Module: Advanced Semiconductor Physics
Series TD3 of Chapter IV: Optical Effects and Light in semiconductors

Exercise 1: Optical Generation and Carrier Dynamics in a Uniformly Doped Semiconductor

A semiconductor sample of thickness d = 0.1 um and absorption coefficient @ = 10® cm™1is illuminated at
its surface (x = 0) with monochromatic light of intensity I, = 0.08 W/cm?. The photon energy corresponds
to a wavelength of A = 0.6um with hc = 1.2424 eV. um. The sample is uniformly doped n-type with donor
concentration Np = 101 cm™3, and the intrinsic carrier concentration is n; = 1.5 X 101° cm™3. Carrier
lifetimes are 7, = 7, = 1077s. (1) Deduce how the illumination intensity I(x) is distributed along the
sample depth. (2) Calculate the photon flux ¢ (x) within the sample. (3) Determine the generation rate G (x)
of electron-hole pairs within the sample. (4) Assuming the steady-state and the electric field within the
sample E(x) = 0 V/cm, compute the excess carrier concentrations 6n and §p and the photoconductivity o
using p, = 1350 cm?/(V.s) and p, = 450 cm?/(V.s). (5) Calculate the total electron and hole
concentrations n and p and the total conductivity o. (6) Finally, deduce the positions of the quasi-Fermi
levels Er,, and Ep, relative to the intrinsic level Ef;...

Exercise 2: Deriving the Electric Field and Einstein Relation from Equilibrium Carrier Distribution

In a semiconductor sample at thermal equilibrium, the spatial distribution of free electrons is given by
Ef—Ec(x)
kpT
position-dependent conduction band edge, Ef is the constant Fermi level, and kgT is the thermal energy.

n(x) = Ngexp ( ), where N, is the effective density of states in the conduction band, E;(x)is the

(1) Considering the thermal equilibrium, determine the expression of the electric field E(x) along the
sample in terms of the gradient of the electron concentration. (2) Given that the electrostatic potential is

defined as Y (x) = —é(EC(x)), where g is the elementary charge, demonstrate the Einstein relation

(2 = fo)
HUn q /)’
Exercise 3: Steady-State Carrier Profile Under Uniform Generation and Recombination

In a uniformly illuminated semiconductor sample, the generation rate is constant and given by G (x) = g,

n(x)—ng

and the recombination rate follows the Shockley model: R,(x) = , where n, is the equilibrium

electron concentration and 7, is the electron lifetime. The total electron current density is composed of drift
dn

d
electrons, incorporating the expressions for J,, (x), G(x), and R,,(x). (2) Simplify the continuity equation by

assuming steady-state conditions (i.e., dn/ dt = 0) and negligible electric field (i.e., E(x) = 0). (3) Solve the
resulting second-order differential equation for the excess electron concentration dn(x) = n(x) — ng, using
the boundary conditions: 6n(0) = g7, and dn(+) = g47,

and diffusion components:/, (x) = gn(x)u,E(x) + qD,, Ecx). (1) Write the general continuity equation for

Exercise 4: Simplification of Steady-State Recombination Rate in Different Semiconductor Regimes.
Consider a semiconductor with a recombination centre at energy level E,, where the steady-state

np-n?

recombination rate is given by: R = Simplify the expression of R under the following

Tp(mtn)+tn(p+n;)
conditions with considering dn = §p: (1) For an intrinsic semiconductor under illumination, where the
excess carrier concentrations are 6n and ép, and the total concentrations are n = n; + é6n, p = n; + ép;
(2) For an n-type doped semiconductor, where n = ny + 6n = ny and p = py + 6p = dp and 6p < ng; (3)
For a p-type doped semiconductor, wheren = ny + én = dSnandp = py + 6p = py and on K p,.



Solutions
Exercise 1: (1) The illumination intensity inside the semiconductor follows Beer—Lambert’s law: I (x) = [je™%**,
and with a=103cm land d=0.1um=10"5cm, we have expT*® =exp(-10 = 0.99, then

1(d) = 0.991,, indicating nearly uniform illumination across the sample I(x) = 0.991, = I,. (2) The photon flux
Ioe 10/1

isp(x) = G hc/jx, and using hc = 1.2424 ¢V - um and A = 0.6 um, we get hv = 2.07 ¢V, and ¢y = — =

hv

17 s —2 o—1 ~, _ 0.08e" 10° ~ 17 ,-103x . ..—2 . —1 _ 17
2414 x 107cm™2s71 so ¢p(x) = oxienio ~ 241 x10%e cm™-s™tand ¢p(d) = 2.41 x 10" X

0.99 = 0.99 X ¢y = 2.39 X 107cm™2s71.  (3) The generation rate is G(x) = ap(x) =~ 2.41 %
1020¢710% ¢m=3 . 571 and since G(d) ~ 0.99G,, it is nearly uniform, then G(d) =~ 0.99 G, = 2.39 X
10%2%¢m™3s71. (4) Under steady-state and negligible electric field, the excess carrier concentrations are dn =
Gt, =6p =Gty =239%x10% cm™.  Photoconductivity ~ arises ~ from  the  excess  carriers

on=06p=239x10%cem™3, so: 8o = q(Snu, + Spuy) = (1.6 x 1071%)[2.39 x 10'3 - 1350 + 2.39 x

1013 - 450]= 6.88 x 1073Q " 1cm™1. (5) The total electron concentration is n = Np + én = 1016 + 2.39 x

13 16 =3 P _ _nf _ (15x1019%
10*° = 1.00239 X 10*° cm™°, and the total hole concentration is p = dp + p, where p, = L=
0

2.25x 10*cm™ and p = 2.39 X 1013 + 2.25 x 10* = 6p = 2.39 x 1013 cm™3, the total conductivity is
o = q(np, + puy) = (1.6 x 10719)[1.00239 x 10'° - 1350 + 2.39 x 103 - 450] = 2.166 Q" *cm™". (6) The
quasi-Fermi  level positions relative to the intrinsic level are Ep, — Ef; = kgTln (n/n;) =

0.025875In (1.00239 x 1016/1.5 x 10'%) ~ 0.347 ¢V, and Es — Ep, = ksTIn (nﬁ) = 0.025875In (2.39 X
10'3/1.5 x 101%) ~ 0.1907 eV..

Exercise2:

Ep— Ec( )

At thermal equilibrium, the electron concentration is given by n(x) = Ncexp ( ), where the Fermi

level E; is constant and E.(x)varies spatially. (1) The total electron current density is

Jn = qnu,E(x) + qD and since J,, = 0 at thermal equilibrium, we set the drift and diffusion terms equal
and opposite: nunE(x) =-D, E’ which gives the electric field as E(x) = — Z—:%Z—Z, an % = — %%

_ (Pn) (L) (5 . - . . T
E(x) = (# ) (kBT) ( — ) (2) Using the definition of electrostatic potential P(x) = p E-(x), and
dayp(x) _ (1 dEc(x) . . _(_day 1dEc _ (Dn) (_1 ) (dEc .
o ( q) (—dx ), and the electric field E(x) = ( dx) e (Mn) (kBT) ( — ) This leads

D 1 1 D. k
to(—”) (—) = (—) so2n = kBT ——, which confirms the Einstein relation.
Un kgT q Un q

Exercise 3 :(1) The general continuity equation for electrons is an;:'t) = ;a] ) 4 G(x) — R,(x), where

nx)-ne

Jn(x) = qn(x)uE(x) + qD, dz—ix), G(x) = gy is the constant generation rate, and R, (x) = is the

recombination rate. (2) Under steady-state conditions (dn/ dt = 0) and negligible electric field (E (x) = 0),

. e d d - .
the equation simplifies to = (Dy, n(x)) + 9o _ 2970 _ g, Assuming constant D,,, we get
dz - e . .
D, dn(zx) + g0 — @ = 0. Rewriting in terms of excess carrier concentration én(x) = n(x) — ngy, we
n
dzs sn(x)— . . . .
obtain d;lz(x) = n(x)L% 9™ \where L, = /D, T,is the electron diffusion length. (3) The general solution to

this nonhomogeneous second-order differential equation is 5n(x) = Ae*/in + Be™*/In + gy1,,.

Apply the boundary conditions: At x =0, n(0) =A+ B+ gotp, = gotn ®A+B =0; At x - +oo,
dn(+0) = Ae™ + 0 + goT, = goTn = A = 0 = B = 0. Thus, the final solution is 6n(x) = g7, and
n(x) =ng + goTp-



Exercise 4:

np-n?

To simplify the steady-state recombination rate R = we consider three cases: (1) For an

Tp(n+n)+Tn(p+ny)’
intrinsic semiconductor under illumination, where n =n; + én and p =n; + dp, we expand the
numerator as np — n? = n;(6n + 6p) + 6ndp, and the denominator becomes T,(2n; + 6n) + 1,(2n; + 6p),

n;(6n+8p)+énép __ 2nién+én?
Tp(2n;+6n)+1,(2n;+8p) - (Tp+Tn)(2n;+6n) -

with considering én = dp, the recombination rate is: R; =
én(2n;+8n) . on
(tp+Tn)(2n;+6n) (Tp+rn)'
(2) For an n-type doped semiconductor, where n =~ n, and p = §p, the numerator simplifies to
np —n? = nyép — n? = ny6p, because ny, > n; and §p > n; , and the denominator becomes (o + 1) +
noép ~ noép ~ TNobp
Tp(Mo+M)+Ta(8P+n;) — Tp(n0)+Tn(6p)  Tp(no)

7,(6p + n;), giving: R, = because under low-level injection

Sp

;.

(3) For a p-type doped semiconductor, where n ~ §n and p =~ py, we get np — n? = poén — n? = p,6n
because p, > n; and 6n > n;, and the denominator becomes 7,,(6n + n;) + 7,(po + n;), leading to:

én on on .. .
R; = Po = Po =~ P07 pecause under low-level injection 6n < p, , therefore R; =
Tp(8n+ni)+7n(p0+ni) Tp(‘sn)"'Tn(po) Tn(Po)

ép < ny, therefore R, =

én . . C g . . . . . .
—. The recombination rate is limited by excess of minority carriers in doped semiconductors.
n



