SEMICONDUCTORS
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metal semiconductor insulator
characterized by:

a band gap (E,) < 3.5 eV
increasing conductivity with increasing temperature

O =

n

m

SCs: J1 oC e

metals: n is ~ constant; 1 decreases with increasing T
SCs: t also decreases; nincreases exponentially with T
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sp3 SEMICONDUCTORS

=== pantibonding -——=
= = . . :
N y antibonding ===+ [__| conduction band
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~—e— y bonding e

ATOM  md AOLECULE o (CRYSTAL

* Four valence electrons per atom: Group IV (C, Si, Ge)
* [lI-V compounds (GaAs, InAs, InSb, GaN ....)

« |I-VI compounds (ZnS, ZnSe, CdSe, HgTe, .... )
«VB.— CB.i1sp— s, hence allowed dipole transition
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sp? SEMICONDUCTORS

GaAs band structure

Energy
4 00K E,=142¢V
Er=171¢eV
Ex =150eV
Eeo =034 eV
<!>
ane;;ector
Heavy holes
Light holes
Split-off band

i
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PARABOLIC BAND PICTURE

Energy (eV)

GaAs band structure

A I A
Wave vector k

near valleys, bands can always
be approximated as parabolas:

Parabolic Band Approximation

good approximation for SCs
« electrons near CBM
* holes near VBM
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INTRINSIC and EXTRINSIC SEMICONDUCTORS

pure SC: intrinsic doped SC: extrinsic
thermally impurity
promoted states in
electrons bandgap
A Ey empty —Ep
states -
/6777¢;;:!!!:::;;;;F<Wuﬂes" /47777;;;:::::§§§§§}\
* negligible impurities e impurities form states in gap
* electrons thermally promoted (e donors or acceptors)
across gap - electrons easily excited into
n=p=n, conduction band from donor.

*h>p#n



DOPING IN SEMICONDUCTORS

Adding foreign atoms (dopants) of Group V or Group ITI to a
Group IV semiconductor produces n-type or p-type material.

P-Type
3|45 B gy
Cema Iimgurity ‘ SI %ﬁmﬁma
fies alet ishie - Y o
B C N P e |
Al Si P %Slmhi,?;}}a ]
Ga Ge As . A~
L
In Sn Sb _ gty d
— h""r-*
TI Pb Bi ‘ \ Exba
Conduction Conduction hole
Ff-:il‘l'll-l'r- FrrrerErYE Y
-n-FﬁfI'I'II
.
'F'ifﬂ?
N-Type P-Type
dopant type:  donor acceptor

majority carrier: electrons holes
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DONOR and ACCEPTOR LEVELS

> N W Cr C Sn KGeTi SrCsSeBa SMoMnV Si Na .
A - i a e =08 .__2 2 .
2613214 T4 ™ i = 2222 25 25 26 27 -0 52 . 23 s 25
- - Jam | = D 3132 .32 33 34 T 4s = 3l 5
= .35 = — e w— = o) 30
i = 43 41 - 4] 4 42 = 45 TR
Sl 5™ = ST = 5 = = 4 55 54 3
BIDHENEL s e s o 1 B8 e i i o 8 P 50 155 25 e o e S e s e .5=,55§="—='*_"-=-——--
42 41 = TS 533 = 33 =
233 g 34 35 2 DA 330 g5 3 2 3 a6 3 57 55
04 ™= 073 16 128 26 - 23.24 26 VR
B Al Ga In TI Be Pd Ni CuCd Zn Co Pt AuHg Ag =7
(@) T
Si Se Ge S Sn  Te 0 B
4 0058 .0059 .006 .006 .006 O3 ¢
3
GaAs
63
142eV | - — — — - — — - — - e e T e g
53 67 52
—-— a4 =
24 37
= 07 09 095 A1 42 &8 = S
035 | 028 . os 05 & 00 095 & = LA
v = 26 B B O s Se =023 E
C Be Mg Zn Cd Li Ge Au Mn Ag Pb Co Ni Cu Fe Cr 4
(b)

Fig. 10 Measured ionization energies for varies impurities in (a) Si and (b) GaAs. Levels below the gap center are measured from Ey Levels
above the gap center are measured from E. Solid bars represent donor levels and hollow boxes represent acceptor levels. (After Refs. 29. 31.
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ELECTRONIC CHARGE CARRIERS

electron empty state
Conduction band / PTY

YT YT YR esmEy, esmEy, esmEy,
. . . . .
o o . . o e o o .
R4 R4 R4 R4 R4 R4
. . . K . . . .
- - -
N o u -
. "
H . g .- H
%, %, g % A %, %, g
* . ’Q . ’Q . ’Q . ’Q . ’Q . ’Q
PAAEERCN s LN s LN s LN s LN s LN P

* Electrons move amid empty states
* Negative charges drift against field

hole

esuEy
o* ‘e
o *
N .
. -
: ht
% »
0y R
* o
P LY 03
<

* Electrons move by effective motion of positive holes
* Positive charges drift with field

Filled band
006000000

* All wavevectors fully occupied, no net motion
* Filled bands are inert 630

Valence band




HOLES

Electrons are the only charge carriers. However, we may,
whenever it is convenient, consider the current to be carried
entirely by fictitious particles of positive charge that fill all
those levels in the band that are unoccupied by electrons. The
fictitious particles are called holes.

F
« o Applied field causes electrons
ve e and holes to move in opposite
directions, but the current is in
v, the same direction (opposite
W— charges moving in opposite dir.)

It is convention to consider CB currents to be carried by
electrons and VB currents to be carried by holes. Be careful
not to mix the two concepts in a single band!
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FERMI LEVEL SHIFTS WITH DOPING

Energy-band Density  Occupancy Carrier
diagram ACLOTS

—
=1
o

——
o= |
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W

N(E)
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n =fﬁ£} N(E) dE
E‘.

Ec (a) EfF above midgap

The Fermi level moves up
when electrons are added — &
and down when electrons

o
are removed, such that PN \
f(EF) - 1/2 (b) Ef near midgap

With sufficient doping, the } / T i

R
— —— —
i
-

Fermi level can move into a
band, giving a degenerate
semiconductor (metallic).

bl

m :
= ]
5 g
=
W

(c) E below midgap 632



EQUILIBRIUM CARRIER CONCENTRATION

equilibrium = single temp, no applied fields (optical, electric, magnetic)
simplest case: direct gap, intrinsic semiconductor (n= p = n)

P, (CB) concentration of electrons in CB:

os | S IR IpRN 1 n(T) = [ g.(E)f,(E.T)dE

L
E.=0 w

number of occupancy
states at
Pe (VB) each dE

: [electrons]
VB :

concentration of holes in VB:

p(T) = | g (E)1-£.(E.T))dE
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n(T)= | g (EYA(ETYE | p(T)= [ g (E)Y1-f.(E.T)ldE

in the parabolic approximation:

. N\3/2 . N\3/2
1 (2 1 (2
g.(B)=> 2( me”’sj (E-E,)" g.(E)= 2( m’“’é‘] E” E<0
T

h’ 2z n’

forE>Eg

1
exp[(E—u)/ k;T]+1

J(E) =

for E,>0.15 eV and |E - y| »> kT the Fermi function
reduces to the exponential Boltzmann distribution:

f(E)=exp[(u—E)/k,T]<<1 [, (E)=exp[(E—u)/ k,T]<<1
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substituting these forms of g(E) and f(E) into the integrals gives:

% 3/2 g
1 [ 2m, T (u-EVAT 1/2
n(T)—zﬂz( 3 ] bje (E-E,)*dE

3/2
1 2m. v 1/2
and T) = hds e ETHIRT Bl IR

min

the results are:

%k
meds kBT

27h?

3/2
~(Ec-p)/kT _ ~(Ec—p)/kT
j e ¢ =N.(T)e

n(T):2[

mst kB T
27h’

3/2
—(u—Ey)/ kT __ —(u—-E,)/ kT
) e " =N, (T)e "™

p(T)=2[
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n(T) = Ne(T)e "

N. and N : effective densities of states

(e at bottom of CB, top of VB
p(T) = N, (T)e 5T

3D density of states Effective density of states

A odos | B
mathematical ool
E,=E.-E,
u=E, /2
Eo—E Ec—Er
(B == =)/kT] —(E, /2kT (_—j
n(T)=N.(T)e = 2 =N.(T)e " =N (TNe* ¥

The concentrations of both electrons and holes increase exponentially
with femperature with an activation energy of E /2.



*The product n(T)p(T) is:

n(T)p(T) = N.(T)N,, (T)e Fe I g (uEr )k
=Nc(T)N, (Tye ™ =n’

1

This product is independent of the position of the Fermi level. In other
words, the product is a constant at a given temperature no matter the
doping (n-type, intrinsic, or p-type).

it is an example of the LAW OF MASS ACTION
heat - e + h*
K.q = [e]Th] = np

For an intrinsic semiconductor:

k T ¥ * s 3/4 _
ni(T) = p,-(T) = \/nl.(T)pl.(T) — 2(27;12) (medsmhds) 0 E,/2kT
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FERMI LEVEL, INTRINSIC CASE

E.—E
_Lc—Lp N
n= Nce( o ) = E.-E,= len(—Cj
n
(_Mj N subtract the
p= N,e kT = E.—-E, = kT In i_’/] two equations
P

n=»p

2 2 | N

E, _p-fetby M ln(&]

The Fermi level lies very close to the middle of the bandgap.
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Fig. 11 Schematic band diagram, density of states, Fermi-Dirac distribution, and carrier con-
centrations for (a) intrinsic, (b) #-type, and (¢) p-type semiconductors at thermal equilibrium.
Note that pn = n/? for all three cases.



TEMPERATURE DEPENDENCE, INTRINSIC

T(°C)
1000 500 200 100 270-20

N —E /2k,T

1018 =N — g!'<"B
o 10! =
g:‘ 1 016 \"1 \_\ \\‘_‘ Ge
; 1015 \\“ \\_ N Eg_@
=
5] ][}14 \'1 \"\ S1 \L“\ GGAS 1.42
» \ \ \ )
g 1013 \'-, - \‘\ Si 112
S RSN Ge 067
= Y
Z 11 \ \
E 10 S N
Z 100 Y N\

1\ AY
9 \ \

10 - \\ GaAs*

108 £ intrinsic
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— \
109 A
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1000/T (K1) 640



TEMPERATURE DEPENDENCE, EXTRINSIC

TEMPERATURE (K)

500
1000, 300 200 100 75 50
1017 F ] [ | _ of o .
g * | Example: n-type silicon with
N;=10 B .

[ o Tdm T donor concentration Ny~ 101
. |~ IIITI'].IlBlC IﬂllgE
Tow® L) E =E /2
S Promotion of electrons from
- | donor to CB results in donor
2 o5 |\ DAturation range ionization (temp dependent)
A - Freeze-out N
e _
< | ¥z g _f D—o>D +e
; 1 A C D
LE'] 1014 = I M . .

o extrinsic J

: | (doped) onors

1013 | 1' | | | | | | |
0 4 8 12 16 20
1000/T (X~1)

Freezeout:  Temperature 1s too small to 1onize the donors (acceptors). 1.e..
}EFST‘:: E(:'_E_D frIEFBT‘:: ED—EF}.
Saturation:  Most of the donors (acceptfors) are 1onzed.
Intrinsic: ~ Temperature 1s so high that #; > doping densify.
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TEMPERATURE DEPENDENCE of n, p

Donor ionization occurs when electrons are promoted to
conduction band: D — D* + e

Acceptor ionization occurs when electrons are promoted from

the valence band to the acceptor state: A +e — A-

Zero iohization energy

Heavily Doped/Degenerate

“saturation” - all dopants ionized

Moderately Doped

Intrinsic Behavior

Lightly Doped

Freeze-Qut

Density of Carriers (~log scale)

0K

donors

......... accepToPS



TEMPERATURE DEPENDENCE of MOBILITY

Mobility (cm?/V—s)

Vo =HE 5 p=er/m’

106

103

104

10°

102

T T ]I

Y

T T TTT]

N<1012 em™
4x1013_\
\

Si

R

N T-2.42
\ A2 _
1014\ \ \/ T_220
N :
YN
X\ lattice

R

= scatterm
- . 1.3x1017 \ i 9
— Impurity N
o . - \ —
scattering .~~~ |
= Si (low-field N e
= (low-field) \\ \\ =
L H, \ ]
- ——— . N
I zap N\ |
Lo rlriil RN Pt
1 10 102 103
Temperature (K)

mobility is the sum of

scattering processes, often
with one process dominant

1 1
o= + + .

lu lattice lu impurities

* ionized impurity scattering
1L o 32

* acoustic phonon scattering

,ul oC T—3/2

other scattering mechanisms
are possible (surface, defects)
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RT MOBILITIES of SOME SEMICONDUCTORS

Compound | Structure Bandgap | e mobility | h* mobility
(eV) (em#/V-5) | (emi/V-5)
5i Diamond 1.11 (T) 1,350 480
Ge Diamond 0.67 (I) 3,900 1,900
AlP Sphalerite | 2.43 (I) 80
GaAs Sphalerite 1.43 (D) 8,500 400
InSb Sphalerite | 0.18 (D) 100,000 1,700
AlAs Sphalerite 2.16 (I) 1,000 180
zaN Wurtzite 3.4 (D) 300 -
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TEMPERATURE DEPENDENCE of SIGMA

infrinsic case:

o =e(ny, +pu,) -

depends on
doping

A Specimen  Donor concentration

3
E_/12k,T e
_ g B 1 5.3 x 101
p —_ oC 6 2 9.3 x 1014
s 1.6 x 1018
0 107 7 23x 10
8 3.0x 10
10 5.2x 1015
12 8.5 x 1015
15 1.3x 10
17 2.4 % 101
- 18 3.5x 10
o . 5 108 20 4.5x 101
extrinsic (n-type) case: : R 13
yp ¢ G 22 6.4 x 1016
= 23 7.4x 10
£ 24 8.4 x 1016
2 25 1.2x 10V
i 26 1.3 x 10V
o108 27 2.7 x 1017
29 9.5x 107

O =neu,

10

>1014 fold
variation

» complex variation
at low temp

of nwith T
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HALL EFFECT to measure n, p

A conductor that carries a current in the presence of a transverse
magnetic field develops a voltage across the sample normal to both.

~ simplest case (n-type):

Fn = megnetic Magnetic
M ael© fied B JB IB

negative charge SR F — qv B p— p—

carriers. +- m 7 W
t day e = electric force V

Y W from charge q
‘ Direction of convantional Duildup. — — Hall
I electric current F; o qEHall o
1 IB

force balance gives: | V,, , =
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DIRECT / INDIRECT GAP SEMICONDUCTORS

(a) Direct band gap: (b) Indirect band gap
C.B. minimum at k=0 C.B. minimum at & =0
E E

conduction band

E,
valence band P
S k e T, : k
0 0
* Kohoton = 27/A ~ 107 m™! negligible compared to B.Z. size n/a ~ 10" m-!

* Transitions appear as vertical lines on £ — k diagrams
* Phonon needed to conserve momentum for indirect gap materials
* Indirect absorption 2" order process, therefore low probability



Energy (eV)

(GaAs band structure

* Direct gap at 1.5 eV

* Very important
optoelectronic material

* Strong absorption for
hv >E,

L A I A X
Wave vector k
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Energy (eV)

Germanium band structure

7 E,=0.66eV
w]direct gap
9, ;
4F
6\
L A I A

Wave vector k

* Indirect gap
at 0.66 eV

* Direct gap
at 0.80 eV
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ABSORPTION SPECTROSCOPY

* —

e working range: 200 — Tum e
* scanning monochromator and -
Infrared detector for longer 4

white light source

™ collimation lenses

detector

spectrograph

silicon
. , -
diode array J computer
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Direct versus indirect absorption

100
10°
1041

— silicon

l 1

Absorption coefficient (m!)

1.0

1.2 14 16 1.8 2.0
Energy (eV)

Implications for solar cells?

* Direct absorption is
much stronger than
indirect absorption

*Silicon has indirect gap
at 1.1 eV

» GaAs has direct gap at
1.4 eV
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BEHAVIOR NEAR ABSORPTION EDGE

InAs
0.8 [room temperature
| InAs 1s a direct gap
[1I-V semiconductor

with £, = 0.35 eV

hv <1Eg: a=>0

. | . | | hy > E, .
0.3 0.4 0.5 0.6 acc(fhy—Ey"?
Energy (eV)

General expression: (¢ oc (hv -E, %
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FERMI'S GOLDEN RULE

The rate of an optical transition from a single initial
state to a final state is given by:

Transition Rate for Single State

(fIH i) S, ~E, -
square of matrix element  resonance condition
(strength of coupling) (energy conservation)

27,
I —F
l—)f h

* Ex? is light intensity

* hv is the photon energy

* in the dipole approximation, H = -er-E

« derived w/ time-dependent perturbation theory

(fIH i)= [y Hydr
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Transition Rate for Given Wavelength

I'= Fl_)f:ZfZZE

27z
h

E2|(r 8 10

Es|(fIH | >@5(Ef—Ei@

Let’'s assume the state f and / are conduction and valence band
states. Then <f |H'| i > — < c |H’| v>. We can define the
joint density of states as

R

: Pey () === [ (Ec (k)= E, (k) — hv)d'k
| 8T

« vertical (direct) transitions only

=2 2oy [ Qo (Be) - B, (0)— )
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A L
I

2712
Empty w EC (k)= EC + f k*

2m,

k h2k2

h

per () == [ S(E.(k) = E, (k) = hv)d
87

2 nk? ;
:prg +——hv)d’k

2m

r

Filled

LetX:Eg+E—hv E =

h2k2

Ec(k)-E,(k)=E, +——

k

nk’

2m,

*k

integral vanishes unless X = 0=>E = hv - E,

2m,

%

reduced mass of
electron-hole pair (EHP)

parabolic bands

1

m

*

r

=) free electron DOS: Pey (hv) =

27

IE

h2

3/2
j (hV_Eg )1/2




InAs band edge absorption

InAs
Toom temperature

InAs 1s a direct gap
I1I-V semiconductor
with £, = 0.35 eV

hv {Eg: a=0

0.3 0.4 0.5
Energy (eV)

0.6

hv > E,:
oo (hy —E,)'"
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OPTICAL ABSORPTION EDGES

for allowed transitions in the parabolic
approximation:

] *.3/2 1/2
Direct gap: a(v)=A4,(2m ) (hv —Eg)

Indirect gap:  a(v)=4(hv-E, T E

phonon )

the prefactors A, and A, contain the matrix
elements and fundamental constants
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OPTICAL SPECTRA

10?5 S
GaAs |
B Ge |
1065— \ — S
5 i\ InP
e =N d =100 nm CdTe |
Sl Cds |
- 3 aSi |
-E 104
2 3
5 |
8 I
E 1O
a i
2 .2
a 10
2 _
10'
10':] L L I L 1 M L L M | 1 M L L 1 L L " M L 1 1 | L M L L
200 400 600 800 1000 1200 1400
wavelength (nm) 1

absorption d=_—

[ = ]0 (1 o R)e_ax length: o




SEMICONDUCTOR BANDGAPS | s

D: Diamond
Z: Zinc Blende

. . . W: Wurtzite
Bandgaps (in eV) of some semiconductors

R: Rocksalt
TETRAHEDRALLY BONDED MATERIALS O: Orthorhombic
_ Rh: Rhombohedral
\Y% C S1 Ge o-Sn )
T: Trigonal

C 551D _ o
Si > 61.7/W L1iD 07-11i OR: Orthorhombic
Ge 0.7-1.1 0.741,.D | distorted rocksalt
0-Sn 0.09.D M: Monoclinic
ImI-v-. N P As Sb
B 38.W 2.01.Z 1.51.Z NON-TETRAHEDRAL BONDED MATERIALS
Al 59W 257 227 1.7.7 IV-VI d
Ga 35W 247 157 0.81.Z - V1 compounds
In M 1.4.7 041.7 0.24.7 IV-VI O S Se

; Ge 1.7.0R 1.1.0R
VT O S Se Te Sn 1.1.OR  09.0R
/n 34W 3.6,Z/W 2.8.7/W 247 Pb 2.0.1 0.29 R 0.15.R
Cd 1.31.R 25.2/W 1.8.Z/W 1.6.7 Gr VI el s
Hg 22.0Rh 23T ~.06.Z ~3.Z roup VI elemelts

VI S Se Te
I-VII F Cl Br I :
! 3.6.0 1.9iT 0.33.T

Cu 347 3.1.7 3.1.72 25M
Ag 2.81.R 3.21.R 2.71.R 3.0.W

o

Group V elements

A% P As Sb

33,0 .17.Rh 10




V-1V

|

s

|

MgSe

Hgs InAs

| | |
e direct band gap

@ indirect band gap

0.50 0.52 0.54 0.56 058 060 0.62 0.64 066 0.68 0.70

8cybic [NM]

HgTe
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Oxides

-V

n-v

Hi-N

v

E relative to SCE (eV)

-3
2
-1
0
41
2
3
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EXCITONS

« The annihilation of a photon in exciting an electron from the
valence band to the conduction band in a semiconductor can
be written as an equation: hv > e + h*

 Since there is a Coulomb attraction between the electron
and hole, the photon energy required is lower than the band
gap by this attraction (giving bound states).

« To correctly calculate the absorption coefficient we have to
introduce a fwo-particle state consisting of an electron
attracted to a hole, known as an exciton (a quasiparticle).

O(\ Conduction band *"(
“ \‘.\0(\ (effective mass m,)
a |

Energy gap, E,

(O\l\\ (% 0‘ 2 = Exciton levels
e\a\:\o(\ Valence band l_ N

(effective mass my}
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WANNIER and FRENKEL EXCITONS

) la e oL
: & Llieein
Free (Wannier) Tightly-bound (Frenkel)
radius >> a radius ~ a
small binding energy large binding energy
moves freely through crystal localized on one lattice site

SCs of large dielectric constant solids of small dielectric constant

— Excitons represent the elementary excitation of a semiconductor. In the
ground state the semiconductor has only filled or empty bands. The
simplest excitation 1s to excite one electron from a filled band to an empty
band, so creating an electron and a hole

— Excitons are neutral overall but carry an electric dipole moment and
therefore can be excited by either a photon or an electron 663



HYDROGENIC MODEL OF EXCITONS .

Bohr atom picture, modified with effective mass
and dielectric constant of crystal

Hydrogen Atom:
Circular orbit: centripetal force = Coulombic force
2 2
m,v _ e
- 2
r 472'6‘07” - 472'80712h2 o,
Angular momentum: m,vr = nh Ty = 2 4
m,e
L, e = Bohr radius = a, = 0.529 A
E=—mv +(— ) r onr radius = Qg .
2 ° A7ze,r
1 e e’ 4
= —( )— m,e R

E = = ——

2 4re 4re n =
(2)r Or/ 2(1 671 Zgg)thZ nz
1 e

2 dge,r R (Rydberg) = 13.606 eV
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HYDROGENIC MODEL OF EXCITONS

Excitons: 1. Use dielectric constant of crystal

2
e .
U (r) _ y : 2. Use eIfec‘rlvle r'edulced mass
O LS — % —I_ LS
mr me mh
Exciton Bohr Radius:
dresn’h’ nem,
rn T ) T * aO
m.e m,
sm
r, =—0.529 A
E.=E, mr
Binding Energy:

v 5 *
10 8 E — mr R — R_X
n 2 20 7 .2
meg n n 665




TOTAL EXCITONIC ENERGY

if referenced to the top of the valence band:

*

K’ | m. | R
2M me’ |n’

% 3

exciton kinetic energy  binding energy
(translational motion of
neutral quasiparticle)

E,.(K)=E,+
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Exciton Parameters for Several SCs

Semiconductor | E (eV) | ¢(0) m’ I m, Ez (meV)| r,, (nm)
(m, /m, 5 m,/m,)
Si 1.11 11.8 0.190 18.6 3.28
Ge 0.67 16 0.132 7.01 6.41
GaAs 1.42 13.2 0.0616 481 11.3
(0.067,0.76)
InSb 0.163 17.7 0.0135 0.586 69.4
CdSe 1.74 (0.13,0.45) 15 5.2
Bi 0 0.001 small > 50
ZnO 34 (0.27,?) 59 3
GaN 34 (0.19, 0.60) 25 11
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FREE EXCITON ABSORPTION

Ry = exciton binding energy

» Hydrogenic series of
lines satisfying :

Y

 enhanced absorption for
hv > E,

S * only observed when
T Photon energy T < (Ry/ ky)
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EXCITONS in BULK GaAs

a (10 m™)

exciton

n=1 n=2
1.2} 12 v " =31
I il_“‘ B A .
0.8] %E s RxU}T f
N 1 04 y
04f  f—ga(hy-14252] ° O’JUE
N G | 1.514 1.520

1.42 1.46 150 1.54

Photon energy (eV)
Photon energy (eV)

e ultra pure sample
eT=12K
* Ry =4.2 meV

» standard purity sample
e T=21K-294K



FRENKEL EXCITONS

Alkali halides Organic crystals

C,6H;o (pyrene)

o (108 m™)
Absorption

300 K

3.20 3.30 3.40
Energy (eV) Energy (eV)

E(eV) Ry (eV)
g\ V. | '
NaCl 8.8 0.9 Also: Rare gas crystals

LiIE 137 19 (solid Ne, Ar, Kr, Xe)
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QUANTUM CONFINEMENT IN NANOSTRUCTURES

Materials with at least one dimension on the scale of the exciton diameter
are said to be quantum confined. The electronic wavefunction, energy
levels, and DOS will depend on the dimension(s).

Lol Ll Confinement in 1 dimension = quantum well

L>>L, Rt L>>L,

L L, 2 dimensions = quantum wire
(%/ L, q

3 dimensions = quantum dot

I
g

\EA/
wel wire dot :

Y . . " \/

Particle in a box" model - energy level '~
separation increases — discrete states s -
o) g (bulk Eg (well

n 2 Ch,
. _ X -
well: E,(L)=E,y+ 0 T
ﬁ ]% X RN
bulk ga
h TN a

1D confinement 3



dot: E,(L.,L,L)=FE, +—| 5+—5+-
ﬂ 8m,\ L, L, L

bulk gap ﬂ
3D confinement

assumptions: parabolic bands, independent electrons, infinite barriers

TABLE 11.5 Properties of Electrons in Solids of Reduced Dimensionality

Dimensionality
d=0 d=1 d=2 d=3
(Quantum Dot) (Quantum Wire) (Quantum Well) (Bulk)
Y (r)* Asink,x(sin k,y)(sin k,z) A sink,x(sin k,y)e*:* A(sin kx)e!kyytke) Aeikextkyythe)
EK) = E(k,)+ h? n_j 0 _ni ni h? 1_1; nj n nk? h*n?- = h(ky + k2) B (k; + k5 + k)
Ek,) +Ek,); n 8&m L% Lg 8m L% 2m} 8m;‘Lf 2m? 2m
Y 279 X2 ¥ P
Pises Pyt L5 2 B o
2m* * 1 m* 3/2
pe(E)Ye Discrete states Ve g2 W;e ”;e E\2
ﬂthLy 7th Lx 2 /]
i
Ky e mn 2X ) J2mnL, (3r2n)'3

“The components of the wave vector k of the electron are given by k; = nyw/Ly, ny = 1,2, ... .
bThe electron (or hole) effective mass or masses appropriate to the direction or the plane of motion should be used in E(k) and p,.(E).
CDensny of electron states per umt energy and unit volume

in the quantum dot.

P r M
iial 7i3g — 7i, 7iggq — fiisy, aiil 71

id = iiLxLy.
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Absorbance and Emission (a.ww)

InAs nanocrystals (Banin group)

’

J,«’\/ .|‘||...
N ..I“l.

0-3 Inl I-s - 1 ! -‘5
Energy [eV] Diameter

CdSe nanocrystals
(Bawendi group)
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Photoluminescence spectroscopy

sample in cryostat

laser
[ ]
T mirror
PL collection

— <« lenses
entrance slit
7

spectrometer

(=eee<)
/
detector =~ computer

Photoluminescence (PL) spectroscopy
e fixed frequency laser, measure spectrum
by scanning spectrometer

PL excitation spectroscopy (PLE)
e detect at peak emission,

vary laser frequency
e cffectively measures absorption

Time-resolved PL spectroscopy

e short pulse laser + fast detector
e measure lifetimes, relaxation processes
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Photoluminescence

M

k=0

conduction
band

valence
band

E;

P

electrons

e

Density of states

* Excite using laser with photon energy > E,

» electrons and holes relax to the bottom of their bands

e thermal distributions formed according to statistical mechanics
* emission from £, to top of carrier distributions 675



Direct gap materials

GaN
T=4K,Eg=3.50 eV

conduction band

E
i W
=
..................... 0 2
QD o =
electrons R 2 =
= @ =
o
£ S S
— 72
] e
<

3.40 3.50 3.60
valence band Energy (eV)

* Strong emission at the band gap
* most [II-V and II-VI semiconductors
* linewidth > &, T
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Indirect gap materials

conduction band

electrons

valence band

W

« Low emission probability (2nd order process)
 Long radiative lifetime = low radiative quantum efficiency

677

 diamond, silicon, germanium, AlAs



Classical (Boltzmann)Statistics

| 108}/
= i GaAs
ant
> T=100K
Z L 152 kyT = 8.6 meV
= E,=1.501eV
R
A
e T e Fermi’s golden rule
1.49 1.50 1.51 1.52 1.53 Rate o |M|2 p(hv)
Energy (eV)

* Boltzmann statistics: f{E) o« exp(—E/kgT) (occupancy factors)
V2 kT

+ I(E) = Density of states x f{(E) f(E) o< (hv—E,) "e
* PL rises sharply at £, then decays exponentially. Linewidth ~ k3T



BUILDING BLOCKS OF SEMICONDUCTOR
DEVICES

* p-h junctions
 metal-semiconductor junctions

 metal-insulator-semiconductor (MIS) capacitors

Reading:
AM Ch. 29
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THE MOSFET
(metal-oxide-semiconductor field-effect transistor)

Gate Gate
oxide O terminal

Drain &
terminal

£ Source
terminal

Metal

amplification, switching, logic
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BASIC EQUATIONS FOR DEVICE PHYSICS

in 1D:

2
Poisson’s Equation: 4 1/2/ _46 _p_4 [p+N5—”—N2]

dx dx &, &,

D o2 =141+ 4D, -
J,=qu,pé —qD, Z—Z

Continuity  On VJ, op

Equations: 5 7 T 4 oo 7 P g



CONTINUITY

on _ v.J

682



THE PN (HOMO)JUNCTION

before contact

B. Van Zeghbroeck, 2011.

[log scale]

after contact, equilibrium

Drift

5

holes

p-doped o6 oy n-doped




ABRUPT PN JUNCTIONS

2
dy d& p | |
— — — <« p-region n-region —»
dx2 dx g 'i-— Depletion region —-![
S Depletion charge
Wp =Ny DD D@ é-)\ ~ Donor
DD DD density (Np)
~ Wy ePeee gy
EEEIC W,
ISRSRS)
2060
Acceptor 12C e
. density N,) | oo
Integrate ’
= WDp TO WDH % WDn
5(x)=e¢, j o(x)dx
Area = built-in
potential y; _WDp
integrate,

flip sign

flip sign




LINEARLY-GRADED PN JUNCTIONS

more realistic PSRRI L 1T
d0p|n9 pr‘Ofl|€, Depif{t\lznmcfi\{ﬁég
same basic result P

. . _Wy2 - g e
and device physics I T




SIMPLE DERIVATION OF CURRENT-VOLTAGE

CHARACTERISTICS
 E , two electron currents:
| a9 1) generation current (J ., .)
N A ————— i‘ - electrons from p to n side
L n-type
""""""""""""""" & 2) recombination current (J . .)
Z - electrons from n to p side
l.1:.;, 0 .;c,, - rec —q(@-V )/ kT
J, e

at equilibrium (V = 0): J'* = J&" = o 19/KT
so at any VolTage V: Jerec _ ernqu/kT
total electron current: J =J’* —J&" = J* (e”* _1)

total current (e + h): | J =J +J, =(J5" +J5") (! ~1)




DIODE AT EQUILIBRIUM

Shockley ideal diode equation (1949):

JJJJ{] A
5 —
o Forward
= // 3 qVIkT
Sl

Reverse

rectification: current flows
preferentially in one direction

-0
0
6\
[ ] & C
electrnn IF
(e Er
V

s EEEEEEE
' holes

J diffn — J drift n
Jaittp = Jdriftp
Zero net current



REVERSE BIAS

Forward

. = ] @ oo
_,’/]' qVikT

Reverse

Jaitfn < Jdriftn
Jaitp < Jariftp




FORWARD BIAS

qV
J=J | exp| L= |-1
{ p(nij }

Jop V > 0 (forward bias)

|

/ Forward C

Reverse

Jdittn > Jdritn
Jaifp > Jarifrp

Only the diffusion current changes significantly with bias.
Diffusion dominates in forward bias.



DETAILED DERIVATION OF CURRENT-VOLTAGE

CHARACTERISTICS
derivation of the Shockley ideal diode equation (1949):
at equilibrium: n=n, exp(EFk_TEf j p=n eXp(Eik—TEF j pn=n’
T E. —E, E -E
with bias V: nEn,.exp( F’}CT J pEnieXp£ s F’”j qV =E,, —E,,
E., -Eg, pn>n’ for V>0
pn=n-exp
’ kT pn<n’ for V<0

=555

V
hole density at x = Wy,:  p,(Wp,)=p,, exp (?{—Tj
_ boundary

oV conditions
electron density at x = -Wp,:  n,00,,) =n,,exp (ﬁj

—



DETAILED DERIVATION CONTINUED

o : dp dé& d’p _
continuity on n-side: -U-u 6 —"~— —+D n— () ith, [ = P2~ Pro
Y % T P g T g " v 7,
! . : d’p,
in the neutral region (no field): -U+D, =0

solution (WDn <x< oo): p,(xX)=p., =D, {exp(k—j—l} exp(— _L ”] Lp = Dpz-p

hole diffusion current at x = Wy,:  J

electron diffusion current at x = -Wp,:  J, =—-F {exp(%)—l}

V
total current: | J = J,+J,=J, {exp(i—Tj—l} with, J, =




llluminated pn junction

« Absorbed photons generate excess minority carriers

* Minority carriers within a diffusion length of the depletion
region are swept across the junction by the electric field
- electrons and holes are separated and collected

n-doped SCR p-doped

—
vhg Fe > % \EF"
<p©q> K E Z 6
V E, cv)
e < L) ><— W, ><€ L >

photocurrent J, for uniform _
generation rate G: Ji = qG(Lp +W,+L,)



Current-voltage characteristics

"Current superposition”: J, causes downward shift of J-V curve

A
/s Dark

dark: J=/J, {exp ~1

ac
V @
m | F P

oo / light: J = J{exp q— 1@
=z} Bils aue hor 2o

[lluminated




Operating modes

“Illuminated Diode™

I

A

1st quadrant (dark):
LED or LD

VD{‘

3rd quadrant:
photodiode

Lsc

B

Vv

4th quadrant:
solar cell



Solar cell external parameters

77 — Pmax — Jme — FF JSCVOC
P P

n in

in

P.,» (normal sunlight): ~100 mW cm

Jse ®J, =qG(L,+ L, +W))

» maximize light absorption (G) N power point
> maximize W & diffusion lengths Jic (Vi Ju)
kT J JV
Voo =—In| £ +1 FF = Zm’m
q Jo J SCVOC
> minimize saturation current > reduce recombination
» maximize photocurrent > reduce series resistance




Silicon pn junction cells

double layer Front Back
antireflection surface 1
coating .‘D v, surface

_.--_;_. 1.:\:- .

n* n S 1hi|1\oxid-e |
p-silicon (~200A) p* Metal
rear contact oxicle
40 <
J v s
_ SC™ OC le Figel e
77 _ FF 07 \\Ale 1,000 suns
Bn 301
S 1D / GaP
parameters of good lab cells 5 2 cas
- I
Jsc= 42 mA cm2 st \
Voo = 0.72 V \\
FF =0.80 Fils \
— ° i )/ i | | | | l\
r, - 24/0 Y0 ] 2 3



Example of Si cell spectral response

parameters
500 nm 450 pm )
i NN ND =5 x 1019 Cm-3
x=0 X, x, ¥ W, H L,=51pm
o H’ ]

NA , Lp =23 HmM

1> S, = 10* cm/s

|

[ 1.0
0 - X TC-IEII

N4 | Ideal

0.8

Front

Depletion

Q
T}-;
-
wn
:. [
=) o=
S i
N 7
A 7
e
z
i) Q
~ ]
(1]
s
.
|
R
L
Y
-
Spectral response
(= o
= (@)
I T

0.2 region £
Es *
. - A
; 0 .
/) P 0 | 2 3 4 5
E. hv(eV)
RS ,./’ E;‘

T, =q] $)1- RAISR(A)d2



Losses in ideal and real cells

_ electron
Ideal Ce”S (SR - 1) 1) thermalizes
excess electrons to band edge
1) transparency
2) relaxation (major loss) o /\,~*| photon = E¢
3) thermodynamic loss Low energy photo
max n. ~33% at 1 sun o o g VAVAVAVAVa, p;]?atcf:ergy
© o0° &

excess holes

Real cells

1) incomplete absorption (lowers J<.)

2) parasitic dark currents (lowers Vo, FF)

3) bulk, junction, and surface recombination (Js¢, Ve, FF)
4) series resistance and leakage currents (FF)



Recombination processes

A
1) Band-to-band E t
 Radiative Ec o e ®
* Auger
2) Trap assisted $
E, v v
o) o) o)

Dominant mechanism(s) depend on semiconductor, cell design,
and processing.

e Surface recombination

e Depletion region recombination

e Bulk recombination
e Recombination at metal semiconductor contacts



Beyond silicon: PV design rules

Silicon is successful, deploying rapidly, but still expensive.
(indirect gap semiconductor requires thick, high-purity, $ layers).

Alternative (thin film) fechnologies must:

1) Be much more economical, at MW-TW scales
2) Absorb sunlight and collect charges with ~100% efficiency

carrier diffusion length > device thickness > absorption length

(L,+L,)>d>a (1)

3) Collect the carriers at a large voltage (Vo > E,/q - 0.5 V)

E, = 1-1.5 eV, large A in E¢, low dark current

g




Ve

nc-CIGS

PV technologies

Technologies
1.

Crystalline Silicon

*  Monocrystalline (m-Si)

*  Poly- or multicrystalline (poly-Si or mc-Si)
Thin Film

»  Cadmium Telluride (CdTe)

*  Copper-Indium Gallium diSelenide (CIGS)
*  Amorphous Silicon (a-Si)

*  Thin-Film Silicon (TF-Si)

Multijunction Concentrators

*
*
*

Lattice-Matched (LM)
Metamorphic (MM)
Inverted Metamorphic (IMM)

Emerging Technologies

»*

* M Kk W

Dye-Sensitized (DSC)

Organic (OPV)

Copper Zinc Tin Sulfide (CZTS)
Other earth-abundant materials
3rd generation concepts (QDs, IB)



Efficiency (%)
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24

20—

16
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PV CONVERSION EFFICIENCIES

NATIONAL RENEWABLE ENERGY LABORATORY

.= = . B=3
Best Research-Cell Efficiencies oud
Multijunction Cells (2-terminal, monolithic) ~ Thin-Film Technologies Sharp
LM = [attice matched © CIGS (concentrator) Boeing- (MM, 3023) 4 iog%%x
— Mm imetamorphic ) ® CIGS Spectrolab Solar (4- ‘ graunhofer
IMM = inverted, metamorphic O CdTe Junction |

(LM, 364x) Spire | [ ISE/ Soitec

V' Three-junction (concentrator) O Amorphous Si:H (stabilized) (L, 9424)

Spectrolab | Fraunhofer ISE \ Semiconductor

SunPower (96x) o o = o (92X)
n - ——
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