Module: Advanced Semiconductor Physics
Series TD2 of Chapter II: Statistics and Electronic Properties and Chapter III: Electrical Transport in
Semiconductors

Exercise 1: Energy Band and Carrier Distribution

A semiconductor has a conduction band edge at E. = 0 eV, and the Fermi level is located at Er = —0.2¢V.

Assume non-degenerate conditions and Maxwell-Boltzmann statistics. 1-Calculate the probability f(E.) that a

state at the conduction band edge is occupied at T=300°K, with kzT = 0.025875 eV. 2- Determine the electron
3kpT

concentration n with N, = 2.8 X 10 cm™3. 3-Estimate the average thermal velocity of electrons vy, = —

with m* = 0.26 m,. 4- Compute the drift current density J assuming drift velocity v; = 107 cm/s.

Exercise 2: Doping Effects and Carrier Concentration

1- Calculate the electron concentration in an n-type silicon sample doped with N, = 107 cm™3, assuming full
ionization. 2-Determine the hole concentration using the mass action law at T = 300K, given
n; = 1.5 X 101° cm™3. 3- Compute the position of the Fermi level (Er) relative to the intrinsic level (Eg;),
assuming non-degenerate conditions. 4-Estimate the conductivity of the sample using u,, = 1350 cm?/(V.s)
Exercise 3: Compensated n-Type Semiconductor

A silicon sample is doped with donor atoms at a concentration of N, = 5 X 101® cm™3and acceptor atoms at
N, =1 X 10*® cm™3. Assume intrinsic carrier concentration: n; = 1.5 X 101 cm™3. Effective density of states in
conduction band: No = 2.8 x 10 cm™3. Thermal voltage: kT = 0.025875 eV. Temperature: T = 300 K.

1- Calculate the free electron concentration n .2-Determine the minority carrier (holes) concentration p.

3 —Compute the position of the Fermi level relative to the conduction band edge (E; — E). 4- Calculate the n; at
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temperature ~ T=500°K  with  assuming N, = N, (Z—z)z (Tlo)z and Ny =N, (Z—Z)Z (Tlo)zwhere :
Ny = 2.508 x 10 cm™3, T, = 300K, m, = 1.08 m, and my, = 0.56 my, E;=112¢eV.
kp = 8.617 x 107> eV/K. Calculate the free electron concentration n and the free hole concentration p at this
temperature.

Exercise 4: Carrier Mobility and Temperature Dependence

1- Derive the expression for mobility ¢ (T) assuming phonon scattering dominates, and calculate y at T = 300 K
given py, = 1500 cm?/(V.s) at T, = 100 K. 2-For a doped silicon sample, calculate the total mobility using
Matthiessen’s rule given piy, = 1200 cm?/(V.s) and pphonon = 800 cm?/(V. s). 3-Estimate the drift velocity vg
of electrons under an electric field of 10 V/cm using the mobility from part 2. 4-Compute the conductivity o for a
carrier concentration of 101® cm™3using the total mobility.

Exercise 5: Semi-Classical Transport and Group Velocity

21,2
1- Given E(k) = %, derive the group velocity v, = %VkE (k).2-Calculate v, in (cm/s) for an electron with
k=108m tand m* =0.26m,. 3-Determine the acceleration a = dvg/dt under an electric field
E = 100 V/cm.4- Estimate the time required for the electron to reach a velocity of 107 cm/s.

Exercise 6: Carrier Concentration and Fermi Level in Doped Semiconductors

Consider a p-type silicon semiconductor at T = 300 K, doped with acceptor concentration N, = 5 x 106 cm™3.

Assume full ionization and non-degenerate conditions.1-Calculate the free hole concentration p. 2-Estimate the

electron concentration n given n; = 1.5 X 101° cm™3. 3- Determine the position of the Fermi level Ef relative to
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the wvalence band edge E,. with assuming N =N, (E)z (1)E and Ny =N, (m;)i (Tl)E where :

mg To mg 0
N, = 2.508 x 101 cm™3, T, = 300K, m, = 1.08 m, and my, = 0.56 mg, E;=112¢€V.
kp = 8.617 x 107> eV/K. 4-Calculate n; at 600°K . 5-Calculate the free hole and electron concentrations n and
p at this temperature, and the resulting conductivity ¢ using u,, = 1350 cm?/(V.s) and tp = 450 cm?/(V.s).




Solutions

Exercise 1: To solve this exercise, we first calculate the occupation probability at the conduction band edge using

0-(-0.2), _ .
0025875) exp (—7.73) = 4.4 x 107*. The

electron concentration is then n = N; - f(E¢) = 2.8 X 1019 - 4.4 x 10™* ~ 1.23 x 10'® cm™3. For the average

3kpT __ [3-1.38x10722-300
~ 4 026:9.11x10731

givenbyJ =q-n-vy; = 1.6 x 10719 - 1.23 X 1016 x 107 ~ 1.97 x10*A/cm?.

Maxwell-Boltzmann statistics: f(E;) = exp (— ) =exp (—

~ 2.289 x 10° m/s. Finally, the drift current density is

thermal velocity, we use vy, = \/ —

Exercise2:

In an n-type silicon sample doped with N, = 1017 cm~3and assuming full ionization, the electron concentration

is approximately n ~ Np = 107 cm™3. Using the mass action law at T = 300 K, the hole concentration is
_nf _ (1.5x1019)2
T mn T 107

Ep — Ep; = kgT - In (—) = 0.025875 - In ( ) ~ 0.025875 - 15.72 = 0.407 eV, indicating that the Fermi

= 2.25%x 103 cm™3. The position of the Fermi level relative to the intrinsic level is given by

level lies about 0.41 eV above the intrinsic level. Flnally, the conductivityisoc = q - n -y, = 1.6 X 10712 x 1017 -
1350 ~ 21.6 (Q.cm) L. Remark: To demonstrate that Ex — Ep; = kT - In (%), we start from the expressions for

electron concentration in a non-degenerate semiconductor: n =

= N¢ - exp ( ) Dividing the two glves — = exp ( ) and taklng the natural logarithm of both sides

yields In (—) = 7

quantifies how doping shifts the Fermi level relative to the intrinsic level.

which rearranges dlrectly to the de51red result: Er — Er; = kgT - In (;). This equation

Exercise 3

For the compensated n-type silicon sample with donor and acceptor concentrations Np = 5 X 10 cm™3and
N, =1 X 10 cm™3, the exact free electron concentration at T = 300 K is calculated using the quadratic formula:

n= (ND;NA) + \/(ND;N“)Z +n? =2 %10 + V4 x 1032 + 2.25 X 1020 ~ 4 X 10 cm™3 = N, — N,;;

2

because n; = 1.5%x 10 cm™3 « (N, — N,) at T = 300K, the minority carrier concentration is p = % =
2.25x1020
4x1016

In (3) = 0.025875 - In (X

= 5.625 x 103 cm™3, and the Fermi level relative to the conduction band edge is E; — Er = kT

28x1077 ) ~ 0.169 eV.AtT = 500 K, the temperature-scaled effective densities of states

are N; = 2.508 x 1017 - (1.08)2 . (500/300)2 ~ 6.056 X 101 cm™3 and N, = 2.508 x 101° - (0.56)3/2 .
(500/300)%/2 ~ 2.261 x 10'° ecm™3, giving n; = \/NNy, - exp ~ V1369 x 1039 - exp (—1.12/(2 X
8617 x 1078 x 500) ~ 8.38 x 10'* cm™3; which means n;(500°K) = 8.38 x 10'3 cm™3, using this updated n;,
the exact electron concentration becomes n = 2 X 10%° + /4 X 1032 + (8.38 x 1013)2 ~ 4 x 10%° cm™3, and

8.38x1013)2
(838x10 )7 . 1.758 x 10! ¢cm™3
4.83x1016

2
the hole concentration is p = — =

Exercise 4:
Understand the dependence of mobility on temperature with phonon scattering. Phonon scattering causes
mobility to decrease with increasing temperature, typically following a power law: fhonon & T 77,

where 7 is an exponent that depends on the scattering mechanism. For phonon scattering, 1 is usually around
3/2

(3/2). Assuming phonon scattering dominates, mobility varies as u(T) = pq (%) ,s0at T = 300K, we get

u(300°K) = 1500 - (%)3/2 = 1500 - (1/3)° =~ 1500 - 0.192 ~ 288 cm?/(V.s). using Matthiessen’s rule, the



total mobility is p = (%mp uphonon) 1= (m ﬁ) 1= (m) 1 =480 cm?/(V.s); the drift velocity is

vy = uE = 480 - 10 = 4800 cm/s; and the conductivity is 0 = gnu = (1.6 x 1071%) - (10%¢) - 480 = 7.68 X
1071 (Q.cm)™t. 0 = 0.768 (Q.cm) L.

Exercise 5:

2
Starting with the energy dispersion relation E (k) = the group velocity is derived as v, = —VkE (k) = %,
using k=108m™1, A =1.055%x10"3*(J.s), and m* =0.26my = 0.26-9.11 x 1073 kg, we find

1.055x1073%.108 4 6 . 4
Vg = ——————; ~ 445 X 10" m/s = 4.45 X 10° cm/s; under an electric field E = 100 V/cm = 10 V/m, the
2.3686X10
qE _ 1.6x1071%.10%

m*  2.3686x10-31
107

" 6.75%1017

acceleration is a = ~ 6.75 x 1015 m/s* = 6.75 x 1017 cm/s?; to reach a velocity of 107 cm/s,

the time required is t = ~ 1.48 x 10711,

Exercise 6:
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For a p-type silicon semiconductor at 300 K with acceptor concentration Ny, = 5 X 101® cm™3, assuming full

ionization and non-degenerate conditions, the hole concentration is p —( )+ /( 4)2 4 n?

5.00 X 10*® cm™3since n; = 1.5 x 101° cm™3is negligible < N,; the electron concentration is
2
n =" = 45 x 10% cm™; using N = 2.508 x 10'° - (1.08)*/* = 2.814 x 10'* cm~%and Ny = 2.508 X 10%° -
(0.56)3/2 = 1.051 x 10*° cm~3, the Fermi level relative to the valence band is given:

1.051x101°
5.00x1016

Ep — E, = kgTn (%) = 0.025875 - In ) =0.025875 - In (210.2) ~ 0.138eV: at 600K, the

1.12

3/2
intrinsic concentration is n; = 2.508 x 101+ (52) "+ (1.08 - 0.56)%/* - exp (— s————

10 cm™3; so n; = 9.618 x 10'* cm™3 then the hole concentration:

N, ,
p = 7“ + (—)2 +n2 = 2.5 % 10%6 4 /6.25 x 1032 4+ 9.25 x 10?° ~ 5.00 X 106 cm™3

2
p ~5.00x10%cm™3,n= ?‘ 1.85 x 10% cm™3, and the conductivity is o = q(nu, + pupy) = 1.6 x 10717 -
[(1.85 x 1013 - 1350) + (5.00 x 10 - 450)] = o, = 3.60 (Q.cm)™t

) = 9.618 X




