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Local density of states |

Gestosc standw (ogdlnie) mozna zdefiniowad jako:

N(E) = Z 5(E — &)

Jak wida¢ po scatkowaniu:

Przyktadowo:
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Electrons statistics in crystals

The case of a semiconductor, in which both the electron gas and hole gas are far from the
degeneracy:

the probability of filling of the electronic states:

o Eg Ee + f
fe ~ e 2kgT kT kpgT

and of holes f, =1 —f,

__E¢c _En_ ¢
fh ~ e 2kgT kT kpgT

(00}

T
j Vxe ™ dx = g
0
Thus:
mokgT Eg § (Ec=$)
n(f) = 2( 2?_[;2 ) e 2kpT . pkpT —= NC(T) e kgT
* 3/2 e
mpknT Eg ¢ (§-Ey)
p(&) = < 2’;;2 ) e 2ksT .o kT = N_(T)e k8T
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Electrons statistics in crystals

What is the concentration of carriers for T>07?

In the thermodynamic equilibrium for an intrinsic semiconductors (pdfprzewodniki samoistne),
the concentration of electrons in the conduction band is equal to the concnetration of holes in
the valence band (because they appear only as a result of excitation from the valence band).

n = p = n; (an intrinsic case)

n-p=n; =4 Yy (m;m;)2e kBT = N N,e ks

kgT \2 3 __Eg __Eg
n=p=n; =2 P (mimy)% e 2ksT = [N.N,e 2ksT

A
In(n)

e 2kpgT

>
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Intrinsic carrier concentration

What is the concentration of carriers for T>07?

In the thermodynamic equilibrium for an intrinsic semiconductors (pdfprzewodniki samoistne),
the concentration of electrons in the conduction band is equal to the concnetration of holes in
the valence band (because they appear only as a result of excitation from the valence band).

(general formula)

©

3 E E c

kBT * E ——g __'g O

n- p = n’l2 = 4 <2T[h2> (mth)Z e kBT = NCNve kBT _g
a

£

()

n = p = n; (an intrinsic,case)

kBT 2 3 _ Eg _ Eg /
n=p=mn; = 2 (mZm;‘l)zl. e 2kpT — \/NCN‘Ue 2kgT

21h?

N, %-E 1 3 m;, T
— =¢ k8T =& ==(E.4+E,) +—kgT] >
in our notation the middle

of the band is O
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Dopants, impurities and defects

Hydrogen-like model — ionization of the dopant

A

Electron energy
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Dopants, impurities and defects

Doping

Electron energy

conduction band

vallence band
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The carrier concentration in extrinsic
semiconductor (niesamoistny)

Consider a semiconductor, in which:

N, — concentration of acceptors

Np — concentration of donors

P, — concentration of neutral acceptors

Np — concentration of neutral donors

N, — concentration of electrons in conduction
band

p, — concentration of holes in valence band

From the charge neutrality of the crystal:

N, +(Np-Pa)=py + (Np-np)
N.+Np=(Np-Na)+p,+ Pa




The occupation of impurity levels

Occupation of impurity / defect levels in the thermodynamic equilibrium

,Occupation” of localized or band states means the exchange of particles (electrons) between
the reservoir and considered subsystem (microstate).

The grand canonical ensemble (subsystem exchange particles and energy with the environment)

Thermodynamic probability (unnormalized) of finding subsystem in a state j,in which there are

n; particles (electrons) and which subsystem energy is E; (the total energy of all n; particles):

1
= o~ B(Ej—n;¢) =
fy=e ’ P =T

¢- chemical potential.

Statistical sum:

7 = z P = Z e~ B(Ej—1;§)
J J
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The occupation of impurity levels

Statistical sum:

7 = z P = Z e~ PB(Ej—1;8)
J

j
Statistical means:

Z]A] . e_B(Ej_njf)

<A> Zje—ﬁ(Ej—njf)

Examples:

free electron occupying (or not) the quantum state of the k-vector and spin:
2 possible states of the subsystem (microstate):
ng=0,E,=0
n=,1LE =E (the occupation only for one spin state)
the average number of particles of the subsystem:
0-e041-e BE=S

W=—7t"3eo ~—geor1  ED

(Fermi-Dirac distribution)
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The occupation of impurity levels

Examples :

free electron occupying (or not) the quantum state of the k-vector and ANY spin:
4 possible states of the subsystem (microstate):

ng=0,E,=0

ny =1;E; = E (spin T)
n, =1;E, = E (spin i)
nsy = 2; E3 = 2E (spin T{)

the average number of particles of the subsystem:
O . eO + 1 - e_ﬁ(E_f) + 1- e_B(E_f) + 2 . e_ﬁ(ZE_Zf) e_ﬁ(E_E)(l + e_ﬁ(E_E))
(Tl) - 1+ e BE-E) 4 o—BE-E) 4 o—BRE-2S) =2 (e‘B(E_E) + 1)2 -
= 2f(E,T)

(Fermi-Dirac distribution x2)
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The occupation of impurity levels

The ratio of the probability of finding dopant / defect of n + 1 electrons and of n electrons:

_ —-BlEi—(n+1)¢&
Pn+1 _ Nn+1/Neotai _ mej=n+1 € % ] _ In+1 . e —Bl(Eny1—En)—¢]
Pn Ny /Niotar Zk;nk=n e ~PlEx—né] In
////7//////[_///// Y:n N, = N —impurity (dopants) concentration
o L 2ol \____\ 10 \;a,
- e @) @ L""_- En 411 E, —the lowest of all subsystem energies E

(0/+)

os | with n 4+ 1 and n electrons respectively

06 | Successive impurity energy levels are filled with the

increase of the Fermi level.

Energy [eV]

oy | === (oo E™*1/m _so-called energy level of the impurity/

0z 1 defect ,numbered” by charge statesn + 1 and n

O A 77777777 n+1s Gn — SO-called degeneration of states of
T 4 ¢, M, Fe. subsystem of n + 1 and n electrons

Valence band

Fig. 15. Energy levels of interstitial 3d metals in silicon (fuli lines), see
Table 3, compared with the results of X, calculations of DeLeo et al.
Fi53 (broken lines)




The occupation of impurity levels

9n+1, 9n — SO-called degeneration of states of subsystem of n + 1 and n electrons.

The degeneracy g,,+1 and g, takes into account the possibility of the existence of different
subsystem states corresponding to a same number of particles (including the excited states):

/////////////////

canduction band

-zo)
10

08 -

o
(=]
I

Energy [eV]
o
f 3
T

{+4+}
0.2+

01 g,

" {-/0) \ A S
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\____\

{4/}

° 777

Fig. 15. Energy levels of interstitial 3d metals in silicon (fuli lines), see

//v/_’////g{_////{n_/////;e/_//

Valence band

9n = Apo + Z an,ie_ﬁgn’i
i=1,2,..

an o i Ay ; they are respectively: the degeneracies
of the n-electronic ground state and its excited
states of energies higher than the ground state by
&ni (excitation energies)

Such defined degeneration g,, generally depends
on temperature

Table 3, compared with the results of X, calculations of DeLeo et al.
[15] (broken lines)



The occupation of impurity levels

Example — donor (we omit the excited states)

charge state (+) implementedin1way: g, = 1

charge state(0) implemented in 2 ways (spin Torl): go = 2
the energy of the donor state E/* = E,

Doping concentration of donors Np

P;ﬂ B go B :ZO e PlETEL py 4y =1
n + +
The occupation probability of the donor state:
(n) 1 1
po = ((n) = =
1+ % . eBlED=E] 1 % . oBlEp—¢]

The concentration of occupied donor states (neutral donors are NB )

N
NS = =

14 % . oBIEp—¢]

TUTAJ 2017.04.10
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Dopants, impurities and defects

Doping

Electron energy

conduction band

vallence band
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The carrier concentration in extrinsic
semiconductor (niesamoistny)

Consider a semiconductor, in which:

N, — concentration of acceptors

Np — concentration of donors

P, — concentration of neutral acceptors

Np — concentration of neutral donors

N, — concentration of electrons in conduction
band

p, — concentration of holes in valence band

From the charge neutrality of the crystal:

N, +(Np-Pa)=py + (Np-np)
N.+Np=(Np-Na)+p,+ Pa




The occupation of impurity levels

If both the donors and acceptors are shallow, and the electron and hole gas are not
degenerated, then : Ep — & > kgT, & — E4 » kgT, NJ) < Np, N? < N, (that is, virtually all

impurities are ionized) .

f

n = \/(An)z + 4nf + An

An=n—p= Np— Ny

9 =
n-p=n;

N = N =

p = \/(An)z + 4nf — An

L ! ]
If An > 0 (n-type semiconductor — for p-type is the same) and An > n;, (at T=300K: n;(Ge) <

103 cm3, n;(Si) < 10! cm3, n;(GaAs) < 10%° cm3):
n= ND — NA

n?  Ne(T)- Ny(T) | e_%
Np — Ny Np — Ny

pz

majority carrier concentration is determined by the effective concentration of impurities, the
concentration of minority carriers may be very small (e.g. Si).
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The occupation of impurity levels

Compensation
compensated semiconductors - containing both donors and acceptors

At appropriately high temperatures majority carrier concentration given by the effective
concentration of dopants |Np — Ny |

the concentration of scattering centers (charges): Np + Ny

compensation ratio - the ratio of impurity concentration: minority to majority. It is a measure of
the total number of ionized impurities :

k=24 for n-type
Np

k =22 _for p-type
Ny

in highly compensated semiconductors (k = 1) strong electrostatic potential fluctuations are
present — originating from the impurities, the disorder localization, the percolation effects etc.

2017-06-05




The occupation of impurity levels

Equation of Charge Neutrality

conduction band

>

donor level

Electron energy

vallence band

low temperature,
thermal ionization of impurities

Consider a semiconductor, in which:

N, =~ 0 — eoncentration-ofacceptors

Np — concentration of donors

P, — concentration of neutral acceptors

Np — concentration of neutral donors

N, — concentration of electrons in conduction
band

p, =~ 0 — eencentration-of-holesinvalenee

From the charge neutrality of the crystal:

n = Np— Np
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The occupation of impurity levels

Now, a large part of donors will be neutral (the energies calculated from the bottom of the
conduction band)

ND = ees — &
1 +%.eﬁ[ED—f] 2

Np — Np = Np — . eBlED=£]

to calculate the occupation of the conduction band we use the Boltzmann distribution :

% 3/2 g_
n= 2( ijz ) e kBT = N.(T) - eksT

Having n = Np — NB we got:

E, ksT [ Np
4 T2 ln<2Nc(T)>

log(n)

: E
N¢(T) - Np 75T
2

n(T) =

t\Jlg’"—_\

Np2

samoistny domieszkowy Jonizacja ]
domieszek T
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Dopants, impurities and defects
Equation of Charge Neutrality

T(K)
t £ @irugic «iig g R
_‘V\ on
107 ETT T I I
- N Intrinsic range
> conduction band E p Si
307 :|: D £ 5 10'° E Eg Np =10"°cm™
i S —— - 9°E 5 e 2kpT
Q donor level T i i
cC & Saturation range
o 2 10°F !
P e ) B £ ;
=) o E \ reeze-out
T g e ey range
& ot C 5361
L acceptor level J/EA o b 17 e 2kpT
- 192 iy
3 |
vallence band i "
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Dopants, impurities and defects
Equation of Charge Neutrality

conduction band

—

Electron energy

vallence band
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Electron density n (cm'3)

50

| | |

Freeze-out
range
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The occupation of impurity levels

For compensated semiconductors the thermal activation energy at low temperature is
E
Ep, not 7D

If there is a lot of impurities, also the wave functions of electrons bound to them overlap -
ionization energies decrease, formed the impurity band.

When impurity concentration is of the order of:
1
ag - (Np)3 = 0.26

there is a nonmetal - metal phase transition (Mott transition)

A
log(n)
Eg
2 )
Np2
— >
samoistny domieszkowy jomzacja ]

domieszek T
omieszek
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The occupation of impurity levels

10° I T 10— T T T T
10%— o
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] « H T i
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% : 101 | GaP:Zn s, GaAs:Mn —I
_ » (CH,:M ]
WSeaTade  \eNH,Li
. NH:Li * g~ MeD
1 izolator metal C 3'}'{'::-—\- Ar:Na
10 ' - Na'ee Li
i WO,:Na *
107 Ar:Cu |
10 - l 4' | ] i i 1 1 1 L 1 1 \
0 2 4 6 8 14 16 18 20 22 24
n[10® cm )
In (n,/cm-3)

P.P. Edwards, M.J. Sienko, J. Am. Chem. Soc. 103, 2967 (1981)
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Dopants, impurities and defects
Equation of Charge Neutrality

T(K)
t £ @irugic «iig g R
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Quasi-Fermi level (imref)

What happens if there is no equilibrium?
The problem is much more complicated, requires statistical analysis, but one can introduce a
very useful concept of "quasi Fermi level" close to the equilibrium.

np > nl-2 < A
E E E E g
c  LF F — Ly
= — =N — c
n =N, exp( koT > p vexp( kT > S i

n
EF = Ec+kpTln- —

c

N 2Er—Eg 1 3 mp
N—z=e kgT =>EF=§(EC+Ev)+ZkBTln<m>

*
e
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Semiconductor heterostructures
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Bandgap enginee

Valence band offset

A

1-1
13
E,. [kt e >
F[--E==g------ s {5 3
v )
5

57

1-9

GaAs InN GaN AIN

Fig. 4. Band offsets for group III-Nitrides. The dashed lines
represent the Fermi energy for the maximum achievable free
electron concentration in GaN and InN.
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Fig. 1. Band offsets and the Fermi level stabilization energy
(Egs) in I[TI-V compounds. The energy i1s measured relative to
the vacuum level. The filled circles represent stabilized Fermi
energies in heavily damaged materials, exposed to high energy
radiation. The open circles correspond to the location of the
Fermi energy on pinned semiconductor surfaces and at metal/
semiconductor interfaces. The dashed lines show the location of
the Fermi energy for a maximum equilibrium n- and p-type
doping in GaAs and InP.

Walukiewicz Physica B 302—-303 (2001) 123-134



The construction of energy band diagrams

Ztgcze metal-metal

i Suppose, that ¢, — p; = 1 eV
Estimate the number of electrons that
o5 pass from one metal to another to
create equilibrium potential difference.
Assume that the distance between the

/ 4, metalsis 5 x 107 19mn.
__

A 2 Electric field: E = % =2 1097%L

The surface charge: 0 = ¢yFE

The concentration: n2? = % =1.12 x 1013¢m =2

@®> The concnetration in metal
n3? =5x10%%2cm™3
0 | n2P =1.5 x 10%5¢m=2
| Within the width of 1 lattice parameter ~1% of charge

>

/ EF
% Electrical properties of materials Solymar, Walsh (6.11)
Pg. 143

2017-06-05
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The construction of energy band diagrams

Ztgcze metal-metal

Suppose, that ¢, — p; = 1 eV
Estimate the number of electrons that
% pass from one metal to another to
create equilibrium potential difference.

Fy _ Assume that the distance between the
/ / b, metalsis 5 x 107m.

e o AP 4
A A Electric field: E = e 2X%x10 —
The surface charge: 0 = ¢yFE
929, The concentration: n?? = g = 1.12 x 10%3¢cm™2

®+ The concne

>

| Within the width of 1 lattice parameter ~1% of charge

/ [:F
% Electrical properties of materials Solymar, Walsh (6.11)
Pg. 143
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The doping of semiconductors

. A Net charge densities
From the Maxwell equations: 8

VD = ps - het charge density Xp +
>
R _ Xn
E=-V¢dp=-VU
VD = Eo€ VE = —£0e V2 & —eAU = pq Ny Np
Charge conservation

eNyx, = eNpxy, = (Q Poisson equation:

d?U 1 1

dx? P T

Thus the electric field in the range (xp, O):

_ du 1 1
E = T =EeNA(x+ C) = EeNA(x—xp)

Similarly for (0, x;,):

F=- o Loyt 0) = Zemn( )
= dx_ee p\X —Ee p\X Xn
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The doping of semiconductors

A Net charge densities

From the Maxwell equations: | n
VD = ps - het charge density Xp +
>
R _ Xn
E=-V¢dp=-VU
VD = Eo€ VE = —£0e V2 & —eAU = pq Ny Np
Ao
Charge conservation
eNyx, = eNpxy, = (Q Poisson equation: Xp Xn S
d?U 1 1 N
T2 T T T Ps=T€elNy , 1
dx < £ Emax = ——0Q
Thus the electric field in the range (xp, O):
R du 1 1
E = —E = EBNA(X + C) = EeNA(x - Xp)

Similarly for (0, x;,):

F=- o Loyt 0) = Zemn( )
= dx_ee p\X —Ee p\X Xn
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The doping of semiconductors

Thus the electric field in the range (xp, 0): A Net charge densities
- du 1 1 pin
EA=—E=26NA(x+C)=EeNA(x—xp) X, n R

Similarly for (0, x;,): — Xn
- du 1 1
EDZ_EZEeND(x'l'C):EeND(x_xn) NA ND

A=
0
U——fEAdx x <0 xp Xn
Xp >
Xn = 1
U=—f Epdx x>0 Emax=_EQ
0

The built-in volatage in the pn-junction

e
Uo = Uxn) = U(ap) = o (Naxp + Npi)
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The doping of semiconductors

Charge conservation Depletion regions A Net charge densities
eNyx, = eNpx, = Q pln
Xp 4+
The total width of the depletion region w X >
— n
ZSUO NA N ND
= X — X =
R PO S ) B VTS Ny N
Ao
If, say, Ny > Np (p-type doping)
then: Xp Xn
2eU >
_ o
w= o ! 2| > || / 1
if the p-region is more highly doped, practically all of the Emax = — e Q

potential drop is in the n-region. The less donors are the

wider this region is. e ) N
Uy =—WN,xp + Npxj) |-
(for Ny < Np is vice-versa!) 0 25( AP pX7)

E.g. Np = 10°cm3 for typical U, = 0.3 V
We have w = 180 nm. If the change from acceptor >z Naxp
impurities to donor impurities is gradual, thenw = 1 um

2017-06-05




The doping of semiconductors

Charge conservation Depletion regions A Net charge densities

eNyx, = eNpx, = Q

The total width of the depletion region w

_ _ ZSUO NA+ ND
WEEm T T e, + Np)\ Ny [N,

If, say, Ny > Np (p-type doping)
then:

w = ZerUI: i xnl > %]

if the p-region is more highly doped, practically all of the
potential drop is in the n-region. The less donors are the
wider this region is.

(for Ny < Np is vice-versal)

E.g. Np = 10°cm3 for typical U, = 0.3 V
We have w = 180 nm. If the change from acceptor

impurities to donor impurities is gradual, thenjlw = 1 um

2017-06-05

pn
xp + S
_ Xn
Ny Np
N>
X, X, N
= 1
Emax =——0

e
Up = Z_E(NAxI% + Npxd) |-V,

I _Nsz




The construction of energy band diagrams

The metal-semiconductor junction ( ¢, > ¢5) Work function ¢, electron affinity ¢g

(a)

&
Anderson's rule Py
Em
(h) B
" S
:¢.\l‘¢li
Epm

2017-06-05

Lﬁs I.pn Conduction band

Epg
W/‘ % Valence band

i i Shottky barrier
k: B ﬁr¢5 —I I¢ < Comduction barx!

Valence hamd

Electrical properties of materials Solymar, Walsh (9.16)
Pg. 257
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The construction of energy band diagrams

The metal-semiconductor junction ( ¢y > ¢s) Shottky barrier

B,
Metal Semiconductor

Fig. 1.2. Band diagram of a Schottky diode under (a) equilibrium conditions, (b) forward
bias, and (c) strong forward bias. Under strong forward bias, minority carrier injection
occurs making possible near-bandgap light emission.

www.LightEmittingDicdes.org
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The construction of energy band diagrams
on ( ¢y > ¢s)

s Pn ,umi(
£,
// Valence
/% band
x Theoretically there
Condueiion Should be no Shotky
band barrier

0000000000




The construction of energy band diagrams

The metal-semiconductor junction ( ¢y, > ¢s)

isolator

_{ | [ }— forward bias
1 napiecie przewodzenia
=
€ ) — (s
\\ MI1S
rb'“ (U(l
% e E 1/%/, _'I +
Uy
///4 % % Holes reverse bias

napiecie zaporowe
Electrical properties of materials Solymar, Walsh
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The construction of energy band diagrams

The surface of the semiconductor is usually charged

Conduction band : -
\ Surface

Occupied
surface B — — = — = = = .
states

For the p-type the opposite is true - the
bands bend downwardly the diagram!

W Valence
Z band

2017-06-05 38
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The construction of energy band diagrams

The metal-semiconductor junction ( ¢-- > -\

Schottky—Mott rule: As the
materials are brought together, the
bands in the silicon bend such that
the silicon's work function @ matches
the silver's. The bands retain their
bending upon contact. This model
predicts silver to have a very low
Schottky barrier to n-doped silicon,
making an excellent ohmic contact.

Picture showing Fermi level pinning
effect from metal-induced gap states:
The bands in the silicon already start
out bent due to surface states. They
are bent again just before contact (fo
match work functions). Upon contact
however, the band bending changes
completely, in a way that depends on
the chemistry of the Ag-Si
bonding.[]

Ag

Yacuum

Lomng

distanee

MNearly
tonching

Ey-

Contact

-

https://en.wikipedia.org/wiki/Metal%E2%80%93semiconductor_junction
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WKB approximation _

d

Vix) = V, [1 - (5)2]

—~ A . E
= ionized |
qé donors
Vi
E, A0 +o+

.

— x

FIGURE 7.7. Schottky barrier in the conduction band £.(x) between a metal and n-GaAs. The

n-GaAs

neutral region

potential is parabolic with height ¥, and thickness d.
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Heterojunction
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Figure 9.3: The energy diagram for the transition region of a p-n junction.
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