Thus, while plasma
etching exhibits relatively good material selectivity, the purely chemical nature of the etching action results
in primarily isotropic rather than anisotropic etching characteristics; this makes plasma etching of limited
use in VLSI and ULSI device fabrication. So-called “barrel etchers” that use 13.56 MHz RF excitation
are representative of this method. Barrel etchers are older technologies that were commonly used for
photoresist strip, isotropic silicon nitride removal, silicon etching for solar cells, and plasma cleaning.
Figure 187 shows a schematic of a barrel etcher. The etching process in these systems is fast and causes
minimal substrate damage. As is shown in Figure 187, the plasma in a barrel etcher is created in an
annulus between the shield and the RF electrodes which surrounds a quartz boat holding the substrate to
be etched. A metallic shield protects the substrate from direct exposure to the plasma. Reactive neutrals
diffuse through this shield to the substrate surface where they chemically react, removing material in the
etching process.

More modern plasma etchers employ a parallel plate configuration that can be easily incorporated
into mini-batch or single wafer process tools. Most configurations include the option of applying the RF
bias to either the showerhead top electrode or to the substrate holder or both. This gives the user the
choice of using simple, isotropic plasma etching (only the showerhead electrode is powered) or directional
reactive ion etching (both the top and bottom electrodes are powered and the bias on the substrate attracts
reactive ions — see below).

Remote Plasma
o Chamber

/ Microwave \
\4

H,0,0,— |

Gas g . TN

Process Chamber

Wafer with
Photoresist

Etch Chamber
RF N

Heated Plate
H,0, CO,, ...

\ To the Pump /

Figure 188. Plasma etch using remote sources [208].
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The MKS remote plasma sources that are used in applications such as photoresist removal fall into
the category of plasma etchers. In these configurations, the plasma chamber is removed from the substrate
as shown in Figure 188. Remote positioning of the source ensures that only reactive neutrals reach the
substrate. lonic species and high energy electrons are destroyed before they can reach the substrate. This
type of configuration guarantees minimal damage of the substrate due to ion and electron impact.

C. Reactive lon Etching

/
XeF, Ar* lon Beam Ar*lon
Gas Only + XeF, Gas | Beam Only |
_ | |
£ 70
S
£ 6F
E B
o 5
S 4
<
L2 3
L)
g 2f
= 1
% &
0 ] ! | | | | l
100 200 300 400 500 600 700 800 900
Time (sec
N (sec) Y,

Figure 189. Synergistic effect of ion bombardment in the presence of reactive
etchant — principle behind reactive ion etching [229].

Reactive lon Etching (RIE) uses a combination of chemical and physical reactions to remove material from
a substrate; it is the simplest process that is capable of directional etching. A highly anisotropic etching
process can be achieved in RIE through the application of energetic ion bombardment of the substrate
during the plasma chemical etch. The RIE process thus provides the benefits of highly anisotropic etching
due to the directionality of the ions bombarding the substrate surface as they get accelerated towards the

negatively biased substrate, combined with high etch
rates due to the chemical activity of the reactive species
concurrently impinging on the substrate surfaces. The
synergistic effect of ion bombardment on increased etch
rates in the presence of chemically active species was first
demonstrated and explained by Coburn and Winters [229],
where they showed the significantly higher silicon etch
rate in the presence of both Ar+ ion beam and XeF2 gas
compared to either the Ar+ ion beam or the XeF2 gas only
as illustrated in Figure 189. In the RIE process, the ions
carry sufficient energy to break the chemical bonds of the
atoms in the substrate that they impinge upon lowering
the activation energy for the chemical etching reactions
and thus increasing the reaction rates with the reactive
neutrals that are also incident on the substrate surface.

In certain etching chemistries, there may be reaction
byproducts that are formed on the surface and act as
inhibitors for the chemical etch processes. The energetic

N

Reactive Radicals

Sidewall

Deposits

N

Chemical etch is enhanced by
ion bombardment

J

Figure 190. Vertical etch profile in a trench
obtained through RIE.
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Figure 191. Typical RIE chamber configuration. [230].

ions also act to remove such reaction byproducts from the surface through physical sputtering exposing
the underlying material to be removed by the chemically reactive species. Thus RIE is sometimes also
referred as lon-Enhanced Etching or Reactive and lon Etching. The highly directional nature of ions
bombarding the surfaces leads to the anisotropy in the etch process as illustrated in the Figure 190. As the
ions are incident perpendicular to the surface, the etch rate is significantly enhanced in the vertical direction
as the ions largely interact with the bottom surface of the trench being etched activating the surface and
removing any reaction inhibiting byproducts preferentially from the bottom surface while the deposits/
byproducts on the sidewalls act to prevent/minimize the chemical etch from the sidewalls leading to near
vertical etch profiles. This high degree of anisotropy is critical in the definition of closely spaced (fine pitch)
features in semiconductor manufacturing and is critical in scaling the device features to ever-shrinking
dimensions in accordance with Moore’s law. The degree of anisotropy in RIE is directly related to the
balance between the energy and angular distribution of the incident ion flux and the passivation properties
of the reaction byproducts. The incident ion energy and angular distribution is directly related to the electric
field drawing the ions towards the substrate and the number of collisions these ions may encounter as they
impinge towards the substrate through the accelerating field (function of pressure). Lower pressure and
higher substrate bias are key factors that control the ion energy (increase) and angular distribution (reduce)
while the polymer formation is largely a function of the polymer forming (CxFy) precursor partial pressure
used as one of the etchant gases.

Figure 191 shows a schematic for a typical RIE plasma 4 Induction coils )
chamber. RF power is used to excite the plasma and the ® @ @ ®,®@ ® @ @
substrate being processed sits on a powered electrode. * @
The powered electrode enhances the negative bias on :Dieldbtric window: hotmetallic
N/

the substrate, promoting ion acceleration and surface
bombardment. The accelerating voltages experienced by
ions in an RIE process are significantly lower than those
employed for physical etching processes, producing a much
lower potential for substrate damage. lon energies in RIE are
typically between 1 and 30 eV as compared to energies well

in excess of 300 eV commonly employed for Physical Vapor @
Deposition (PVD) approaches. One of the key challenges
with such an RIE system is that the same power supply \_ v J
generates the plasma as well as pulls the ions towards
the substrate being processed. This configuration is thus

10" - 102 ionsfcm?®

Figure 192. High density plasma etching
configuration with dual RF power supplies
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limited to capacitively coupled plasmas that typically operate between 10-100 mTorr pressure. For higher
etch rates as well as additional process flexibility, inductively coupled plasma sources are used wherein
the plasma generation is controlled through a separate RF power supply while the substrate is biased
through a second RF supply. Such a system is shown in Figure 192 where the inductively coupled high
density plasma is controlled through the first RF power supply (RF1) while the substrate bias is controlled
through an independent power supply (RF2). This configuration can enable additional functionality such as
modulated pulsed bias as well as operation at lower pressures <10mT for improved etch uniformity across
the semiconductor substrates. The pulsing function is especially useful in addressing the issue of Aspect
Ratio Dependent Etch (ARDE), wherein the smaller feature structures (higher aspect ratio) etch at a lower
rate than the wider features on the same substrate under the same process conditions due to a slower rate
of removal/diffusion of the reaction products from high aspect ratio/narrow features. MKS has developed
RF generators with unique pulsing capabilities to address these process challenges for semiconductors
OEMs manufacturing such HDP etch systems.

D. Physical Sputtering and lon Milling
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Figure 193. Physical sputter etch tool configuration.

Sputtering (Figure 193) and ion milling (Figure 194) are purely physical processes in which heavy
atomic positive ions, created in a plasma, are accelerated to impact a substrate surface to remove material.
The ion energies in these processes are high, often greater than 500 eV. Their primary advantage is the fact
that they are highly anisotropic processes, producing features with near perfect vertical character. On the
negative side, these processes are not particularly selective, having a tendency to etch all materials on the
surface. Surface damage is also a problem in these processes. The etch rates that are achievable using
physical sputtering are quite low when compared with chemical methods such as plasma etch and RIE.
lon milling is a method that has been developed to increase the etch rate in these processes. In ion milling,
heavy ions (Ar*) are generated in a plasma confined to a discharge chamber separate from the process
chamber. A negatively biased grid accelerates the ions out of the discharge chamber to form an ion beam
in the process chamber. The process chamber is maintained under high vacuum (10 Torr) to maintain the
coherence of the ion beam until it strikes the mounted substrate. In general, these processes are not widely
used in advanced device fabrication. Figure 194 shows a schematic of an ion milling etch system.
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Figure 194. lon beam etch system. [231] (Used with permission from Microfab Inc., microfabnh.com.)

MKS Product Applications in Etch Technology

Products for Wet Etching

LIQUOZON?® Dissolved Ozone Delivery Systems

See Section B.II

Products for Dry Etching

Medium, High and Ultra-High Vacuum Production, Measurement and Control Solutions

See Section B.I.

- MKS Product Applications in Vacuum Production

- MKS Product Applications for Vacuum Pressure Measurement

- MKS Product Applications for Vacuum/Pressure Control

- MKS Product Applications for Residual Gas Analysis and QMS Process Monitoring

MKS Baratron® Capacitance Manometers are widely used in the measurement and control

of process pressures in semiconductor dry etch processes. Up to just a few years ago these
processes were typically run at around a few 10’s of mTorr. More recently, however, typical
processes have extended down to 3 to 4mTorr. Achieving these low pressure set points in etch is
necessary for the manufacture of advanced memory and logic devices. However, the etch process
is very challenging for capacitance manometers since the gases used in dry etch processes are
typically halogen radicals (i.e. neutral, single atomic species of Fluorine, Chlorine and Bromine)
which are extremely reactive and corrosive. Thus the capacitance manometer must be able to
accurately measure pressure and provide a stable reading without itself succumbing to corrosion
which could affect the stability of the pressure reading. MKS Baratron capacitance manometers
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are extremely well suited to this environment. The sensor element, which is in intimate contact
with the process gas, is composed of high Ni alloy (Inconel®). This alloy provides very good
corrosion resistance even in a halogen radical environment. Additionally MKS released a “fluorine-
friendly” sensor that provides improved burn-in stability and extended lifetimes in halogen-based
processes.

RF Generators for Plasma Etch Applications

MKS RF Generators deliver reliable solid state power for today’s critical etch applications. MKS RF
generators insure consistent, repeatable, closed-loop power control.

SurePower® 13.56 MHz RF Plasma Generators offer state-of-the-art RF topologies, patented
intrinsic power amplifier protection, improved design margins, and embedded V-| sensor to
achieve superior reliability, reproducibility, and accuracy (Figure 195). Dynamic frequency tuning
reduces plasma stabilization time and maintains minimum reflected power.

The KEINOS™ line of plasma generators is designed for pulsed duty applications in environments
that experience fast impedance changes such as PECVD and plasma etch (Figure 196). The
KEINOS™ line of generators delivers up to 13 kW of power with pulsing to 50 KHz, multiple set
point pulsing, pulse shaping and frequency tuning.

The GHW Series 13.56 MHz High Reliability RF Plasma Generators offer up to 5.0 kW of power
for etching applications. These are field-proven, exceptionally reliable, stable and repeatable
generators designed to assure high uptime and process yield (Figure 197).

MKS also offers pulsed DC power generators for use in PECVD applications.

Reactive Gas Generators

MKS offers a variety of plasma-based reactive gas generators designed for both general and
specific use in etch processing including the ASTRON® Paragon® and R*evolution® ultra-clean
remote plasma sources. These generators provide reliable sources of active NF, and other
fluorine-based radical species as well as reactive species derived from O,, N,, H, and H,O.
These generators find application where remote sources of plasma species are needed and in
maintenance functions such as the generation of reactive species for etch and CVD chamber
cleaning (Figure 198).

N\ N\ )

miE  kEiNOSS

FE

- J - J
Figure 195. Figure 196. Figure 197. Figure 198.
SurePower® RF Generator. KEINOS™ RF Generators. GHW Series RF Generator. ASTRON® Paragon®
Remote Plasma Source.
(
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m  The AX7610 is a general duty microwave plasma source for use in e
remote plasma applications and reactive gas generation (Figure 199).
It is designed to be integrated into a microwave plasma subsystem
comprised of power supplies, microwave magnetron heads,
matching systems, etc. MKS offers the SmartPower® intelligent
microwave power generator for applications ranging from 180 W
to 6 kW. MKS also offers a variety of low power microwave power
generators, high power microwave generators (2450 MHz units up
to 15 kW and 914 MHz units up to 75 kW), magnetron heads and
system accessories. \_

J

Figure 199.
Plasma Sources for Sputter Etch AX7610 General Duty
Microwave Source.

m  MKS offers a line of RF and DE power generators for applications

that include sputter etch applications. Product frequencies range
from DC to high RF frequencies with power levels up to 100 kW.
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Chemical Mechanical Planarization

VIIl. Chemical Mechanical Planarization

A. Chemical Mechanical Polishing/Planarization

Chemical mechanical polishing (CMP) is a planarization
technique that was developed for semiconductor applications in the
late 1980s and early 1990s. During this period, the number of metal
layers increased dramatically and device topographies began to
exhibit features that inhibited conformal deposition and gap fill by
photoresist, metal, and insulator films. The definition of conformal
deposition is demonstrated in Figure 200: a fully conformal film

exhibits a ratio of 1:1 for the film thickness on planar versus vertical Figure 200. Parameters that define
surfaces; i.e. T,=T,=T,. Figure 201(a) shows an idealized image of conformal film coverage.

how conformal films can fill the

spaces between features such as e ~

metal lines; Figure 201(b) shows
how non-conformal films can
result in voids in the insulating
layers. These voids are electrical
weak spots that can result in
device failure. As the severity of

device topographies increased T=T=T; T>T,<T,

during the late ‘80s and ‘90s

many variations on CVD process  \ _ (a) (b) J
technology were developed

that improved the conformal Figure 201. (a) Conformal gap fill; (b) Non-conformal gap fill.

characteristics of insulating

films and allowed their continued use. Eventually, however, the increase in the number of metal layers and
more severe topographies forced device manufacturers to move to CMP as a planarization method and,
within the context of semiconductor device fabrication, the acronym CMP refers to chemical mechanical
planarization. Figure 202 demonstrates the difficulties encountered in fabricating a complex multi-level
metal device structure using (a) non-planarized deposition technology versus (b) CMP-based planarization
[232].
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Figure 202. Schematic showing (a) non-planarized and (b) planarized multi-level metal structures [232].
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Chemical mechanical planarization, as its name implies, is a physical polishing process in which
the surface of a substrate is smoothed and planarized through the combined action of chemical and
physical abrasive forces on the surface. CMP combines the best of both techniques while avoiding the
pitfalls. Whereas purely abrasive grinding of the surface would cause too much physical damage and
purely chemical etching would not achieve planarization, the combined action of the two produces a
well-planarized surface with minimal damage. Figure 203 shows a schematic of a chemical mechanical
planarization tool (the image has been taken from reference [233]). The tool consists of a rotating platen
covered by a polishing pad. The wafer is mounted face down in a carrier that is pressed against the pad
with a specified force. This force can be provided using either a defined and regulated gas pressure or a
mechanical backing pressure system. The wafer also rotates during the polishing process. The polishing
pad is saturated with a slurry of physical abrasive and chemical etchant that is pumped on to the pad.
Polishing of the wafer surface occurs as the wafer is rotated on its own axis and moved about the
polishing pad while being forced against the pad. During the polishing process, high points on the wafer
surface are naturally subjected to more pressure and therefore more abrasive force. This combines with
the action of the chemical etchant to produce an enhanced removal rate for material at the high points
relative to material at low points in the surface topography. This produces the planarization effect in the
process. Since heat is generated in the polishing process and changes in temperature effect etch rates, it
is important to maintain a constant temperature at the pad/wafer interface during the CMP process. This is
accomplished through active temperature control of the platen.

4 )
Back Pressure |

Carrier Gimbal %Vacuum i
Housing Point

Backing!
Film
!S!urry Supply

Retaining
Ring

Wafer
Upside
Down

Platen Heating/Cooling

Figure 203. Schematic of a CMP tool (from [233]).

Chemical mechanical planarization has a number of advantages for semiconductor device
manufacturing beyond the fact that it reduces rough topography to a planarized state. CMP allows the
device manufacturer to achieve global planarization of the entire wafer surface in a single step. The
approach can be used to planarize a wide range of materials, from different metals to different oxide films.
It can planarize different materials in the same step (i.e., metal and insulating films). CMP is essential to
the only effective method of copper patterning (damascene processing, see below). The subtractive nature
of CMP helps in reducing surface defects. Finally, the process is relatively environmentally benign with no
need of the hazardous gases common in dry etch processing.

Chemical mechanical planarization is employed in different planarization applications during device
fabrication. Most important are oxide planarization for shallow trench isolation (STI) and Damascene
processing. These applications will be described in some detail to provide practical examples of CMP.
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B. CMP in Shallow Trench Isolation Processing

Shallow trench isolation (STI) uses trenches etched into the substrate and filled with undoped CVD
polysilicon or CVD silicon dioxide as electrical isolation for the active regions in a device. It has replaced the
use of thermal oxide for local oxidation of silicon (LOCOS) due to reasons related to thermal budget and the
localized physical impacts of thermal oxidation of silicon. Figure 204 shows the STI process flow. Chemical
mechanical polishing is used in the next to last and last steps of the STI process sequence. Following the
deposition of the insulating oxide that fills the isolating trenches, CMP is used to planarize the oxide level
with the nitride layer. In the last steps of the process, the nitride layer is removed followed by planarization
of the CVD oxide in the trenches. STl process technology has been one of the enablers of nanometer-scale
device fabrication owing to the fact that earlier LOCOS isolation schemes could not be successfully scaled
down to the nanometer regime.
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Figure 204. Shallow trench isolation process flow.

C.CMP in Damascene Processing

In the late ‘80s, device speed was becoming limited by a phenomenon known as RC delays (where
R is the resistance of the wiring and C is the capacitance of parasitic capacitors in the circuit structure).
Signal transmission on a device is delayed in direct proportion to the resistance of the wire on which
the transmission occurs and to the capacitance of any unintended capacitors formed when two metal
wires are separated by an insulating material. One obvious way to reduce such delays is to reduce the
R of the wiring. This prompted the replacement of aluminum (resistivity = 2.8 x 10-® O-cm) wiring by
copper (resistivity = 1.7 x 10 Q-cm). It is noteworthy that copper also has other properties that make
it preferred over aluminum as the dimensions of the wires on a device shrink (i.e., greater resistance to
electromigration).
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The use of copper presented serious challenges to device yas =\
manufacturers. Copper cannot be etched using conventional,
halide-based dry etching processes since the copper halide products _“" S

are not volatile and hence cannot be pumped away by a vacuum
system. This means that the conventional technology for patterning
metal lines could not be used with copper. Additionally, copper does
not adhere well to dielectric material and copper atoms are very mobile
in SiO,. Direct deposition of copper on insulating oxide layers thus
presented problems in achieving stable wiring structures and in terms
of contamination of the insulating oxide (producing increased leakage).

The Damascene (and Dual Damascene) process, first introduced
by IBM in the early 1990s, was a unique, additive processing technique
developed to address the challenges presented by the shift to copper
wiring in microelectronic circuits. It gets its name from metal inlay
techniques developed in Damascus in the Middle East. The process
eliminates the need to dry etch copper by using chemical mechanical
polishing instead and it employs special barrier layers to prevent
diffusion of the copper into the oxide insulating layers. The first step
in the process is the formation of the wiring pattern as etched lines in
a dielectric layer (the top structure in Figure 205). A barrier layer of, for
example, TiN, TaN, or TiW is then deposited on the dielectric layer to
act as a barrier between the copper and the insulating dielectric. A thin
seed layer of copper is deposited on the barrier, typically using PVD
methods, followed by the electrodeposition of a thick copper layer.
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Figure 205. The basic
Damascene process.

Chemical mechanical planarization is then used to remove the excess copper leaving only the metal in the
etched lines behind. Several sophisticated variations on the Damascene process have been developed, but
these simple steps suffice to describe the basics of how the process works.

MKS Product Applications in Chemical Mechanical Planarization s N

MKS’s Pressure Control product line can be applied in the systems that
control the backing pressure applied to the wafer holder. Controllers such as
the 244E Pressure/Flow Controller can be used with different MKS gas flow
control valves to control the backing gas pressure on wafer carriers in CMP

tools with pressures ranging from vacuum up to 100 psig (Figure 206).

Figure 206.
244E Pressure/Flow
Controller.
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IX. Wafer and Reticle Inspection

A. Basic Principles

The progression to ever smaller feature sizes on both substrates and mask/reticles produces lower
and lower tolerance to defects in both starting materials and finished devices. Not only are we approaching
near zero tolerances to known defect types (particles, crystal defects, etc.), but manufacturers continue to
discover device sensitivities to entirely new types of defects as manufacturing progresses into the deep
nano-scale. In addition, the available metrologies for defect detection are being required to sense and
quantify defects at very near the noise level of their operating principles and new approaches to defect
detection are continually being developed.

In this chapter, we provide a brief description of the basics of wafer and reticle inspection techniques
and discuss the characteristics of current inspection tools.

1. Unpatterned Wafer Inspection Systems

Historically, device manufacturers have used optical detection systems to inspect wafers and masks
for the presence of particles and other types of defects. Modern wafer inspection tools detect particles
and pattern defects and determine the position of these defects in an X-Y grid on the wafer which can be
output to the user for diagnostic purposes.

Bare substrate wafers are typically inspected when shipped from the wafer manufacturer and on
receipt by device manufacturers. Bare or unpatterned wafers may also be monitored before and after
being subjected to a passive or active process environment in order to determine a baseline for particle
contributions from a given process.

Scattered
Light

—
§ Incoming Light Reflected Light \ ;

E
= Scattered
Reflected Light

\ Rotating Non-Patterned Wafer Specular Reflection Dark Field Imaging Bright Field Imaging /

Figure 207. Defect detection on non-patterned wafers showing the difference
between dark-field and bright-field image illumination [234].

The basic principle used for defect detection on unpatterned wafers is relatively simple. A laser beam
is radially scanned over the surface of a rotating wafer to ensure that the beam is projected onto all parts
of the wafer surface. The laser light is reflected from the surface as it would be from a mirror, as is shown
in Figure 207 (the term you will hear for this type of reflection is “specular reflection”). When the laser
beam encounters a particle or other defect on the surface of the wafer, the defect scatters a portion of the
laser light. Depending on the illumination arrangement, the scattered light can be detected either directly
(dark-field illumination) or as a loss in intensity in the reflected light beam (bright-field illumination). The
rotational position of the wafer and radial position of the beam define the position of the defect. In dark-
field imaging, the scattered light is collected to image the defect while bright-field imaging uses the light
reflected from the wafer surface. In wafer inspection tools, the light intensity is electronically collected using
a photomultiplier tube or similar detector and a map of the scattered or reflected intensity over the wafer
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surface is generated, as shown in Figure 208. This map provides information on defect size and location
and on wafer surface conditions such as “haze” (microroughness of the surface). As one might imagine,
this method requires highly accurate and repeatable rotary and linear motion control of the wafer stage and
optical components. In general, dark-field inspection is preferred for non-patterned wafer inspection since
high rastering speeds are possible in scanning the wafer surface which permits high wafer throughput.
Patterned wafer inspection, on the other hand, may use either bright-field and/or dark-field imaging to
inspect patterned wafers, depending on the application, and the inspection takes considerably more time.
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Figure 208. Light collection, processing and wafer mapping in an inspection tool [235].

2. Patterned Wafers

As noted above, optical inspection of patterned wafers can employ bright-field, dark-field illumination
or a combination of both for defect detection. Additionally, electron beam (EB) imaging is also used for
defect inspection, especially at smaller geometries where optical imaging is less effective. However, it is
very slow and only used at the R&D stage. Patterned wafer inspection systems employ a comparative
method in which they image a given die on the wafer and compare that image with the image of an
adjacent die or that of a “golden” die known to be defect free. Inspection tools use image processing
software to subtract one image from the other and if there is a random defect in one of the die, it will not
zero out in the subtraction process, showing up clearly in the subtracted image (See Figure 209). The
position of the defect is defined in terms of the position within the die and the die position on the wafer
allowing a defect map to be generated over the wafer, similar to that generated with unpatterned wafers.
As with the inspection of unpatterned wafers, patterned wafer inspection requires precise and repeatable
motion control of both the wafer stage and the system optical components.
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Figure 209. Patterned wafer inspection procedure. [236]).

3. Reticle Inspection

Arguably, reticle inspection is far more important than either non-patterned or patterned wafer
inspection. This is due the fact that, while a single defect on a bare or patterned wafer has the potential to
“kill” one device, a single defect on a reticle can destroy thousands of devices (or morel) since that defect
is replicated on every wafer processed using that particular reticle.

Reticle inspection systems work on the same basic principles and have similar physical requirements
to wafer inspection tools, with the exception that reticles are typically inspected using transmitted,
rather than, reflected light. Reticle inspection tools employ high resolution imaging optics and either
conventional visual or UV wavelength illumination, depending on defect tolerances and/or feature sizes,
to find defects on a reticle blank or a patterned reticle. Inspections are routinely performed during both
the reticle manufacturing process and throughout the reticle use phase. Reticle inspection tools employ
image analysis software algorithms and motion control systems similar to wafer inspection tools. Using UV
illumination, the application of conventional optical reticle inspection systems has been extended down to
the 90-nm feature sizes; for smaller features, electron beam, EB, reticle inspection is used.

B. Advanced Wafer and Reticle Inspection Tools

1. Sub-100 nm Unpatterned Wafer Inspection

Sub-100 nm inspection tools are currently used in manufacturing environments to provide quality
assurance on incoming wafers and for process tool monitoring applications such as system qualification
for high volume manufacturing. These tools employ the same basic operating principles as tools designed
for larger scale defect detection but use deep UV (DUV) illumination, enhanced optical systems, and
sophisticated image analysis algorithms to achieve sub-20 nm sensitivity. A high degree of precision and
accuracy is required in the motion control of the wafer stage and the system’s optical components at this
scale.
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Sub-100 nm inspection for unpatterned wafers is complicated by issues of scale. Signal to noise
(S/N) ratios are a critical parameter in the detection of particles and other defects on wafer surfaces. As
inspection tools are required to sense and quantify ever smaller particles, the impact of factors such as
surface microroughness (haze) begins to influence the detectability of small particles via reduction in the
S/N ratio of the scattered light signal. Surface chemical contamination from sources such as ambient
humidity can also contribute to reductions in S/N. To help counter such effects, inspection tools for
sub-100 nm defect detection employ more sophisticated optical spatial filtering and polarization of the
scattered signal and specialized signal processing algorithms to optimize their ability to detect small
defects in the presence of surface haze.

Sub-100 nm Patterned Wafer Inspection

Defect inspection for sub-100 nm patterned wafers presents much greater challenges than does
unpatterned wafer inspection. Deep ultraviolet-based (DUV-based) optical inspection for patterned wafer
applications operate using the same image comparison principle as older visible light and UV inspection
system, albeit requiring a greater degree of sophistication in the optics, motion control and image analysis
algorithm.

DUV tools have become the industry standard for patterned wafer inspection tools in applications
down to the 65 nm feature sizes (and below). Patterned wafer inspection rates of up to several wafers per
hour make these systems suitable for production applications. DUV inspection tools have demonstrated
high sensitivities for the detection of defects such as shallow trench isolation, STI, voids, contact etch
defects and photoresist micro bridging at sub-100 nm geometries [237]. Using broad-band DUV/UV/
Visible illumination, KLA-Tencor’s 2810 Bright-Field Patterned Wafer Inspector currently claims the required
sensitivity for defect inspection of all layers on DRAM and flash devices down to 55 nm feature sizes and
below.

While their well-understood characteristics and relatively low cost and high throughput make the
continued use of DUV optical inspection systems desirable, some manufacturers have reported that
DUV inspection systems begin to run out of steam at geometries below 65 nm [238]. Tran [238] claimed
that the limiting defect sensitivity for DUV dark-field optical pattern inspection systems is about 75 nm in
SRAM technology and much larger on logic areas. DUV bright-field systems have somewhat better limiting
sensitivities, ~50 nm in SRAM and, as with dark-field, larger in logic. In addition, the use of DUV lasers
to illuminate very small and consequently fragile structures on patterned wafers has encountered some
unusual problems such as laser ablation of surface material. The solution to these problems may lie in the
use of either broadband illumination for optical inspection systems (existing DUV systems employ 266 nm
wavelength and are moving to 193-nm illumination) or in the use of production-capable electron beam
inspection tools. Recently introduced production-worthy inspection tools based on plasma-generated
broadband illumination (3900-series) claim sub-10 nm resolution. New EB tools are available for defect
inspection applications at the 10 nm and lower nodes.

Sub-100 nm Reticle Inspection

As with the wafer inspection tools, reticle inspection tools for sub-100 nm applications (both blank
and patterned reticle inspection) employ DUV illumination, typically single wavelength 257 nm or 193 nm
sources. Figure 210 shows a block diagram of a reticle inspection platform. Reticle inspection systems can
be configured to employ either transmitted light through the reticle or reflected light from the reticle surface
in the inspection process. As with other inspection systems, this reticle inspector requires highly accurate
and precise motion control for the optical components and the air bearing reticle stage.
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Figure 210. Block diagram of the components in a reticle
inspection system (Fujitsu Ltd. [238]).

MKS Product Applications in Wafer and Reticle Inspection

Motion Control for Wafer Inspection

MKS Light and Motion Division offers a variety of high performance
air bearing stages suitable for use in wafer inspection tools and other
motion control applications. The HybrYX™ XY Hybrid Air Bearing XY
Stage (Figure 211) is a relatively low cost, single plane air bearing
stage that is well suited for semiconductor wafer inspection systems
and many other scanning applications requiring ultra-low velocity
ripple & dynamic following error. The HybrYX stage has a true single
place XY architecture with available theta and Z-Tip-Tilt solutions.

It features scanning velocities of up to 600mm/sec and 0.6G

acceleration and large (>1 meter) XY Travel range The HybrYX system Figure 211.
has a demonstrated and reliable, long-life operation ideal for high HybryX™ Xy Hybrid
duty cycle environments such as wafer inspection applications. Air Bearing XY Stage.
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The DynamYX® family of stages (Figure 212) was specifically
designed for semiconductor wafer processing and inspection
applications. They offer the highest level of commercially available
positioning performance. The extensive use of ceramic materials in
these stages provides exceptionally rigid structural stability. They are
designed with a low profile that aids in OEM applications.

Motion Control for Reticle Inspection

MKS Light and Motion Division offers the DynamYX Reticle
Positioning Air Bearing Stage (Figure 213) for use in reticle inspection
and repair applications. The DynamYX stage has a much smaller
footprint than traditional open-frame solutions and a full-open-
aperture that accommodates flexible optical component integration
and ease of service access.

Custom Optical Solutions

MKS Light and Motion Division’s Integrated Solutions Business (ISB)
group specializes in optical sub-system design and manufacturing
and has designed and manufactured assemblies for wafer and reticle
inspection tool manufacturers. ISB has designed and manufactured
optical sub-systems for lithography, wafer inspection, excimer and
EUV light source, metrology and mask writing applications, among
others. Table 19 shows the breadth of this experience. ISB has
produced custom optical assemblies for applications ranging from
illuminators for inspection tools to wafer inspection, as shown in
Figures 214, 215 and 216.

Figure 212.
DynamYX® Datum Ultra-High
Performance Stage.

Figure 213.
DynamYX® RS.

4 )

- J
Figure 214. Figure 215. Figure 216. Custom optics.
157 nm Objective Lens High power LED illuminator
for VUV 157 nm for use in inspection tools.
Photolithography.
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F Wafer and Reticle Inspection

Opto-mechanical Subsystems

» Wafer alignment

* Wafer reflectometry

* Wafer illumination

* Wafer interferometric inspection

» Brightfield & darkfield optical inspection

Subsystems or Systems

» Photovoltaic scribing & laser edge deletion
» Thermal annealing for LCD flat panel lines

Laser Technology

e Laser beams from DUV to FIR
e Laser beam stabilization
* Laser beam metrology

Precision Optics & Hardware

» Custom optics with wavefront errors < /20
» Custom optical coatings
» Extensive catalog items & custom hardware

Table 19. MKS Light and Motion Division’s design and
manufacturing solutions.
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Automation of Process Equipment

The production of microelectronic integrated circuits is, arguably, one of the most complex
manufacturing environments in the industrial world. Historically, unit operations such as the fabrication
processes (clean, lithography, deposition, etch, etc.), metrology, material handling and others were
performed manually. Over the course of decades, however, these unit operations have been converted
to automated control owing, primarily, to the growing need to remove human beings from the fab
environment. As the feature sizes shrank, device tolerance to particulate and other kinds of contamination
became ever lower, until today there is essentially zero tolerance to contamination on wafers, masks and
devices in progress. Process technology has evolved to the point where low to zero levels of contamination
have become the norm within the process and equipment environments within different unit operations
Today, the primary source of particles and other contaminants in the fab ambient is the human staff still

needed within the cleanroom.

Over the years, much of the improvement in contamination control has come about through the
increased use of automation within the fab. In older 6- and 8-inch fabs, individual process tools were
typically automated and computer controlled but there was no automation and coordination of functions
such as material handling, product/process characterization, and data collection and analysis between
different unit operations; in contrast, modern 12-inch fabs have fully automated wafer processing,
metrology, inspection, material handling, and device packaging with little or no human intervention between
the introduction of bare substrates to the output of completed devices. Advanced device manufacturers
require complex automation solutions for individual unit operations. Subsystems within a unit operation
must be seamlessly integrated with intelligent, automated material handling; process control; data

collection and analysis; and safety.
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Figure 217. Functional levels of a distributed control system [240].
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Automation takes the form of a hierarchical structure as shown in Figure 217, commonly referred to as
a distributed control system. Each level of control is connected to the higher levels (and to other computers
within the same level) by a high-speed communications network. In Level O (Field Level), microprocessor-
based controllers execute control loops, perform logic functions and collect and analyze process and
machine state data for specific applications within the global manufacturing process. Operational and
product data collected at the Field Level are transferred to the unit supervisory systems in Level 2, Plant
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Supervisory, where they are used to adjust control loop parameters, analyze process health and track
product quality. In Level 3, Production Control, process and product quality data for unit operations are
passed to production control systems that coordinate the plant’s overall operational activities (i.e. inventory,
material handling between unit operations, product quality data, etc) and track historical operational and
product characteristics. These latter data are passed along to Level 4, Production Scheduling, where the
information is used to optimize asset utilization within the plant. The basic functions that are automated in
a semiconductor fab can be considered as sequences or collections of the following activities (taken from
[241]):

m Lot selection (or dispatching), to determine which lot to process next

m  Transport, to locate and move the lot

m  Setting of process condition and recipe, to setup processing conditions

m  Process start, to initiate processing

m  Process data collection, to record and report measurement data during processing

= Go/no-go quality gating, to determine the acceptance of the processing results

m  Exception handling, to handle and solve production exceptions

m  Alarm handling, to handle and react predefined alarms

Typical parameters that must be considered in any semiconductor manufacturing automation scheme

include:

m  Message sequencing standards between different tools and the host computer

m  Load/unload port design

= Materials handling

m  Wafer cassette/pod identification

m  Recipe ID and recipe body check

m  Process control

m  Engineering review and control

= Manual override

Automation within a fab can be categorized as lying within one of three areas:

1. Tool automation, which deals with the automation of the different subsystems within a single unit
operations such as a deposition or etch process;

2. Cell automation, which deals with managing the connections between tools and tool stations, material
movement within and between tools, and advanced process control;

3. Global fab automation, which deals with system integration, the scheduling and processing of product
lots, business management and fab maintenance.

It is well beyond the scope of this overview to provide an in-depth discussion of global fab
automation. Instead, we will provide a brief description of the use of intelligent automation systems for
control of the sub-processes in tool automation for a unit operation such as a thin film deposition (Level 1,
Direct Control) and on data capture and analysis for real-time monitoring of faults within a manufacturing
cell (Level 2, Plant Supervisory), both areas in which MKS has a strong product presence. This discussion
will closely follow the available Application Notes and technical magazine publications that focus on these
areas, available from the MKS Automation and Control Product Group [242] [243]. Individuals interested in a
greater understanding of global automation issues within modern semiconductor fabs (such as Automated
Materials Handling Systems (AMHS) and other Computer-Integrated Manufacturing (CIM) systems) can find
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useful discussions in publicly available videos that show the fully automated fab functions [244] [245]. There
are books and in-depth reviews of automation in semiconductor manufacturing available [246] [247] [248].
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Figure 218. A generic semiconductor wafer processing tool showing different subsystems required for operation.

To understand the issues associated with Level 1 intelligent automation for unit operations, consider
the MKS generic semiconductor wafer processing chamber shown in Figure 218. This tool incorporates
independent subsystems for, among other things, vacuum and pressure control, gas flow control, process
chamber and vacuum line temperature control, plasma power supply, automated wafer handling, process
data collection, communication and analysis, and safety. A close examination of this single tool shows that
it incorporates well over a dozen independent subsystems. Safe and effective control of units such as this,
which contain networks with multiple semi-autonomous subsystems, can be extremely challenging. Care
must be taken to avoid control problems due to latency (the delay between the issuance of a command by
the control system and the machine response), synchronization, and operational timing challenges at both
the local subsystem/device level and at the centralized chamber control level. Adding to the complexity of
controlling the many subsystems in a single process chamber is the fact that contemporary semiconductor
unit operations are almost invariably configured as cluster tools. Cluster tools incorporate a number of
process chambers, usually performing different wafer fabrication processes with concomitant increases
in complexity due to the presence of non-redundant systems on different chambers. Furthermore, wafer
handling, occasional in situ metrology and the scheduling of internal wafer I/O and processing movements
adds even more complexity to the control of these tools. The command information and sensor data
needed for synchronized control of the many subsystems in the unit operation must be transferred between
master and subsystem controllers in real-time or near real-time. In addition, real-time sensor data is needed
by safety interlock systems, should a system failure occur. Finally, with the modular architecture of most
advanced process tools, all of this control and communication must be duplicated for multiple process
modules.
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Process and equipment control in older, conventional semiconductor unit operations typically uses
reactive paradigms in which the controller responds to detected changes in process variables with changes
to the process control parameters that are intended to bring the process variables back within a specified
range. The more advanced process/equipment control employed in modern 8- and 12-inch process tools
uses intelligent control paradigms for proactive control of the multiple local nodes based on continually
updated, predictive models of the equipment/process functions. Proactive control philosophies combine
early fault detection and classification with improved process understanding, and integrated control and
automation to achieve higher levels of efficiency and safety (and to lower the cost of a tool’s operation).
Such proactive control paradigms facilitate reductions in the environmental impact of a process, simplify
the efforts needed to comply with government regulations, and help to reduce or eliminate the negative
economic and branding costs associated with the release of faulty products to the marketplace.
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Figure 219. A generic semiconductor wafer processing tool showing different subsystems and
the application of MKS’s Automation Platform for control of these subsystems.
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Network/node-based control can be managed by using a single, centralized controller platform
capable of both complete tool and process control. This approach reduces tool complexity through
reductions in the number of microprocessor cores and Operating Systems (OS’s), employed for control of
the various tool functions. Centralized controllers for process tools can also significantly lower the cost of
the control architecture as compared with existing approaches.

MKS’s Automation Platform addresses the issues discussed above for Level 1 equipment/process
control that enables localized and high speed I/0 control for MKS and other manufacturers’ control
elements in a modular fashion. It integrates and automates the sensors and devices resident in a given
process tool and communicates equipment and process state data to Level 2 controllers. Figure 219 shows
an image of a generic semiconductor wafer processing tool and the different subsystems that can be
controlled using the MKS Automation Platform.

In distributed control schemes, the operational and product data collected at Level 1 are transferred
to the unit supervisory systems of Level 2. These data carry information that is useful in direct real-time
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monitoring and adjusting of the control and health of a process. The data can also be used for updating
global empirical control and fault analysis models of overall plant operations. A change in the value of

a single independent parameter within a production process has the potential to significantly impact

the global process model, forcing an update to that model. Given the very large number of changing
independent parameters in most production processes, the need for model updates can quickly become
an overwhelming model maintenance issue. Manufacturers thus face a significant challenge in reducing
the torrent of machine and sensor data to manageable metrics that summarize the process state and
which can be used to maintain global process models. MKS has developed a solution for this problem

in their SenseLink™ QM system which enables the collection, storage, retrieval, and analysis of system
data, providing data monitoring, visualization, multivariate analysis, modeling and fault detection in a single
system for process and product control.

MKS Product Applications in Automation ~ ™\
Automation Platform

The MKS Automation Platform is a modular, scalable and configurable
automation and control solution (Figure 220). It integrates seamlessly with
other MKS products, improving the utilization of existing tools. The platform
consists of two programmable automation control options (PAC 100 &

PAC 1000); Communication & Coupler Modules (CMs), a variety of 1/O_

modules interfacing to any type of sensor, actuator, valve, etc.; the Controls \_ )
Workbench software (CWB) for configuration, process monitoring, tuning,

and data storage which supports a standard IEC 61131-3 programming Figure 220.
interface. Its modular and open architecture make it scalable and flexible. It Programmable Automation
supports many fieldbuses and control networks. Platform.

SenseLink™ QM Real-Time Quality Monitor

SenseLink™ QM provides process monitoring
and part quality prediction through the application
of multivariate analysis (MVA) technology from
MKS Analytical & Control Solutions (Figure 221). All
necessary data acquisition, multivariate processing,
and control functions come from one self-contained,

w13 v 2000 w12 v

COmpaCt Unit based on the MKS PAC Addlng a I 110 5% 114 (B 27% ax, 12T3% ) Done 110 Loaded
SenseLink™ QM monitor to a semiconductor process o ECTER T _ren | s
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and Statistical Process Control (SPC) approaches. e S
Figure 221.

SenseLink™ User Interface.
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XI.

Semiconductor Fab Utilities

For many of us, our direct experience with the reality of a semiconductor fabrication facility is limited
to meeting rooms, cleanrooms and analytical laboratories. These facilities are, however, part of much more
complex structures that contain an intricate infrastructure of ancillary environments housing regulatory,
production and delivery systems for the different services and utilities needed for day-to-day fab operation.
Figure 222 is a layout diagram for a typical semiconductor fab that shows the ancillary areas needed to
provide utility services to the cleanroom production zone. These services include ultrapure water, bulk high
purity gases such as nitrogen and argon, exhaust gas handling and disposal, and cleanroom air systems.
This section discusses these fab utility systems and supplies context for how different products in MKS’s
portfolio are employed in these areas. Also, while many of the references in this section are to 200 mm
wafer processing, the subject matter is generally applicable to 300 mm wafer processing as well.
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Figure 222. Freescale ATMC factory configuration (from reference [249)]).

Ultrapure Water

Semiconductor device manufacturing consumes large quantities of water for a variety of purposes
ranging from equipment cooling to wafer surface cleaning. Low purity water requirements and conditioning
will not be discussed in this overview. Rather, we will focus on the production of ultrapure water (UPW)
for use in device fabrication processes. Ultrapure water is required for many process steps. Early stages
of device fabrication require repeated steps for wafer cleaning, rinsing and surface conditioning. At many
different stages in device manufacturing, it is used for surface cleaning, wet etch, solvent processing, and
chemical mechanical polishing/planarization. Indeed, the latter unit process has become one of the largest
consumers of UPW within the fab, requiring high volumes for slurry production and rinsing.
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Large amounts of UPW are consumed in all fabs — according to the International Technology
Roadmap for Semiconductors (ITRS) (2011), device fabs utilized 7 liters/cm? of UPW per wafer out. This
means that a typical 200 mm wafer fab that processes 20,000 wafers per month can use up to 3,000 m?®
of UPW per day. That is the equivalent of the daily water requirements of a community of 20,000 people.
The conversion of raw water to water of ultrahigh purity is thus a significant and costly activity for all
semiconductor fabs. Because of the high cost of production and the high-volume needs, there are constant
and significant efforts within the industry to reduce the usage of UPW. The ITRS usage target for 2020 was
cited as 4.5 liters/cm? in the 2015 ITRS Roadmap.

UPW is normally produced using reverse osmosis / deionised resin bed technologies; however,
as device linewidths continue to shrink, the requirement for ever higher water purities in semiconductor
applications is expected to increase beyond the capabilities of current production technologies. Indeed,
modern semiconductor standards for ionic contaminants in UPW are so stringent that some analyses
are beyond the detection limits of available analytical tools. This section, will provide the reader a basic
familiarity with the design elements and functionalities for UPW systems. We will discuss the main UPW
parameters, the treatment sequence for UPW and provide some details of the main treatment steps.

UPW Parameters

Several parameters are monitored for quality control of UPW. These parameters, their points of
measurement and measurement method are identified in Table 20. A brief discussion of the main kinds of
contaminants, methods of control of their level in UPW, and their typical specified limits is provided below.

Resistivity: This is measured in mega-ohm centimeters or Mohm-cm. Low ion contaminant
concentrations in the UPW produce high resistivity values. The theoretical upper limit for UPW with zero
ionic contamination is 18.25 Mohm-cm. The 2015 International Technology Roadmap for Semiconductor
(ITRS) guideline for UPW resistivity at 25°C is >18.0 Mohm-cm.

Parameter Measured (POD/POC) Test Method
TOC Online Conductivity/CO,
Organic lons Lab lon Chromatography
Other Organics Lab LC-MS, GC-MS, LC-OCD
Total Silica Lab ICP-MS or GFAAS
Particle Monitoring Online Light Scatter
Particle Count Lab SEM — capture filter at various pore sizes
Cations, Anions, Metals Lab lon Chromatography, ICP-MS
Dissolved O, Online Electric Cell
Dissolved N, Online Electric Cell

ICP-MS — inductively coupled plasma - mass spectrometry

LC — liquid chromatography; GC — gas chromatography; MS — mass spectrometry
SEM — scanning electron microscopy

GFAAS — graphite furnace atomic absorption spectroscopy

LC-OCD — liquid chromatography - organic carbon detection

Table 20. UPW Parameters, measurement points and methods.

Total Oxidizable Carbon (TOC): The TOC of UPW is measured in parts per billion (ppb). Oxidizable
carbon in UPW originates from both inorganic (i.e., mineral carbonates) and organic (including biological
and man-made contaminants) carbon contamination in the raw feed water. Typically, reverse osmosis (RO),
ion exchange, UV irradiation and degasification are employed to reduce the TOC to acceptable levels in
UPW. Tolerable TOC levels in UPW can vary, depending upon the application; however, most applications
require very low carbon levels. As an example, the TOC levels needed to avoid lens hazing in immersion
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lithography have been a recent driver for this specification, with point of use levels of <1.0 ppb being
specified for acceptable performance. The ITRS guideline for TOC is <1.0 ppb.

Dissolved Oxygen (DO): DO is measured using an electrochemical cell. Typically, DO levels in
modern fabs are less than 5 ppb. Dissolved oxygen is removed from UPW using vacuum degasification in
membrane contactor systems.

Particulate Matter: Raw water sources have high levels of particulate matter. Particles above
the micron scale are removed using pre-filters and microfilters, after which the water is polished using
increasingly fine filters to remove particles with diameters down to about 0.2 microns. Ultra-filtration at
10,000 molecular weight is used to remove residual particulates beyond this point. Particle specifications
for UPW vary, depending on the fab application; in general, particles greater than 0.2 microns cannot be
tolerated in any device fabrication, with well-defined limits on particle counts/liter for particles of smaller
diameters down to around 0.05 microns. The current ITRS guideline for UPW is <0.3 particles/m| @ 0.05
micron particle diameter. Industry targets are ambitious; suggestions have been made for a specification
of the order of <10 particles/ml having diameters greater than 10 nm, a specification that the industry is
currently unable to measure, let alone control. In addition to particulate removal in bulk UPW, point of use
(POU) ultrafiltration is often employed in the fab environment. Particle counts are normally measured using
laser light scattering.

Bacteria: Some bacteria can survive the UPW treatment process and these pose both a biological
and particulate threat to integrated devices. Bacterial adhesion occurs naturally in water as pipe walls
attract minute quantities of organic nutrients, which attach to the wall and initiate the biofilm process. While
regular sanitization programs are employed by some facilities and provide safeguards against microbial
activity, biofilms can prove resistant and may permanently coat the inaccessible surfaces of valves and
dead-legs. Proper system design and adequate flow velocity are more important than periodic sanitizations
to maintaining cleanliness of the system.

Currently, the tests for bacteria and other organisms in UPW employ culture methods that test for
viable bacteria and determine the level as “colony forming units/litre” or cfu/liter. These methods lack
sensitivity in that only viable bacteria are recovered and large volumes of water may need to be sampled to
provide adequate reliability (e.g. <1 cfu/liter cannot be measured with a 100 ml sample). A new technology
called Scan RDI may offer a solution for testing total viable organisms. The method is able to detect a
single cell based on direct measurements of cell activity and includes bacteria and other live organisms that
may be present in biofilm. Another method for bacteria detection is epifluorescence, in which a technician
uses a microscope to visually identify both viable and non-viable bacteria that have been stained with dyes
that cause biological materials to fluoresce under ultraviolet light. A skilled microscopist can determine
much qualitative and quantitative information about the bacteria in the UPW using this method. The ITRS
recommended specification for bacterial contamination in UPW is <1 per 1000 ml (by culture).

Silica: Silica, normally measured in ppb, is present in the feed water to UPW systems as silicates
and polymeric (or colloidal) silica. Gross removal of silica normally occurs in the RO step of water
purification with final removal of residual silica accomplished using anion exchange resin beds followed
by ultrafiltration. Typically, the limiting specification for total silica in UPW is 0.2 — 1.0 ppb for dissolved
silicates and 0.3 — 2.0 ppb for colloidal silica.

lons and Metals: Dissolved solids in the feed water to UPW systems consist of a charge-balanced
mixture of cations (mostly metals) and anions. These impurities are removed in ion exchange resin beds.
Acceptable concentrations of ions and metals in UPW range between 0.02 and 1 ppb, depending on the
species and the application.

UPW Unit Operations: Figure 223 provides a schematic of the unit operations in a typical UPW
system.
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Figure 223. UPW system process flow abstracted from Sematech guidelines (reproduced from
“The Use and Management of Chemical Fluids in Microelectronics”, Gottschalk et al, in
“Chemistry in Microelectronics”, John Wiley & Sons, 2013) [250)].
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MKS Product Applications in UPW Facilities

MKS currently has no well-established product applications in UPW generating facilities within
semiconductor device fabrication facilities. The LIQUOZON® Ultra ozonated DI water system (Figure 224),
however, has proven very successful in the sanitization of pharmaceutical UPW systems.

Ozone injection has been shown to be very effective in controlling TOC in these pharmaceutical
applications. It may be that, where localized UPW loops of appropriate scale are in place within a
semiconductor fab environment, ozone injection using LIQUOZON Ultra or other MKS ozone generation
and delivery products [251] can find future applications.

~

Figure 224. LIQUOZON® Ultra ozonated DI water system.

B. Gas Storage and Delivery

A variety of gases are employed for different purposes within a semiconductor device fabrication
plant. These gases range from the pyrophoric and/or toxic specialty gases required for thin film deposition
and doping processes (ammonia, methane, silane, germane, dichlorosilane, silicon tetrachloride,
phosphine, diborane, arsine and others) through the reactive and corrosive gases needed in different etch
processes (chlorine, fluorine, halocarbons, nitrogen trifluoride, etc.). The so-called “atmospherics” (oxygen,
hydrogen, nitrogen, argon and helium) are required for purging process systems to reduce contamination
and for a number of ancillary needs in process equipment and wafer handling areas. All of the gases used
in a semiconductor device manufacturing plant must be of extremely high purity at their source and this
purity must be maintained throughout the gas distribution systems that exist within the plant. Some gases
may also require further point of use (POU) purification to ensure ultra-low contaminant levels in critical
processes.
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Nitrogen and argon gases are probably the gases with the highest volumetric use in a semiconductor
fab. They are normally supplied to the fab at “5 9s” purity or 99.999% pure. This purity level is necessary
since high volumes of these gases are used for purging process equipment and even very low levels of
contamination can produce damaging levels of cumulative contamination during long purge cycles. Other
atmospherics (i.e., oxygen, hydrogen, helium) are used at somewhat lower volumes and slightly lower purity
levels, which are acceptable (but all such gases must be greater than 99% pure at delivery and on-site
storage facilities).

Cryogenic Bulk
Liquid Storage Tank Ambient Air
Vaporizer

Gauges

Top and Bottom Fill
Valves and Piping

)
QF) " Control Manifold
L J

Figure 225. Typical bulk cryogenic gas storage and dispensing system [252].

Telemetry
Gas to
Customer

Within the fab, gases can be stored for distribution in different ways, depending on the purpose
and nature of the gas. High volume atmospherics are most often stored in large, cryogenic liquid storage
tanks such as those shown in schematic form in Figure 225. These tanks are essentially just large “Dewar”
vessels [253] having an inner vessel that contains the cryogenic liquid encased in an outer shell with a high
vacuum between the inner vessel and the outer shell. Vacuum is the best possible insulation to maintain
the liquid at cryogenic temperatures. In addition to cryogenic storage, tube trailers are often employed for
on-site storage of bulk atmospherics.

Hazardous high pressure gases include those with pyrophoric, flammable, corrosive, and toxic
characteristics (e.g., silane, most hydrocarbons, fluorides and chlorides, phosphine, arsine, etc). Such
gases are typically stored in high pressure cylinders that must be maintained in well-vented gas cabinets
that are specially designed to mitigate the hazard associated with a specific gas. Most semiconductor
fabrication plants have large numbers of such cabinets on site and there are strict regulations governing the
placement and number of hazardous gases in a given facility. (See, for instance, the standards published
by the National Fire Prevention Association, specifically NFPA 45, the Standard on Fire Protection for
Laboratories using Chemicals). Reference [254] provides some useful information on safe handling and
storage of high pressure hazardous gas cylinders. Figure 226 shows a schematic of a typical hazardous
gas cabinet designed to contain pyrophoric gases such as silane. These cabinets are equipped with
appropriate fittings for connection to the high-pressure cylinders and valve configurations that are designed
for cross-purging piping connections to remove residual pockets of gas prior to disconnecting an empty
cylinder. Modern gas cabinets are normally equipped with analytical sensors that can detect any leakage
from the cylinders or piping.
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Figure 226. Gas cabinets for pyrophoric gases [254]).

In addition to bulk storage, some high usage gases may be generated on site using gas generators
that are supplied, maintained and operated by the gas supplier to a semiconductor plant. On site
production of nitrogen, oxygen and hydrogen is becoming relatively common within the industry.

MKS Product Applications in Gas Storage and Delivery

MKS’s product line has a number of products that can be used to ensure the quality of bulk gas
supplies within a semiconductor fab environment.

MultiGas™ 2032 Purity FTIR Gas Analyzer e ™\

The MultiGas Purity Analyzer is an FTIR (Fourier Transform Infrared)
spectrometer based gas analyzer that can continuously monitor contaminant
levels in bulk process gases at the ppb level (Figure 227). The unit readily
detects water, carbon monoxide, carbon dioxide, nitrous oxide, methane,
hydrogen fluoride, hydrogen chloride, ammonia, methane, dichloromethane,
trichloromethane and many other chemical contaminants in bulk process
gases. Bulk gases which can be monitored using the MultiGas 2032 include
ammonia, nitrogen trifluoride, silicon tetrafluoride, hydrogen, and others.
MultiGas analyzers have a proven utility in bulk gas purity monitoring, including \_ J

monitoring of gas quality from air separation units, ASUs.

Figure 227.
MultiGas™ 2032
FTIR Gas Analyzer.
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RGA in situ Process Monitors

The Cirrus 2 benchtop atmospheric pressure gas analysis system can
be employed for on-line monitoring and analysis of gases and gas mixtures
including trace contaminants in process gases (Figure 228).

Precisive® 5 Application-specific Analyzers

The Precisive 5 application-specific analyzer has been specifically
developed for monitoring the quality of hydrocarbon gases in the oil and
gas industry, though the operating principles of this technology allow it to
be adapted as a gas quality monitor in a variety of industrial settings. This
includes those semiconductor process applications in which it is desirable
to monitor such bulk gas characteristics as the relative proportions in gas
mixtures (Figure 229). The Precisive 5 Analyzer is not suited to the detection of
trace levels of contaminants in bulk gases.

Thermal and Pressure-based Mass Flow Controllers and Meters

MKS mass flow controllers (MFCs) and meters (MFMs) are designed to
meet a broad variety of processing applications. Most MKS mass flow control
and metering products offer both analog (0-5 VDC; 4-20 mA) and digital
(Devicenet, Profibus, EtherCAT, RS485) I/0 with embedded Modbus and an
Ethernet user interface.

G-Series MFCs and MFMs are broadly applicable instruments that
provide cost-effective, high performance measurement and control of gas
flows between 5 cc/min (sccm) and 250 L/min (slm) with an accuracy of 1% of
setpoint. They have multi-range, multi-gas capability and are available in either
elastomer or metal sealed configurations.

Figure 228.
Cirrus™ 2 Atmospheric
Gas Analysis System.

4 N
. "Ti
o) p
. _J
Figure 229.

Precisive® 5 Gas Analyzer.

ALTA all-digital, metal-sealed MFCs are especially suitable for mass flow control of high flows of
hydrogen in pyrogenic oxidation and annealing applications. Hydrogen normally presents a notoriously

difficult flow control problem.

I-Series MFCs are also suitable for hydrogen service in pyrogenic oxidation and annealing
applications. The I-Series MFCs are IP66-rated for use in harsh industrial environments.

C. Process Exhaust Gas Traps and Scrubbers

The process exhaust downstream from the cleaning, deposition and metal etch processes employed
in a semiconductor fab often experiences problems due to fouling. This is most often caused by the
condensation and build-up of solid or liquid process by-products on the internal surfaces of vacuum
components and exhaust lines. Such build-up can be controlled by maintaining the exposed surfaces
at elevated temperatures; therefore fabs require technologies that accurately and precisely control the
surface temperatures of the different components in the vacuum train and exhaust gas handling systems.
Exhaust streams in a fab frequently contain very corrosive and/or toxic gases that must be removed by
chemical scrubbing prior to release to the atmosphere. This entails the use of equipment in most fabs that
is dedicated to managing and treating the process exhaust gas stream. Maintenance of this equipment
constitutes an important cost factor in all fabs and there is a keen interest in equipment that can reduce or

prevent build-up and/or corrosion and prolong maintenance cycles.

CVD processes, for example, convert significantly less than 100% of the process precursor within
the processes chamber, and unreacted precursor gases are sent through the vacuum conductance lines
to the vacuum pumping and exhaust systems. In many CVD processes, precursor compounds undergo
gas phase reactions that produce highly reactive gas-phase intermediate compounds that live long enough
to react and produce solids and liquids as they pass through the downstream conductance and exhaust
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system. The best understood example of this phenomenon is the pyrolysis of TEOS to produce silicon
dioxide. When TEOS is introduced into the process chamber it initially undergoes the following gas-phase
decomposition reaction [255]:

Si(OC,H,), 2 Si(OC,H,),OH + CH,

Since this reaction is endothermic by only 10 kcal/mol, almost all of the TEOS going into the
deposition chamber (at ~720°C in low pressure CVD TEOS) is rapidly converted to Si(OC,H,),OH in the
gas phase. The OH group in this molecule makes the intermediate much more reactive than pure TEOS.
Residual gases containing this intermediate are pumped out of the deposition chamber and into the
exhaust lines of the system where they continue to react even up to and through the vacuum pumps
and into the exhaust gas collection system. These reactions produce loosely adhering solid deposits on
the walls and other surfaces in the vacuum/exhaust train. These deposits build up and eventually create
flow constrictions that impact the conductance characteristics of the system and, ultimately, the yield of
the process. The deposits are also a particle source within the system. The stainless steel or aluminum
surfaces within the process system and other system components have thermal expansion coefficients that
are very different from those of any solid that coats the surface, resulting in high levels of stress between
the surface and the coating. This stress causes the coating to flake off as the surface expands and
contracts from temperature and pressure changes, which generates particles that remain loosely adhered
to the surface. Additionally, particulates produced by gas phase nucleation can also lodge in the uneven
surfaces of the stressed film. These loosely adhering particles can be transported back into the process
chamber during gas cycling, causing unwanted and unpredictable particle excursions in the process.
Effective traps for particles and condensation products, when coupled with heating of the exhaust lines
and other downstream components, have been found to resolve this issue since they keep much of the
precursors or byproducts in the vapor phase until they reach the waste treatment unit, and the constant
temperature of the components reduces the flaking of any deposited material due to film stress and
thermal cycling. Figure 230 shows a CVD installation having a particle trap and vacuum conductance lines
and vacuum control components that are encased in conformal heaters to control solid deposition and
condensation on the internal surfaces.

> ;& ‘;
=
_®

Figure 230. CVD system vacuum lines equipped with MKS S49 thermal management
system process line heaters that reduce solid build-up and particle generation.
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Silicon nitride CVD provides another example in which reaction by-products must be maintained in
the vapor state until they can be effectively trapped or chemically scrubbed from the exhaust stream. The
process employs a large excess of ammonia to ensure that the corrosive HCI reaction product is rendered
less corrosive through reaction to produce ammonium chloride:

3H,SiCl, + 10NH, > Si,N, + 6NH,Cl

The ammonium chloride, NH,Cl, is pumped through the downstream vacuum lines and these lines
must be heated to a temperature that keeps this abrasive solid in the vapor phase until it can be condensed
in an effective particle trap. If allowed to condense in unheated downstream vacuum lines, the ammonium
chloride produces a loose, powdery deposit that will backstream into the process chamber during pressure
cycling. Heating the vacuum lines to 130 — 150°C in an arrangement such as that shown in Figure 230
keeps the ammonium chloride in the gas phase until it reaches the unheated particle trap.

Etch processes have similar issues with the accumulation of deleterious build-up in the conductance
and exhaust lines. Source gases for etching are usually fluorine- or chlorine-containing molecules such as
CF,, NF,, SF,, CCl,, Cl,, BCl, or CCI,F,. The products of etch reactions can form deposits on downstream
surfaces. For example, the plasma etching of silicon using CF, proceeds according to:

CF,+e > CF, +F
Si + 4F- > SiF,

Here the dot by a chemical formula denotes a radical fragment. In any etch process that uses CF, or
other fluoro- or chlorofluoro-carbons, -CF, and other radical fragments can sequentially react to produce
polymers for a CF,-based etch as illustrated below:

+CF3 +CF3 ‘i‘CFS +CF3 +XCF3
CF4 e _"’CFg +F: — C2F5 +F. —— C3Fg +F —— C4F10 +F-: etc. CnF2n+2

For example, Teflon-like polymer build-up, due to this or a similar reaction sequence, is observed in
MEMS manufacturing using the Bosch etch process.

Chlorine-based metal etching processes such as aluminum etch can also produce downstream
deposits, in this case crystalline aluminum trichloride, AICI, [256]. The vapor pressure curve in Figure 231
shows that AICI, is a solid at room temperature (25°C) at pressures as low as sub-millitorr. Thus, in an
aluminum etch process, with unheated vacuum lines, most of the downstream surface will be coated with
aluminum trichloride when the process pressure is in the millitorr range unless the byproduct is trapped
close to the source. Heating the vacuum lines to temperatures that maintain AICL, in the vapor state at the
process pressure resolves this problem. Many other etch processes that use fluorocarbon and inorganic
halide gasses produce either polymeric fluorocarbon or solid halide deposits on downstream surfaces.

Downstream of the vacuum pumping system, the process exhaust is fed to a centralized exhaust
treatment facility in most semiconductor fabs. These facilities are generally described as exhaust
“scrubbers.” Typically, fabs employ more than one such unit, differentiated by the type of exhaust stream
that the unit must treat. “Acid” gases such as AICI, emanate from etch processes and include hydrogen
fluoride, hydrogen chloride, chlorine, fluorine, silicon tetrafluoride, Perfluorocarbons (PFCs), nitric and
sulphuric acids, as well as with other acidic compounds. Wet scrubbers are used to react acid gas residues
with aqueous neutralizing solutions prior to discharge to atmosphere. “Basic” effluents such as ammonia
are normally treated separately from acid gases, both because they react with the acid gases and because
they require different scrubbing chemistries. Wet scrubbers are normally used for neutralization of basic
gases as well. Furthermore, many CVD processes employ flammable, pyrophoric, and corrosive gases that
are best removed or rendered harmless by combustion in a dedicated chamber. Finally, dry, chemisorption
scrubbers are commonly employed for the removal of toxic gas residues from the exhaust stream.
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In addition to acid and ammonia process effluent abatement, the U.S. Environmental Protection
Agency has amended its Green House Gas (GHG) Mandatory Reporting Rule 40 Part 98 to include
semiconductor fabs in the requirement to report GHG emissions from their facilities. GHG’s are emitted
from many semiconductor processes including CVD chamber cleans, etch, and wafer cleaning.
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Figure 231. AICI3 vapor pressure curve.
MKS Product Applications in Exhaust Gas Treatment
Series 49 Thermal Management System
MKS offers a series of advanced heaters and heater control systems. e ™\

The MKS Series 49 thermal management system (Figure 232) is well-suited
for vacuum line heating applications in ALD, CVD, and etch processes, as well

as in many other deposition applications. These heaters are conformal, use
less energy than conventional heat tracing/insulation installations and have
superior control of temperature uniformity. The Series 49 simplifies maintaining
accurate and precise temperature control while simultaneously providing
improved safety functions and more comprehensive communications options.
Applications of the Series 49 are detailed in the MKS white paper titled:

‘Controlling Vapor Condensation and Downstream Deposits in Deposition and
Etch Tools”.

Figure 232.
Series 49 Thermal
Management System.
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Heated Vacuum Valves

MKS’s Jalapefio Series vacuum valves are internally heated valves that
prevent condensation of reactive vapors and volatile solids. These include
regular and low-profile (Figure 233) heated bellows isolation valves. MKS also
offers manual and pneumatic heated vacuum ball valves.

Process Traps

MKS offers a variety of traps designed for specific process applications.
These range from particle and condensation traps for conventional deposition
and etch processes to heated traps appropriate for ALD applications.

Figure 233.
The Metal Etch Trap (Figure 234) is an efficient, high capacity trap Jalaperio LoPro™
specifically designed to capture the condensable chloride vapors generated Isolation Valve.

in aluminum etch processes. This trap is especially useful in preventing

condensable, corrosive vapors such as AlCI, from entering dry chemisorption scrubbers where they
can rapidly clog the unit and destroy the scrubbing capacity. It is specifically designed to capture large
quantities of condensable chlorides without reducing the vacuum pumping speed in the etch system.

MKS also supplies the TEOS Trap (Figure 235) as one element of a TEOS Effluent Management
Subsystem™. The TEOS trap collects TEOS byproducts, preventing them from backstreaming into
the process chamber and/or causing pump oil contamination and abrasive damage of internal pump
components. The use of TEOS traps have been demonstrated to produce a reduction in particulates of
greater than 20% in process. System maintenance is simplified with a TEOS trap in place, replacing the
cleaning of many feet of piping with cleaning a single component. The large trapping capacity leads to
longer preventative maintenance cycles. High trapping efficiency provides better protection to the pump,
valves, and other downstream instrumentation.

CVD silicon nitride processes probably have the longest history of maintenance issues arising
from pump wear due to abrasion by ammonium chloride particles in the exhaust stream. Newer material
deposition processes such as CVD titanium nitride exhibit similar issues that require preventive action.
MKS offers the Vapor Sublimation Trap (Figure 236) for use in silicon nitride and titanium nitride processes.
In combination with heated lines, valves, and other vacuum components, the vapor sublimation trap
effectively eliminates ammonium chloride build up in vacuum forelines of these CVD systems.

Recently, MKS introduced a Heated Trap (Figure 237) that prevents coating and clogging of chamber
exhaust lines. This trap is specifically designed for ALD systems employing condensable organometallic
precursors. These precursors, while not reactive during their additive cycle in the ALD process, can
condense on exhaust lines and react when co-reactant is exhausted from the process chamber, producing
nitride or oxide films that are very difficult to remove. The heated trap, in combination with heated vacuum
forelines, effectively prevents this problem by thermally reacting excess precursor to produce the metal and
organic by-products that can be safely pumped to the exhaust system.

N\ Y4 4 # )

Figure 234. Figure 235. Figure 236. Figure 237.
Metal Etch Trap. TEOS Trap. Vapor Sublimation Trap. Heated Trap.
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Nitrogen Barriers and Scrubber Inlet Transition Devices

MKS offers a unique Virtual Wall™ nitrogen barrier device (Figure 238) that controls particulate
and deposits using a nitrogen gas boundary layer between the inner surface of vacuum forelines and
the exhaust gas stream. The Virtual Wall, originally developed as part of the TEOS Effluent Management
Subsystem, is finding application in a number of semiconductor applications, including tungsten deposition
and metal etch. The MKS Application Note titled: “The Versatile MKS Virtual Wall™ Gas Barrier Device”

includes a discussion of the different applications of the Virtual Wall.

MKS also offers custom scrubber inlet transition kits for wet scrubbers that prevent water back-
migration into exhaust lines. Kits are customized to process chemistries to keep precursors and byproducts

moving into the scrubber system.
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Figure 238. Virtual Wall® gas barrier device.

Exhaust Monitoring

MKS provides a variety of analytical solutions for monitoring
semiconductor fab exhaust streams. Data from these tools can be used for
both process optimization and regulatory compliance. MKS’s analytical tools
are based on either optical spectrometry or mass spectrometry.

MKS’s MultiGas 2030 continuous gas analyzer (Figure 239) is based
on an Fourier Transform Infrared (FTIR) Technology. It provides accurate and
precise analyses of gas streams that can be configured for applications in
both vacuum forelines and process exhausts. The 2030 has been certified
EPA-compliant for measuring the destruction efficiencies of abatement
systems for F-GHGs. MKS has publications available that describe the use
of the MultiGas™ 2030 for both process optimization (e.g., 1, 2, and 3) and
exhaust monitoring for regulatory compliance.

Figure 239.
MultiGas™ 2030
Continuous Gas Analyzer.
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MKS’s MultiGas 2030 continuous gas analyzer and Precisive 5 Trace
Hydrocarbon/VOC analyzer (Figure 240) have been proven as effective

monitors in processes where monitoring the efficiency of volatile organic

compound (VOC) abatement systems is necessary.

The Cirrus 2 benchtop atmospheric pressure gas analysis system has
also been proven as an analytical system for exhaust monitoring, especially

for greenhouse gas (GHG) emissions.

D. Cleanroom Air Supply System

Figure 240.
Precisive® 5 Trace
Hydrocarbon/VOC Analyzer.
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Figure 241. Cleanroom classification [257].

Semiconductor fab environments require ultra-clean conditions to ensure low numbers of product
defects due to particulate contamination. A critical aspect in creating an ultra-clean environment is proper
design of an air purification and handling system to deliver ultra-low particulate air to the work environment.

Cleanrooms are classified according to the size and number of particles per cubic foot in the ambient
cleanroom air. Figure 241 shows a graph detailing the different cleanroom classifications. This graphic
is based on an older standard, General Services Administration (GSA) standard FED-STD-209E, which
has been recently replaced by a more rigorous ISO standard — ISO 14644, Clean Rooms and Controlled
Environments (14644-1: Classification of Air Cleanliness shown in Table 21).
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Maximum Particles/m?® Fed Std
209E
>=0.3 um  >=0.5 pm >=5 um Equivalent
ISO 1 10 2
ISO 2 100 24 10 4
ISO 3 1,000 237 102 35 8 Class 1
ISO 4 10,000 2,370 1,020 352 83 Class 10
ISO 5 100,000 23,700 10,200 3,520 832 29 Class 100
ISO 6 1,000,000 237,000 102,000 35,200 8,320 293 | Class 1,000
ISO7 352,000 83,200 2,930 | Class 10,000
ISO 8 3,520,000 832,000 29,300 | Class 100,000
ISO9 35,200,000 8,320,000 293,000 Room Air

Table 21. ISO 14644-1 cleanroom standards.

Ultra-clean air is produced using advanced air filtration technology. The filters employed are either
highly efficient particulate air (HEPA) or ultra-low particulate air (ULPA) filters that remove roughly 99.9%
of the microparticulates in room air. The flow pattern employed for the clean air within a fab is commonly
referred to as “laminar flow”; it directs the flow of ultra-low particulate air so as to avoid moving any existing
particles to work environments into the work zone. Depending on the fab environment, different modes of
laminar air flow may be used. In the larger, general work area, laminar air flow is most often vertical with
clean, filtered air introduced at the ceiling level and withdrawn through vents in the sub-floor. Clean, filtered
air may also be introduced in a horizontal laminar flow in the general cleanroom environment, although this
is not encountered as often as vertical laminar flow. Rather, individual work stations will frequently employ
dedicated filtration and horizontal laminar air flow to ensure the lowest levels of particulate contamination in
those areas.

Particles/Minute

AT (0.3 microns and larger)
Motionless (Standing or Seated) 100,000
Walking ~2 mph 5,000,000
Walking ~3.5 mph 7,000,000
Walking ~5 mph 10,000,000
Horseplay 100,000,000

Table 22. Particulates generated by human activity.

When proper cleaning methods and maintenance are coupled with effective air filtration and laminar
flow design, it is possible to achieve cleanroom classifications as low as Class 1 or ISO 3 (sometimes
better). However, it is important to understand that a cleanroom’s rating refers to the room without
equipment or people. Equipment, when properly installed and maintained, does not cause significant
deterioration in cleanroom performance. The primary source of degradation in cleanroom performance
is, typically, the people that work in that environment. Through the simple act of being present in the
cleanroom they contribute to particle contamination by shedding particles from their skin and clothing.
Table 22 shows the rate of particle generation that accompanies a variety of simple, unprotected human
activities. This is why it is necessary to undergo special gowning and entry procedures when entering
a semiconductor work environment. Even so protected, humans in the cleanroom tend to cause a
degradation in particle performance and this is the reason why fabs are moving, as much as possible, to
fully automated work environments.
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MKS Product Applications in Cleanroom Air Supply Systems

MKS offers the AIRGARD® ambient air analyzer to monitor the quality e
of filtered, recirculated air in cleanroom environments (Figure 242). The
extensive use of toxic gases and solvents in semiconductor processing
requires such monitoring for the safety of workers. The AIRGARD ambient air
analyzer is a self-contained, high sensitivity FTIR-based gas analyzer. FTIR
is a proven method for the detection and quantification of a wide range of
volatile chemical species in ambient air, with detection limits in the low parts
per billion (ppb) range, depending on the species and matrix. The AIRGARD
analyzer employs FTIR technology for the rapid detection of a range of toxic

chemicals at ppb levels and response times of less than 20 seconds. It has \_

been successfully employed for the detection and monitoring of numerous

toxic industrial chemicals as well as for continuous monitoring for chemical Figure 242.
warfare agents. The AIRGARD analyzer was SAFETY Act designated by the AIRGARD®

Department of Homeland Security (DHS) in June, 2011.The method is proven Ambient Air Analyzer.

to deliver no false positives (and hence no costly false alarms in the fab
environment) and 97% detection efficiency.
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Appendix A

Electrical Conduction in Solids

The physical mechanism of electrical conduction in solids is best understood using a model that
physicists refer to as “band theory”, which is based on the idea that the state of an electron in a solid is
described by a four-fold scheme of quantum numbers [3] [258]. A useful analogy for electrons in a solid
is that of spectators in an amphitheater. The electrons can be considered as spectators sitting in the
amphitheater and the quantum numbers describe how many rows and seats are available. The energy state
of individual electrons is described by a combination of four quantum numbers; this can be considered as
analogous to the position of a spectator in an amphitheater which is described by a particular row and seat.
Like spectators in an amphitheater moving between seats and rows, electrons can change their status,
provided that there are spaces available for them to move into and provided that they have sufficient energy
to make the move. If an electron (spectator) is to move into a higher-energy electron shell (higher row seat),
it requires that additional energy to be given to the electron from an external source to move it further out in
the electrical potential of the atom’s nucleus. Using the amphitheater analogy, it takes an increase in energy
(i.e., work) for a person to move into a higher row of seats, because that person must climb to a greater
height against the force of gravity. Conversely, an electron “leaping” into a lower shell gives up some of its
energy, like a person jumping down into a lower row of seats.
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Figure 243. The silicon atom, showing (a) electron orbitals and (b) relative orbital energies.

In band theory, the electrons in a solid exist within “energy bands” (using our amphitheater analogy,
energy bands can be viewed as seating sections containing many rows with equal quality seating). The
model for the manner by which energy bands arise in a solid is most easily understood by first considering
the energy of electrons in a single atom. Figure 243(a), shows a Bohr depiction of a single silicon atom. In
this model of the atom, electrons occupy discrete orbitals or “shells” around the central atomic nucleus
and each shell has a characteristic energy. For the silicon atom depicted in Figure 243(a), the atom’s 14
electrons occupy three shells. The shells in (a) are designated, proceeding from the inside out, as K, L and
M (there are higher shells, designated N, O, P, etc. in larger atoms). Different shells hold different numbers
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of electrons: the K shell holds two electrons; the L shell holds eight electrons; and the M shell holds 18
electrons (the N shell holds 32). In the very simplistic terms of the Bohr model of the atom, the number of
electrons that a shell can hold correlates, very roughly, with the available surface area of the sphere defined
by that shell, as one might expect from simple considerations of the repulsive forces atoms. In isolated
atoms, the electrons exist in discrete electron orbital shells (labelled s and p in Figure 243). The energy gap
between particles having the same charge (modern models of atomic structure are much more complex
than this simple view).

Within each of the electron shells of an atom, electrons can occupy sub-shells of varying energy;
these are designated by the letter s, p, d or f. Figure 243(b) shows these sub-shells represented as circles
and the relative energies and ordering of the shells and sub-shells. Each sub-shell (circle) can hold a
maximum of two electrons. The smallest K shell is only big enough to accommodate a single s sub-
shell and therefore contains a maximum of two electrons. The larger L shell can accommodate one s
sub-shell and three higher energy p sub-shells. Each p sub-shell is iso-energetic with the other two but
is differentiated from its two partners by quantum numbers that we will not consider in this simplified
discussion. The availability of s and p sub-shells allows the L shell to hold up to 8 electrons. The M shell
includes one s sub-shell, three p sub-shells and five d sub-shells (as with the p sub-shells, the five d sub-
shells are iso-energetic) and accommodates up to 18 electrons; higher energy shells hold correspondingly
greater numbers of electrons. When the available sub-shells within a shell are all filled by electrons, then
that shell is said to be “closed” and the electrons within that shell are no longer available for chemical
interactions or electrical conduction. Silicon, shown in Figure 243(a), has 14 electrons. These electrons
are sequentially accommodated in the available shells, starting at the lowest energy K shell. For silicon,
the K and L shells are completely filled (10 electrons) and the M shell is unfilled, with only four electrons
occupying the available nine sub-shells (the nine sub-shells can accommodate up to 18 electrons); these
electrons are distributed in the lower energy s and p sub-shells. These four electrons in the outer or highest
energy electron shell, are commonly termed the “valence” electrons; they determine silicon’s chemical and
electrical properties. An alternate way of depicting the energy shells and sub-shells in the silicon atom and
the way that the sub-shells are filled is shown in Figure 244. Figure 244 clearly shows the “closed” shell
core electrons in the silicon K and L shells and the valence electrons in the unfilled M shell.
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Figure 244. Relative electron energy levels and
sub-shell filling pattern for the silicon atom.

Within each of the electron shells of an atom, electrons can occupy sub-shells of varying energy;
these are designated by the letter s, p, d or f. Figure 243(b) shows these sub-shells represented as circles
and the relative energies and ordering of the shells and sub-shells. Each sub-shell (circle) can hold a
maximum of two electrons. The smallest K shell is only big enough to accommodate a single s sub-
shell and therefore contains a maximum of two electrons. The larger L shell can accommodate one s
sub-shell and three higher energy p sub-shells. Each p sub-shell is iso-energetic with the other two but
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is differentiated from its two partners by quantum numbers that we will not consider in this simplified
discussion. The availability of s and p sub-shells allows the L shell to hold up to 8 electrons. The M shell
includes one s sub-shell, three p sub-shells and five d sub-shells (as with the p sub-shells, the five d sub-
shells are iso-energetic) and accommodates up to 18 electrons; higher energy shells hold correspondingly
greater numbers of electrons. When the available sub-shells within a shell are all filled by electrons, then
that shell is said to be “closed” and the electrons within that shell are no longer available for chemical
interactions or electrical conduction. Silicon, shown in Figure 243(a), has 14 electrons. These electrons
are sequentially accommodated in the available shells, starting at the lowest energy K shell. For silicon,

the K and L shells are completely filled (10 electrons) and the M shell is unfilled, with only four electrons
occupying the available nine sub-shells (the nine sub-shells can accommodate up to 18 electrons); these
electrons are distributed in the lower energy s and p sub-shells. These four electrons in the outer or highest
energy electron shell, are commonly termed the “valence” electrons; they determine silicon’s chemical and
electrical properties. An alternate way of depicting the energy shells and sub-shells in the silicon atom and
the way that the sub-shells are filled is shown in Figure 244. Figure 244 clearly shows the “closed” shell
core electrons in the silicon K and L shells and the valence electrons in the unfilled M shell.

Now, when two or more atoms bind together, the electrons in each atom’s valence sub-shell combine
to create molecular sub-shells that accommodate all of the electrons from the atoms’ valence sub-shells;
it is this combination that constitutes the interatomic bond. Consider two silicon atoms coming together
to produce a hypothetical “Si,” molecule. Each silicon atom contributes four electrons from its valence
shell (two electrons in the single 3s sub-shell and two electrons in two of the three available 3p sub-shells)
to form the molecular bonds between the two atoms in the Si, molecule with eight electrons occupying
eight molecular sub-shells (Remember, the core electrons don’t participate in the bonding or electrical
conduction). This energy levels of the molecular orbitals produced by the combination of the two Si atoms’
atomic orbitals are shown graphically in Figure 245.
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Figure 245. Relative electronic energy levels and the available molecular sub-shells in the Si, molecule.

Two molecular sub-shells are produced for every sub-shell in the individual silicon atom and the
molecular sub-shell energy levels are arrayed above and below the energy of the corresponding atomic
sub-shell, as depicted in Figure 245. Not all of the available molecular sub-shells in the Si, molecule are
needed to accommodate the valence electrons of the two silicon atoms. This is the case for all molecules;
indeed, if all of the available molecular sub-shells were filled with electrons, no bonding could occur
between the two Si atoms (this arises from the fact that molecular sub-shells are produced as bonding and
anti-bonding pairs —a subject that we don’t need to get into in this discussion).
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So, when two identical atoms combine, the available energy levels for the electrons from those atoms
are doubled (the situation is somewhat more complex when two dissimilar atoms combine). Similarly,
if three identical atoms combine, then there are three sub-shells generated for each sub-shell in the
original atom; with four atoms, there are four sub-shells for each sub-shell in the original atom, etc. For
descriptive purposes, let’s use the example of a chain of n bonded hydrogen atoms each with a single
available energy sub-shell to contribute to the molecule (in this case one electron in the 1s sub-shell).
As atoms are progressively added to our hypothetical linear poly-hydrogen molecule, additional energy
sub-shells are created between the upper and lower energy limits of the 1s shell. With each additional
atom, the energy increment between sub-shells becomes smaller and the energy gap between the shells
becomes slightly smaller. By the time enough atoms are added to the assemblage for it to be considered
an extended solid, the number of atoms can be considered as effectively infinite. In terms of the sub-
shells available for electrons within the solid, the ever-decreasing energy increment between sub-shells
produces a band of available energy levels within which an electron can freely move rather than the
discrete levels characteristic of isolated atoms or molecules. The continuous band of energy levels created
in our hypothetical poly-hydrogen molecule corresponds to the 1s sub-shell in the isolated hydrogen atom.
This band contains the accumulated electrons contributed by all of the hydrogen atoms in the molecule,
creating a half-filled 1s energy band, as shown in Figure 246.
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Figure 246. The arrangement of molecular energy sub-shells for a linear chain of n hydrogen atoms,
each of which contains a singly occupied s orbital.

By analogy, similar molecular arrangements of heavier atoms such as silicon can produce more than
one energy band through a combination of the available orbitals in the valence shell (whereas hydrogen
only has a single sub-shell in the valence band, silicon has nine, four of which, the 3s and 3p sub-shells,
are relevant to our discussion). When silicon atoms combine to produce the infinite atomic array that is a
silicon crystal, energy bands are formed corresponding to the atomic s and p sub-shells. An examination
of Figure 245 shows that the s and two of the three p sub-shells can each be expected to form an energy
band that is completely filled by the available electrons. Additionally, an empty energy band, due to the
vacant third p sub-shell, is also formed at an energy level relatively close to the filled p bands. These filled
and empty energy bands respectively constitute the valence band and conduction band in the electronic
energy model used to describe the electrical characteristics of solids.
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Figure 247 shows the relationship between filled (valence) and empty (conduction) bands in the
different electrical classifications of solids. The Valence Band, denoted as E, in Figure 247 has every sub-
shell occupied by two electrons. The Conduction Band, denoted as E_, is completely made up of vacant
sub-shells. If an electron can be promoted from the Valence to the Conduction band, electrical current will
flow within the solid since there are vacant sub-shells in that band that energy bands is denoted by Eg in
Figure 247 and it is this gap that determines a solid material’s permit electrons to flow when an electrical
potential is applied. The energy gap separating these electrical properties. Figure 247 shows the band gap
arrangement in a metal, a semiconductor and an insulator. The band gaps overlap in a metal so that almost
no energy is required for an electron to move into the conduction band, becoming available for electrical
conduction. The value of the band gap (E , in a metal is therefore 0, allowing free flow of electrons. In a

9
semiconductor, the band gap is relatively small (Eg of silicon is approximately 1 electron volt, Eg in other
semiconductors can be up to 2 eV) and electrons can be promoted into the conduction band by either
thermal or photonic energy (hence the photoconductive behavior of semiconductors). Insulators such as
glass (silicon dioxide) have large band gaps (Eg of at least 5 electron volts) and large amounts of energy are
required to promote an electron into the conduction band, effectively preventing electrical conduction in
these materials.
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