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doping: small admixture of impurities

doping: impurity atoms that can add electrons or holes

n-doping: donor atoms add electrons in the conduction band P, As in Si

p-doping: acceptor atoms add electrons in the conduction band Al, B, Gain Si

» change in macroscopic properties (electric conductivity)



lonization of dopants

easier to ionize a P atom in Si than a free P atom

ﬂ remove electron from ground state of a hydrogen-like impurity
O (314 Fom - oaationimea
= ———— ionization in H-atom
" 8e3h?n?

.. . * 2
G a ionization energy is smaller by factor m €0
m Er&o
9 ionization energy ~25 meV




n and p?

n = No(T) exp(EF _ E)

E‘U _EF
= N,(T i m—
kpT p ( )EXP( )

kgT

I 2 Eg
law of mass action np =nf = NeNyexp | — -
B



n-doping: increase number of electrons

Five valence electrons: P, As

States are added in the band gap just below the conduction band

E, x A E(T=0)
ED
Eg
\ 4
E, \
> D(E)
n-type:n ~ N,

many more electrons in the conduction band than holes in the valence band.

majority carriers: electrons; minority carriers: holes



Donors for Si

donors in Si
v
S 6 7 8
B C N O
Boron Carbon Nitrogen Oxygen

13 S 16

Alsilep s

Aluminium Silicon Phosphorus Sulfur

30 31 32 33 34
/n Ga Ge As Se
Zinc Gallium  Germanium  Arsenic Selenium
48 49
Cd In Sn Sb Te
Cadmium Indium Antimony Tellurium
llb llla IVa Va Via

https://artsexperiments.withgoogle.com/periodic-table/?exp=true&Ilang=en



p-doping: increase number of holes

Three valence electrons: B, Al, Ga

States are added in the band gap just above the valence band

E. i /
Eg
E S
E, e — E(T=0)
\ > D(E)
p-type: p ~ N,

many more holes in the valence band than electrons in the conduction band

majority carriers: holes; minority carriers: electrons



Donors and Acceptors for Si

acceptors in Si donors in Si

v v

9 6 7

B C N

12 Boron Carbon Nitrogen
13 5

allsi|p

Aluminium Silicon Phosphorus

30 31 32 33
/n Ga Ge As

Zinc Gallium Germanium Arsenic
48 49
Cd In Sn Sb
Cadmium Indium Antimony
llb llla IVa Va

https://artsexperiments.withgoogle.com/periodic-table/?exp=true&Ilang=en
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Donor and Acceptor Energies

Semiconductor | Donor | Energy (meV)
11 43
. =b £
=t P 45
Az 54
L1 95
=b 9.6
Ge P 12
As 14
=1 a8
(e &0
Gads 5 6.0
S 6.0

Semiconductor | Acceptor | Energy (mmeV)

E 45

. Al &7

=t Ga 72
In 160

E 10

Al 10

e Ga 11
In 11

i 26

Ee 28

(Tads Mg 5%
=1 45

/

Energy below the conduction band

;

Energy above the valence band




Si as Donor and Acceptor for GaAs

acceptors in Si donors in Si
v v
S 6 7 8
B C N O
Boron Carbon Nitrogen Oxygen

13

Al

S 16

S

Aluminium Sulfur
30 4
/n | Ga Se
Zinc i Germanium Arsenic Selenium
48 49
Cd |In Sn Sb Te
Cadmium Indium Antimony Tellurium

b ll1a IVa Va Via
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Extrinsic semiconductors

Dopants
Donors Acceptors
Examples: P, As in Si. Examples: B, Ga in Si.
Mobile negative electrons Mobile positive holes
Fixed positive donors Fixed negative acceptors

Charge Neutrality

n+N, =p+Ny

p=N(T)exp( =)

kgT

n = N,(T) exp(EF — E)

kpT



Temperature dependence
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lonized donors and acceptors

For E, + 3kgT < E.< E- 3kgT Boltzmann approximation
Np Ny
+ - _
T e () T e (B
P\T kT P\Tk,T
4 for materials with light
holes and heavy holes (Si)
2 otherwise
N, = donor density cm3 N,* = ionized donor density cm3
N, = acceptor density cm3 N, = ionized acceptor density cm3

Mostly, N,* =Njand N, =N,



lonized donors and acceptors

n+N, =p+Ny

log [ 1ecm®]

Carrier concentration vs. Fermi energy

19

1%

17

lé

13

14

13

M n+Ha

i

~
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Fermi energy vs. temperature

Fermmi energy of an extrinsic semiconductor iz plotted as a function of temperature. At each temperature the Fertm energy was calculated by requiring that charge neutrality be satisfied.

035
M E:

\ Ed A (300 By =2 78E19 1icm?® )
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Once the Fermi energy 15 known, the carner densities n and p can be calculated from the formulas, n = I, (%) exp( E:;Eé) andp =N, (%) exp( E;:_,f‘“) .

372 372

L . L / -E
The intrinsic carrier density is n; = \,-' N, (%) Ny (%) exp(ﬁ_) .
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https://lampz.tugraz.at/~hadley/psd/L4/eftplot.html



Intrinsic semiconductors Extrinsic semiconductors

18

1% 4 . . . N n
) Intrinsic .
16 extrinsic =
1 v
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E j At high temperatures, extrinsic semiconductors

n=«NN exp(— g have the same temperature dependence as
1 A4 C

2k, T intrinsic semiconductors.



n-type (extrinsic)

E

F

- K

n=N,=N_exp

k, T

E.=E —k,Tln

NC

ND

For n-type:
n ~ density of donors,
p = niz/ND
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p-type (extrinsic)

E —E,
k, T

p=N,=N exp

NV

E,=E +k,Tln

For p-type,
p ~ density of acceptors,
n=n?/N,

13 .
N
s
16 @ M
14 /—
logyy 72, p.74
[0111'3] 15
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Intrinsic / Extrinsic

Intrinsic:n=p
Conductivity strongly temperature dependent

Conductivity is poor

Extrinsic:n #p
Conductivity almost temperature independent at room temperature

Conductivity can be strongly increased (up to a factor of 10°)



include dopants

Czochralski process

Aoy

—
Melting of
polysilicon,
doping

I\‘.‘‘''‘'---._______.---"'-.'.l‘I

Introduction
of the seed
crystal

|

& —
.,
—

Beginning of
the crystal
growth

add dopants to the melt

.-"""--______--"“\1

"‘-.____________..-""
''''“---_.______..---"""IL''‘"-—-_._______..---""'I

Crystal Formed crystal
pulling with a residue
of melted silicon

image from wikipedia



include dopants

float zone process

neutron transmutation

0Gi4+n— 1 8i+y
16 » 3L p 4+

image from wikipedia



include dopants

gas phase diffusion

chemical vapor deposition

AsH, (arsine) or PH; (phosphine) for n-doping
B,H, (diborane) for p-doping

(©): heater

/ SRR \ image from wikipedia
=
(a): Source
materials
+ carri ~ (b) Substrates
carrier gas (b) Substrates

(c): heater

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



include dopants

ion implantation

Separation
Magnet

| __.
| _Uaccell

Udecell

Substrate

—NO——=— »
lon Current
Source Intearator

images from wikipedia

implant at 7 degrees to avoid channeling



(a)

Simulate dopant distribution

the stopping and range of ions in matter

+ 1000 A
/

Depth|vs. Y-Axis

Target Depth

200A

(b)

lon Distribution

lon Range » 843 um S&emss- 1.862
Straggle = 7039 A Kurthsi§ %4987

https://ars.els-cdn.com/content/image/1-s2.0-S173857332500138X-gr12_lIrg.jpg



Why dope with donor and acceptors ?

Bipolar transistor

collector base emitter

I 9
\n\p\” )

lightly doped p substrate



MOSFET

body source drain

polysilicon gate

inversion layer gate oxide
channel

Bipolar Junction Transistor

Oxide isolated integrated BJT - a modern process



degenerately doped semiconductor

=0 //
oen | Ee _
- e
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- 000 |- Bl
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degenerate semiconductor

Heavily doped semiconductors are called degenerately doped

N,>0.1 N, -> E;in the conduction band

N,>0.1N, -> E;in the valence band

L heavy doping narrows the band gap
O Boltzmann approximation is not valid

O degenerate semiconductors = metal



6

Carrier transport

Ballistic transport
Drift

Diffusion
Tunneling
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Ballistic transport

L. . dp
F=ma=—eE =m—
dt
N Glass envelope
1}) — _eEt _I_ 1}) Plate (anode)
O Filament {cathode)
m
—_
- _eEtz + - t-l— -
X = (% X
I m 0 0

Electrons moving in an electric field follow parabolic trajectories like a ball in a gravitational field.



Drift

The electrons scatter and change direction after a time 1.

. 1, 3 | —
thermal velocity S MV =5 kpT (classical equipartition)

at 300 K, v, ~ 107 cm/s

mean free path: /=v,, 7, ~ 10 nm ~ 200 atoms

In a metal, the fermi velocity dominates over the thermal velocity. In a semiconductor, the thermal velocity dominates



Drift (diffusive transport)

5 o =  dv time between two collisions

F=—-eE=m'a=m"—

dt .

0

O

eE vo\:to
V=V, — t—t
0= (£ = t) V
<r,>=0 <t-{p>=1

)

drift velocity: Van = —pnl Vd.p = Iy



Drift

—

drift velocity: Uin = —pnE Ud,p = ,u,pE_" for Si: p, =1350 cm?/Vs
u, =450 cm?/Vs
current density: J=—neby,+ Peﬁd,p For E = 1000 V/cm:
= (ne‘un + pe‘up)E') V= 106 cm/s
_ B (Ohm'’s law)
—et,, —ef
U= =

m* m*v



b2

[

y [um]

i
b2

b2

T [um]

https://lampx.tugraz.at/~hadley/psd/L5/drude.php



Drift

E, Moy Mp m,/m, m.p/mo . Density Mpil,til:tg

(eV)  (em?/V=s)  (em?/V-s) (my,m) (m, M) a(A) & lg/em’) g
Si (i/D) 1.11 1350 480 0.98, 0.19 0.16, 0.49 5.43 11.8 2.33 ]4]?
Ge (/D) 067 3900 1900  1.64,0082 004,028 565 16 532 o3
SCl) (/W) 286 500 ” 0.6 1.0 308 102 321 2830
AIP (i/2) 2.45 80 - — 0.2,0.63 5.46 9.8 2.40 2000
AlAs (i/2) 2.16 1200 420 2.0 0.15,0.76 5.66 10.9 3.60 1740
AlSb /2 1.6 200 300 0.12 0.98 614 11 426 orl
GaP (i/2) 2.26 300 150 1:12,0.22 0.14,0.79 5.45 11.1 4.13 1467
GaAs (d/2) 1.43 8500 400 0.067 0.074, 0.50 5.65 13.2 5.31 1238
GaN  (d/ZzW 3.4 380 - 0.19 0.60 45 122 61 2530
GaSb (d/2) 0.7 5000 1000 0.042 0.06, 0.23 6.09 5174 5.61 712
InP (d/2) 1.35 4000 100 0.077 0.089, 0.85 587 12.4 4.79 1070
InAs (d/2) 0.36 22600 200 0.023 0.025, 0.41 6.06 14.6 5.67 943
InSb (d/2) 0.18 10° 1700 0.014 0.015, 0.40 6.48 17.7 578 525
ZnS (d/Z W) 3.6 180 10 0.28 - 5.409 8.9 4.09 1650°
ZnSe (d/2) 2.7 600 28 0.14 0.60 5.671 9.2 5.65 1100
ZnTe (d/2) 2.29 530 100 0.18 0.65 6.101 10.4 5.51 1238"
CdS (d/W, 2) 242 250 15 0.21 0.80 4137 8.9 4.82 1475
CdSe (d/W) 1.73 800 — 0.13 0.45 4.30 10.2 5.81 1258
CdTe (d/2) 1.58 1050 100 0.10 0.37 6.482 10.2 6.20 1098
PbS (i/H) 0.37 575 200 0.22 0.29 5936 170 7.6 1119
PbSe (i/H) 0.27 1500 1500 - — 6.147 23.6 8.73 1081
PbTe (i/H) 0.29 6000 4000 0.17 0.20 6.452 30 8.16 925

Vo, =—ME V,, =uE j =—nev, +pev, = (ne,un +pe,up)

aa[Jaueg pue uewloallS 'SBD!/\Bp J1U0J1J9|9 a]1e]s PI|oS

—

E=0cF



Matthiessen’s rule

rate

~ ] 1 1
= +
TSC z-Sc,lattice z-sc,impurily
/ N mostly temperature independent
phonons, temperature dependent
| | |
= +
lu lulattice luimpurily
1 o -
o =—=neu,+ peu, doping increases the conductivity
£ by increasing the carrier density

but decreases the mobility



mobility model for Si

temperature

doping density

He
[cm® W 5]

[cm® W 5]

2500

2000

1500

1000

300

7.4 % 1087233

em®/Vs,

140.88 [m] (%)—um

1.36 x 1087233

1E13
1E14

0
250 00 350 400 450 500
T [K]
2500
W T=150K
B T-300K
2000 B T-350K
B T=400K
B T-450K
1300 W T-500K
1000
500
0
13 14 15 16 17 13 19 20

log(Ng) [1/em’]

1+ 0.88 lﬁ{%ﬂi“] (%)

Bh
[em®V 5]

Hh
[emV =]

450

400

350

300

250

em?/Vs.

—L146

1E13

150
100
0
250 300 350 400 450 500
T[K]
450
W T=250K
400 W T=30K
350 W T=350K
W T=40K
300 W T=430K
250 W T=50K
200
150
100
50
0
13 14 15 16 17 18 19 20

log{ Nz) [1/cm?)



conductivity in Si

0 = nel + peyy,

1.50
1.25
1.00
0.75
o [Q!em!]

0.50

0.25

0.00
100 200 300 400 500 600 700

T[K]

N, =10%*1/cm3

https://lampz.tugraz.at/~hadley/psd/L4/conductivity.php



Ballistic transport in transistors

The mean free path ~100 nm > gate length ~ 20 nm

enables motion without significant collisions and scattering

v not proportional to £ V =

j not proportional to E

nonlocal response

Electrons bend in a magnetic field like they do in vacuum.



The magnetic field slides could be skipped. They are not used later
in the semester.



Crossed E and B fields

20
Ballistic transport ; B @
F=mZi=—e(E+\7><B) v o = ”
-10
'2?20 -10 0 10
E A ’
e <v>
Diffusive transport
0,
eB. 1
. _ -1 sc
Hall angle: QH =tan | ——2*¢
m

http://lampx.tugraz.at/~hadley/physikm/script/magnetism/constant_EB.en.php



Magnetic field (diffusive transport)

ﬁ:mﬁz—eE:ev—d

u
Fzmﬁz—e(E+§dx§)=ev—d
u

If B is in the z-direction, the three components of the force are
—,u(Ex + deBz) =V,

_ﬂ(Ey - deBz) = Vay

_ﬂEz — de



Magnetic field

vd,x — _ILIEx o lLlevd,y

Vg, =—ME +uByv,



The Hall Effect (diffusive regime)

B
' vd,x — _ll’lEx o lLlBZVd,y
Yy
V = —
- OH ’ (1.“’ [ — vday ﬂEy + ﬂBZvdax
! T l ’I
b G=—=1
Area A —_
Vd,z T lLlEZ
L,
S
v
Ifvy, =0,

E,=vB,=V,/W=RyjB V,, = Hall voltage, R, = Hall Constant

z



The Hall Effect (diffusive regime)

—
ﬁ-" ﬁ:q(ﬁxg)
’

Area A

E,=vB,=V,/W=R,jB
R H =Vx/jx

V,, = Hall voltage, R, = Hall Constant

z

v, =-j/ne forn-type v, =j/pe for p-type

R,=-1/ne for n-type R,=1/pe for p-type



Diffusion

W olectrons travelling right
4mm slectons travelling left

L
B
n electron density

Diffusion is from high concentration to low concentration.
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y [um]

i
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http://lampx.tugraz.at/~hadley/psd/L5/drude.php



Einstein relation

n= AGXp —eV Boltzmann factor
E=—vy ksl
In equilibrium, drift = diffusion

—en ,uE +eDVn =0
—eV E
Vin=——5 dexp| Szt vy =~ yy = 1E
kT k, T kT k,T

. E

—enukl +eD o)
k,T
Do uk,T
e

Uber die von der molekularkinetischen Theorie der Warme geforderte Bewegung von in
ruhenden Flissigkeiten suspendierten Teilchen



Current Density Equations

Drift Diffusion

l -
=-—neu, E+eD Vn

p:pe,uE eD Vp

]total = ]n +]p



In Equilibrium

—

Jn = enunE +eD,Vn

The electric field is proportional to the gradient of the conduction band
edge

eE — VE.
n = Ncexp(E:;fc)

If the Fermi energy is constant,

Vn = — VE. Ncexp(u) = — VE. n
kpT kT kT
— EDn
. = nVE —
o C (’“ " kBT)

This means that the current density in a semiconductor where the Fermi
energy is constant is zero.



Current Density Equations

note: electron and hole currents have same direction

electric current = charge x particle flow

P 7/
E ~<c”
‘ ﬂOW @ @ f/OW
"Ntk -D_(dn/dx)
current je =-e X_fIOW current n

flow flow
S -
PLE D, (dp/dx)
+ +
current . current
. Jp=ex flow —



Continuity equations

/L ___________ _—7"__7_——"-2_:-—;7
—-4 dx  fe— Area A
1
5—n:—V j,+G, —R
ot e
op 1
—=——V.-j +G —R
Ot e T

J, and j, consist of drift and diffusion terms



Generation and Recombination

thermal equilibrium
Gth Ry, a

Shining light on a semiconductor or injecting electrons or holes from a contact can
result in a non-equilibrium distribution np # n?

non equilibrium




Recombination

pn_pnO

W ole |6, |r R-R, =

Recombination rate is limit by the density of minority carriers.
The majority carriers have to find a minority carrier to
recombine.

p, (or n,) = minority carrier concentration
Pno (OF n,0) = equilibrium minority c%gigg concentration
T, = minority carrier lifetime '

—
—
=
-
=
~+ Y



minority carrier lifetimes

p-type
n, (t)=n, .  exp(-t/z, )+n 20

\

minority carrier lifetimes

n-type /

pn (t) = pexcess eXp(_t/Tp) T pnO

np =n,



: : _ on 1_ -
Continuity equations 5=,V /:*6 &

e

- - —_ —_ —

drift: j, =—neu b V-j =—enu V-E—-eVnu E
diffusion: .. =|e|D,Vn Vejoar =eD,V’n
% —nuV-E+Vnu E+DV°n+G, - 7%
r

n

5 ] _ _
L o puV-E-Vpu E+DVp+G, L L

Ot 7,




Diffusion Length

Steady state

/

2

n-type

Injecting
surface

p 2
> ot Ox T,
p,(0) —y
%"———\ﬁ’——_ . p
0 Liy=Dz; x

Generation only occurs at the surface. There the
minority carrier density is p,(0).



Diffusion Length

0’ — —X
0=p LLn_Pn= Pro <:pn(x)=pno+(pn(0)—pno)exp(—]

2
P ox T,

LP - DP TP

N

diffusion length,
typically microns



Haynes Shockley experiment

2
n x—u Et t
ted
n,(x,t) = —F—=——==exp —( 1) exp| —— |+ 7,
50000
40000
20000 T = 1E-6 [s]
n — mny E =100 [V/em]
20000 ﬂ = 1000 [em3V s]
D = pkpT /e =0.00258 [m?/s]
10000 L = +/D7 =50.8 [um]
: J\
-200 0 200 400 600 BOOD

T in pum
t =5.200e-8 s.



Drift velocity (cm/s)

10x 108

o

0
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Carrier drift velocity (em/s)
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Impact ionization

Carriers are accelerated to an energy above the gap before they
scatter. They generate more electron-hole pairs. This results in an
avalanche breakdown of the device.



Photoconductivity
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Light increases the conductivity of a semiconductor.
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