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Crystal structures:
Diamond and Zincblende

. d Tetrahedron Zincblende
Tetrahedron Diamon (GaAs, GaP, etc.)

(S1, Ge, C, etc.)

Can be created by two fcc-lattices: 2 Si for silicon or Ga and As-sublattice for GaAs



Rock salt and Wurtzite structures

Rock-salt Wurtzite
(PbS, PbTe, etc.) (CdS, ZnS, etc.)
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Indices Description of plane or direction
(hkl)  For aplane that intercepts 1/h, 1/k, 1/] on the x-, y-, and z-axis, respectively.
(hkl)  Fora plane that intercepts the negative x-axis.
{hkl}  Fora full set of planes of equivalent symmetry, such as {100} for (100), (010),
(001),(100),(010), and (001 ) in cubic symmetry.
[#kl]  For a direction of a crystal such as [100] for the x-axis.
(hkl)  For a full set of equivalent directions.
[hkim] For a plane in a hexagonal lattice (such as wurtzite) that intercepts 1/A, 1/k, 1/1,

1/m on the a,-, a;-, a;-, and z-axis, respectively (Fig. 1g).
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Reciprocal lattice

Direct lattice: R = ma+nb +pe
Reciprocal lattice: G'R = 2r X Integer

Reciplocal lattic vectors are perpendicular to set of planes in the direct lattice
and can be constructed from the unit cell vectors of the direct lattice

bxc axb
*=2 *=
4 ”a'bxc ¢ Zﬂa.be
CXda
b*=2
”a'bxc

Reciprocal lattice: G = ha*+ kb* + le*



Wigner-Seitz cell and Brillouin zone

Wigner-Seitz cells are constructed by the bisector planes




Brillouin zone of fcc-lattice and
diamond lattice

The Brillouin zone is the
Wigner-Seitz cell of the
Reciprocal lattice

Example:

Direct lattice: fcc with a
Reciprocal lattice: bcc with 4pi/a
Wigner-Seitz of reciprocal
lattice is truncated octahedron

and corresponds to the Brillouin
zone



Brillouin zone of fcc

Table 2 Brillouin Zone of fcc, Diamond, and Zincblende Lattices: Zone Edges and Their
Corresponding Axes (I” is the Center)

Point Degeneracy Axis

I, (0,0,0) 1

X, 27ala(£1,0,0), 274/a(0,£1,0), 27/a(0,0,=1) 6 A, (1,0,0)
L, 27/a(=1/2,£1/2,£1/2) 8 A, (1,1,1)
K, 27 a(£3/4,£3/4,0), 22/a(0,£3/4,+3/4), 2 n/a(+3/4,0,£3/4) 12 2, (1,1,0)




Bloch theorem and Band structure

- LAe /() | v k) = B(h)Ar, k)
2m

The solution of the Schrodinger-Equation for a periodic potential V(r)=V(r+R)
are Bloch states:

wir, k) = exp(jk-r)U,(r, k).

Ub(r)=Ub(r+R) is periodic and k has to fulfill kR=2pi
which is true for the reciprocal vectors G

The energy E is also periodicin G and it is sufficient to describe E(k)
in the Brillouin zone
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Energy (eV)

indirectsc 2
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E(k) for Silicon and GaAs

GaAs
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direct sc



Effektive masses

Near the bottom of the conduction band and top of valence band, one can

approximate the bands by parabola of different curvatures (light and heavy electrons
and light and heavy holes)

h2k? 1 1682E(k)
E(k) = 2 m* where . h2 ok.Ck
Effective Mass
myimg m/m
C Carbon (diamond) 0.2 0.25
Ge  Germanium 1.64/,0.082" 0.04%,0.284"
Si Silicon 0.98,0.19" 0.16%,0.49%

IV-IV SiC  Silicon carbide 0.60 1.00



Shapes for constant energy surfaces

for Si and GaAs

[100]
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Charge carriers in sc

@@@ @ﬂ@@ @@@
@@@ :@::@: @ ‘ @:
s(sHm(s)m(s)e @@@ @ @ @:

n-doped silicon p-doped

with donor P with acceptor B
=> electron conductor => hole conductor

Intrinsic sc



Carrier concentrations (intrinsic)

N E.-E
n= | NE)F(E)E - N (_ C F)
LC :> I cCXp T
N
F(E) = 1 or EC_EF = len(_)
1 + exp[(E - E)/kT] n
my}(E -E)"?
NCEZ( h2l T) M

My, = (mymim3i)'>

Non-generate case (doping smaller than Nc) => Boltzmann statistics



Carrier concentrations (intrinsic)

E.—Ey
p= NVexp(— T )

p— 3/2
27 gk 32 3/2\2/3
— %* %
h? My, = (m,”"*+my,~'*)




Effective density of states

3
m, %
.ZVC=2'[2./T'kB'T' :]
h*
« 312 7 \3°
Ne=2.5 e —— | x10”em™
m, 300K
3
m, Z
NI =2. 2T A,B.T.']_)
¥



Carrier concentrations (intrinsic)

p=n=n. Thermal excitation from valence band to conduction band
leads to charge carrieres => n=p

E-+E, kT, (Ny
Er=F. = E v+ | (‘—
F=E 2 2 f N) Fermi level lies close
E-+E m to the middle of the gap,
- —C > V & 3§T1n(mde;:;%/3) but not exactly

E.-E, E-E E
= Neexp(= =S7) = Nyexp- 1% ") - VNCNV"'XP(‘ 2_/517*)

=
|

kT
m. m a4 E
— 4_9x1015(____de dh) MLR2T32 (_ .__8_)
m3 ¢ SR\ 2%



Intrinsic carrier concentration n; (cm=)

Intrinsic carrier density n.

1500 T{°C)
11000 500 200 100 27 0 20
N
1018 =
AN
SN
™
1016 "
N TN
\“ \“
1014 . ~
X Y
X AN
N = Si
102 X S
\L \\
10 “\ \
10 GaAsgk\ \
\% \“
AN N
108 AY
AN
A
0510 15 20 25 3.0R?3.5 7.0
oom
1000/T (K1) temp

Si: n.=9.65 10%cm’3

GaAs: n=2.1 10°cm?



Mass action law

E,
pn NCNVexp( kT)

2
ng ,

Also valid for doped material (non-degenerate case)



Donor and Acceptor levels

4
moq
f. Hydrogen atom: F ., = - = 13.6 eV
A DY T e
lonisation energy is: E E (SO)Z(mce)E
c—LEp =\ )\ &g
E Mgy

ce

=> (0.025eV for Si and 0.007eV for GaAs

lonization is usually complete at RT Ny*=N,



Calculation of ionization level

N} = Np
1 +gpexp[(Eg—Ep)/kT]
gp=2
- NA
4 1+ g exp[(E, - Ep)/kT]
ga=4

At room temperature: Np* =Np N, =N,



Donor and Accepter levels
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Concentration as a function of Temperature

Electron density » (cm™3)
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Calculation of Fermi Energy E;

Neutrality condition: # + NZ = p+ NB |

and mass action law still applies: pn n;

consider n-doped: n = NB +p

~ NB
N exp(— EC_EF) ~ Np
¢ kT | +2exp[(Er—Ep)/ kT

E; can be determined implicitly and then n can be calculated



Calculation of E; for doped material

1020
Si (300 K) Ne¢

1019 |-
n-type with Nj,= 1016 cm™3

1018 |~

10'7 |- n

1016

1015 -

10[4 -

1013 -

Carrier concentration (cm )

1012 -

1011 L

1010 _____________

109 ' '
E,

i
1.0 E,

Ep(eV)



Calculation of majority and minority
concentrations

|
Rpo = 5[(ND-N4)+J(ND"NA)2+4"?]

2
n;

Pro = =3

,
n;
nno

Example: N,=10%c¢m-3 = n =N,=10%cm"3

(N,=0) => p = n.2/N,=102°/10%6=10%m-3



Fermi level determination

E--Eg Ep-E,
n, = Np= NCexp(— T ) = niexp( T )

EF_EZ:kT.m(&)
n.

l
Example:
Np=10%cm™ gives 18.4kT=0.46eV above E /2 or
0.1eV below the Valence band edge E,,

Formulaes only valid for non-degenerate case Ny<N,



Position of Fermi level as a function of
dopant concentration
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Majority and minority concentration
for p-type material

1
Ppo = 5[(NA—ND)+«/(NA—ND)2+4”£2]
~N, if |[Ny—Np|>»n, or N;»Nj

, 2
ny A

n, = —=—

po ’
ppo NA

En—E; E-E;
ppo = NA = NVexp(" kT ) = niexp( kT )

El.—EF=kT-ln(NA)
n.

l



Drift velocity and Mobility

Charge carriers are scattered by phonons or charged impurities, which limits
their drift velocity and yields mean free path or mean free time

At low fields, the drift velocity is proportional to the electrical field:

Vg = HE

u Is the Mobility in cm?/Vs



Mobility
The mobility due to acoustic phonon scattering is given by:

/\/87[ qh-4C1 1

= oC
3E3 m*S2(kT)>? m?*S2 732

H;

C, is the longitudinal elastic constant
and E is the band edge shift per unit dilation

The mobility due to impurity scattering:

64 /7 £2(2kT)3"2 127kT\ 27" 7312
= ‘ ln[l +( j| oC

J73
! qu3m* 172 qu}/.’; N,m“ 1/2
Mobilities can be combined with the Mathiessen rule: 1 1 -1
H=|— + —

au[ H



Mobility as a function of dopant

concentration
= 104
2' Si
5 F 7
2 10°
Z —i i
= Hp _‘\SH. I
‘f-d-.r.
102 L. | = \t
1014 1015 1016 10!7 lO's

Impurity concentration {cm—)
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Mean free path A
and mean free time T,

97, 44,
J3kTm®

/3kT |
/lm = v, T, Uy, = et Thermal velocity




Resistivity p and conductivity o

In semiconductors, both electrons and holes, can contribute to the current density:

J = o%
= q(un+ up) &

Accordingly, the conductance and resistivity are given:

]
g = 'B - q(/unn-'-:upp)

For n-doped material (n>>p): 1

P2,




Four point probe

| I/l | ‘
7 l T A w
e
S"/H/ d
/
b (] ———
Sheet resistance: RD = 7V CF Q/o

Correction factor CF=rxt /In2=4.54 for d>>S

=> Resistivity is given by: 0 = RD W (J-cm
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Example of resistivity p vs. impurity
concentration N, or Ny of silicon at 300K
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Hall Effect

The hall effect can be used to determine the impurity concentration and
the sign of the charge carriers

y

q¢€, = qu, %,

f L—

W 4
‘ O > 1 4 :7@ A
o 4 ’ 7

Y/

S

~IF
V

a

s J . BW
V= W = X2
qp
Vy = RyJ B,W
FH
R, = — >N
H= an P
r
RH=—q—Z n>p

r,=1-2 depending on scattering mechanism



High field effects

At thermal equilibrium phonons are emitted and absorbed at equal rate
= Maxwell energy distributions of electrons

At higher fields, electrons acquire more energy and they acquire an average
Temperatur Te which is higher than the lattice temperature

Balance of gain of energy from the field and loss of energy through acoustic phonon
scattering gives:

T o Uy EN?
T e Ly l+3ﬂ[#0?)
T T 2 8\ ¢

; i

Vg = &

A

c.: sound velocity

For high fields, electrons start to interact with optical phonons and v, saturates

S8E
v. = |[—£& ==~107 cm/s
37m,



Drift velocity as a function of Field

108
GaAs .
- sintEE T Saturation due to
E 107 /| I _ scattering with optical phonons
2 = et
8 '1’ > ~ & -
2 7 7 11—
.”"é // / y g GaAs
e 6 / ’ ) 4 v
g 10° ' T=300K ]
E - —— Electrons
S i - = - Holes
A TN
/ / Si
/ /|
10s L7
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Electric field & (V/em)

- Ho& C,=~ 2 for electrons
d /¢, C,= 1 for holes

Empirical formula: - [1+ (yog/v )Cz]
§




Impact lonization

At high fields charge carriers can start
Create electron hole pairs, called
Impact ionization

Si: E;=3.6eV for electrons and E=5eV for holes

a(€) = ggexp(— %)

Impact ionization rate




lonization rate for different materials

6 =
= 300K
- —— Electrons  «,
— --- Holes «
| p
10° =
i
ST At
e 10K
C/ =
Q [ \
= — \
= AR
2 103 _ S
3 Cn=a) N (h12ev
= a, = Jd2e .
=2 (2.99 ¢V) \\} Note:
e \ lonization rate decreases with larger band gap.
10° = ‘\ For this reason materials with larger band gap
—1 GaN . i
- | (336 ¢V) have higher breakdown voltage.
1
10! L1 | L [ ] | !
0 2 “ 6 8
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Recombination, Generation and
Carrier life time

If thermal equilibrium (pn=n.2) is disturbed there will be either recombination
processes pn>n.2) or generation processes( pn<n.?) to recover equilibrium

Auger process

ﬁ (electron)
® ® E. @ EC
Photon emission Unl
NN T .
(radiative) - F
. 7
5 Ey P

Auger process e) E v

(hole)

Recombination processes:
Band to band recombination of electron and
hole and creation of photons or Auger electrons

non-radiative process
through gap state



Recombination rates

Band to band recombination (most common for direct sc)

R, = R,.pr
R~ 101%m3s! for direct semiconductor like GaAs

R.c~ 10>cm3s? for indirect semiconductor like Si

Generation rate is related to recombination rate: Rec _— —

In thermal equilibrium: R_=G,,



Low level injection or illumination

An excess carrier density An=Ap is created by low level injection or illiumination

For n-type material:
Yp I pnzpnO+Ap

Net transitionrate: U = R,- Gy, = R,.(pn—n?)

A
= RecApND = _2.2

Life time for holes in n-material: 7r =

Similarly for p-material: ]




Shockley-Read-Hall statistics

For indirect semiconductors like Si or Ge, the dominant recombination process
is electron hole recombination via interface trap states E;

Net transition rate is given by:

Oy O.pvthNt(pn B n:z)

E -E; E,-E,
o;,[n+n,-exp( T ﬂ+ap[p+n,-exp( T H

Most dominant are trap states close to mid gap E;

U =

Then for n-type material: r = | p-type material: r o= 1

p n = |
O-pvtth Gnvrth

Example: Au in Si reduces lifetime 2 10°s to 2 10s with concentration from 10'# to 10/cm-3



SRH lifetimes as a function of E,

. p-Si
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Example for minimum life time due to
SRH mechanism

min

—4
Tysen =1/ N0, v, =107 sec

where N=102cm= 0=101cm? v =10°m/s

Thus, in solar cells low trap densities of 10*2cm-3 have to reached
to meet the required life times of 100us
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Diffusion
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Diffusion

Whenever locally higher concentrations occur diffusion of the charge carriers
will lead to a transport from regions of high concentration to low concentrations:

dAn dAn
ann) _ _ p 228
dt X " dx

n
Which leads to diffusion currents: dx

k
Diffusion coefficients are related to the mobilities D” = (_ M,
by the Einstein relations: 9
k
D, = (_ Hp



Diffusion length

Distance , which carriers can travel before they are annihilated
T carrier life time

Example:

Si at 300K: D=36cm?/s
T =10"sec

L,=1.5 102cm=147um



Decay of excess carriers with distance

[njecting
surface

W\#:
hy :

Pro

=y

L,=(D,z)\"

Maximum of diffusion length
for Si: cm
GaAs: 10%cm

Inject carriers by photo irradiation (e.g. UV-light).

Carrier density d

op, _

ot

Pn=Phno

%p

ecays exponentially with distance from the surface

o*p,
+ Dpw

Pa(X) = Ppot [pn(O)—pno]eXP(—

2



Decay of excess carriers in time and
distance

<
?_ Biny:

generator




Determine diffusion coefficient and
drift mobility

_1‘_ (pn —pno) = (nn - nno)
t=0
h
I
F-
0 X
_"_(pn —pno)
r=0
! , y» u=x/€t
I\ 4 '
l : f,
|
t -
) e /J%{lﬁ | X
-~ UEL, —’!

Haynes-Shockley experiment



Determine minority
carrier life time ()

Light pulse

833.3333 @

I REEEEREE 2t
I ]

After light is switched off:

Yo (D) dpn _ pn —pno
T P,(0) dt 7,
rpG t
__L___pm__\\__ p,(t) =p,, + rpGp exp(— ;—)

(=
"'.—
-



