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Doping

Add donors (n-type) or acceptors (p-type)
102 cm™ impurity limit
10%! cm™ solubility limit

Dopants added
during crystal growth (whole wafer)
neutron transmutation (whole wafer)
during epitaxy (layers)
diffusion (local)
ion implantation (local)
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Doping determines the carrier concentration

Fermi energy vs. temperature

Fermi energy of an extrinsic semiconductor is plotted as a function of temperature. At each temperature the Fermi energy was calculated by requiring that charge neutrality be satisfied.
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Once the Fermi energy 1s known, the carrier densities n and p can be calculated from the formulas, n = Nc(ﬁ) exp( &T ) and p = Ny (ﬁ) ex‘p( T )
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Crystal growth

Czochralski Process
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polysilicon, of the seed the crystal pulllng with a residue
doplng crystal growth of melted sllicon
add dopants to the melt

images from wikipedia



Crystal growth

Float zone Process

Neutron transmutation

0Si+n— 3Si+y
31Si—» 3P+

image from wikipedia



Chemical vapor deposition

q
Source materials
F carrier gas
(b) : Substrates

(C) : heater

N
=

Epitaxial silicon CVD SiH, (silane) or SiH,Cl, (dichlorosilane)
PH; (phosphine) for n-doping or B,H, (diborane) for p-doping.

The doping can be adjusted in layers.

image from wikipedia



Gas phase diffusion

AsH; (Arsine) or PH; (phosphine) for n-doping
B,H, (diborane) for p-doping.
100 - 200 wafers in a batch.

http://www.microfab.de/foundry/services/diffusion/index.html



Gas phase diffusion

<‘\ concenftration
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Figure 14.1 Thermal diffusion: (a) gas phase diffusion with oxide mask; (b) diffusion from doped thin film with oxide
mask; (c) dopant profile and junction depth x;

Fransila
900 — 1200 C

1000 C for 1 hour ~ 1 um



Constant Source Diffusion

dC

-~ _ _DVC Diffusion equation
t . . . . erftf(x) .
For a constant source 2
concentration C, at the surface: _
C(z)=C erfc( ‘ j I
" 24Dt
2 . —tz or
erfc(x)zl——je dt |
\/; 0 5 -4 3 2 -1 )E() 1 2 3 4 5
The concentration decreases about linearly  erfc(z)=1- 2z T

Jz



Constant source diffusion

The diffusion equation is,

ac _ 2
5 = DV°C.

In constant source diffusion, the concentration is held constant at the surface. The concentration of dopants is,

O(z,t) = Cperfc (ﬁ)

The concentration falls at the surface and the total number of dopants remains constant.
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Limited Source Diffusion

dC

s -DV*C Diffusion equation
For a limited source concentration C
: | / 0
C, at the surface: W
C.w 7°
C(z) =——exp| -
(2) V4Dt [ 4Dtj

C.w z°
C(2)=—2 |- 4.
(2) \/47rDt( 4Dt j



Limited source diffusion

The diffusion equation is,

X = Dv°C.
If a limited source of dopants is deposited in a thin layer with a thickness w at the surface such that the dose () in dopants per square
w
meter is ) = [ dz, the concentration as a function of time
0

Clzt) = m”‘j—\ff_;‘j’*).

The concentration falls at the surface and the total number of dopants remains constant.
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Diffusion is thermally activated

D=DOeXp[;E_If\j
B

L= \/ 4D, exp ( ; E_lf‘ jt Diffusion length

B

For P diffusion, 1 h, at 1200 T = 1473 K

L=1.3 um
Si B In As Sh P U_nits
D,| 560 | 1.0 1.2 | 9.17 | 4.58 | 4.70| cm* sec'
E.|4.76( 3.5 3.5 3.99| 3.88 | 3.68 eV




Diffusion
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3

Atoms/cm

Solid solubility limits
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Figure 1.28: Solid solubility of selected impurities in silicon [47].

www-eng.lbl.gov/~shuman/NEXT/.../Diffusionin%20siliconpdf.pdf



Predeposition/Drive-in

Oxide diffusion mask ~ 500 nm

o

Predeposition process
spin-on glass
ion implantation
constant source diffusion

Drive-1in process
limited source diffusion



Patterned dopant regions

Original Mask

Cylindrical
region (C)

‘ Plane region
Spherical region (S)



Lateral Lateral

diffusion Wind diffusion
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Figure 1.34: Pre-deposition through a silicon dioxide window.
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lon imEIantation

substrate

s Udecell_

separation magnet

LU accell

T lon source

X-rays are generated



lon imEIantation

More accurate control of concentration

Better lateral confinement

Low temperature

Complex profiles through multiple implantations

Less sensitive to surface preparation

Requires an anneal to eliminate damage and activate dopants
Dopants diffuse during the anneal

Possible to implant above the solubility limit
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http://slideplayer.com/slide/2412041/



lon implantation

l l l wl« l lo i l concentration

wy;

Photoresist, oxide, or %
nitride. Should be " 220
thicker than projected .
range. High doses burn _
the photoresist on and 5

: (@) (b)
make it hard to remove.

> depth

Figure 15.1 (a) Implantation: mask layer blocks selected
areas; (b) dopant concentration profile inside silicon, with
projected range Rp and straggle AR

Most dopants are at the projected range R,.



lon implantation
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Figure 15.3 (a) The 50keV implantation of arsenic, phosphorus and boron: the lighter ions will penetrate deeper.

(b) Phosphorus implantation with 50, 100 and 150keV energies
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SRIM

The Stopping and Range o

. The Stopping and Range
of Ions in Matter of Tons in Matter

James F Ziegler, Jochen P. Biersack, Matthias D. Ziegler
Ch 1 - Historical Review
Ch 2 - Nuclear Stopping of Ions
Ch 3 - Electronic Stopping of Ions
Ch 4 - Stopping of Energetic Light Ions
Ch 5 - Stopping of Ions in Compounds J. F. Ziegler
Ch 6 - Ion Straggling J. P. Biersack
Ch 7 - TRIM : Scientific Background M. D. Ziegler
Ch 8 - TRIM : Setup and Input
Ch 9 - TRIM : Output Files
Ch 10 - Stopping and Range Tables
Ch 11 - SRIM Tutorials




Rapid thermal anneal (RTA)

http://www.appliedmaterials.com/products/vantage-radianceplus-rtp



Channeling

Figure 15.6 Doping asymmetry due to tilted implantation

Ions travel deep into the crystal when the beam is aligned with a crystal
axis. Implantation is often done at 7 off-axis to avoid channeling.



Concentration (cm™)
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Figure 15.9 Boron implantation into silicon. 20keV,
1015 ¢cm™2. SIMS measured data shown by small diamonds,
ICECREM simulation by large squares. The discrepancy in
the tail results partly from ion channeling and partly from
model deficiencies. SIMS data courtesy Jari Likonen, VTT



Plasma immersion ion implantation

@ PLASMA IMMERSION ION IMPLANTATION

PRINCIPLES =

oer A J
External source and pulsed mode:

Plasma
® Limitation of plasma/surface ks
interactions
® Low contamination level

+ + 55

® Wide range of plasma density 4

® Limitation of wafer charging

Flat panel displays and solar panels.

http://www.ion-beam-services.com/services2.htm
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Oxidation

The properties of S10, were more important than Si1 in making Si
the dominant semiconductor material.

Thin gate oxide ~ 1 nm in MOSFETs
Tunnel barriers in flash memory
Dielectrics in capacitors

Electrical 1solation of components
Passivation layer to protect the circuits
Oxide masks for diffusion and implantation

Native oxide ~ I nm grows in air in hours but 1s not
good quality

Thermal oxide - grows slowly, best quality

Deposited oxide - grows quicker, less quality



Dry oxidation

Si (s) + 0, (g) = Si0, ()

1 hour at 900 C produces 30 nm of thermal
oxide.

Used for gate oxide in MOSFETs and tunnel
oxide flash memories.

Good layer control. Low defect density at the
S1/S10, interface.



Wet oxidation

Si (s) + 2H,0 (g) — Si0,(s) + 2H, (g)

The water 1s steam.

1 hour at 900 C produces 130 nm of thermal oxide.

Faster growth than dry oxidation.
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http://www.processpecialties.com/thermox.htm
| ul l
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The External Torch

http://en.wikipedia.org/wiki/Thermal oxidation



CVD oxides

Can be deposited at lower temperature

Rougher surfaces, lower breakdown field,
higher etch rate in HF



Deal-Grove oxidation model

Oxide thickness z 1s first linear then grows like a square root

_A++A? +4Bt
Z(t) = >

The constants are thermally activated

B =B, exp £, B_ (Ej exp £,
K.T A LA KT

Parameter Quantity Wet (H,0)) Dry ()
[\ <1005 9.7 x107 [<100>: 3.71 x 108
(B/A)o (—)

http://en.wikipedia.org/wiki/Deal%E2%80%93Grove model

Linear rate constant hr /|<111>:1.63 x108|<111>: 6.23 x 108
Fy@ev) 2.05 2.00
2
m
By (um) 386 772
Parabolic rate constant hr

E, (V) 0.78 123




Deal-Grove oxidation model

Wet
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Figure 13.3 Oxidation of<100=silicon at temperature
between 850 and 1050°C, wet and dry. Maximum prac
tical oxide thickness is 1 or 2 micrometers, because of th
decrease in parabolic oxidation rate

Linear dependence: Limited
by the reaction rate of S1 and
O, to S10,

Square root behavior:
Limited by oxygen diffusion
through the oxide.



SIO, Is amorphous

gate oxide

N

S R T A B

http://www.nanolabtechnologies.com/

D, 10°-10!/cm?
defects at the interface

1015 atoms/cm?

Post oxidation anneal (N, then H,) to
passivate dangling bonds

O hydrogen

Figure 13.8 The structure of the silicon/silicon dioxide
interface: single crystalline silicon and amorphous oxide.
There are dangling bonds (not having their full valence)
and some have hydrogen atoms bonded to them

Fransila



Oxides are under compressive stress

Typical stress 1s 300 MPa
Stress will bow the wafer

density
quartz 2.65 g/cm’
oxide 2.2 g/cm’

Young's modulus
quartz 107 GPa
oxide 87 GPa



Stoney's formula

E.h’x

O; =
6hf (I_Vs)

The stress o; 1n the film depends on
E. Young's modulus in the substrate
vV, Poisson's ratio of the substrate

h, thickness of the substrate

h; thickness of the film

K curvature Only holds for uniform curvature



Local Oxidation of Silicon gLOCOSZ

L

] .
CVDSiO:
II. ,_.1..
CVD Si:Ns
thin pad oxide for stress relief ——, B
I ] 1
..
v 2) =
1 "-1."'
— O
o Id'
e =y
() J—

http://en.wikipedia.org/wiki/LOCOS#/media/File:Locos_%?28microtechnology%?29 process.svg



Controlled removal of Si

1. Thermal oxidation (good
control of thickness)

2. Etch Oxide with HF

Period doubling of pattern

Si
Lithographyl,
Sietch #1 {
Oxidation § g,

Mtoom structure in (100)

SizN,

—

SigNy4
removal

vV V V

Sietch#2 |
RV

Si0, J'
removal

silicon. Nitride first acts as a silicon etching mask and then
as an oxidation mask. Second KOH etching and HF oxide
removal result in sawtooth relief. Reproduced from Ribbing

et al. (2003), copyright IOP



Controlled removal of Si

.
Si(100) ¥

(@)

TR AL T e A
:E% §3‘ (f)
Figure 13.14 Silicon tip fabrication: left, isotropic sili- %\ @_‘
con etching with an oxide mask:; middle, thermal oxidation;
©) @ O

right, silicon tip recovery by HF etching

Cr

Figure 13.13 Oxide thinning at the apex is used as a
method to fabricate nanoscopic holes: the apex can be
etched open while leaving oxide elsewhere because oxide
is thin and stressed at the apex. Reproduced from Minh and
Ono (1999) by permission of AIP

Fransila
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Complementary Metal Oxide
Semiconductor (CMOS)

The dominant technology for microprocessors

Low power dissipation through the use of n-type
and p-type MOSFETs



