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Abstract

The free-carrier absorption in n-type InSb films has been investigated for carriers confined in quasi-two-dimensional
(2D) semiconductors with the nonparabolic energy band of electrons. We discuss the effect of phonon scattering on the
free-carrier absorption coefficient («) for both deformation-potential coupling and piezoelectric coupling. « is found to
depend on the photon polarization relative to the direction normal to the quasi-2D structure, the photon frequency, the
film thickness, and the temperature. « could be complex due to the interaction between photons, phonons, and electrons.
(i) When the acoustic phonon scattering is dominant, « increases with decreasing the film thickness for phonons
polarized parallel or perpendicular to the layer plane. It is also shown that « increases with decreasing photon frequency
and increasing temperature for photons polarized parallel to the layer plane, while for photons polarized perpendicular
to the layer plane the « temperature-dependence is more complicated. (ii) If the piezoelectric scattering is dominant, « is
also decreasing with increasing the film thickness for photons polarized parallel or perpendicular to the layer plane. But
o decreases with increasing temperature for photons polarized perpendicular to the layer plane. Moreover, numerical
results for the parallel polarization are much smaller than those for the perpendicular polarization.

1. Introduction transitions, and indirect intraband transitions in

which the carriers absorb or emit a photon while

There has been a growing interest in the elec-
tronic and optical properties of semiconducting
layered heterojunctions [ 1-6], thin films [7, 8], and
inversion layers [9-11]. Due to the confinement of
carriers in these quasi-two-dimensional structures,
size quantization begins to play an important role
in determining their electronic and optical proper-
ties. The optical absorption can take place via di-
rect interband transitions, and intersubband
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simultaneously scattering off phonons or other im-
perfections. Such free-carrier absorption accounts
for absorption of photons with frequency Q lower
than the band gap E, of semiconductors, ie.,
hQ < E,. In a magnetic field, where the carrier
motion is confined to a plane perpendicular to the
magnetic field, the free-carrier absorption coeffic-
ient (a) depends upon the photon polarization rela-
tive to the magnetic field [12]. For carriers con-
fined in a quasi-2D structure, it was found that
o depends upon the photon polarization relative to
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the direction normal to the quasi-2D structure
[13]. In III-V semiconductors, the acoustic-
phonon—carrier interaction is dominated by the
deformation-potential and piezoelectric couplings
[14].

In this paper, we investigate the quantum theory
of the free-carrier absorption in ITI-V semiconduc-
tors with the nonparabolic energy band of electrons
with a quasi-2D structure. It has been shown that
the nonparabolicity of the energy band in semicon-
ductors can be used to explain the longitudinal
magnetoacoustic phenomenon [15] and the acous-
tic-surface-wave amplification [14]. In this calcu-
lation, we consider a nondegenerate electron gas
with a Maxwell-Boltzmann distribution for non-
degenerate semiconductors. Thus, we make follow-
ing assumptions:

(1) For a nondegenerate semiconductor, the dis-
tribution function of electrons can be represented
by the Maxwell-Boltzmann distribution. The effect
of Fermi energy can be neglected for the non-
degenerate electron gas in a nondegenerate
semiconductor [13].

(2) The interaction between electrons and acous-
tic phonons originates from the deformation-po-
tential and piezoelectric couplings in III-V
semiconductors.

(3) The energy band of electrons in semiconduc-
tors is assumed to be of nonparabolicity.

In Section 2, we recall the electronic states of
a quasi-2D structure for the nonparabolic band
structure. In Section 3, we present the quantum
theory of the free-carrier absorption with confined
carriers in nondegenerate semiconductors for the
deformation-potential and piezoelectric couplings.
We discuss two special cases: the photon is polariz-
ed parallelly or perpendicularly to the layer plane.
In Section 4, some numerical results of the free-
carrier absorption coefficient are presented for n-
type InSb. Finally, a brief discussion about our
numerical analysis is given.

2. Electronic states in a thin semiconductor layer
The motion of conduction electrons parallel to

the thin films may be described by plane waves, and
those perpendicular to the surface will be described

by the type of standing waves depending on the
structure of potential. For a square well potential
along the z axis with infinitely high barriersat z = 0
and z = d, the electron field operator ¥(r) is given
[16] by

Pir) = <%>1/2 i Zb,’:nexp(—ik-x)sin<n7m),
n=1 k
(1)

where r = (x,z) = (x, y, 2), V =dS is the film vol-
ume, S being the surface area, and 4 the film thick-
ness, k = (k,, k,) is the electron wave vector in the
x—y plane, and b}, is the electron creation operator.
The electron energy E;, is given [14, 17-19] by the
relation

E 2m*  2m*d*’
n=123 ..., @)

E " h2k2 2h2 2
skn‘_“Ekn<1+‘L>= rrr

g

where m* is the effective mass and &, is the effective
eigenvalue due to the effective Hamiltonian [19].
The electron energy for the nonparabolic band

E4, in Eq. (2) can be written as
4 h2k2 n2h2n2 1/2
=—3El-|1+|{= = +—5
b= -in i1 () G+ 5] )
n=123, .. )

Since  (h%k2,,)/2m* + (nhn)*/2m*d* ~ kgT < E,
for T < 300K, Eq. (3) can be expanded as

Ein> —3E, +4E.a, + h*k*/2m*a, @)
with a, = [1 + (2n2h*n?)/(m*d*E,)]'/>. (5)

In the case of low photon energies, the electron
energies received from the photons are also small.
Thus only low quantum numbers will contribute to
the system. Thus we may expand a, from Eq. (5) for
the second term of Eq. (4) and obtain the expression

w?hin?  h2k?

Ewn= 2m*d?  2mk*

(6)
with m¥* = m*a,. This expression for E,, is almost
the same type as shown in Ref. [19]. In our present
work, we consider any values of photon energies,
and the energy received by electrons is not so small.
Hence we use the nonparabolic band of electrons as
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shown in Eq. (4). It is seen that Eq. (6) can be
reduced to the parabolic band of electrons in
semiconductors as the parameter a, is taken to
a limit one. Since the quantum number »n cannot be
zero, thus the parabolic band of electrons is only
a limit model of the nonparabolic band of electrons
in III-V semiconductors.

3. Quantum theory of free-carrier absorption in
quasi-2D nondegenerate semiconductors

The absorption coefficient « for the absorption of
photons can be expressed [13] as

81/2
o =— Wi is 7

noc; fi (7)
where ¢ is the dielectric constant of material, n, is
the number of photons in the radiation field, f; is the
distribution function of carriers and W, is the
transition probability. It is given with the Born
approximation

2
Wi= 25 LIS IMAADPOE, — B~ he — hoy)
S

+IKSIM-JiD120(E; — E; — hQ + hay)],
(®)

where E; and E; are the initial and final electron
energies, hQ is the photon energy, hw, is the
phonon energy. For interaction between electrons,
photons, and phonons, the transition matrix ele-
ments { f|M,}i) are given by

(S Heaali > <GVl
Ej —_ E,' $ hCUq

<f'VsIJ><]IHrad|l>
Y TE _E—ho ] ©)

<ﬂMﬂD=Z[

where H,,q is the electron—photon interaction and
V, is the scattering potential due to the elec-
tron—phonon interaction.

The electron—photon interaction is given by

e [2mhng \*"?
Hog = — — -
rad m*< SQV > g P, (10)

where ¢ is the photon polarization vector and p is
the electron momentum. Its matrix elements for
electrons in the same band are given as follows:

(i) When the photon is polarized parallelly to the
layer plane,

CKR | Hgg| kn)

e <2nhno

Cm*\ eQV

1/2
) g ‘(hk)én',n(sk;.kxfsk'y.ky~ (11)

(i) When the photon is polarized perpendicular-
ly to the layer plane,

: 1/2
<kn%fnm|kn>::«—35ﬁ(2"h"°> <f>

m*\ eQV d

n—n

“ 1 — cos[n(n’ + n)] . 1 —cos[n(n —n)]
n+n
X(Sk;,kxék’y,ky‘ (12)

The distribution function for a quasi-2D non-
degenerate electron gas in nondegenerate semicon-
ductors can be expressed as

ndh? \2[ & Ea\]"
Jin = <2n2m*kBT> [,; “ e"p( " 2sT

X ox E.a, h2k? 13)
P Tk T  2m*kgTa, ||

where n, is the concentration of electrons.
For HI-V semiconductors, there are two domi-
nant electron—phonon scattering mechanisms:

3.1. Deformation-potential coupling

When the deformation-potential coupling is
dominant, the electron—phonon potential [18, 20]
reads

k T 1/2 .
m%jm>mmmw (14)

where p is the density of material, v, is the sound
velocity, ¢ is the phonon wave vector, and E, is the
deformation potential. For wave functions given in
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Eq. (1), one can have

kg T
20vZV

1 1/2
KN\ V| kn) =§< ) Edak;‘,kx+qx5k;,,ky+qy

X [8q,, jayen —m + O, — iy v’ —ny

- 542.(N/d)(n'+n) - 5!1,, —(n/d)(n’+n)]~
(15)

From Egs. (7)-(9), (11)—(13) and (15), the free-
carrier absorption coefficient for a quasi-2D elec-
tron gas can be obtained as shown in Appendix.
From Egs. (A.1) and (A.7), it can be seen that the
free-carrier absorption coefficient could be complex
coming from the logarithmic functions due to the
interaction between electrons, photons and
phonons.

3.2. Piezoelectric coupling

When the piezoelectric coupling is dominant, the
electron—-phonon potential is given [18] by

kg T 1z le| Be .
V,= .
: <2pv§V> R (16)

where fp is the appropriate piezoelectric constant.
For wave functions given in Eq. (1), one can have

ke T \'?|e|Bp
2pviV &q

1
KM | V| kn) =§<

ks ket agx

X Ok, k, +a, [Oa,, ay' —m + Oa,. - iy ~m

— O, dyiw +m — Oq,, — iy ' +my J- (17

From Egs. (7)-(9), (11)—(13) and (17), the free-
carrier absorption coefficient for a quasi-2D elec-
tron gas can be obtained as in Appendix. From
Eqgs. (A.12) and (A.15), it can also be seen that the
free-carrier absorption coefficient could be complex
coming from the logarithmic functions in there due
to the interaction between electrons, photons, and
phonons.

4. Numerical analysis and discussion

In this section, a numerical example is developed
for an n-type nondegenerate InSb thin film. The

relevant values of physical parameters are taken to
be [15,21] n. = 1.75x 10 cm ™3, m* = 0.013m,
(mo is the free electron mass), p = 5.8 gm/cm?3,
¢=18, E,=02eV, E;=45¢V, fp=18x10*
esu/cm? and v, = 4 x 10° cm/s.

4.1. Deformation-potential coupling

In Fig. 1(a), the free-carrier absorption coefficient
in n-type InSb films is plotted as a function of the
photon frequency with d = 10 pm for photons po-
larized parallelly to the layer plane. Since the real
and imaginary parts of a have the same order of
numerical values, |a| appears monotonically de-
creasing with increasing the photon frequency [22].
It can also be seen that |a| increases with temper-
ature. We plot the free-carrier absorption coeffic-
ient in n-type InSb films as a function of the photon
frequency with d = 10 pm for photons polarized
perpendicularly to the layer plane as shown in
Fig. 1(b). Since the imaginary part of « is quite small
compared with the real part of «, hence a = |«| for
this case [22]. It can be seen that a decreases with
increasing the photon frequency. However, the
changing of « with temperature appears irregularly
in lower frequencies with © < 25THz at higher
temperatures such as T =77 and 300K. In Fig.
2(a), we plot the free-carrier absorption coefficient
as a function of the film thickness with the photon
frequency Q = 28 THz (or 10.6 pm wavelength of
CO, laser) for photons polarized parallelly to the
layer plane. It is shown that || decreases with
increasing the film thickness and increases with
temperature. In Fig. 2(b), we plot the free-carrier
absorption coefficient as a function of the film
thickness with © = 28 THz. Since the imaginary
part of o« appears some significant values only with
d < 0.4 um except at T = 4.2K in which the imagi-
nary part of « vanishes [22], thus it can also be
approximated as a = |a| except T =42K. It is
shown that « decreases with increasing the film
thickness. However, the changing of & with temper-
ature does not appear in a regular trend. Some
small oscillations of the free-carrier absorption co-
efficient with the changing of the film thickness
demonstrate the confinement of electrons in these
quasi-two-dimensional structures. This phenom-
enon is coming from the interaction between
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Fig. 1. Free-carrier absorption coefficient in n-InSb films due to acoustic phonon coupling as a function of photon frequency with
d = 10 um for photons polarized (a) parallel and (b) perpendicular to the layer plane for various temperatures: T = 300K (—),

T=7TK (=), T =197K (=), and T = 42K ().

photons, phonons, and electrons in nondegenerate
semiconductors.

4.2. Piezoelectric coupling

We plot the free-carrier absorption coefficient in
n-type InSb films as a function of the photon fre-
quency with d = 10 um for photons polarized par-
allel to the layer plane as shown in Fig. 3(a). Since
the values of the imaginary part of a are quite small
compared to those of the real part of « [22], thus
o = |af. It can be seen that o decreases monotoni-
cally with increasing the photon frequency and
increases with temperature. While for photons po-
larized perpendicularly to the layer plane as shown
in Fig. 3(b), it is shown that « decreases monotoni-
cally with increasing the photon frequency, but
o decreases with increasing temperature. This is

different from that in Fig. 3(a) for photons polariz-
ed parallel to the layer plane. For this case, the
imaginary part of « appears quite small compared
with the real part of « in the order of 107¢ [22]. In
Fig. 4(a), the free-carrier absorption coeflicient is
plotted as a function of the film thickness with
2 =28 THz (or 10.6 pm wavelength of CO, laser)
for photons polarized parallel to the layer plane. It
can be seen that o decreases monotonically with
increasing the film thickness and also increases
with temperature. In Fig. 4(b), we plot the free-
carrier absorption coefficient as a function of the
film thickness for photons polarized perpendicular-
ly to the layer plane with Q = 28 THz (or 10.6 um
wavelength of CO, laser). It can be seen that in low
temperatures a decreases monotonically with in-
creasing the film thickness. But o decreases with
increasing temperature after the film thickness
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Fig. 2. Free-carrier absorption coefficient in n-InSb films due to acoustic phonon coupling as a function of the film thickness with
© =28 THz for photons polarized (a) parallel and (b) perpendicular to the layer plane for various temperatures: T = 300K (——),

T=7TK (=), T =19.7K (——-—--),and T = 42K (-").

d =3x107" pm. This is different from that Fig.
4(a). However, at higher temperatures such as
T = 77 and 300K, o oscillates with the film thick-
ness in a region of small thickness of films,
d <3x107' um, and then decreases monotoni-
cally with increasing the film thickness. This is
coming from the fact that there exists a cusp min-
imum point in the real part of « and there are some
oscillations in the imaginary part of  in the region
d<3x10"'um [22]. Moreover, the real and
imaginary parts of a in this region appear the
same order of numerical values. After passing
this region, the imaginary part of « drops abruptly
and discontinuously to a quite small value
compared with the real part of « as T =77 and
300K for the effect of phonons becoming more
considerably.

From our numerical results presented here, it is
shown that the free-carrier absorption coefficient in
n-type InSb films depends upon the photon polar-

ization, the photon frequency, the film thickness,
and the temperature. When the acoustic phonon
scattering is dominant, the free-carrier absorption
coefficient appears irregular dependence on tem-
perature for photons polarized perpendicularly to
the layer plane. However, when the piezoelectric
scattering is dominant, the free-carrier absorption
coefficient increases with decreasing temperature
for photons polarized perpendicularly to the layer
plane. Thus the dependence of temperature on
the free-carrier absorption coefficient for the
piezoelectric scattering is quite different from
that for the deformation-potential scattering in
this kind of polarization. We have also shown that
the effect of the nonparabolicity of electrons in
semiconductors will be relevant at high electron
energy and thus a high photon energies. At low
frequencies the parabolic band of electrons is a rea-
sonable approximation. The deviation for the
approximation at low frequencies will be from
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Fig. 3. Free-carrier absorption coefficient in n-InSb films due to piezoelectric coupling as a function of photon frequency with
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T=7TTK(-—=), T=197K (- —~-- ),and T = 42K (- )

This is very small if we take a limit n = 1.
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Appendix

Deformation-potential coupling

(i) When the photon is polarized parallel to the
layer plane,

e a -1 o Nr a,,
] S~ § Yol -2)

ni=1 ny
1 U 1
242 I Zif ()1
X {de a,,l.[ 41n<U,-}) + S(U'f)

1 _ .13 U
— g(U,-J}) Ly 4yn,-nf] + 2y 1[1_61n<U,-‘;>

| R 4
-7 Y /l(nf+/1n,-)21n<—3—U?f>

i=-1

| 1
+33 Y MUK +—yn,-nf:|}, (A1)

A=-1 3
where

2n4e2nek3 TECZI
Op =
D312 pvZm*edh?’

2
y = (ZZ)) , (A3)

(A2)
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Fig. 4. Free-carrier absorption coefficient in n-InSb films due to piezoelectric coupling as a function of the film thickness with
2 = 28 THz for photons polarized (a) parallel and (b) perpendicular to the layer plane for various temperatures: T = 300K (——),

T=7IK (-—-), T = 19.7K (- —+—— ), and T = 42K ().
h2k2
kT = 1E, = o (A4)
+ . 1
Uj =y(ny £ n)” — 2 (A.5)

and N, can be determined from
m < Ny <n; + dQ/mv,. (A.6)

(i) When the photon is polarized perpendicular-
ly to the layer plane,

© -1 o Ny N’
a=aD[lZ a,exp(—%)] Yoy XY ()

=1 ni=1lng=1n"=1

1 —cosm(n, +n
x,,i|: (f )+

1 — cosn(n; — n')|?
ne +n

ng—n

a\ | < VS + AE;
_ P ’ 1 if if
xe""( 2>{Z “<sz +AE;f)

+1 +1
+ Y'Y [Vif — Alexp[AVif — Eif]

p=-12=-1
xE[ — AV + E’if]}, (A7)

where

dkg T

. [ Eg Au Gy + A2, — A7 — Qnp,
v 2kg T dp, — Gy

f
hQa,,
kiaT(an, - an')

Vl',ft = (TCVSh )(n, T ni)(anf + an’)(anf - an’)a (AS)
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and the exponential-integral function E;(x) is de-
fined [23, 24] as

0 41 x !
Eix) = —J %—dt = J e?dt. (A.10)
N’ and N, are determined from
n < N' < Np<m +dQ/mv,. (A.11)

Piezoelectric coupling

(i) When the photon is polarized parallel to the
layer plane,

e a -1 Ny
~ou| Taew(-2)| " 5 5
=1 T m=1n;=1
X exp _ay, m*dzkaTa,,l nf+nl
27 n2h? r—n
+1 A
)
A*—l
oy 1 1
+ 2yninfln[16UifUif] —_ 8yn,~nf Eln('y) + 3
+1

=2y Y Alng + An)*In(ng + Any)

A=-1

— 4(In3ymn; + = [1 + 4y(n% + n?)] ln<g >}

if
(A.12)
where
64 2
= Q3ss/zep\r:§1;?*7;g:h2 (A-13)
and N, can be determined from
n < Ny <n; + d€Q2/my,. (A.14)

(i) When the photon is polarized perpendicular-
ly to the layer plane,

— yh?Q? Z a\ | !
x=ar kg T2 4exp 27

> . (n)*agal [1 —cosn(n, + 1)
<3 3% :
=Slng=1n=

= (a,, — ap)? ne+n

1— )P .
N cosn(nf,+n)j| exp<—(—lﬂ>
ny—n 2t

+n1 K Klf
(Lol ) i)

+1

+1
—(Kip)™ '+ Y Y AP[Ki;, uWif]

A=—1u=-1

+ (@, —aw) Y lQ[KEf,W{}]}, (A.15)

i=-1
where
-1
:'f = hQaﬂf(anf - an')
1

- aﬂia"f)(aﬂf - an’)_ ’

(A.16)

1 2 2
- 7Eg(anian’ + anf — Ay

Wl,fi = (nhvs/d)(n, + ni)(an; + an')(anf - an’)il,
(A.17)

2m*a, d*V
P(K, V)= —kBT{[S—Zln (i;";lz—ﬂx-l

dm*?aq2d*KV
——

2m*a, d*K 2m*a, d*V B

+ln< nzf‘zz >ln( ey >](K+V) 2
2m*a, d*V

+ In —W—— —1

2m*a, d* (K + V)] _ _
xln[ ey K2

+ [1 —In (ﬂ“‘f;fﬂﬂm +V)7!

— (kg TK™ 2~ K~ l)exP<k: )E <_é/?>
v ()i -
+(kBT)_1exp<%>Ei<_k“LT>

Am*2a2 d*KV
- {31(1 4V~ (kyT) 'In <%——>

x (K + V)”’+[2—21n<
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- 2kBTK_2}exp<K + V)E,-( _ K+ V) (A.18)
kT

K+V K+V
0K, V) = V"{exp( k:T )E,-(— k:T )

K-V K-V
—exp< kT )E,-(—— kT >}, (A.19)

N’ and N, can be determined from
<N < N;y<n+dQ/mv,. {A.20)

The sums over A or u with 2" indicate 4, 4 = — 1to
+1 without 0. For the notation for 4 or y, +1

)

means “ + 7, and —1 means “ — ",
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