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Electrical Properties-Part 2




Outline _TAIPEI

o Carrier Concentration and Mass Action Law
o The Fermi Energy

o Conductivity of Extrinsic Si

o Direct and Indirect Recombination

o Carrier Injection



Conductivity of a Semiconductor _-TAIPEI

S
o n and p are concentrations of electrons and holes in a
semiconductor crystal

o Electrons and holes have drift mobility, so overall conductivity of
the crystal can be given by:

o=enp,t epy,

o Drift Velocity and Net Force

y7; _ez' B :eT
Ve:?anet::ueE :ue_m*e Vh_/uhE Fy m

Vv, = drift velocity of the electrons, F, ., = net force, 7= mean
scattering time, m”, = effective mass of electron



Resistivity vs. Doping _TAIPEI

= TECH
S
10° s
N -1 —1
p=0"=lalun+s,p)
\‘ ilicon . ~ [ 1
10 N M, 83(])0K n—type:p =[qu, (N D )
— = . ~ [ -_1
e FRoR p—type:p =|qu,(N,);
‘;: 1071 \\‘ \ \‘ . e e .
2 S Room-temperature resistivity in n- and p-
3 N type silicon as a function of impurity con-
0 S centration. (Note that these curves are
103 & valid for either donor or acceptor impuri-
| ties but not for compensated material con-
10 | taining both types of impurities.)

1013 1014 1015 1016 1017 1018 1019 1020

Impurity concentration, N or Np, (atoms/cm?)

Copyright 1987 Addison-Wesley
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() An external force F, applied (D) An external force F, applied to
to an electron in  vacuum  @an electron in a crystal results in an

results in an acceleration acceleration
Ayac = eXt / M, Aeryst — (Fext int)/ me = |:ext / me*

m, = mass of an electron in free space m”, = effective mass of electron
The effective mass i1s a quantum mechanical quantity that behaves in the

same way as the inertial mass in classical mechanics



Gravity of the Earth

\ Mass = 100kg (Mass)
3 ' = 980N(Effective Mass)

A
8 Mass = 100kg
Weight = 162.2N

https://read01.com/2KMESNQ.html#.Y47vbHZ Bxdg
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Statistical Mechanics ZTAIPEI

-z 4
o If you want to know the number of charge carriers and
their temperature dependence, the question is: how many
energy levels (density of states, DOS) do we have and
what Is the chance that they are populated independence of
the temperature.

o While studying large number of particles, we are
Interested only iIn statistical behavior of the group as a
whole rather than in the behavior of individual one.

o There are three distribution laws determining the
distribution of particles among available energy states.



Three Distribution Laws

Gas molecular Electrons Phonons

classical guantum guantum
Boltzmann Fermions Bosons
Boltzmann-Maxwell Fermi-Dirac Bose-Einstein
w/0 spin Half-integer spin Integer spin
Pauli exclusion
distinguishable indistinguishable indistinguishable

Maxwell-Boltzmann Farmi-Dirac Bose-Einstain
(classical) {guantum) (quantum)

1

1 1
f(E) = ——== f(E) = —==—— )= ————
AEE kT AEE kT EE. I-.T_ 1




The Fermi-Dirac Function TAIPES

o b
o The Fermi-Dirac Function:

I|,.~

|||
-

The probability that an energy level, E, Is occupied by an
electron. (Value between 0 and 1)

1 R
f(E) = 1 + e(E—EF)/KT di:llsfbllj'ceit)?llleZ?i(;n

o The Fermi-Dirac function at 0 K :

+ At 0 K, when E<E,, the f(E)=1 f(E<Ep) = HX; o) *

~ At 0 K, when E>E_, the f(E)=0 FE>ER) = — — =0

1+exp (+0)

f (E;) =%atT >0K



The Fermi-Dirac Function

7
TAIPEI

= TECH

I|,.~

-0
0 So Fermi Energy (E;) Is the energy level where the

probability of finding an electron is % .

E=E,

fE(E) —

1 1 1 1

[+ exp(

E—Ef] T 1texp(0) 1+1 2

kT

Jr(E) 1

€At T>0K, there is non-zero
probability that some states above
E; are occupied and some states
below are empty.

€ Some electrons jumping to higher
energy levels with Increasing

thermal energy.
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Example TAIPEI

11 4
o Please find out the probability that an energy level 3kT

above E; Is occupied by an electron at T=300K.

fr(E) = ! = I

1 + exp (E ;TEF) 1 + exp (%)
_ 1 _ _
fr(E) = 52000 0.0474 = 4.74%

n Most states at energies 3kT above Er are empty,
fo(E)=4.74%

o Thus the following approximation is valid:

1 .
f(E) = ~E—Ep)/KT Boltzmann Approximation
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Boltzmann Distribution TAIPES

24
o The Fermi-Dirac probability for E-E; >3KT can be
approximated by Boltzmann distribution.

I|,.~

n-type E.—E,>3kT o

— Boltzmann approximation holds
p-type E,.—E, >3kT
elsewhere = Fermi - Dirac distribution

F(&)

P R EEE NN Sn R A |

Fermi-Dirac lunction

Boltzmann
approximation

Fermi-Dirac
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Density of States in 3D TAIPES

4
o Density of States (DOS). the number of available
energy states per unit volume per unit energy In a
crystal.

o It Is essential for deciding the carrier concentrations and

energy distribution of carrier within a semiconductor.
E(x)

I|,.~

Eelectron
[ AN  8vV2mm.*/?
— — 1/2
oo |, 9a(B) = 5 = =t (E = BV
" T Ey %3 /2
h dN  8V2mm;
_ _ _ \1/2




(a) (b) (c) (d)
o) o< (E-E)"
E E
' [1-AE)]
N

For

Area = an(E)d E=n
electrons

/ N

g = )
(a) Energy band diagram

(b) Density of states

(c¢) Fermi-Dirac function N\ ‘
For holes Area=p
VB
0 . > . > | >
g(E) AE) ng(E) or p(E)

(d) The product of g(E) and f (E) Is the energy density of electrons
(number of electrons per unit energy per unit volume). The
area under nc(E) versus E is the electron concentration.

n = j: g(E)f(E)dE



0 Electron Concentration in CB:

oo

2mrmiKT 2 ~(Ec-EF) —~(Ec-EF)
= J g(E)f(E)dE = 2 e e KI =N.e KT
Ec
n= NCeXp _(EC_EF)
KT

The equation is valid for both intrinsic & extrinsic semiconductors.
o Effective Density of States at CB Edge:

* 3/2
N = o| 27MKT T=300K in Si
¢ h? N.=2.8x10%° cm

E. = conduction band edge, Ex = Fermi energy, k = Boltzmann constant, m_,” =
effective mass of the electron in the CB, h = Planck’s constant
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Hole Concentration LTAIFEL

I
0 Hole Concentration in VB:

E, 3
¥ 2 - F—-—Lyp —\EF-Lyp
p= J g(E)[1 —f(E)]dE = 2 <ZMZZKT> e (EKTE : =N, e (EKTE :
(EF —-E ):|
= N._ exp| — Y

o Effective Density of States at VB Edge

% 3/2
27im. KT T=300K in Si
N =2 h
v T h2 N,=1.2x10%° cm-3

N, = effective density of states at the VB edge, m," = effective mass of a hole in the
VB, k = Boltzmann constant, T = temperature, h = Planck’s constant




Effective Density of States f;-;IAT'g’CE,}

2 1
o0 Nc & Nv are determined by the parameters of

effective masses and temperature with power of 3/2.

Darm* kT \3/2 2amkT \3/>
Table 4.1 | Effective density of states function and effective mass values
N, (em™) Ny (em™)  my/mo  m/m
Silicon 2.8 x 10" 1.04 x 10" 1.08 0.56
Gallium arsenide 4.7 x 10V 7.0 x 10'® 0.067 0.48
Germanium 1.04 x 10" 6.0 x 10 0.55 0.37

T=300K in Si, N.=2.8x10%° cm3; N,=1.2x10%° cm-®
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Example TAIPEI

8]
N (300K)=1.04x10"cm™

E 150.27¢Vabove £,
= Find the hole concentration in VB at 400K
Solution:
3/2 3/2

N (400K 400 400

,(008) _ = N (400K)=(1.04x10") — | =1.60x10"cm™
N,(300K) 1300 300

- (Ef - Eu)
=N ex
P v CXP T
-0.27

= (1.60x10™) exp( )=6.43x10"cm”

0 034573



Mass Action Law ZTAIPEI
19
np:n_Z:N N, exp —5
= Nl KT

n; = Intrinsic concentration

The np product is a constant, n?, that depends on the material
properties N, N,, E, and the temperature. If somehow n is increased
(e.g. by doping), p must decrease to keep np constant.

Mass action law applies
In thermal equilibrium
and

In the dark (no illumination)
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4 H ™ TAIPEI
Thermal Equilibrium g

.24
o No external forces such as voltages, electric fields,
magnetic fields, or temperature gradients are acting
on the semiconductor

I|,.~

o All - properties of the semiconductor will be
Independent of time at equilibrium

o Equilibrium Is the starting point for developing the
physics of the semiconductor, and then explaining the
characteristics when deviations from equilibrium occur.



P4

- _TAIPEI
Mass Action Law £~ TECH

2y
np:n-2 =N_N EXP —5
T P T

n.:\/N N, lexp —i =|Ny(EXP —i
i © Y 2kT ) | 2KT

Semiconductor

Electron energy
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24
o Carrier Concentration and Mass Action Law
o The Fermi Energy
o Conductivity of Extrinsic Si
o Direct and Indirect Recombination
o Carrier Injection



The Fermi Energy (Level)  _TAIPEI

0 At 0 K, all electron states below Fermi energy (Er) are

filled, and all electron states above E. are vacant.

o In an intrinsic semiconductor, the Fermi level is located
close to the center of the band gap

Metal Semiconductor Insulator

es
]

Electron energy

Valance Band



Fermi Energy In Intrinsic Semi. ":"A'I!I!::EI-:

KT

E
= N N expl ———
o o

E. =E, +~E, - —kT In(NCj:E v e |3k |n£mij
| \" 2 2 \ g

D = Nv exp{_ (EFi B Ev):|

N 4 m,

v B B\

'jmidgap
The intrinsic Fermi level, Er. , is located near midgap.

Er; = Fermi energy in the intrinsic semiconductor, E, = valence band edge, E; = E -
E, Is the bandgap energy, k = Boltzmann constant, T = temperature, N, = effective
density of states at the CB edge, N, = effective density of states at the VB edge
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Intrinsic Fermi-level Position _-TAIPEI

25 0
0 Even In Intrinsic semiconductor, Fermi level 1s not

exactly at center between the CB and VB.

R

[

*

EFi — Limidgap 4

------------------------------- midgap

Table 4.1 | Effective density of states function and effective mass values

N. (em™) N, (em™) m;, /my n /my
Silicon 2.8 x 10" 1.04 x 10" 1.08 0.56
Gallium arsenide 4.7 % 107 7.0 x 1018 0.067 0.48

Germanium 1.04 x 10" 6.0 x 10'8 0.55 0.37
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Properties of Si, Ge, and GaAs_-TAIPE!

|

Table 5.1 Selected typical properties of Ge, Si, and GaAs at 300 K

E, X N, Ny n; Me 15"
(eV) (eV) fem™) fem™) fem™)  (em® Vs (em? v-ls™Y  oml/m,  my/m, &,
Ge 0.66 413 1.04 x 10" 6.0 x10% 23 x 10V 3900 1900 0.12a 0.23a 16
0.56b 0.40b
Si 1.10 401 28 x 10" 1.2x 10" 1.0x 10 1350 450 0.26a 038 11.9
1.08b 0.60b
GaAs 142 407 47x107  7x10® 2.1 x10° 8500 400 0.067a.b 040a 13.1
0.50b

NOTE: Effective mass related to conductivity (labeled a) is different than that for density of states (labeled b). In numerous textbooks, n; is

takenT@s 1.5 % 100 cm > and is therefore the most widely used value of n; for Si, though the correct value is actually 1.0 x 10'% em—2.
(M. A. Green, J. Appl. Phys., 67,2944, 1990




Position of Fermi Level

(E _EF)
:N —_ ¢
BEN I cex'{ T |
CB
E,
EH
L

(a) (b) (c)

Enetgy band diagrams for (&) Intrinsic
2 (b) n-type semiconductor

In all cases, np = n:
P = A (d) p-type semiconductor



Average Electron Energy in CB _..:IA/II'=EI

=" TECH
20 _____________________________________
E. =E, + kT
2

__ = average energy of electrons in the CB, E_ = conduction band
Edge
(3/2)KT 1s also the average kinetic energy per atom in a

monatomic gas (kinetic molecular theory) in which the gas
atoms move around freely and randomly inside a container.

The electron in CB behaves as If 1t were “free” with a mean
Kinetic energy that is (3/2)kT and an effective mass m_*.
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-4
o Carrier Concentration and Mass Action Law
o The Fermi Energy
o Conductivity of Extrinsic Si
o Direct and Indirect Recombination
o Carrier Injection



The fifth electron of As is left
orbiting the As site. The
energy required to release the
free fifth electron into the CB
is very small.

Ey

TAIPEI
TECH

h
I Ili
\

CB
pa s d ) pd
...... N S A
AsT Ast AsT Ast

> - Distance
T T T T nto

As atom sites every 106 Si atoms crystal

Energy band diagram for an n-type
Si doped with 1 ppm As. There are
donor energy levels (E,) just below
E. around As* sites.



TAIPEI
TECH

h
I Ili
\

Electron energy
A B atom sites every 10° Si atoms

E. l i > X Distance
into

crystal

B-

b z+ -? -? ? |i~{).05 eV

EvEOO...O...O...O...

00000000000000000 ;
000000000000 00000
00000000000000000

o Energy band diagram for a p-type Si doped with 1 ppm B.

o There are acceptor energy levels E, just above E, around B- sites.
These acceptor levels accept electrons from the VB and therefore

create holes in the VB.



Table 5.2 Examples of donor and acceptor ionization energies (eV) in Si

Donors Acceptors

P As Sb B Al Ga

0.045 0.054 0.039 0.045 0.057 0.072




_TAIPEI
]
< 1; T; <T< ]; T>T
: ‘ i
[
CB
o __® & @ 11X ]
1 k}, -— -_ - - ! M *"‘- A ﬁ'-_-ln_ n - A
E. [AsT AsT. AsT__AsT . AsT Ast| Ast| Ast

(@ T=T, b) T=T, ©T=T,
(a) Below T, the electron concentration is controlled by the ionization of the donors.
(b) Between T, and T;, the electron concentration is equal to the concentration of
donors since they would all have ionized.
(c) At high temperatures, thermally generated electrons from the VB exceed the
number of electrons from ionized donors and the semiconductor behaves as if
Intrinsic.



E 7
n. =+N_N, exp| ——= |=n, exp| - —= _TAIPEI
T p( j O p[ 2ij £~ TECH
In(n) l
v INTRINSIC
E, slope =-£,,/2k n= \/EN N exp(— Ej
2 2KT
n:Nd AE:EC_Ed rer
B IONIZATION o
]n(:\ff) “'“1." EXTRINSIC “‘“7‘:--- /SIOPEZ—AE‘/ZAF If:}.- -I+i.l.l
{ T-: 1;‘_{{ AsT As  As  As
w5 [
"
The temperature dependence of the electron

concentration Iin an n-type semiconductor.
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-

Intrinsic Carrier Concentration A
I ,—.——,,

I|,.~

600°C 400°C  200°C 27°C 0°C
| | | |
I I I | I
1018 | The temperature and bandgap
| | ) . - .
= 5 35101 e dependence of the Intrinsic
§ 1015- concentration.
- _
=
= Electrical
= 1012— Band Gap Cenductivity Electron Mobility Hole Mobility
S | Material (eV) [(Q-m)~ Y] (m%/Ves) (m2/V-5)
g Elemental
< . Si 111 4x107 0.14 0.05
o 1 09_ Ge 0.67 22 0.38 0.18
% INI-V Compounds
= GaP 225 — 0.03 0.015
far! | GaAs 1.42 107¢ 0.85 0.04
= InSb 0.17 2 x 10° 7.7 0.07
1 06 II-¥1 Compounds
| Cds 2.40 — 0.03 —
| ZnTe 226 — 0.03 0.01
h : GaAs
l 03 LI N B B N [T T T LA A B
| 1.5 2 2.5 3 3.5 - —F
1000/T (1/K) 2 _ g
n; =N.N, exp T ]




Charge Neutrality _TAIPEI

o In thermal equilibrium, the semiconductor crystal Is
electrically neutral.

o The charge-neutrality condition is used to determine the
thermal equilibrium electron and hole concentration as a
function of impurity doping concentration.

o Compensated semiconductor:

v'A semiconductor contains both donor and acceptor
Impurity atoms in the same region.

v"N-type compensated semiconductor ( Ns>N,)
v'P-type compensated semiconductor (N,>N,)
v'Completely compensated semiconductor (N,=N,)




More donors than acceptors [Ny —N, >>n,

n? n?
n=N;-N, pzn:Nd—Na

« P-type semiconductor doped with N, acceptors can be converted to n-type by simply
having more N, than N,. The effect of donors compensates for the effect of acceptors

and vice versa.
* The e- concentration is then given by N,— N, when N, is larger than n;.

« When both acceptors and donors are present, e- will recombine with holes, so
the mass action law is obeyed.

More acceptors than donors

N, —N, >>n,

P=N_,—N, n=—=—-1:



n-type Conductivity LIAIPE]
JECI
n> n’
n=N, -N, =N, p_W_N_d
/n_z A
o =eNy 1, +& —— |1, eNy s,
(Nq

o = electrical conductivity

e = electronic charge

N, = donor atom concentration in the crystal

4, = electron drift mobility, n; = intrinsic concentration,
4, = hole drift mobility



Degenerate and Nondegenerate _-TAIPEI

Nondegenerate semiconductor:

o If the doping is low, the impurity atoms are spread far
enough apart so that there Is no interaction between
donor electrons (or acceptor holes), the impurities
Introduced discrete, noninteracting energy states.

T E. T E.
oy —— — — — —— —— ——— — E . =
JI'.
£ , 2 .
- Ly 2 Fi
¥} 1
= D o e o — — — E
: : :
E E, 3 E,
[ M

(a) (b)

Figure 4.17 | Position of Fermi level for an (a) n-type (N; = N, and (b) p-type (N; = N,)
semiconductor.
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Degenerate and Nondegenerate _-TAfFE:

|

Degenerate semiconductor:

o If the doping is high, donor electrons interact with each other. The
single discrete donor energy will split into a band.

o The band may overlap the conduction band

o If the concentration exceeds effective density of states (N.), Er lies
within the CB for n-type semiconductor.

Fermi level inthe CB:  _ exp{_ (E. - EF)} T=300K in Si
. - - c —_ 19 -3

Metallic conduction kT N.=2.8x10" cm
T Conduction band T Conduction band

_____________ IL.F L'-‘.

\ L B

2 _ ¢ Z F.mply states
) Filled ‘q;) (holes)
3] states ot
5 (electrons) 5 [ Ey
5 E, B o E
ED Valence band x ff Valence band -
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Degenerate Semiconductors _TAIPEN

I|,.~

E

A
CB
Impurities forming CB
aband L Fe=w 6 w688
e 20 0 0 0 @ E.

E,
g(E) <

E,
T=300K in Si -
N.=2.8x10" cm3

Excessively doped to 10 — 102 cmiy) (b)

(a) Degenerate n-type semiconductor. Large number of
donors form a band that overlaps the CB.
(b) Degenerate p-type semiconductor.
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Band Gap Narrowing ~TAIPEI

o If the dopant concentration is a significant fraction of
the silicon atomic density, the energy-band structure
IS perturbed —> the band gap Is reduced by AE:

250

200 - 1 300

-8 N\ 1/3

_ AE, =35x108NY3 |22
£ 150 1 T
Wi’ g
> 100 1
5| N =10 cm3: AE; = 35 meV
L
L

50 1 N=10Y cm3: AE;=75 meV

0 s,

10" 10" 10° 10"
Donor Density N (cm™)



m RESISTIVITY OF INTRINSIC AND DOPED Si  Find the resistance of a 1 cm® pure silicon crystal. y
What is the resistance when the crystal is doped with arsenic if the doping is 1 in 10?, that is, ¥ I
1 part per billion (ppb) (note that this doping corresponds to one foreigner living in China)?
Given data: Atomic concentration in silicon is 5 x 102 cm™?, n; = 1.0 x 10" cm™°, CH
e =1350 cm* V' s7 ', and u,, = 450 cm? V-! s~

S 1
For the intrinsic case, we apply
o =enu, +epu, =en(, + Wy)
SO o= (1.6 x107"7C)(1.0 x 10" em™)(1350 + 450 cm* V™' s7')
=288 x107°Q 'em™
Since L = 1 cmand A = 1 cm?, the resistance is

/& |
R:——:-—
oA o

=3.47 x 10° Q or 347 kS

When the crystal is doped with 1 in 107, then

Ngi 5 x 10% o
Ny = = =5x% 10" em™
10? 10°

At room temperature all the donors are ionized, so
ni=Nj= 5% 10 em™
The hole concentration is
n? B (1.0 % 10'%)>

) = — = =2.0x 10°cm™® « n;
P= N, T T(5x 105)




m RESISTIVITY OF INTRINSIC AND DOPED Si  Find the resistance of a 1 cm?® pure silicon crystal. ”
What is the resistance when the crystal is doped with arsenic if the doping is 1 in 10, that is, )EI
1 part per billion (ppb) (note that this doping corresponds to one foreigner living in China)?
Given data: Atomic concentration in silicon is 5 x 102 cm™?, n; = 1.0 x 10'° cm—?, CH
e = 1350 cm?> V™! 57!, and u,, = 450 cm?® V~! s~ 1.

7 N
Therefore,
o =enu, = (1.6 x 1077 C)(5 x 10° cm™)(1350 cm* V™' s7 )
=1.08 x 1072Q 'cm™!
E e IR

Further, R= — =
oA o

Notice the drastic fall in the resistance when the crystal is doped with only 1 in 10 atoms.
Doping the silicon crystal with boron instead of arsenic, but still in amounts of 1 in 10,
means that N, = 5 x 10" cm 2, which results in a conductivity of

o=epu, = (1.6 x 1077 C)(5 x 10% em™?)(450 cm? V™' s7 )
=36x10°Q ecm™!
L I
Therefore, R=—=—=278¢8
oA o

The reason for a higher resistance with p-type doping compared with the same amount of n-type
doping is that ;) < .
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Example 5.4 TAIPEN

Sy

COMPENSATION DOPING An n-type Si semiconductor containing 10'® phosphorus (donor) M
atoms cm ™ has been doped with 10! boron (acceptor) atoms cm™*. Calculate the electron and
hole concentrations in this semiconductor.

SOLUTION

This semiconductor has been compensation doped with excess acceptors over donors, so

N,—N;,=10"—-10" =9 x 10°cm*

This is much larger than the intrinsic concentration n; = 1.0 x 10'° ¢cm ™ at room tempera-
ture, SO

p=N,—N; =9 X 10" cm 3

The electron concentration

3

n? (1.0 x 10 cm—3)? s
= = 1.1 x 107em™

n—= —

p (9 x 10 cm—?)
Clearly, the electron concentration and hence its contribution to electrical conduction is
completely negligible compared with the hole concentration. Thus, by excessive boron doping,

the n-type semiconductor has been converted to a p-type semiconductor.




m THE FERMI LEVEL IN n- AND p-TYPE Si  An n-type Si wafer has been doped uniformly with |
10'® antimony (Sb) atoms cm™?. Calculate the position of the Fermi energy with respect to the
Fermi energy Ej; in intrinsic Si. The above n-type Si sample is further doped with 2 x 10" |
boron atoms cm ™. Calculate the position of the Fermi energy with respect to the Fermi energy
E r; in intrinsic Si. (Assume that 7 = 300 K, and k7T = 0.0259 eV.)

SOLUTION

Sb gives n-type doping with N, = 10'® cm~, and since N; > n; (=1.0 x 10" cm™?), we have
n=N;=10"cm™’

For intrinsic Si,

E;— Ep;
ny=.N, exp[—g]
kT
whereas for doped Si,
E(' — E n
n = N.exp ) Fa) = Ny
kT
where E;; and Ej, are the Fermi energies in the intrinsic and n-type Si. Dividing the two ex-
pressions,
Nd I:(Efn Er:)]
— = exp
n; kT
so that
Nd 16
Er, — Er; = kT ln(—) = (0.0259 eV) ln(—) = 0.36¢eV
n; 1.0 % 1019

When the wafer is further doped with boron, the acceptor concentration is

N,=2x10"em™ = N, =10 cm ™
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Example 5.5 TAIPEI

2

The semiconductor is compensation doped and compensation converts the semiconductor to
p-type Si. Thus

I|,.~

p=N,—N;=2x10" =10 =19 x 10" cm™
For intrinsic Si,

(EFi e Ev)]

n; = N,.exp|:— T

whereas for doped Si,
(EI’[J - Ev)
kT

n= Ny cxp[— ] =N, — Ny

where E; and Ef, are the Fermi energies in the intrinsic and p-type Si, respectively. Dividing
the two expressions,

P [ (Ery— EFi):|
kT

n;

so that

1.9 x 10'7)
1.0 x 100

Er, — Eys = —KT 1n(ﬁ) = —(0.0259 eV) ln(

n;
= —0.43¢eV
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S
o Carrier Concentration and Mass Action Law
o The Fermi Energy
o Conductivity of Extrinsic Si
o Direct and Indirect Recombination
o Carrier Injection
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Extending Energy Band Theory to 3D_-TAIPE!

49
o The E-k diagram IS symmetric e Sondnction
In kK so that there Is no new 3
Information in the negative /
axis. T

o It 1s practice to plot E-k with
[100] direction along +k axis,
and [111] direction along —k
axis. .

Energy (eV)
|

Valence
hand
[111] 0 [100]

k
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o Effective mass can be different along 3 different k-

vectors. Therefore, we consider average effective mass.

| 18%E <% is larger in GaAs than in silicon
mass: — = e
i, 0 So m* in GaAs < m* in silicon
4 i 4 i ction
als cm(atlj]c ion Si Cm:}i?]:[ P.25

L

Energy (eV)
Encrgy (cV)
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51|
o Direct bandgap: minimum CB energy and maximum VB energy

occur at same Kk value.

o Indirect bandgap: the minimum CB is not at k=0 so that the
transitions for electron between CB & VB includes an interaction with
the crystal. Then, crystal momentum is conserved.

o Direct bandgap semiconductors are used for making optical devices.

4 4
Gads Conduction Si
band
3r 3 /
2r op 2r
~ AE =031 \g -~
Direct Eg § | | Bl
irect Eg 2 : .
Transition 0 l 0 Indlregt_ Eg
Ex GaA T | Transition
X. S N Valenc N Valence i EX. Si
band band :

[(111] 0 (100] —2 (111] 0 (100]
k k



Direct & Indirect Bandgap  _TAIPEI

o The direct and indirect band gap behavior is reflected In
absorption coefficients in solar cell.

Energy Energy, E
E — E.
i phonon
photon photon
Momentum Momentum, k
EV EV
Direct Bandgap Indirect Bandgap

[ High absorption probability O Low absorption probability
 Thinner material is required U Thicker material is required
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Direct Recombination
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|

C =
E = = h— -
hv h/1
E(eV) 1.2398
e —
A(um)

h: Planck constant (6.626 x1073* J.s = 4.13x1071> eV.s)

c is the speed of light in vacuum (3 x 10'* um/s)
A 1s the photon's wavelength

CB

W—>0 E

v cb(kcb)

4 '.»'b(kvb)

Direct recombination in GaAs and InSb
Wavevector k, = k,,, S0 that momentum conservation is satisfied.

Distance



Wavelength of the Light _TAIPE]

<= TECH

FEHEHR v-ray
R E= (nm)
0.001 0.01 10 380 780 10¢6 10°
A FOE
canEgssey IR - n
GaAS Eg: 1°42 eV 400nm 500nm 600nm 700nm

https://zh-tw.sengate.com/show/lesson-1_what-is-infrared-1627605447.htm
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o (a) Recombination in Si via a recombination center which has a
localized energy level at E, near the middle of Eg.

o (b) Trapping and detrapping of electrons by trapping centers. A
trapping center has a localized energy level near Ec.

CB
E

CB

C il
Rbt

E,
-

(a) Recombination

E, Phonons
a

" N\—

“IN—>
¢ Er

Tpl

E,

£, wia

E"-- -

(b) Trapping
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574
o In real semiconductors, there are some crystal defects
and these defects create discrete electronic energy states

within the forbidden energy band.

I|,.~

o Recombination through the defect (trap) states iIs called
Indirect recombination.

o Shockley-Read-Hall recombination:

Assumes that a single trap center exists at an energy E;
within the bandgap.
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o 4
o Carrier Concentration and Mass Action Law
o The Fermi Energy
o Conductivity of Extrinsic Si
o Direct and Indirect Recombination
o Carrier Injection
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N
o Injection :

A process of Introducing excess carriers in the
semiconductor.

o Low-level photoinjection into an n-type semiconductor
In which  n_<n_ =

E |0®c00 0 0 00
E, ------ A

0N, =N, + A4An,
/W
0 Pn = Pno + Apn _/VVV\/"‘

e
—
0 An,=Ap,, (e-h* pair) E
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Low-level Injection i TECH

e J
o Low-level injection In an n-type semiconductor does not

significantly affect n, but drastically affects the minority carrier
concentration p,..

5%10'°
An, =0.1 n,;;=0.5 x10'® cm™

Ap,, = An, =0.5 x10'® cm™

Lox1010 === 1" ===

Log(carrier concentration) (cm-3)

2x10°

(a) In the dark: np = niz (b) In light: np - nr.z




n-type semiconductor i [lumination with 40 >E g

the dark.

= <<
p n p no ??”O

creates excess holes:

p?? :p??O+ApII:A”??

by recombination.
w Light is switched on

[Ilumination r:AlPEI
% % é - TECH
B C —
PSRN I AR
- i - __|_-+ B o - T
_ o+ el o4 o F R
- - -+--|__'+-_+-+ '+'-|:_+-'+
In dark after

illumination. Excess
holes are disappearing

(B), then off again (C)

[llumination of an n-type semiconductor results in excess electron and

hole concentrations.
illumination, the recombination process restores

After

equilibrium; the excess electrons and holes simply recombine.



ﬂ
Excess Minority Carrier Concentration-TAIPEI

= TECH
Rate of increase in _ Rateof ~  Rate of recombination
excess h+ photogeneration of excess h+
— “ph
dt oo

—(—)
Ap,(t")=Ap,(0)e ~n
Ap,, = excess hole (minority carrier) concentration in n-type
G, = rate of photogeneration

7, = minority carrier lifetime (mean recombination time)



G and {m(r)

me'"Apn(m)

p”ﬂ

> Time, ¢

O lHlumination is switched on at time t = 0 and then off at t=t .

O The excess minority carrier concentration  p,(t) rises
exponentially to its steady-state value with a time constant .
From t g, the excess minority carrier concentration decays
exponentially to its equilibrium value.



.

PHOTORESPONSE TIME  Sketch the hole concentration when a step illumination is applied to
an n-type semiconductor at time = 0 and switched off at time 7 = 7,;+(>> 7).

SOLUTION

We use Equation 5.27 with G, = constant in 0 < ¢ < t.. Since Equation 5.27 is a first-order
differential equation, integrating it we simply find

Ap, t
In Gph— e =——+4C
Th Th

where C, is the integration constant. At r = 0, Ap, = 0, so C,; = In G,. Therefore the solu-
tion is

t
Ap,,(f) = 'L'/,Gph|:] = eXP(——>:| 0 <1 < Il [5-28]
Th

We see that as soon as the illumination is turned on, the minority carrier concentration
rises exponentially toward its steady-state value Ap, (00) = 1, G, This is reached after a time
t > T

At the instant the illumination is switched off, we assume that 7, > 7, so that from Equa-
tion 5.28,

Apn(tnff) = rhGph
We can define 7’ to be the time measured from r = ., thatis, ' = r — .. Then
Apn (t/ s 0) = ThGph
Solving Equation 5.27 with G, = 0int > ¢ ort’ > 0, we get
! r,
Ap,(t) = Ap,(0) exp(—r—)
h

where Ap, (0) is actually an integration constant that is equivalent to the boundary condition on
Ap, att" = 0. Putting t' = 0 and Ap, = 1,Gpp, gives

/ t,
Apu([ ) = ThGph exp<__) [5.29]
T
We see that the excess minority carrier concentration decays exponentially from the
instant the light is switched off with a time constant equal to the minority carrier recom-
bination time. The time evolution of the minority carrier concentration is sketched in
Figure 5.27.
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Wafer Electrical Testing TAIPEI
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Micromanipulator Prober
(Parametric Testing)

Photo courtesy of Advanced Micro Devices
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