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OPTICAL MIXING BY MOBILE CARRIERS IN InSb

By L. KowaALczYK AND J. KOLODZIEICZAK
Institute of Physics, Polish Academy of Sciences, Warsaw*
(Received April 28, 1977)

Optical frequency mixing of electromagnetic waves in InSb is investigated experimen-
tally and analytically. Numerical results obtained from the general theory of nonlinear
free carrier optical phenomena are compared with experimental results for the special case
of mixing of two CO, laser beams in indium antimonide. The influence of nonparabolicity
of the band and electron scattering processes on the measured nonlinear effect is considered.
It is proved that nonlinearity associated with scattering of electrons by ionized impurities
can in some cases be important in InSb.

o

1. Introduction

The third-order nonlinear optical phenomena in semiconductors due to free electrons
were for the first time detected by Patel et al. [1]. They observed the optical mixing (i.e.
generation of radiation 2w, —®, and radiation 2w, —w,) of two laser beams of frequencies
@, and w, obtained from a Q-switched CO, laser in III—V semiconductors. In addition
the sum frequency 3w, was observed by them in InAs and GaAs. Generation of 20, —w,
radiation in GaAs with low electron concentrations was studied later by Wynne [2].

A large number of theoretical papers concerning nonlinear excitations of free carriers
in semiconductors have been published [3-12]. Wolff and Pearson [3] have given a pheno-
menological theory of nonlinear optical effects due to the mobile carriers in semiconductors,
They assumed that the only source of nonlinear properties of free electrons in semiconduc-
tors is due to the nonparabolicity of the energy band, so that the electron mass is energy-
-dependent. They started their calculations from the classical equation of motion. In such
a treatment the distribution of electrons in the band as well as electron scattering processes
have been neglected.

A more general and rigorous theory of nonlinear optical phenomena associated with
free carriers in semiconductors has been proposed by one of us in a number of papers [4-8].
This theory is based on the solution of the nonlinear Boltzmann equation. It has been
shown in papers [4-8] that there are two sources for nonlinear excitations of electrons
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in semiconductors. The first one is the energy dependence of the relaxation time and
the second one is the above-mentioned nonparabolicity of the band. The treatment of
nonlinear excitations of electrons from the point of view of the Boltzmann equation made
it possible to find the third-order conductivity tensor which depends on both of the
above-mentioned sources, The distribution of electrons in the band was taken into
account.

The influence of the energy dependence of electron relaxation time on nonlinear
phenomena was later considered by Kaw [9] and also by Krishnamurthy and Paranjape [10]
who investigated the “heating” effect of a strong electric field of laser radiation on electrons.
However Wang and Ressler [11] showed that the “heat-electron” approach to calculating
the carrier-scattering contribution to noniinear phenomena is inadequate, since it ighores
changes described in terms of higher-order derivatives of the distribution function.

The results of experimental investigations of nonlinear optical phenomena in semi-
conductors presented in the literature [1, 2] are too scarce to be used for an experimental
verification of the theories mentioned above. This was the main reason why we performed
an experiment in which we measured the effect of optical frequency mixing due to the

»free electrons in indium antimonide. The frequencies 2w, —w;, 203 — Wy, Wy+W®3—w;
" of the radiation generated in the InSb samples résult from the optical mixing of the laser
beams of fundamental frequencies @;, ®,, @3, obtained from the O-switched CO, high
power laser. We measured the power of the generated 2w, —w, radiation as a function
of temperature and electron concentration in InSb single crystals. From obtained experi-
mental results it was possible to analyse the influence of a scattering processes and band
nonparabolicity on the nonlinear excitation of electrons in indium antimonide. On the
ground of a general theory of the nonlinear excitation of electrons in semiconductors
[4-8] it was possible to derive the third-order conductivity tensor expressions for our
experlmental circumstances. Both the nonparabolicity of the band and the energy depen-
dence of the electron relaxation time in InSb were taken into account.

The contribution to third-order conductivity tensor arising from the scattering of
electrons by ionized impurities, optical and acoustic phonons was considered. Numerical
calculations of the power of 2w, — o, radiation generated in I 85 based on the theory
presented in papers [4-8] were compared with the results of Wolff and Pearson’s theory
and with the experimental data obtained in this work.

2. Experiment

The CO,—N,—He laser was operating in the Q-switched mode with the mirror
rotating at 100 rps. The time of laser pulse was 1 psec. The laser output consisted of several P
transitions of the 00°1 — 10°0 band near 10.6 y (w,) as well as several P and R transitions
of the 00°1 —02°0 band near 9.6 p (w,) and 9.3 p (w3). The laser radiation bards are shown
in Fig. 1. It can be seen that each band is composed of a number of sharp lines. The
frequency of each line correspords to the particular rotational-vibrational transitions
of CO, molecules. The power of the pulse was different for each band and equalled
P(w;,) = 1 kW, P(w;) = 0.8 kW, P(ws) = 0.7 kW (that is the sum of powers in all lines
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Fig. 1. Spectra of Q-switched CO, laser radiation: (a) 10.6 w (w,) transitions, (b) 9.6 p. (w5) transitions,

(©) 9.3 i (w3) transitions

of each band). The laser beam was focused by a NaCl lens on polished samples of IrSb
crystals (Fig. 2). The radiation generated in the sample by optical mixing of laser radiation
was analysed by a grating monochromator of high resolution. An interference filter was
employed which passed the radiation gencrated in the sample but retained the laser
radiation. The analysed radiation was detectcd by a thin film of Cd,Hg, -, Te graded crystal
-acting as a photoresistor working at liquid nitrogen temperature. The detector pulses were
passed through an amplifier of high sensitivity and observed on a CRT or summed by
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a Boxcar Integrator. The trigger pulses synchronizing the Boxcar Integrator with the
laser pulse, were obtained by reflecting the laser light pulse from the Brewster-angle
window. The use of the Boxcar Integrator improved the signal-to-noise ratio and allowed
for accurate relative measurements to be made by averaging the signal over many laser
pulses.

) NaCl NaCl
Mirror C0,-Ny—He Laser lens Sample Lens Filter

o ——————
\D/ \\> %ﬁc%’i%‘ Perkin -Elmer
Oscilloscope Monochromator
- Amplifier 4| %"::#::
Lens @ P f

NaCl Detector Lens
CdTe-HgTe NaCl

Boxcar
integrator

Detector
CdTe-Hgte

Fig. 2. Experimental set-up for studying optical frequency mixing of CO; laser radiation

Figures 3(a), (b) and (c) show mixed signals from—n InSb (n = 10'7 cm~3, T = 300 K).
The positions of the lines in Fig. 3(a) are given occurately by 2w, —w, (near 8.7 p). The
lines in Fig. 3(b) and (c) are given by 205 — w; and @, +;— o, Figures 3(a), (b), (¢) shown
only three typical mixed bands, although all possible frequency combinations were generated
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Fig. 3. Output spectra from z~InSb: (a) mixed signal at 8.7 u corresponding to 2w, —w,, (b) mixed signal
at 8.24 u corresponding to 2ws—w;, (c) mixed signal at 8.46 u corresponding to ws+ws—w;

and could have been studied. The obtained frequencies of mixed lines correspond to ones
expected from the frequencies of the laser radiation lines. The above experimental set-up
was used for measurements of dependence of 2w,~w, radiation on temperature and
electron concentration in InSb. The results are shown in Figs 5 and 6.

3. Interpretation

The theory presented in papers [4-8] makes it possible to calculate the third-order
conductivity tensor for semiconductors with nonparabolic energy band of ellipsoidal
symmetry and for any mechanism of electrons scattering.

In the case of linear polarization in the same direction of w, and w, radiation, and
assuming the presence of scalar momentum effective mass, the 2w, —w, conductivity can
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be expressed in the form

‘N
Gapse2003— 1) = 2 o {
92w, —wy) (— o) (wz)z <" —‘>
d
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where the indices np and sc specify the contributions due to nonparabolicity and energy-
-dependent scattering, respectively. e — electron energy, 4 — electronic charge, N — elec-
tron concentration, f, — Fermi-Dirac distribution function, m* — effective electron
mass, ©— relaxation time.

F is the operator

. _[(dy\"td
=1 (3) L0 ®

The brackets ) in Eq. (1) are defined as follows:
Ay = [ v*A@E)de. ©)

The function y(g) in the above equations determines the nonparabolicity of the conduction
band. -

In the simplified version of Kane’s band model (i.e. in which the energy of the spin-~
-orbit interaction is assumed to be much larger than the energy gap g,) this function is
given by the following relation:

;
yE) = ¢ <1+ —>. C))
88
According to Ref. [13] the energy dependence of the effective electron mass is given by
d -1
L F™
de

where mj is effective mass at the bottom of the conduction band. The energy-dependent
relaxation time in Eq. (1) is different for each scattering mechanism.
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According to paper [14], in the case of electron scattering by ionized impurities in
InSb the relaxation time is given by

1 ./ /dy\™ "
T = Ti? y* <E;) s (6)
where
xK2(2mi)*
Ti=_£'40)', (7)
ng N
x is dielectric constant.
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The generalized Fermi-Dirac integrals "Ly(y, ) are dcfined in [15] as follows:

@

"L(n, B) = j(— %{f) x"(x+ BxH)"(1 +2Bx) dx, an
0.
with
& &F koT
Y=o TS er ﬁ=s—g’

gp is the Fermi level, ko — the Boltzmann constant, T— temperature.
For electron scattering on acoustic phonons, the relaxation time is in the form [14]

1 dy\"*
T = Tae TEHS 3 12
F,. U ( da) (12)
where
nh?vo

Tpe =~ 23 » 13
2 koTEX(mE)? (13)

1.3e \2 [ \? e\ .
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ne ( &+t 28) (vT) i <b‘g -+ 28) (14)
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vy, vy is the longitudinal and transverse velocity of sound in crystals. E; — the defor-
mation potential constant, ¢ — the density of the crystal.
For electron scattering on optical phonons, the relaxation time is given by [14]

1 dy\~!
=1,—y|=) , 15
T topFop (dg) (15)

2Q(ko0)?
e Y/ (20)”’ o
87(gq*) (mo)
where M is the reduced ionic mass, 2 — the volume of the elementary cell, 6 — the Ein-
stein temperature, g* — the effective ionic charge.
The function F,, is given by [14]:

2 2 \?
£ € .
Fop=1- £ 43 d . an
2e 2&
1+ — 1+ —
& &

Tn analysing the pure effect associated with the nonparabolicity of the band, one has to
neglect the energy-dependence of the relaxation time and assume 7 = const.
The result for (2w, —w,) is as follows:

5¢*N
92w, ~ ;) (02)*(— @y)ey(mg)’t

O'np(zwz - wl) =

{w§(2w2 —w)+oi(dw,—o;) [ (03— ©,)0} +2w,(0} + 03)

(02— ) (o), Rz —w;) (0, — ;) (—wy)w,T
n °rf -2 p°LE
—(2w2—-w1)'c:|} {—zoi%f ~—5} (18)

The pure effect associated with the energy dependence of the relaxation time can be calcu-
lated as follows

Osc = anp-i-sc—o-np' (19)

Note that the employed energy dependence of relaxation time takes into account not
only the real energy band structure of the InSb crystal but also the mixing of valence
p-like components into the total wave functions of the conduction electrons. ;

The effect of electron scattering by ionized impurities and optical phonons was consid-
ered by Rustagi [22] but the energy dependence of relaxation time used by him was
incorrect because the electron wave functions concerned were not taken into account.
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4. Results and discussion

Numerical calculations of the third-order condﬁctivity tensor arising from: (a) non-
parabolicity of the band, (b) scattering of electrons by ionized impurities, (c) scattering
by acoustic phonons, (d) scattering by optical phonons were carried out in indium anti-

monide.

TABLE I
Symbol Value Reference

Band gap £(0) 023 eV [16]

Effective mass ms(0) 0.0145 mq (171

Dielectric constant *® 17.5 183

Reduced ionic mass M 0.99x10-2% g [14]

Einstein temperature 0 238°K [19]

Lattice constant a 6.48x 10~ cm [14]

Callen’s effective charge q* 0.13q [14]
cm

Longitudinal sound velocity L 3.4x 10% " [20}
. cm

Transverse sound velocity T 2.3%x10° = [20]

se

Crystal density 0 5.1 [21]
e eV

Temperature-dependence of band gap —ai;; 9.6x 10-% —Ii—' f16]

The values of parameters used in the calculations are given in Table I After
Ehrenreich [16] the dependence of effective mass on temperature in ISnb was assumed to
be of the form

mo(0)e(T)
80

The obtained values of the third-order conductivity tensor as a function o} electron
concentration are given in Fig. 4. The biggest contribution to the conductivity tensor is
due to the nonparabolicity of the band. The energy dependence of relaxation time gives
a significant contributions — the biggest contribution arises from the scattering of electrons
by ionized impurities.

The latter contribution increases strongly with increasing carrier concentration and
becomes dominant for concentrations bigger than 10'® cm—3, The energy-dependenc e o
the relaxation time of electrons scattered by acoustic phonons decreases the effect of optica
mixing.

Knowledge of the value of 2w, —w, conductivity permits us to determine the density
of radiation power generated in InSb. This power calculated from the theory presented
in papers [4-8] were compared with the results of Wolff and Pearson’s theory and with

mg(T) = (20)
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power measured in this work, as is shown in Fig. 5. Curve I was calculated from the
theory of Wolff and Pearson. Curves 2 and 3 show the results of calculations carried out
in this work from the theory presented in papers [4-8]. The dependernce shown by line 2
was obtained by assuming that the optical mixing effect is due only to the nonparabolicity
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Fig. 4. Real and imaginary parts of the third-order conductivity tensor ¢(Zw,—w,) as a function of
carrier concentration in n—InSb. oyp — conductivity due to band nonparabolicity, 6ij, Gac, Oop — CON-
ductivity due to energy dependence of relaxation time of electron scattered by ionized impurities and
acoustic and optical phonons
Fig. 5. Power of 2w, — w, radiation generated in n— InSb as a function of carrier concentration (7' = 300 K).
Theoretical results are normalized at the concentration 4.7 x 10'7 cm3. Theoretical curves are explained.
in the text

of the band. Taking into account the energy dependence of eleciron relaxation time leads.
to the function shown by line 3, which is in full agreement with experimental results.

The dependence of the power of 2w, —w, radiation on temperature in Ir.8b crystals.
was calculated and measured in this work for various electron concentrations (Fig. 6).



689

The dashed lines show the power of 2w, — w, radiation which was calculated on the assump-
tion that the optical mixing effect is due only to the nonparabolicity of the conduction band.
Considering simultaneously the energy dependence of relaxation time of electrons scattered
by ionized impurities yields to the function shown by the solid curves. The contribution
to optical mixing arising from the scattering by acoustic and optical phonons was negligible
in comparison with the effect of scattering by ionized impurities.

It is concluded that the results of numerical calculations obtained from the theory
presented in papers [4-8] show a much better agreement with the experimental values
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Fig. 6. Power of 2w,—, radiation generated in #—InSb as a function of temperature for various carrier

concentrations. Theoretical and experimental results are normalized at temperature 7 = 300 K. Dashed

line was calculated assuming that the optical mixing effect is due only to band nonparabolicity. Solid

line shows numerical results obtained in the case when the energy dependence of relaxation time of electrons
scattered by charged centers is also included

of power of 2w, —®, radiation than the results obtained from Wolff and Pzarson’s theory.
This is due to taking into account both, the statistical electron distribution in the band
as well as the electron scattering processes. The investigations carried out in this work have
proved that a particularly great contribution to the effect of optical mixing arises from
scattering of electrons by ionized impurities,
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