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The velocity and attenuation of 35-GHz longitudinal ¢-axis acoustic phonons have been mea-
sured as a function of temperature and free-carrier concentration by high-resolution Brillouin
spectroscopy. These measurements determine both the acoustoelectric and the anharmonic
contributions to the phonon damping for comparison to theoretical models.

1. INTRODUCTION

The velocity and attenuation of 35-GHz longitudi-
nal c-axis hypersonic waves have been measured
as a function of temperature between 100 and 400 °K
in both high- and low-conductivity cadmium sulfide.
Data are obtained by high-resolution thermal
Brillouin spectroscopy employing tandem inter -
ferometer analysis of the back-scattered 6328-A
light. The acoustoelectric and the anharmonic
contributions to the Brillouin linewidth—hence the
acoustic attenuation—are distinguished by their
dependence on temperature and electron cencentra-
tion. The anharmonic damping increases mono-
tonically with temperature and is quite similar to

that observed previously in a-quartz,® which is an
insulator, This phonon-phonon interaction is com-
pared to a recent theory by Niklasson? from which
it is found that a single-relaxation-time approxi-
mation for thermal phonons poorly represents the
data. The acoustoelectric damping, manifest as

a low-temperature peak, is examined with an acous-
tic frequency on the order of the dielectric-relaxa-
tion and diffusion frequencies. Also, since the
acoustic wavelength here is on the order of the elec-
tron mean free path, generalization of the low-fre-
quency Hutson-White® acoustoelectric theory must
be made. Diffusion effects play a significant role
in this high-frequency study, so the results are
sensitive to space-charge trapping. Furthermore
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the data indicate some evidence for an energy-depen-
dent relaxation-time approximation for the Boltz-

mann collision integral.

Brillouin scattering has been demonstrated by

others*~® to be an effective probe of the high-acous-
tic-flux domains generated by strong electric fields
in piezoelectric semiconductors.

Brillouin shift was inferred from the small scat-
tering angle, and the intensity and polarization
properties of the scattered light gave information
about the domain composition, *’® In addition,
Smith® has been able to observe and spectrally
analyze the thermal-phonon background with no ap-
plied field. The present experiment is a higher-

resolution extension of these previous works, capa-
ble of giving detailed information about the acous-

tical interaction with the electrons and phonons in

the crystal.

II. EXPERIMENTAL RESULTS

Usually the small

The high-resolution Brillouin spectrometer used
to obtain the hypersonic velocity and attenuation in

CdS is shown in Fig. 1(a).

The signal-averaging

and drift-compensating features of the apparatus
have been discussed by Durand and Pine” except
for the interferometer prefilter necessitated by

the strong unshifted light scattered from the defects
and surfaces of the crystals.

filter is a pressure-tuned plane-parallel Fabry-
Perot (PPFP) interferometer withafree spectral
range adjusted for overlap of the Brillouin-Stokes
and anti-Stokes spectra, as seen in the trace of

Fig. 1(d).

With the filter tuned for this overlap,

the accumulated data of the multiscanned high-
resolution confocal spherical Fabry-Perot (CSFP)
interferometer are shown in Figs. 1(b) and 1(c).
There low-temperature spectra for high- and low-
conductivity samples of CdS are displayed. The
crystals are mounted on the cold finger of a double

This low-resolution

Dewar with a thermocouple embedded in the mount.
The high-conductivity sample (o=0.07 mho/cm

at 300 °K) is nominally pure 2x2x1-cm® crystal
grown by Harshaw. The low-conductivity sample
(o9 < 10”5 mho/cm at 300 °K in the dark) is a sulfur-
compensated nominally pure 1Xx1X 1-cm® crystal
grown by Crysteco. They are oriented for back
scattering from longitudinal-acoustic waves prop-
agating along with ¢ axis within ~2°, The single-
mode He-Ne laser emits ~5 mW at 6328 A which
is enough to give good counting statistics through
the tandem interferometers with integration times
of 10-60 sec.

The Brillouin shift v, and the linewidth 6v ob-
tained from the two samples are plotted in Fig. 2
as a function of temperature. Here v is the full
width at half-maximum of a Lorentzian line shape
which, when convolved with the instrumental pro-
file, fits the experimental width. The linewidth
is proportional to the acoustic attenuation or damp-
ing, and the srharmonic and acoustoelectric con-
tributions are additive. In the low-conductivity
crystal the acoustoelectric effect is negligible,
so the solid and dashed lines are the smoothed ex-
perimental division of the high-conductivity data
into a phonon-phonon width 5v, and an electron-
phonon width &v,. The Brillouin shifts in Fig. 2(a),
from which the sound velocity is computed, are
precise to within 0.1%. Therefore the difference
in vy at low temperature for the high- and low-o,
crystals is outside of experimental error and
probably results from the acoustoelectric-relaxa-
tion dispersion. These results are analyzed and
compared with theory and other experiments in
Secs. III-V.

III. VELOCITY OF SOUND

The Brillouin shift is related to the sound velocity
v(d) by
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FIG. 2. Brillouin shift and linewidth from longitudinal-
acoustic phonons along ¢ axis in CdS.

vy = [2n0(d)/2;]sins 6 (1)

where A; is the incident-light wavelength, » is the
index of refraction at A; and temperature 7', and 6
is the scattering angle. In the back-scattering
geometry, 6=180°; so the phonon frequency
w=v(gq)q=2mvy is maximized and the frequency,
spread 6v, due to a finite acceptance angle 56 is
minimized.” This small spread of 1.3 MHz for
CdS is due to the explicit angular dependence in (1)
and the anisotropy in v(§); the correction has been
applied to the data in Fig. 2(b).

The velocity of the c-axis longitudinal -acoustic
phonon is plotted from the Brillouin shift in Fig. 3
along with lower-frequency determinations. The
refractive index at 295 °K is taken from the prism
measurement of Bieniewski and Czyzak® and its
temperature dependence from the fringe counting
method of Langer.? The discrepancies among the
various velocity measurements at 295 °K are about
the maximum expected dispersion (~1.2%) due to
the variable electron screening of the piezoelectric
stiffening. The theory of this dispersion is re-
viewed later; it results in higher velocity for higher
frequency or lower conductivity. However, the
low-temperature velocity discrepancy between the
Brillouin data and Gerlich’s'® ultrasonic measure-
ments is much too large to resolve in this way and
is far outside experimental error, The refractive-
index data of Langer® are most suspect in this
regard since his slope n/9T at 295 °K is a factor
of 3 greater than that of Thomas and Sopori!! who
used the same technique for 72295 °K; a final
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determination of the temperature dependence awaits
more definitive n(T) data. Also, it is felt that this
discrepancy is not caused by a sample dependence
or misorientation since several crystals were
found to be within the limits of Fig. 2(a) and the
velocity anisotropy is small, 10:12

IV. ANHARMONIC DAMPING

Acoustic attenuation from phonon-phonon colli-
sions occurs from two distinct processes. First,
the acoustic wave may decay into two lower-fre-
quency phonons, and second it may scatter a
higher-frequency phonon. The first decay scheme
is very wave-vector dependent and is generally
negligible compared to the scattering process for
acoustic wave vector ¢, much less than the zone-
edge wave vector Q.. The scattering process,
on the other hand, can explain the order of mag-
nitude of the anharmonic damping and has been the
subject of many theoretical models.? =18 The
recent Green’s-function theory by Niklasson? is the
most general of these in that it is appropriate for
the widest range of experimental conditions and
in that the preceding models may all be derived
from it as limiting cases.

With the assumptions of harmonic and anhar-
monic isotropy and a single relaxation time for
thermal phonons dominated by umklapp rather than
normal processes, Niklasson gives for the phonon-
phonon linewidth or attenuation,

ov, awle)  v:C,T i (w)
~Z—VL - 2) " T apli(q) Im(](w) * 2w7,—i[(w)> ,
(2a)

Q

I(w)=jEI i dQstzi(Q)n,(Q)[l+n,(Q)]G(Q,w>/
0

4.9

48—
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FIG. 3. Velocity of longitudinal-acoustic phonons along

¢ axis in CdS from Brillouin scattering and ultrasonics
measurements.
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10° 10 factors #,(Q), group velocities 8Q,/8Q, and uniform
relaxation time 7,. C, is the heat capacity at con-
stant volume, p is the density, and y is the averaged
m\ dimensionless Griineisen parameter of order unity
which scales the anharmonicity. The formal theory
\ of Niklasson does not require the approximations
of isotropy and a lifetime independent of Q,(Q).

a? However, the theory is more tractable in this form
and contact can be made with independently mea-
sured parameters. It is of interest to see if these
assumptions are too restrictive toexplain the
Brillouin data.

The thermal-phonon relaxation time is calculated
from the thermal conductivity « in CdS measured
10" by Holland'® according to

L Liidl

7o (sec)

k=3 C,0°T, ®)

and is plotted in Fig, 4. Here the velocity v is a
Debye average of the longitudinal- and transverse-
— acoustic velocities given by

T=(30;°+30;%)*~2x10° cm/sec for CdS

0" | | | | | 10
0 50 100 150 200 250 300 350 (4)

T °K) The heat capacity is computed from the Debye
FIG. 4. Electron and thermal-phonon relaxation times in tlzior(li:(; X‘l(?rlnaa?e?t}i’seti;nﬁ erl;elazture Olf Z?Ot K ais ngls
Cds. .a ce ynamics calculation for
by Goel and Singh.
The anharmonic model of Woodruff and
2P C BT? Ehrenreich!* is derived from Eq. (2) in the disper-
—_— (2b) sionless case for which 2,(Q)=vQ, 6,(@)=1, and

ﬁZ ’
I(w)=6(Q,w)=In(1 - ZwT,)

1 1-iwT,[1+8,(Q)] )

G = 1 ——2 L : 2c
Q@) 8,(Q) n<1 —iwt,[1 - B,(Q)] ’ (2c) The damping predicted by this theoretical model is
present in Fig. 5 for comparison with the experi-

gj(Q)=(M> / vig) , (2d) mental anharmonic linewidth. Here the normaliza-
¢ tion ¥2=2. 3 is taken to fit the high-temperature
n,(Q)= (" @ /RT _ 1)t (2e) data. A similar calculation for thermal phonons

with a model dispersion
Here the thermal phonons of wave vector @ have P
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is virtually indistinguishable from the Woodruff-
Ehrenreich theory for the temperatures of interest.
An Einstein model for the thermal phonons, &,
independent of @, proposed by Bommel and Drans-
feld"? diverges significantly from the plotted theory
only for 7'<100 °K.

It is seen in Fig. 5 that the trend of the single-
relaxation-time theory does not well represent the
data. The reason for this is apparent from the
Woodruff-Ehrenreich model noting that w7,>5 for
the temperatures of this experiment. For w7,>1,
the temperature dependence of the damping is
dominated by the C, T factor of (2a) which is roughly
the shape of the theory in Fig. 5. Shorter lifetimes
only enhance this curvature giving a worse fit to
the data. This same conclusion was reached in an
earlier study of the anharmonic linewidth in a-
quartz.! There it was shown that the shape of the
curve could be improved by using a distributed
relaxation time in a theory due to Kwok.!” The
Kwok theory is equivalent to the Niklasson expres-
sion (2a) if the second term in the brackets is
omitted and 7, is taken to depend on @. This second
term arises from so-called vertex® or local-tem-
perature correlations and becomes negligible for
large wT,. In the quartz work the model for T,,(Q)
was taken to be anharmonic decay of the thermal
phonon into two lower-frequency modes. This
model also can be fit to the CdS data, but it is not
given since no independent measure of 7,(Q) exists.

V. ACOUSTOELECTRIC DAMPING

Acoustic attenuation by electron-phonon colli-
sions in piezoelectric semiconductors was first
considered by Hutson and White.® Their classical
approach with a local relation between currents and
fields was implicitly restricted to gl <<1. Here ¢
is the phonon wave vector and ! is the electron
mean free path. Several workers?'~2% have used
a Boltzmann-equation formulation to generalize the
theory for all gl. The resultant theory with no ex-
ternal fields is

v, _ a(g)

= =—(KZ +KZ)ImH |, (5a)
—”—(%%6%(—0—) =-K&+ (K2 +K&)ReH |, (5b)
1iifw/wy (5¢)

T14ilw, /w+fw/w,)

Here the electromechanical coupling constants for
piezoelectric and deformation-potential interac-
tions are given by

Ko =d3s/2€5¢5; (6a)

(6b)

The piezoelectric constant dg3, the dielectric con-

K& =€3q°x%/26%y4
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stant €3, and the elastic constant cy3 are pertinent

to the c-axis longitudinal-acoustic phonon, For
Cds,? K% =0.012, and for a reasonable deforma-
tion potential x=10 eV, K2, ~107K2; so the piezo-
electric coupling dominates, The dielectric-relaxa-
tion frequency w, and the diffusion frequency w,

are given in terms of the frequency- and wave-
vector-dependent conductivity:

wc:(y(q’w)/€3 ’ (7&)
wp=2%(q)/Rq,w) , (7b)
R(g, ) =—212e:®) (1c)

:"_2-———:—“—
nge”(1 —iwT,)

Here 7, is the free-electron concentration and 7,
is the electron lifetime obtained from the mobility
data of Devlin® and plotted in Fig. 4. The dc
conductivity, mobility, and lifetime are related by

(7d)

The effective mass m* ~0. 2m for CdS. # The elec-
tron mean free path for nondegenerate statistics is
given by

1=T7,2RT/m*)"/?

Og=Mge lh =n‘,ez'r,3 /m*

(7e)

The high-conductivity sample has a carrier con-
centration #,=1,2x10" cm™, Defining a dimen-
sionless parameter

x=Q1-iwT,)/ql (8a)
the generalized conductivity may be written
o(g, ) =0y(2x/ql)[1 - 7'/ 2x F(x)] (8b)

where F(x) is related to the plasma-dispersion
function, 28

F(x):ﬂ—lzra- e"zs et at (8c)

X

The theory for the attenuation and velocity disper-
sion, (5), is now completely defined except for the
parameter f which is the untrapped fraction of the
space charge.® As mentioned in connection with
the velocity measurements, the maximum disper-
sion, as seen in (5b), for high frequency or low
conductivity is [v (o) —v(o)]/v(O):K:‘e.

In this Brillouin experiment, g/~1, so the gen-
eralized conductivity must be used. The Hutson-
White theory is derived by setting gl -0, where
o(g,w)=0,. The generalized theory (5)-(8) is
compared to the Hutson-White limit in Fig. 6 for
35-GHz phonons in the extreme cases of complete
(f=0)and no (f=1) trapping. The Hutson-White
limit is at variance with the generalized theory
chiefly at low temperatures where gZ21, The
phonon frequency in this study is higher than the
diffusion frequency, in contrast to most earlier
ultrasonics experiments in CdS. The diffusion ef-
fects, which are turned on theoretically by setting
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FIG. 6. Experimental and theoretical acoustoelectric
damping in n-type CdS for » =35 GHz and n,=1.2x 10%°
em™3; The smoothed anharmonic-damping contribution
has been subtracted from the data; typical precision is
+ 5 MHz, giving rise to the large data scatter above
200 °K on the log plot. Hutson-White theory indicated by
0y, generalized theory by o(g, w); mobile space charge
fraction by f, Moore-Smith frequency-independent f model
by f, (see text).

f=1 since they enter via the factor fw/w,, reduce
the attenuation (or the gain in an acoustoelectric
amplifier) by nearly two orders of magnitude, This
is an important consideration when designing
acoustoelectric devices at high frequencies,

Clearly the theoretical model is a sensitive func-
tion of f; and since most of the data fall between
f=0and 1, a trapping model could be devised to
fit the data. In general, f may be a complex fre-
quency- and temperature-dependent function,

Moore and Smith?®’ have measured f in high-conduc- |

tivity CdS (semiconducting Eagle-Picher UHF crys-
tal) by a current-saturation technique. Their ex-
perimental data above 77 °K are explained by a
single-trap-level model given by

fo=[1+(N, /N,) eBe/*T]" )

Here N, =1.3x10' ¢cm™ is the trap concentration,
E,=0.017 eV is the trap activation energy, and

jon
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N,=4.2x10"T7%/% is the conduction-band density

of states. Ignoring for the moment the frequency
dependence of f and inserting f for f in (5), the
dashed curve of Fig. 6 results. This model ac-
counts for the trend of the data above 100 °K, but
the difference in samples may cause the disagree-
ment in detail. At lower temperatures, carrier
freezeout may give rise to the observed drop in
acoustoelectric damping—even below the f=1 curve
where the 25 °K datum is found. Direct conductivity
measurements made on the Harshaw crystal track
Devlin’s?® mobility down to 80 °K implying no
freezeout; however, at 25 °K the indium contacts
(ultrasonically bonded) cracked loose and no elec-
trical measurements could be made. Moore and
Smith®” did obtain evidence of carrier freezeout

at low temperatures in their semiconducting sam-
ple.

The frequency dependence of f, arising from
finite trapping times, has been discussed by sev-
eral authors, 2#27"% Trapping times measured by
Moore and Smith®? in CdS are too slow to follow
the Brillouin frequency at any temperature of this
experiment. Thus there should be little effective
trapping and the data should be compared to the
f=11limit in Fig. 6. The discrepancy here is
significant and may be due to the single-relaxation~
time assumption for the Boltzmann collision inte-
gral used in (5)-(8). Jacoboni and Prohofsky®°
have extended the theory of acoustoelectric absorp-
tion by using energy-dependent relaxation times,
They find an enhancement of the absorption at
high frequencies for a model calculation appropriate
to ionized impurity scattering in GaAs at 77 °K.
This is in qualitative agreement with these results
on CdS. However, only the average-mobility life-
time has been measured, so it is difficult to con-
firm any distributed 7, model for application to
this experiment.

In summary then for both the anharmonic and the
acoustoelectric damping, single-relaxation-time
theories are capable of explaining the magnitude,
but not the detailed shape, of the experimental at-
tenuation with no adjustable parameters. More
realistic theories exist but the parameters are not
easily measured. The relatively poor fit of the
simple models to the high-frequency Brillouin data
is something of a surprise because of the success
of these models for lower-frequency results,
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A weak resonant enhancement of the Brillouin-scattering cross section is observed as the
fundamental absorption edge of cadmium sulfide is thermally tuned through the incident radi-

ation at 5145 A
determined by optical absorption,

The data are compared to light-scattering theory where the parameters are
In regions of high absorption, the spectral width of the

Brillouin scattering is increased due to the optical wave-vector spread; this provides an in-

dependent measurement of the absorption.

I. INTRODUCTION

A weak resonant enhancement of the Brillouin-
scattering cross section is observed as the funda-
mental absorption edge of cadmium sulfide is
thermally tuned through the incident radiation at
5145 A. This study complements earlier measure-
ments by Tell, Worlock, and Martin® of the en-
hancement of the Pockel’s electro-optic coefficients
in CdS and ZnO. Here by back scattering from
thermal phonons, the highly absorbing band-gap
region can be approached more closely than with
the low-acoustic-frequency small-angle-scattering
technique used by Tell et al.' The resonant be-
havior for scattering from longitudinal acoustic
(LA) waves propagating along either the ¢ or a

axis is essentially the same. This implies that

the electro-optic contribution to the scattering from
the piezoelectric field associated with the c-axis
LA phonon? does not dominate the resonance effects
the way that the polar fields associated with the

LO phonons do in Raman scattering. When the
measured Brillouin count rate is suitably corrected
for the varying temperature and scattering volume,
the cross section is found to increase roughly as the
square root of the absorption. Between 100 and
300 °K the absorption increases by over three
orders of magnitude. This resonance enhancement
is characterized as weak since it is less than one
would predict by Loudon’s® theory assuming that
the electron-hole-pair states responsible for the
absorption are the intermediate virtual states of



