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Density of Carriers

when T=0K

nc — NC(T)e—(Ec—,U)/kBT — O _ Ec

p,= B(T)e "M =0

T=0K
insulator
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Density of Carriers

when T>0 K

n =N (T)e &b 5

p, = P(T)e "5 >0

conductivity

o=neu +peu,

T>0K
thermalization #%E &
CB and VB are partly filled
conductor 7
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Density of Carriers

when T>0 K

n =N (T)e &b 5

p, = P(T)e "5 >0

—> |n.p, = N,(T)P(T)e &5
= N (T)P(T)e """

at equilibrium, n_p , is a constant

mass action law
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Density of Carriers

1 2 *k T 3/2 " 3/2 T 3/2
N.(T)= [’””B) zz.s(mej ( j x10”cm™

4\ =’ m, 300 K
1 2 *k T 3/2 « \3/2 T 3/2

P(T)=-— — > I ( j x10”cm™
4\ 7zh m, 300 K

effective density of states (BRSHE)
no physical meaning, just two constants

m, =1.06m,

For silicon, at room temperature (7T =300 K) | |
m, = 0.58m,

N (T)=2.73x10"cm™ P(T)=1.10x10"cm™
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Intrinsic Semiconductor Z{F¥ -S4k

pure, no impurity, charge balance

nc :pv :ni
—_—— Ec
—» |1, = \/NV(T)PV(T) .e—Eg/szT
----------- KU, EF: Ei
=F =F
—> lLl F I OO0 EV
:EC—kBTln(Nc(T)]
ni

n.

l

— +kBTln£PV(T)]

10
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Intrinsic Semiconductor Z{F¥ -S4k

pure, no impurity, charge balance

nc:pv:ni
—_—— Ec
— |1, :\/NV(T)PV(T) o Esl2ksT
............. E,
— IUZEF:EZ' = Ev
=Ev+l +3kBTln m’;
2 ¢ 4 m,

The chemical potential / Fermi level / Intrinsic level is
almost in the middle of the gap 11
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Intrinsic Semiconductor A&{E3 5S4k

Example: intrinsic Si at 300 K

m, =1.06m,

N (T)=2.73x10"cm™ P(T)=1.10x10"cm™ m, =0.58m,

—> n.=p, =n~10"cm™

c

1, =1500 cm®/V/s
u, =450 cm®/V/s

o=nel, +peu
~107° S/cm

12
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Intrinsic Semiconductor A{E¥54&

temperature dependence of carrier concentration

Temperature (K)
3/2 —E_ 2k,T 2
n,ocl™"-e 7 00 o 2 s
2 SN
E_ 101[: i, "
Eg fr \\ “z,  germanium
Inn, ~— < AN e
2k, T 2 10 A .
.E ;. silicon
— GaAs
1010 '
0 2 4 6 8 10 12

1000/T (1000/RK)
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Intrinsic Semiconductor Z{F¥ -S4k

temperature dependence of carrier mobility u

atlow T |u~T"

——  Electron mobility

impurity scattering + Silicon

——— Hole mobility

athigh T |u~T""

Carrier mobility (cm?/V-s)

lattice scattering

0 200 400 600 8001000 120014001600

0 100 200 300 400 500 600 700
Temperature (Kelvin) 14
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Temperature Dependence of o

Metals and semiconductors have different temperature

dependences of o -
O =neu H=e—

o o
Intrinsic
Semiconductors
3§ 1 5 | 3 1 2 | M i 4 | M 1 x | " 1 g 1
200 400 600 800 1000 200 400 600 800 1000
T, K T, K

41 dominates n dominates 15
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Conductivity of Semiconductor

metals

conductivity o
(S/m)

silicon with doping

Ag

6.3*107

Al

3.5*107

insulators

conductivity o
(S/m)

wood

10-14 ~ 10-16

glass

1011 ~ 10-15

conductivity o
(S/m)

0 106
1/10° 10-1
1/106 102
1/103 10°

at T=300 K

16
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Doping Makes Functional Devices

+ 4

Bnoda

ingots and wafers

a
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Extrinsic Semiconductor &4 54k

For Si and Ge (group IV) He
add Group V dopants: P, As, Sb, ... 5 le In o "lF “Ine.
create level E, close to E_, with extra electrons RS P I D R I
these electrons can be excited at low temperature 3 G? I S S
making Si more conductive | 50| 51| 52| 53| 59
A . In |Sn |Sb |Te |I Xe

donor ﬁﬁEE ——— n-doplng 81| 82| 83| 84| 85| 86
Tl |Pb |Bi |Po At |Rn

18
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Extrinsic Semiconductor &4 54k

For Si and Ge (group IV) He
add Group lll dopants: B, Al, Ga, ... 5 le In o "lF “Ine.
create level E, close to _EV with extra holes ﬁ;ﬁ%;ﬁ T L N
these holes can be excited at low temperature 31[_32[ 33| 3435 3o
. . i Ga |Ge |As |Se [Br |Kr
making Si more conductive | 50| 51| 52| 53| 59
7, . In |Sn |Sb |Te |I Xe
acceptor =¥ ----> p-doping 51| s2[ 83| si| | 6
Tl |Pb |Bi |Po At |Rn

n-doped silicon

= ar g wE W EmT W oW R R

Vo

EC
N & N » N » I
missipglelectron
h+ f(hole E
— Lt » 4 i
c group|lll'atom _— —O—io- - %
. . v

eam—

'. c i

19
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lonization Energy of Dopants B & &E

Hydrogen Atom Hydrogen-like Model
©-0-0-0000060

Qr/"

& Dart ¥ ckc 2007

4 5
E =—— _—_13.6¢eV AE =13.67—— ¢V
8&yh m, &

20
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lonization Energy of Dopants B & &E

Hydrogen-like Model
0000000060

m* - effective mass ~ 0.1m,

Q- . g, - relative dielectric constant ~ 10
’_ |
’_I
©1€ —>» AE~0.01eV
,_ |
,_ |
,_ I Ec
Q- AE---E.-IE—EC’
1 Ei
AE =13.6——_¢V E
— — o = Onm
m, & AE " vyv ~ @

21
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lonization Energy of Dopants B & &E

Table 28.2
LEVELS OF GROUP V (DONORS) AND GROUP III (ACCEPTORS)
IMPURITIES IN SILICON AND GERMANIUM

GROUP Il ACCEPTORS (TABLE ENTRY IS &, — &)

B Al Ga In Tl
Si 0.046 eV 0.057 0.065 0.16 0.26
Ge 0.0104 0.0102 0.0108 0.0112 0.01
GROUP V DONORS (TABLE ENTRY IS §, — &)

P As Sb Bi
Si 0.044 eV 0.049 0.039 0.069
Ge 0.0120 0.0127 0.0096 —

ROOM TEMPERATURE ENERGY GAPS (E;, = &, — §,)

St 1.12eV
Ge 0.67 eV

Source: P. Aigrain and M. Balkanski, Selected Constants Relative to Semiconductors,
Pergamon, New York, 1961.

Ashcroft & Mermin p.580 22



Doping in Silicon
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For Si (and Ge): _ﬁﬁﬁ“.,.ﬁﬂ_g”iu
p dopant: B, Al, Ga, ... %%@ﬁl”ﬁ s
n dopant: P, As, Sb, ... R
Ga |Ge |As |Se [Br |Kr
In.w sgﬂ si.;ﬂ Te |1 xf
These dopants are shallow level defects, which I P I P R
can be excited to generated carriers closed to E,
or E, (~ 0.01 eV), room temperature k,7 ~0.03 eV
A
Intrinsic n-type p-type
Conduction Band Conduction Band Conduction Band
8
E #—8—8—8—80—8—¥
uE electrons Fanar Laval Acceptor Level
& —8—8—8—8—8—89
Valence Band Valence Band ‘ ﬁ"u"a;;nc:;:la H.and i
holes 23

pediaa.com
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Other Defects in Silicon

Many other elements are deep level defects, which
cannot be excited, making traps for carriers and Si

less conductive.

Ba § Mn Ag Cd Pt 5i

m
th

B
E | W |
13EgI 15| 16| 17| 18

Al ISP 15 ICI JAr
J1 3

Ga |Ge |As |Se |Br |Kr
L

A0

S FLF P | B r P o i

81 a2 23] 84 85 B6
TI |Pb [Bi |Po [At |Rn

GAP CENTER

m Bi Te Ti C Mg
4 033 039 1045 054 Y5 .14 Al
Si '

35 33 3=
TR —36

5 5 5 A

, A7 6 14
28 27 26 25 =
37 38
A
St— 2L
N et e R 5 ek e et
D D 4 )
D3_4 QD 35 Dﬁ 37 D
7n po S 24 D 2 4l
D D

Zn Au Co V¥V Ni

dopants Tdeep level defects T
Na, K, Au, Cu, Fe, O, ...

Mo Hg Sr Ge Cu K Sn W Pb O Fe
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Doping in GaAs

P

H
For GaAs: — 5[ 6] 7] 8] 9 ‘I?ﬁ
p dopant: T I DR P N

Al ISP I8 |CI |Ar
1

replace Ga: Mg, Zn, Be U P P P e B
replace As: C n |sn |sb |Te |1 |Xe

81| 82| 83| 84| 85| 86
I [Pk 1BiI |Po [At [Rn

n dopant:
replace As: Se
replace Ga: Si, Ge

25
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Extrinsic Semiconductor &4 54k

when T = 0 K, carriers cannot be excited

n,—>0 |p —>0 insulator

Cc

electrons and holes are frozen

E. E.
AE _ _ _o oo — E,
............. E,  -o-oo-eoe- E
_—— =0=0=0= = E
E E,

26
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Extrinsic Semiconductor &4 54k

when T > 0 K, carriers can be excited (ionization E

3 =)

shallow level dopants are easily activated at room temperature T = 300 K.

~E, /ksT

mass actionlaw |n.p =N (T)P (T )e

2
=n,

at equilibrium, n_p , is a constant

If N, >> n,
For n-doping —% 32— E.
________ Ed
nc o ND _____________ Ei
p.=n/n
v i c E

N, - concentration of donor (cm-3)

27
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Example - Silicon

For intrinsic Si at room temperature (T = 300 K)

o=neu,+peu, |n~10°cm™> |oc~10"°S/cm

atom density of Si [N ~10cm™

l

If we put 1 ppm (106) Pin Si |N, ~10°cm™ > n,

n=N,~10°cm™ p,=n’/n ~10*cm™

o ~10°S/cm

the conductivity is increased by 10°

the conductivity is related to the doping and weakly dependenton T 28



Chemical Potential / Fermi Level

Xing Sheng, EE@Tsinghua

For n-doping

N, - concentration of donor (cm-3)

n,=N, pv:n.z/n

l

c

n, > p,

n = NC(T)e—(Ec—ﬂ)/kBT

D, = P(T)e_(:u_Ev)/kBT

—

chemical potential / Fermi level

E-u<u-FL,

moves closer to E,

29
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Chemical Potential / Fermi Level

For n-doping

_ 2
nC_ND pv_ni

7

c

u==F, —kBTln£
n

Np
n.

l

=FE +kBTln£

1
2

NC(T)]

c

J

~E,+=E, +k,Tn

Np
ni

1

30
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Extrinsic Semiconductor &4 54k

when T > 0 K, carriers can be excited (ionization E

3 =)

shallow level dopants are easily activated at room temperature T = 300 K.

~E, /ksT

mass actionlaw |n.p =N (T)P (T )e

2
=n,

at equilibrium, n_p , is a constant

If N, >> n;
For p-doping E.
pv — NA _____________ E
nC — n12 /pv _g—g—g_ ________ %

N, - concentration of acceptor (cm-3)

31
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Chemical Potential / Fermi Level

For p-doping
pv:NA nc:niz/pv
p,>n,

N, - concentration of acceptor (cm-3)

n = NC(T)e—(Ec—ﬂ)/kBT

D, = P(T)e_(:u_Ev)/kBT

—

chemical potential / Fermi level

E —u>u-FL,

moves closer to E,

32
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Chemical Potential / Fermi Level

For p-doping

pv:NA

_ 2/
nc_ni pv

u=FE, +kBTln[

=FE —kBTln(

1
2

£(T)

Dy

Na
ni

~E,+~E,—k,Tn

J
B

1

33



I Xing Sheng, EE@Tsinghua

Intrinsic vs. Extrinsic

Intrinsic

gE)  f(E) ﬁ

oy S RGNS

Ec ,_f-""f __________________________ kur__‘j_ﬂ= n; electrons

Evi __________________________ A"_"_"""""_";5"5—'111 holes

g(E)1- f(E)]
N-:FEJ o 05 Ly 2(E), pE)
DOS probability carriers

34
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Intrinsic vs. Extrinsic

Extrinsic (n-doping)

gB) S

E ¢ E 1 E I
/ ; | BV (E)
E I electrons
j:_c—(___/____ ______________________ _&({___E __________________________ _)__. .
Ep }JD Er }‘!\ """""""""""" F--oap=n;
E—\ """"""""" N S 2 holes
; g(E)1- f(E)]
M=) ¢ 02 - fiE) niz), plE)
DOS probability carriers

35



At Very High Temperature

when T is very high, more carriers can be excited

-o-o-om-o-o- Ec -~ O———0=O Ec
RYYLRLYY Sy SYIR Y
11 11 11 I
B bt
11 11 11
11 11 E _:_::_!_!_!_I_I Ea

n, ~ p, = n > doping concentration

similar to an intrinsic semiconductor

Xing Sheng, EE@Tsinghua

36



I Xing Sheng, EE@Tsinghua
Extrinsic Semiconductor {2Z3} &k

temperature dependence of carrier concentration

low T, freeze-out 3x10" — ' '
Si
n ~ e \EeEp)kst S N, =10"cm”
] . ] E E*x:lljlj—
median T, extrinsic £
= |
A
n = ND d Exlrin:ic egion
% 1x10°°F
<
. . - . W
hlgh T, IntrlnSIC = ~ ]."rc-:...t.-:—nu:
—E_/2k,T T R R S .
n~e ¢°° % 100 20C 300 400 500 600

TR 37
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Extrinsic Semiconductor &4 54k

temperature dependence of carrier concentration

low T, freeze-out

~(E.~Ep)/kgT

n~e

median T, extrinsic

n=N,

high T, intrinsic

—~E,/2kT

n~e

Electron density (um'S)

1018

1[]17-'

IDIE

IDIE

1[314-

Intrinsic

f'!-ﬂ—f
Extrinsic

L

T=300K

Freeze-out

silicon
N, =107 cm"

0 5 10 15 20

1000/T (1000/K)

S Bart Van Zashbroadk 2 138
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Extrinsic Semiconductor 243 Sk

temperature dependence of chemical potential

300 600 900
Temp ( UK)
https://arxiv.org/abs/1110.2405 39
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Extrinsic Semiconductor {2Z3} &k

temperature dependence of mobility u

atlow T |u~T" athigh T |u~T""

impurity scattering lattice scattering

50000 —

%ﬂﬁ
10000 4 Ng=10"
- m=10'ﬁ\ Ns=10'3

)

Na=10"7 —~—_

when doping increases,
mobility decreases, due
to more impurity
scattering

1000 —

N,=10'¢ — |

Ng=10"? -"/’\
E m:-

?'Dl .150 300 l . - .BDD
Temperature (K) 40

Electron Drift Mobility (em?V-'s™")

W/

100

10
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Extrinsic Semiconductor {2Z3} &k

doping dependence of mobility u

silicon, T=300 K

1600 £ Bart Van Zaghbroad: 200
7 1400
when doping increases, . {5 Electrons
mobility decreases, 'E 1000 L
due to more impurity = 800 |
scattering = 600 |
2 400 =
= 200 | \
D ] ]
101 1016 1018 1020
Q: What happens if there are doping density = N, + N,

. . K
both donors and acceptors? Doping density (cm™) 41
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Extrinsic Semiconductor 23 F{k

compensated semiconductor (¥ME3 F4F)

contains both donor and acceptor — E,
-—r—-— —\\— | Ed

< n+N,=p +N, chargebalance (’) E
L n.p, = ",2 mass action law - —\; - -;'- . Ea

n-doped silicon

= ar g wE W EmT W oW R R

I | :
Ty €3y ¢

missifglelectron
(hole

—.'ﬁm c group! lllatom Ga-
. . . L. L » -
i

h+

I \ c i 49
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Extrinsic Semiconductor 243 Sk

compensated semiconductor (¥ME3 F4F)

contains both donor and acceptor — E,
-—r—-— —\\— | Ed

< n+N,=p +N, chargebalance (’) E
L n.p, = ",2 mass action law - —\; - -;'- . Ea

mix acid and base

43
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Extrinsic Semiconductor &4 54k

compensated semiconductor (¥M=3-57F)
contains both donor and acceptor —
—_——y == —\—- Ed
‘(n +N,=p, +N,| -chargebalance ! \ £
. g T s
\ n.p,=n mass action law = - -z - -y Ea
—3—3— E
if |V,>N, —>» p-doping
2
— pV:NA_ND_I_ N, =Ny -I-nl.z
2 2
if | N,—N,>n,| —» |p,=N,-N,| |n =n’/p,
44
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Extrinsic Semiconductor 243 &k

compensated semiconductor (¥ME3 F4F)

contains both donor and acceptor — E,

-—r—-— —\\— | Ed
< n+N,=p +N, chargebalance (’: E
L n.p, = ”12 mass action law - —\; - -“'- . Ea

if |N,>N,| —» n-doping

2
—> |n_ = ND;NA +\/(ND;NAJ +n;

if | N,—-N,>n| —» n.=N,-N, |p =n"/n

45
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Extrinsic Semiconductor {2Z3} &k

in compensated semiconductor (¥ME3F-F4K)
contains both donor and acceptor

silicon, T=300 K

the mobility x depends 1600 © Bert Van Zeghbrozdk 200
on all impurities
(V4 + Np)

Electrons

when doping increases,
mobility decreases,
due to more impurity
scattering

Mobility (em*/V-s)
L
=

101 1015 1018 10%°
doping density = N, + N,
Doping density (fm'j] 46



Mass Action Law - A Little Notion

" The product of electron and hole concentrations is a
constant, at a fixed temperature

np =n = NV(T)PV(T)e_Eg/kBT

" |n water, the product of H* and OH- concentrations is
also a constant

[H']J[OH ]= K =10""*(mol/L)* (at 25 °C)

= Both are originated from classical statistics (non-
degenerate, Maxwell-Boltzmann distribution), not
related to quantum mechanics

Xing Sheng, EE@Tsinghua
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Thank you for your attention

48





