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Absorption and emission of photons
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Direct and indirect band gaps
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Direct bandgap semiconductors are used for optoelectronics



Semiconductors
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TABLE1 Common lII-V materials used to produce
LEDs and their emission wavelengths.

Material Wavelength (nm)
InAsSbP/InAs 4200

InAs 3800
GalnAsP/GaSh 2000
GaSh 1800
GaIn, As, P, 1100-1600
Gay 47Ing s3As 1550

Gag 97104 73480 630 37 1300
GaAs:Er,InP:Er 1540

Si:C 1300
GaAs:Yb,InP:Yb 1000

Al Ga,_As:Si 650-940
GaAs:Si 940
Aly;,Ga; gAs:Si 830

Al Ga, GAs:Si 650

GaAs, P, , 660

GaAs, Py, 620

GaAsy 5P s5 590

(AL Ga,_)ysIngsP 655

GaP 690
GaP:N 550-570
Ga,In, N 340,430,590
SiC 400-460

BN 260,310,490

Light emitting diodes
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Conduction band minimum

Free electron dispersion relation
4/
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Minimum of the conduction band

Near the conduction band minimum, the bands are approximately
parabolic.



Effective mass

— — \2
W k-
E= ( . 0) +E,
2m
K " The parabola at the bottom of the conduction band does not

have the same curvature as the free-electron dispersion
relation. We define an effective mass to characterize the
conduction band minimum.
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This effective mass is used to describe the response of
electrons to external forces in the particle picture.



Top of the valence band

In the valence band, the effective mass is negative.

E
: 8
m =———=<0
\ k d’E(k)
dk’
Charge carriers in the valence band are x —h’
. m, = =
positively charged holes. " P E(k)

m*, = effective mass of holes x



Holes

A completely filled band does not contribute to the current.

j= | -e(Dk)f(k)dk

= [ —ev(D() fRYdk — [ —ew()DGe) f (k)i
band empty states

_ j ev(k)D(k) f(k)dk

empty states

Holes have a positive charge and a positive mass.



Holes

Albert Einstein Erwin Schrodinger Paul Adrien Maurice Dirac



Albert Einstein Erwin Schrodinger Paul Adrien Maurice Dirac

d'u ,du .

d_t2 =C y Wave equation
2

@ — kﬂ Heat equation

d  dx’



Albert Einstein Erwin Schrodinger Paul Adrien Maurice Dirac

3
(,Bmc2 +Za].pjc]w = iha—w
j=1

ot I E =mc?

Dirac equation



Free particles in 3-d

Density of states
jlkz % 272' \.3 kz
@ volume :‘,\TJ D(k) = —
L

hk’

B

” m

kx ky

P R . dk 1 [2m
- EoEout dE 2n\ E

3

D(E) = D(k) jg _2m)

2t




Electron density of states at the
bottom of the conduction band

D(E) 0.s /// 5 = o
| ;/
./
E-E
dk (Zm* )5
D = D(k = E—-F
(E) =D(k) B 2 )

The free electron density of states is modified by the effective mass.
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Boltzmann approximation

1

~exp(—x) forx>3




Density of electrons in
the conduction band /f(E)
. D(E)I'D—“
n= j D(E)f(E)dE \\
E.
f(E) — 1 " ns 10 15 20 25 30
ex E-p +1 T )
p k, E.
for E-u >3 f(E) zeXPE'“ —£ j Boltzmann approximation
ky, k,T
2 % \3/2 o _E 2 *kBT 3/2 _E ©
nzg(h;zzj iexp(’iBTj E—Echzg( ’;:27[2 j exp(ﬂkBch‘([eXp(—x)\/;dx

sz_Ec j&e—xdng
0

% 3/2
n=2 MkBZT exp puoE, =N, (T)exp puoE,
27h kT kT




Density of electrons in the conduction band

6—| | co—

Eo=11ev
at 300K
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N_ = effective density of states in conduction band

Properties S1 Ge GaAs
Bandgap Eg i 066 eV 1.424 eV
445 = 102 g2

Effective density of states in conduction band (300 E) N

278 % 104 g2

1.04 x 102 2
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Empty  Occupied

Density of holes in s ses
the valence band

p= [ DE)(1- f(E))dE

H E—u
<-3 1-f(E)~e
fE)=~ Xp£ T

B

for

j Boltzmann approximation

FERMI FUNCTION f{E)



Density of electrons in the conduction band
Density of holes in the valence band

¥
0K T V2 i
A 1 n=N |— i
VALENCE L I Heavy Hole Band 3 OO kBT
BAND
II Light Hole Band
Im
OI Split-Off Band 3/2 E .
_ v —H
A= Split-Off Energy P =
= 300 k,T
F—
Properties Si Ge GaAs
Bandgap Eg 1.12 eV 066 eV 1.424 eV
Effective density of states in conduction band (200 E) N 278 % 100 1.04 % 10%° m~> 445 % 1047 >
Effective density of states m valence band (300 E) N, 9 84 % 104 2 6.0 % 1044 o 772 % 104 >
Effective mass electrons m_r* =098 m_r* =164 e
*I. * * o= 006?
e [ py =019 my =082
Effective mass holes i = 0.16 g = 0.044 i = 0.082
m mg mhh* =049 mhh* =025 mhh* =045
Crystal structure diamond diamond anchlende
Density 2528 glom?® 593267 glom? 5932 gfeny?
Atotns/m?® 5.0 % 10%8 4.42 x 10% 442 x 10%
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Law of mass action

B B

_E E —
np =N, exp(’uk TC]NV exp( ;{ Tluj
E —
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-E, g
np=N_N, exp T ‘

B

For intrinsic semiconductors (no impurities)

-E
n=p=n=,NN, exp( < ]
/ 2k, T

intrinsic carrier density




log;y(n,) cm
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Intrinsic carrier concentration
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Chemical potential of an intrinsic semiconductor

Empty  Occupied

=
1 E E I states states a-;:
n=p=N_exp < |=N, exp| — S
k, k, :
=
=
u—-E —E +u| N, &
cXp = [T,
k,T N,
2u _E.+E, (N,
= +1n E
C
kT kT N,
[ e LR
E+E kT, (N,
U= + In
2 2 N E.
Properties 51 Ge GaAs
Bandgap Eg 1.12 eV 066 eV 1.424 eV
Effective density of states in conduction band (300 E) N, 279 % 1047 g 1.04 % 109 w2 445 % 1043 g3
Effective density of states in valence band (300 E) Ay 984 % 104 g2 6.0 % 1044 g2 772 % 102 ;>




Boltzmann approximation

The table below gves the contribution of electrons i intrmsic sermconductors and meulators to some thermodynarmic quantihies. These results where caloulated m the Boltzmann approsumation where 1t 15 assumed that the chenucal potential hes in the band gap more than 3kgT

from the band edge. The electrome contribution to the thermodynamic quantes are usually much smaller than the contribution of the phonons and thus the electronic components are often smmply sgnored

1-d 1-d 3-d
1| m, 2, H(E,-E) E<E (2 )
— E <k v h
a7 y(2,- ) . Hr s JE-E E<
: Focad DE)= 0 E<E<E, T'm?
Density of states DiEy= 10 E,<E<E, I'm D{Ey= 10 E,<E<E
1 | S5 hze HE-E) E>E, (Zm:)%\/_
e ¢ E-E E>
mr\(£-E,) H{x)=0 for x<0and H{x)=1 for x>0 ' ?
Density of electrons
n th:; conduction hand . kBT . U-E, L ) m:k_B 7 o U-E, e i 1 m:,{’ﬁf’ 312 e 4—E
n=| DBV (ENE #r LT #n &7 B\ ler
£
Deunsity of holes
i the valence band * * L
kT E -
g D= mh’E—BT exp E-p - _ mhzs exp| 2 fa . i _ L mhsz exp E,-)
p= J' D(EY(1- f(E))dE i T i BT 2| 7k kT
.’%— T # B : - 2 Hoo i
Law of mass action aE = h‘g;ﬁ\’memh EXp (—;] m 2 = { 2 7 J M, AL, €XP [k_ji] IIIJ1 o= %[%] (mgmh )3I2 €xXp
E B i
Infrisic carrier density _ ,{rg_j’ (m*m*)m ” —B . _ oI -F : . 5 i ’%—B_T = (m*m*)m sl
#=p S P R P WV O gy Tl g) V)P
(Z‘llelrlirznlputential = EV+EC _kg_jp o _; J _ EV+EC _kgi Il ﬁ; J _ EV+EG —Ekgf’ln E;
Setn=p, solve for L 2 4 ; 2 . : o m,
Internal energy density
PO T, v wlid (- kT - i o.owme (-E
u=u(l =0)+, )= exp| —% |(E_ +k7) Im? T = 0)+-2— yjm,m, ex E +2kT) Im T=0)+ m) e £k
u=jED(E)f(E)dE ( ) o ( e h) p[ BT}( g T ) =u( )+ W h p[ . }( g TR ) =1 )+ 2h3( : h) p[ZkTJ(B
Helmholtz free energy 2’%8 x gl _Eg 32 1 2 fmm E -\/E w Wy 34 512
= =u(T=0)-2,[—mm,) exp|—= |7 Im =u(T=0)- : hszz I m? =u(T=0)-—=(m,m oy
P f=ull =0)-2 =52 () p[%gf s [l =0t e 2] I f=u(l=0) ﬁghg( St
Specific heat 2 e 3
Zk EE =H, ENT E 3/%- T LY _E E # i
_[ o g 2—3(mgmf,)”4 exp| —£& | Z+—E+ B\/_ IK'm'|e = m;mh exp —=— g +2k E, +HEET | TK! m?|c, = —\/22_7: (mgmh )3:4 exp| —= (i{ T)M I —F,-
6= E s kr 2T )| 2k, T i 2 hr Zk 2k 21’ T 2
=const
Entropy %
' g i o owid (—E NE, { . -E N2Z o wae (-E n
o} sz ==(mm] exp|—— —+3k\/f JE" m’ g=¥ 2 Fay £ Nk, E +487) JK'm? =———|mm ] ex kT
S:J?ﬂ“ ﬁzﬁ( : h) p{ZkBT \/f B 7 P T ( ple THp ) 232}%3( : h) Pl Zkgf’ (3 ) ‘



Intrinsic semiconductors

In the Boltzrnann approsximation, the density of states of a zemiconductor 1z,

T‘;h, VE._E, f E<E,

D(E)={ 0, R, LBEE,

‘2:‘;53 VE—E., fE.<E

Here m; and m} are the 'density of states effective masses' for electrons and holes. Usually in the literature, effective density of states at 300 K is given instead of the 'density of states effective masses'. The
relationship between the two is,

2 2/3
m}, = g (VENL(300))

m: = e (VEN(300))

3/2 3/2 _E
In an intrinsic semiconductor, the density of electrons equals the density of holes, n = p=n; = \/Nc ( %) N, ( ﬁ) exp( ﬁ )

By setting the concentration of electrons equal to the concentration of holes, it 13 possible to solve for the chemical potential The bandgap of most semiconductors is tetperature dependent. The form below
lets wou input the temperature dependance of the bandgap. The bandgaps for some semiconductors can be loaded into the form with the buttons on the right.

(300)(300)3.-@“1)(”) p=N,(300) (55) " exp(55)

. 300)
p==53—"+kplln (N (300))

1.25

M Ec

L
1.00 e

—] _ )

N300 E) =2 78E19 1/em?® )

07s : : Sermiconductor

Np(300 K3 =|9.84E18 1ere? :
=i Ge Gahs
Eg— 1 166-4.73E- 4’*‘T*T,."(T+E3E) el
p[eV] 050 \ :
= ED E

Ti=1000 ' K

ha3 Replat

http://lamp.tu-graz.ac.at/~hadley/ss1/semiconductors/intrinsic.php



