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The Kane model for saddle-point excitons is applied to CdTe, ZnTe, ZnSe, and HgTe by
studying the shape of the imaginary part of the dielectric constant €, obtained by reflectivity
measurements at 10°K. We have obtained |mg/m,| =28 for CdTe and 20 for ZnTe but we have
not been able to measure the ratio for ZnSe or HgTe.

The effect of the interaction between electron
and hole at an M, critical point is a very controver-
sial problem.! An experimental approach? to this
problem was suggested several years ago by
Cardona and Harbeke. In the last few years, sev-
eral theoreticians®=® have treated the subject, but
the first complete calculation was only performed
quite recently by Kane.! He based his calculation
on the fact that, at the L point, in the blende struc-
ture, m,=m,>0 and |my| > m,, where m,, m,, and
mg are the principal effective masses. Kane used
the adiabatic approximation to solve the Schrédinger
equation of the exciton:

2 2 3 2
by P By € =
<2m1 * zma * zma KT)Q(IV) Eé(r) ’ (1)

where &(») is the envelope function.
The imaginary part of dielectric constant €, is
written
2 2
e2=3%’z—§27§) | Py |26(E, - E, - iw), ()
where
Py =(U,|PlUy) 2(0)VY

is the matrix element of momentum between initial

and final states, U; and U; are the cell periodic
parts of the Bloch function at critical point, and V
is the volume.

Following Kane’s calculation, Eq. (2) can be
written

2/ p2
€w)= awz(m—”;%%%ﬂzv%g& E )

where a, is Bohr radius, N =4 is number of critical
points, (P?),,=3(P%,, =PF? K, is the dielectric
constant, m,, is the reduced mass, and S, (w) is
a function taking into account the continuum struc-
ture and the structure associated with the two-di-
mensional bound state. The peak is asymmetric
and drops sharply on the high-energy side.

In Fig. 1 we have plotted the reflectivity curves®
of CdTe, ZnTe, ZnSe, and HgTe, in the region of

Agyy Ngy~ AGc
Agy—~ Ag.

transition ,
transition .

These curves were obtained with the sample temper-
ature at 10 °K by an apparatus described previously.”
The excitonic peaks and the structure of the criti-
cal point are clearly seen for CdTe and ZnTe.
However, we do not observe the critical-point
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structure for ZnSe and HgTe.
CdTe

We have calculated €, by the Kramers-Kronig
relations [Fig. 2(a)]. In order to isolate the con-
tribution from one of the spin-orbit split bands, we
assume® that both bands give contributions of the
same shape and amplitude, but shifted by 0. 57 eV.
Thus €,(w) has the form

€(w)=3.5+¢€5(w) +€5(w — Ay)
€h(w)=0 if fiw<2. 60 eV. @
Using the values of the different parameters oc-
curing in Eq. (3) (see Table I), we calculate®
€,=6.3S,,, near 3.5¢eV . (5)

We have taken our energy zero and zero for S, to
coincide; the experimental amplitude of €} is 8.5:

Set=1.35. (6)

This corresponds to |mg/m4| =28.

In Fig. 2(b) the solid curve is €,(w); the theoreti-
cal curve (dashed) was computed for mass ratio
—40. The amplitudes were scaled to make the peaks
agree; we see that the energy scale agrees very

well, The theoretical binding energy is
1 m, e m,, e
th_ Drs gt =
Es 2 +35)° my MKE =2 my T°KZ 0.16 eV

because the term n =0 contains 95% of the oscillator
strength, and the experimental value is 0.15 eV.
Thus, in spite of the fact that the lifetime broad-
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FIG. 1. Reflectivity curves for ZnTe, CdTe, ZnSe,

HgTe at 10°K.
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FIG. 2. (a) Imaginary part of dielectric constant €, in
CdTe. (b) The solid curve is €}(w)—the contribution of
one of the spin-orbit components to €, in CdTe; the dashed
line is theoretical curve computed for |mg/myl =40. (c)
The solid curve is €}(w)-~-the contribution of one of the
spin-orbit components to €, in ZnTe; the dashed line is
theoretical curve computed for | mg/my| =40.
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ening is not included in the theory, the agreement
between experiment and theory is quite satisfactory;
however, the value of !mgs/m,| =28 is twice as
strong as that obtained by Kane.’

Figure 2(a) also shows the results of a previous
experiment in CdTe.!® The discrepancy between the
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TABLE I. Numerical parameters which have been used
for the calculation of €,,
P2 EG A1 Ko My E':Bh
@uw) (V) (eV) V)
CdTe 0.31% 3,61 0.57° 7.05° 0.149m,% 0.16
ZnTe 0.24% 3.86° 0.57° 7.28° 0.204m® 0.20
ZnSe 0.26% 2 0.29° 6.1% 0.245my¢ 0.3
HgTe 0.21% ?  0.62°

aCalculated by taking a three-band formula
i1 2 (z Pt 1_P
m§ my mg \3 Eg, 3 EG0 +Ay

"Our experimental results-at 10°K.

°K. K. Kanazawa and F. C. Brown, Phys. Rev. 135A,
1757 (1964).

dCalculated by three-band formula

_l_h_1_+ﬁZP2<._1_+ 1 )
ma mg  my \Eg = Eg +A()
11 P < 1 >
—_—a— g — |- —_— ],
My My my E61
°R. Le Toullec, Ph. D. dissertation, Paris, 1968 (un-

published).
3. s. Mitra, J. Phys. Soc. Japan Suppl. 21, 61 (1966).

two experimental results [see Fig. 2(a)] may arise
from two sources: (i) pollution of the sample at

low temperature—to avoid this, we work in a vacu-
um of 10"° mm of Hg; and (ii) the limiting conditions
of the Kramers-Kronig transformation.

We do not know of any direct theoretical calcula-
tion of m3 and m, on the II-VI compounds; however,
we can compare our results to the value lmy/m, |
~ 11 obtained for InSb!! by the K- P method.

ZnTe

Using a similar analysis for ZnTe, we have
adopted the function

€(w)=€h(w) +e5(w - Ay) +2. 40,

€h(w)=0 if Tw <3.20eV ; @)
using values taken from Table I we find

€,="7.1S;,; near 3.75 eV. (8)

The height of the peak of €,(w) [Fig. 2(c)] is 8. 25,
from which we conclude that
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which corresponds to |my/m,! = 20.

While there is agreement between the shape of
the theoretical and experimental curves, there is
a significant energy shift between the two peaks

=0.20 eV and E3™=0.11eV .

The experimental value of the binding energy is
weaker than the theoretical value. However the
band structure of ZnTe is very similar to that of
CdTe, and from the relatively large ratio of the
effective masses |mg/m,| =20, the adiabatic approx-
imation is still valid.

ZnSe

We were not able to determine the binding energy
and the ratio m;/m, for ZnSe because it is not pos-
sible to see the critical point (Fig. 1). This can be
explained by the fact that the spin-orbit splitting
A;=0.29 eV is nearly equal to the binding energy
of the exciton. Thus the structure of the critical
point is overlapped by the exciton peak associated
to the transition Lg,~ Lg,.

None of the preceding effects were observed for
HgTe, probably because of the low binding energy
Eg"=0.04, which is much too small (as in II-V
compounds) to be resolved in these experiments.

For the four compounds studied, we have used
the high-frequency dielectric constant K,; this is
justified by the fact that

Tox < (ﬁ/mrlwo)l/z ’

where q,, is the radius of the exciton orbit and w,
the optical mode v1brat10na1 frequency. The value
of agy= (K /m,)aq is 25 A for CdTe, 19 A for ZnTe,
and 13 A for ZnSe, and (ﬁ/mnwo)UQN 120 A.

In conclusion, it seems that the Kane model ap-
plies well to the II-VI compounds. However, we
can observe that the agreement between the theory
and experiment decreases in going from CdTe to
ZnTe and to ZnSe. This corresponds to a decreas-
ing of the radius of the exciton orbit and in the lim-
iting case of ZnSe the Wannier exciton model may
no longer hold.
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Acoustoelectrically amplified domains of ultrasonic flux in GaAs were used for analyses of
various phonon interactions by Brillouin-scattering techniques. Both the growth of the flux from
the thermal equilibrium phonon spectrum and particularly the attenuation (after the amplifying
voltage pulse was shut off) were studied as a function of ultrasonic frequency in the broad range
from 0.3 to 4.0 GHz at 300 °K. The data were analyzed to give the magnitude and frequency de-
pendence of both the acoustoelectric gain and the lattice attenuation in the weak-flux regime.
Comparison with small-signal gain theory in the ¢l ~1 range, for piezoelectrially active [110]
shear waves, gave good agreement. The lattice attenuation was determined not only for the
amplified shear waves but also for the piezoelectrically inactive longitudinal waves, which were
obtained by mode conversion upon reflection of the amplified shear-wave domain. The fre-
quency dependence of the attenuation, proportional to f"8 and f"3, respectively, fell well below
the expected f? behavior. In the strong-flux regime, striking anomalous attention was found,
consisting of a too-rapid initial attenuation of low frequencies, and too-slow initial attenuation
of higher frequencies. These results are interpreted to represent a dominant trend of up-con-
version of intense ultrasonic flux from low to high frequencies by nonlinear frequency-mixing
processes. Evidence is summarized favoring such frequency-mixing processes, over possible
variation in the frequency dependence of the acoustoelectric gain in strong flux, as a dominant

factor in the evolution of the strong~flux spectrum both in growth and attenuation.

I. INTRODUCTION

Domains of intense acoustic flux, containing a
rather broad band of frequencies in the low-GHz
range, can be produced in piezoelectric semicon-
ductors by acoustoelectric amplification of phonons
from the thermal equilibrium spectrum.!? By
means of Brillouin-scattering techniques, 2 it is
possible to use such domains to follow the growth
and attenuation of the various frequency compo-
nents of the amplified acoustic flux and thus study
various types of phonon interactions as a function
of phonon frequency and intensity. Those studied
in some detail in the present work include (a) the
acoustoelectric interaction, ® a term applied here
in the restricted sense of referring only to the ex-
change of energy and momentum between the elec-
trons and the beam of amplified phonons, (b) the
ordinary lattice attenuation of the amplified flux
via the nonelectronic interaction with the thermal
phonons of the lattice, and (c) phonon-phonon inter-
actions of electronic origin which are a nonlinear
extension?"® of the acoustoelectric interaction and
arise from the interaction of bunched electrons of
one frequency with the piezoelectric fields associ-
ated with other frequencies. The resulting non-
linear mixing of frequencies and parametric inter-

actions cause up- and down-conversion in the fre-
quencies of the acoustoelectrically amplified flux.

In analyzing these phonon interactions, we are
faced with two problems: In general, the interac-
tions coexist, making it necessary to devise meth-
ods of distinguishing them from one another; and
the interactions are, in different degree, depend-
ent on the intensity and spectral composition of the
amplified flux. In sufficiently weak flux, where
only the small-signal acoustoelectric and lattice-
attenuation processes are present, these interac-
tions can be separated fairly easily by making
growth or attenuation measurements under variable
current conditions, since only the acoustoelectric
interaction is current dependent. The analysis be-
comes much more difficult in strong flux where
deviations of the growth and attenuation from small-
signal theory become evident. A most important
observation there is the rapid shift and continued
evolution of the spectral distribution of the ampli-
fied acoustic flux as it continues to grow.?? The
problem of interpretation boils down to distinguish-
ing between (i) a shift in the frequency dependence
of the acoustoelectric interaction in strong flux and
(ii) the onset of mixing and frequency conversion
of the acoustic flux via interaction (c) above.

Our investigation of these problems was restricted



