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This paper reports the first observation of the optical mixing due to conduction electrons
in n-type germanium. The measured magnitude and anisotropy of the third-order suscepti-
lgilities are found to be in good agreement with the nonparabolicity effect calculated with a
Ik *P method involving eight bands at the L point in the reciprocal lattice. It is concluded that
the mechanism of momentum-dependent relaxation times contributes negligibly to the ob-

served nonlinearity.

Optical mixing due to conduction electrons in
semiconductors has been the subject of several
recent publications.'™" In GaAs and other UI-V
"semiconductors, » 2 it has been found that both
bound (valence) electrons and conduction electrons
contribute to the observed nonlinearity. It ap-
pears certain that the conduction-electron non-
linearity observed in these semiconductors arises
from the momentum-dependent effective mass
(nonparabolicity effect) of the conduction elec-
trons, 3~ rather than the momentum-dependent
relaxation times® 7 of these electrons. However,
no optical mixing attributable to conduction elec-
trons has hitherto been observed in the elemental
semiconductors Si and Ge. The purpose of this
paper is to report the first observation of optical
mixing due to the conduction electrons in n-type
Ge samples. The measured magnitude and anisot-
ropy of the third-order susceptibilities are found
to be in reasonable agreement with the nonparabol-
icity effect calculated with a k. P calculation in-
volving eight bands at the L point in the reciprocal
lattice. It is concluded that the relaxation-time
mechanism contributes negligibly to the observed
conduction-electron nonlinearity in Ge.®

The experimental setup used to measure the
third-order nonlinearities is similar to that em-
ployed by previous workers, 1,2 and is shown sche-
matically in Fig. 1. Two CO, lasers, frequency
selected to lase at 9.6 p (w,) and 10.6 p (w,),
respectively, were synchronously @ switched to
emit light pulses about 300 nsec in duration. The
output from the two lasers were made collinear
through a 50% beam splitter and then amplified
using a 2-m CO, laser amplifier. The output from
the amplifier, with about 5 kW in each line, was
focused onto the sample with a 25-cm BaF, lens.
The signal generated at the combination frequency
of 8.7 u (wy=2w, ~w,) was then passed through a
3-m Jarrell-Ash spectrometer, detected with a
copper-doped Ge detector, and averaged with a

2

Brookdeal boxcar integrator.

The [110] slices of germanium were obtained
from Eagle-Pitcher in 5 mm thicknesses. The
carrier density was deduced from Hall-effect mea-
surements, assuming that the Hall and conductivity
mobilities were the same. The results were found
to be consistent with the resistivity measurements
quoted by the supplier. The samples withn=1.1
x10'* and 2.1%10'7 were polished and the two
faces made parallel to within 2 min of arc. The
parallelism for these two samples was made to
facilitate the anisotropy measurements to be de-
scribed below. Other samples used had a wedge
as large as 15 min. For the combination fre-
quency generation at w;, each sample was tilted
away from normal incidence by about 20° to avoid
complications arising from the presence of chan-
nel spectra at the incident and signal frequencies.

Figure 2 shows the relative values of the
square of the third-order coefficient for Ge sam-
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FIG. 2. Dependence of [cyyy; 1% as a function of carrier
concentration. The solid curve is a plot of (1 +bn)? with
5=0.5x10""", and the dashed curve is a plot of 1+ (b'%)?
with & =0.85%10"!", These represent, respectively,
the case when the conduction-electron nonlinearity adds
in phase (solid curve) to the valence-electron nonlinear-
ity, and the case when the two nonlinearities add in
quadrature (dashed curve).

ples with varying carrier concentration. These
values were deduced from measurements of the
signal power at w; with the E fields polarized
along the [001] crystal direction, taking into ac-
count the losses due to free-carrier absorption.
The measured signal power actually decreases
with increasing carrier concentration because of
the rapid onset of free-carrier absorption. The
absorption constant was measured for all samples
at the wavelengths of interest. This and other
parameters used to deduce the third-order coef-
ficients? are given in Table I.

Figure 3 shows the relative signal power gen-
erated in the intrinsic sample, and the sample__No.
6 with % =2,1x10'" cm?® as the direction of the E
field relative to the crystal axis is varied. The
error bars reflect the mean deviation of the sig-
nals from the four equivalent [111] directions, the
two equivalent [110] directions, and the two equiv-
alent [001] directions which occur in a [110]plane.
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FIG. 3. Angular dependence of the signal power gen-
erated at the combination frequency w; from the intrinsic
sample (upper data points) and from the sample with
n=2.1x10!" cm® (lower data points). The upper curve
is a best fit using Eq. (2), and the lower curve is a plot
of Eq. (2) with a=-0.26.

For a crystal with cubic symmetry, the third-
order nonlinear polarization induced at the com-
bination frequency w3 = 2w, - w, is given phenom-
enologically by®

P =3¢115 (B E;E;+aEEE;8y)) . (1)
Here a=(c1111/3C1125) = 1; Cy125 and cyyq; are the
two independent components of a fourth-rank
tensor; the coefficient @ is a measure of the de-
gree of anisotropym; a=0 (and hence 3¢;y95=C1111)
for an isotropic medium. With the incident E
fields polarized in a [110] plane, the resulting
signal power at wg is given by

W (wg) e | (3¢1122)*[1 +a(2 cos*d
+sin%0) +a%(cos®0 + £ stn%)]| , (2)

where 6 is the angle between the [001] axis in the

TABLE I. Parameters used to deduce the value of lcyyy4 1% in Fig. 2 from the measured power at ws. ! is the sample
thickness, @ is the measured absorption coefficient, Ak=2k,— ky — k3.

Sample N(em™%) I (mm) a(8.7p) a(9.6u) a(10.6p) Ak(em™)
1 1.1x10% 3.96 0 0 0 -1.7
2 6.9x10%° 4.88 0 0 0 -1.7
3 1.7x1016 4,73 0.23 0.29 0.42 -1.7
4 4,5x1018 3.96 0.55 0.70 0.83 -0.9
5 1.5x1017 4.95 2.3 2.6 3.2 -0.6
6 2.1x10%7 3.96 3.3 4.1 5.0 -0.3
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plane and the direction of the E fields.

For intrinsic samples, one deduces from the
upper curve of Fig. 2 that a=~0.38+0.02.

For more heavily doped samples, it is seen from
Fig. 3 that the angular dependence of the signal
power is markedly different. For the sample
with #=2.1X10' cm-3, one finds that a=- 0. 28
+0.05. This difference in the anisotropy is clear
evidence for the presence of the conduction-elec-
tron nonlinearity. Analysis of the data in Fig. 2
further indicates that in the sample No. 6 this
additional nonlinearity is responsible for about
(60+10)% of the observed power at w;. The un-
certainty in the percentage reflects our inability
to determine whether the conduction- and val-
ence-electron nonlinearities add in phase or in
quadrature.

As an estimate of the conduction-electron non-
linearity due to the_»nonparabolicity effect, we
have employed the k- p perturbation approach'?
and the band parameters“’ available for Ge to cal-
culate to fourth order the e-versus-k relation
near the conduction-band edge L,:

()2 €g + (12/2m,) % + (2 /2m ) )2
=37t m PE) (1 = my/mg)?
X(1.4k,*+0.8k,%,2+0.005%,%) . (3)

Here m, is the free-electron mass: E,~ 2.2 eV
is the direct-band gap (L,~Lj); m, and m, are,
respectively, the longitudinal and transverse ef-
fective masses at the conduction-band edge; and
ky,and k, are, respectively_z the longitudinal and
transverse components of k. In arriving at the
values in Eq. (3), the spin-orbit coupling has been
neglected, and it has been assumed that the mo-
mentum matrix elements for the allowed transi-
tions between the eight bands at the L point are the
same.' Explicit calculation shows that the non-
parabolicity in Eq. (3) comes mostly from the
coupling between the three bands L, Lj, and Ly,
so that knowledge of the exact energy value for
other band edges is not critical.

The third-order nonlinear polarization due to
the nonparabolicity in Eq. (3) is given by’

PP (w,) = 3n(e?/m PE wi w,w3)(1 —=my/mg)?
X E2E,(1.4sin’a +0.4 sina cos®a) ,
‘(13)(0)3) = %1’!(64/7’”121':3 wiwwg)(1 - m_‘/mo)z
XEZ2 E,(0.4sin’a cosa) , (4)

where 7 is the electron density in the conduction
band and @ is the angle between the applied fields
(E, and E,) and the [111] direction under consid-
eration. The corresponding macroscopic coef-
ficients 3cqy,(n) and a(n) due to the conduction

electrons are obtained by averaging Eq. (4) over
the four tetrahedrally coordinated conduction-
band ellipsoids. Thus, one obtains

3¢1100(n) = 0. Tnle*/m 2 E w3 w,w;)
X(l —ml/mo)z (5)

and a(z)= - 0. 14 independently of the conduction-
electron density. With #=2.1x10" cm®?, Eq. (5)
gives 3¢ 105()=0.75X107% esu and ¢;14;(n)

= 8¢1122(n) [1+a(n)]=0.65x1071° esu.

1t is noted earlier that with =2.1X10', the
valence and conduction electrons contribute com-
parably to the observed nonlinearity. Taking as
a reference the calculated value of ¢qy1,(n)=0.65
%x107!° esu for the conduction electrons and as-
suming that these two contributions add in phase, ®
it follows that c,;4; (valence)=0.65x10-° esu for
the intrinsic samples of Ge. This value is in
reasonable agreement with the value of (1.2+0.7)
x10~1° esu reported in Ref. 2. Furthermore, by
combining the observed anisotropy coefficient for
the intrinsic sample and sample No. 6 (Fig. 2),
one deduces a(n) =-0.18+0.09 for the anisotropy
of the conduction-electron nonlinearity, again in
reasonable agreement with the calculated value of
—0.14 due to the nonparabolicity effect.

An alternative explanation for the observed con-
duction-electron nonlinearity is the momentum-
dependent relaxation times of the conduction elec-
trons. For the heavily doped sample No. 6, where
both acoustic and ionized impurity scattering are
present, an upper limit for the relaxation-time
nonlinearity is estimated from Eq. (12) of Ref.

5 to be lower than the corresponding nonparabol-
icity effect by about a factor of 5. In the actual
case, the presence of intervalley scattering and
scattering by optical phonons tends to further re-
duce this nonlinearity. One thus expects that the
relaxation-time mechanism is probably unimpor-
tant in Ge. As a check that this is indeed the
case, we have studied the temperature dependence
of the signal power at w; in the sample with »
=2.1x10" cm?. The nonlinearity is expected to
be nearly temperature independent for the non-
parabolicity effect, but should be sharply tempera-
ture dependent for the relaxation-time mecha-
nism.® As the temperature was varied between
300 and 110 °K, a factor-of-2 increase in the ob-
served signal power was recorded at the lower
temperature. While this increase is consistent
with the nonparabolicity effect when the slight
reduction in the free-carrier absorption is taken
into account, a net decrease by a factor of 2 in
the signal power would have been recorded if the
relaxation-time mechanism were operative. It
is thus concluded that the relaxation-time mech-
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anism contributes negligibly to the observed con-
duction-electron nonlinearity in Ge.
It is a pleasure to acknowledge the many helpful
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discussions with R.W. Terhune and the invaluable
assistance of R. Crain throughout the experiments.
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Several new properties which are characteristic of energy-band-tail states have been mea-
sured by transient photoluminescence in samples of GaAs heavily doped with silicon and par-
tially compensated. Their dependence on temperature, doping and excitation intensity, and
geometry has been determined. The primary results are the wide range (~ 100:1) of lumi-
nescent rise and decay times within the single emission kand found at low temperatures,
these times increasing monotonically with decreasing energy. These results are ascribed
to the localized nature of band-tail states and to the necessary spatial separation of states
in the tails of the valence and conduction bands. These observations also lead to the con-
clusion that thermalization times of the deeper band tails are very long — exceeding the car-

rier lifetimes, which reach several microseconds in some cases. Therefore, quasiequi-
librium conditions do not develop in any of these experiments.

I. INTRODUCTION

Optical measurements have become very power-
ful aids to our understanding of both the intrinsic
character of solids and the properties of defects
within them. The present work is concerned with
the nature of the luminescence associated with the
presence of high concentrations of charged impu-
rities in semiconductors. For this purpose, it has
been found that GaAs: Si provides an interesting
system. We regard it, however, as a convenient

prototype; most of the conclusions reached here
should apply to other cases of heavily doped semi-
conductors and certain disordered materials.

It is generally accepted that high concentrations
of impurities in semiconductors create “tails” in
the distribution of allowed states as a function of
energy, these band tails extending into the normal-
ly forbidden gap. !=® The conditions which must be
met for this description to be appropriate are (i)
low binding energy of the impurities and (i) im-
purity concentration high enough so that the spatially



