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Further Reading

= Ashcroft & Mermin, Chapter 29

= PV Education online course, Chapter 3
0 https://www.pveducation.org/

ASHCROFT/ MERMIN
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Semiconductors - Applications

semiconductors are the basis of electronics and photonics

lasers

integrated circuits

detectors solar cells

key components: junctions —}l— _@_ @ 4



Junctions
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Semiconductor-Semiconductor
7 pn homojunction [E]FR45
7 heterojunction F[&E%5

Metal-Metal

Metal-Semiconductor
7 Ohmic contact
1 Schottky contact

Metal-Oxide-Semiconductor
5 MOSFET 73 SR e
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p-type and n-type semiconductor

p-Si n-Si

____________ vacuum -a0---------z- _VYacuum
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p-type and n-type semiconductor

p-Si n-Si

XX XA @,@%g,@’@
000600 + §ErHRE
B, @@ @)

@ donor ® electron

pV:NA nc:niz/pv nc:ND pv:niz/nc
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pn homojunction [E %5

0-Si —Pp— n-Si

<— built-in E field (/\J?E*Ei'.iﬁ)

XX XX LIE %g
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x | x

< >
w

W=x,6+x,

depletion region
AR

electrons and holes recombine 8
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pn homojunction [R5

NS _. vacuum

chemical potential
isaligned— -~~~ ~ -~~~ ~—~~—"7——=—7—777 E-

diffusion +
+ drift
E

"4

at thermal equilibrium, carrier diffusion is balanced by
drift caused by the built-in field. Overall current = 0 9
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pn homojunction [E %5

PIE

3:

built-in potential

135

depletion region

10
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p-type and n-type semiconductor

p-Si n-Si
————————————— vacuum -------------_VAacuum
electron affinity Z
FH B RE /R AN RE
E. AR — eooe E.
A ——fm — M . E
| \ F
gV, | !
Eg q blI I
_+ _______ EF_ —— - /_l_
EV \~ - EV
_ 42 _ _ 2
pV_NA nc_ni/pv nc_ND pv_ni/nc

p, =B (T)e " 5! n, =N, (T)e """,
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V,; - built-in potential I

p-Si n-Si
NA _ })V(T)e_(ﬂp_Ev)/kBT ND — NC(T)e_(Ec_,Un )/ kT
K, =Ev+kBTln(P"(T)) U :EC—kBTln[N"(T)]
NA ND

— 9V, =4, U,

q - electron charge 1.6*10-1° C
12
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V,; - built-in potential I

—

qI/I)i :lun _lup

£ £ kBT-ln(N"(T)PV(T)j

N Np

nze+Eg/kBT
:Eg—kBT-ln[ ’ j

=kBT-ln(

NAND

2
n.

l

NANDJ

n, =N (T)P(T)-e

13
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V,; - built-in potential I

Vbi — kBT °ln£NAND]
n.

l

q - electron charge 1.6*10-1° C
Example:

For a Si pn junction, if N, =1e18 cm3, N, =1e15 cm?3,
and n;=1.5e10 cm=3, T=300 K

— Vv, =0.75V

gV, =0.75eV| < |E, =1.12 eV

14
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pn homojunction [R5

space
. charge ,
neutral region region neutral region

A

——
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1 |

c ! e e @ @ ' electrons

B .\eg |

o 1 |

o (=] |

o0 -doped : ' n-doped

u p-dope 188 ! P

[=] o | |

= '8 9 I

E:.. l'/ |

= I e |

E [

w 8e :
1
’. l >
| - I M
: E-field :
| |

"Diffusion force" on holes —:—l- -l—:— "Diffusion force" on electrons
l I
E-field force on holes Jl-l I+ E-field force on electrons
| |
W=x_ +x .
p W=x,+x,

Q: How to calculate the depletion width W?

15
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Full-depletion Approximation

Assume abrupt transition
Charge Balance

| Nyx,=Npx,

Q) T Charge : )

Gauss's Law

ET Electric field : : OF

V - g=§sQ(?€)

T s | E

= E— I - | Ox

V T Voltage

16
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Full-depletion Approximation

and |}, = kyT -IHLNAND]
q

Assume abrupt transition

2

Lecture Note 3.12 <
- 2¢.( 1 N 1 v g_gg
V q NA ND s “0%r
—
X, = N, W ‘= N, W
NA-I-ND NA_|_ND

g, - dielectric constant / permittivity (F/m) /T EH
g, - relative dielectric constant
q - electron charge 1.6*101° C 17



Full-depletion Approximation
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Example:

For a Si pn junction, if N, =1e18 cm=3, N, =1e15 cm?3,
and n;=1.5e10 cm=3, T=300 K, & = 11.2

—

V, =0.75V
x, =0.9 nm
W = 26, | 1 - 1 V,, =964 nm ’
\ g \N, N, x =963 nm
higher doping

-> smaller width

18
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pn homojunction [R5

___________________ —H— overall current J=0

NS _. vacuum

chemical potential
isaligned— -~~~ ~ -~~~ ~—~~—"7——=—7—777 E-

diffusion +
+ drift
E

"4

at thermal equilibrium, carrier diffusion is balanced by
drift caused by the built-in field. Overall current =0 19
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At Forward Bias (V > 0)
overall current J "'V_>|_ 0

+

4—— + drift

V,; decreases by V, W decreases
much more diffusion current, the junction is conductive 20
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At Reverse Bias (V < 0)

diffusion *

V,; increases by V, W increases
little drift current, the junction is slightly conductive 21
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Current-Voltage Relation

- - T T exponential
pn junction - diode —#{'& J,  rease
= ; -
nk,T > —J,

J, - dark/leakage/saturation current density
depend on bandgap, defects, temperature, ...

n - ideality factor (for ideal case, n = 1)

22
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Current-Voltage Relation

- - T T exponential
pn junction - diode —#{'& J,  rease
— ; -
nk, T > —d,
ideal diode model

D n’ D n? D - diffusivity (m2/s) 3 &8 &%
_ n l P ! . T
Jo=¢q +q 7 - carrier lifetime (s)
Ln NA Lp ND L - diffusion length (m)
https://www.pveducation.org/pvcdrom/pn-junctions/example-1- L = \/Dz'

general-solution-for-wide-base-p-n-junction 23
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Current-Voltage Relation

pn junction - diode —RE J,

rectifier R E

24
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Solar Cell / Photodetector

extra carriers generated by photon

non-equilibrium J A
2
ncpv 7 ni
photon
\/\/ - /’ln — > v
H, —°
+— Jon
—% solar cell
photodetector power = I*V
Jon ~ light intensity
%4 /
J=J,|exp| L— |-1|-1J
p
nk,T ‘L photocurrent -




Light-Emitting Diode (LED)
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at forward bias
photon generation by radiative recombination

J

A

LED

>V

26
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Light-Emitting Diode (LED)

at forward bias J
photon generation by radiative recombination

A
LED

= - optical power =J -7
qV o
J = Jo exXp —1] n - conversion efficiency
nk,T n < 100%, because of non-

radiative recombination
(generating heat) 27
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I
E) E-k Diagrams .
EC
EE
T an~~ne hyv = E, o
radiative ‘ g
recombination l‘ e <~——Photon
[ -
K / l\
E
GaAs, GaN ¥ Si, Ge E,
(direct semiconductors) (indirect semlconductors)
* Little change in momentum is « Large change in momentum is
required for recombination required for recombination
« Momentum is conserved by * Momentum is conserved by

mainly phonon (vibration)

photon (light) emission inly i
emission + photon emission

Direct bandgap semiconductors
like GaAs, GaN are more suitable for Indirect bandgap semiconductors
LEDs and lasers, more radiative like Si, Ge do not emit light efficiently

recombinations more non-radiative recombinations 28



Materials Choices for Light Emission

gap energy (eV)

6

Al e direct gap
Q o indirect gap
N
.MgSe
ZnS MgTe
o &
GaN

4.5 3 5.5 6
lattice constant (A)

Semiconductors with direct gaps are

more suitable for LEDs and lasers
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29
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Heterojunction & f&RZ5

Case 1 P-Si

_____________ vacuum

electron affinity | q ¥,
FE S RE /SR ANRE I
Ec1

Ev2
30



I Xing Sheng, EE@Tsinghua

Heterojunction & f&RZ5

Case 1 p-Si n-GaAs

electron affinity | g
B ES /R FIAE I A E._, AE qz.

R E..
____________ E
Eq1 E-, 49 vbit T &
e S O 0 S E
Ev1 AE v

——————— —— E,,

31
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Case 1

32
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Heterojunction & f&RZ5

Case 2 . |nGaAs p-GaAs
s EREEEEE vacuum - - vacuum
9z qx-

EcZ

Ec1 T

Er E,,

Ev1 b Zuiuiniaial Er,
Ev2

33
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Heterojunction & f&RZ5

Case 2 . |nGaAs p-GaAs
R CORREE vacuum = g vacuum
qx
E.,
————— Eg,
E,,

34
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Case 2

qV,,

qV, = qVps +qVpy 35
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Heterojunction 745

Straddling Gap

Staggered Gap Broken Gap

36
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Semiconductor Heterostructures

GaAs/AlGaAs heterostructure:

Conduction Band Type I junCtion
A o electron and hole confinement
@ 02 30.8 3 AIU.EGEU,SAS ] ] ] ]
5 Gans enhanced radiative recombination
5 for better LEDs and lasers
g bandoaps
“YWalence Band

Z. . Alferov

lencth (cttogonal to the “plane” of BaAsjf

1 (GaAs AlAs

A,
o
Rkl

H. Kroemer

‘.-—.. —pr
. 3a M_-.uugmn%ﬁq-
preTgeTgTER Ry 4
Fha v
e

T YT
b ;
e s Bl
A S b i A
-t
3 T %
# 0% ¥ -3 -
- vk b
. "

[100] growth direction

2000 Nobel Prize in Physics 37
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Optoelectronic Devices

lasers IR imaging solar cells

(aAs AlAs

= [100] growth direction

Lattice matched GaAs/AlAs structure - perfect interface 4
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Metal-Metal Junction

metal 1
-
work function W1
TR
v
metal 1

metal 2
vacuum = oo vacuum
o & € W,
Ef,
E- metal 2

Some electrons in metal 2 have higher
energies, and they flow to metal 1

metal 2 becomes more positive
39
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Metal-Metal Junction

contact voltage (3E&fii#)

~e g
S 1
W1 MY
\ 4
— |+
metal1 — |+ metal 2
— |+

S

Application:

thermal couple #%E {8

Dissimilar Metal 1

mV

Dissimilar Metal 2

40
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Metal-Semiconductor Junction

Case 1 metal semiconductor
R vacuum ---4------g-- vacuum
. electron affinity work function
wor;(jjf%rg[tlon Wm el 5 A | 35 R qQy Ws i
v vy | E
Er A i
metal E,
Y_ E
v ----- -
E

41
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Metal-Semiconductor Junction
Case 1 Schottky contact B %FE1EfM

metal

carrier depletion and inversion
(behave like a pn junction) 42
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Metal-Semiconductor Junction

Case2  metal semiconductor
bl R E vacuum S Y vacuum
electron affinity
j maeeemg | 94
work function E
= C
WS
Eg
A - _-_Y_ E
v F
v EF EV
metal

43



Metal-Semiconductor Junction
Case 2 Ohmic contact Ex #3Efil

————————————————

LN
/-/ \
| | 1 E
TONC r=====- F
\|oC Ev
/
metal M_. \
carrier accumulation

(still p-type)

Xing Sheng, EE@Tsinghua

44



Metal-Semiconductor Junction

Schottky contact |
J

A

=L

FE

>

£3.L

|4

Ohmic contact Ex 48

J
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A

>V

45
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Metal-Oxide-Semiconductor Junction

no steady metal oxide semiconductor
current flows

_______________________________ vacuum
from metal to A
semiconductor
w qy
E- —
metal E,
________ E s
EV
flat-band

insulator / capacitor 46
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Metal-Oxide-Semiconductor Junction

metal oxide semiconductor

negative V E

— metal

holes are attracted
towards the junction

47
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Metal-Oxide-Semiconductor Junction

metal oxide semiconductor

negative V N\ E.

— metal

L TN \
A bttt 5
o0 E,
/
= '\ carrier accumulation

BES
(still p-type)

48
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Metal-Oxide-Semiconductor Junction

metal oxide semiconductor

positive V E,
+
+V
S metal +
+ |=mm————— == EF
Fo—o—o—o—c—0— E,,
—>
holes are repelled

from the junction 49
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Metal-Oxide-Semiconductor Junction

metal oxide semiconductor

positive V E

C
_|_ /
+V

—_— metal + PRl

+ II —_——]————— - EF
\ J E,
N/ L
carrier depletion

FR 50
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Metal-Oxide-Semiconductor Junction

metal

higher positive V

++V

oxide

semiconductor

metal

+++++ +

electrons are attracted
towards the junction

carrier inversion

fe¥

(become n-type) 51
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Metal-Oxide-Semiconductor Junction

drain Vpg

metal =

£

VGs_ E
gate E
;

-

source

Metal-Oxide-Semiconductor
Field-Effect Transistor

MOSFET i3 N A&
2.5
E:’FGE =5V
o
. Satyration
1.5 F :
4%
1
0.5 ey
) . 2
i B 110 15

Drain voltage (V) 52
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MOSFET
NMOS D drain PMOS S drain
G G
S D
VGS_ VGS_
gate gate
source source

53
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CMOS Technology

= Complementary Metal-Oxide-Semiconductor

NMOS PMOS

p-substrate

Video MOSFET 54
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CMOS Logics

‘dd \dd
Vdd A**ZH: I'q A B|F A__q—' A B|F
Al|F B £ L L[H ] L L|H
A - C | H L H|H 519 L H| L
H| L H L |H _IVJE»F H L|L
H H| L H H| L
i HL
L &
CMOS INVERTER CMOS NAND CMOS NOR
Wdd Wdd
A B|F 5 H A B|F
A =3 A —
z 'if‘"q rd L L|L _q] L L|L
F L H|L B4  F L H|H
H L|L ¥ H L|H
H H|H HE H [ H H|H
¥ v
CMOS AND CMOS OR

55
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CMOS Circuits

E Ry RI1 &
[ og ] =
T4 TS
5 TEA
T 2501098
{20 ]
E c7
- e 2200 nF
? / = Y
+ It
- T 1
25073 R15
R14 g o 3 = AW
] 2
T8 - 3
-- 2SARGE
250734
4 T C8
E x 0.1 HEAD
= - PHONE
4 s

56
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Integrated Circuits

" Moore's law, Fairchild, 1965

MOORE’S LAW DEFINED
i 1010
: 3
| ® 108
: £°
| o4
i . @ 10°¢
-l
4
L 10
.: o
¢ ot 102
|
|
—ﬂ. I | T | T T T T T I T 1
1960 70 80 90 2000 10 14
Source: Intel *Central processing unit
Economist.com Gordon Moore
Modern Electronics is a Intel i7 CPU, ~ 10° transistors

real Nanotechnology 57



1. Grow field oxide

ox.

p-type substrate

2. Etch oxide for pMOSFET

oX. | [
p-type substrate

3. Diffuse n-well

oxX. I =
N
4. Etch oxide for nMOSFET

ox] [ =
P

Video Intel

v

5. Grow gate oxide

L e

6. Deposit polysilicon

p-type substrate

ox

7. Etch polysilicon and oxide
ox = | =

Cowt

8. Implant sources and drains
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CMOS Process

9. Grow nitnde

p-type substrate
10. Etch nitride

p-type substrate

11. Deposit metal

...|

p-type substrate
12. Etch metal

Video TSMC 55
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Thank you for your attention

61





