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The exponential convergence factors ensure the ab-
solute convergence of the two infinite sums over m3 and
ss3 Hence, the order of these sums is immaterial. Sum-
ming first over e3 and cr, we may safely set q3

——0, for
the series is convergent. Hence, we obtain

On the other hand, we can check directly that we re-
quire in (A1) only one convergence factor. That is,

S(eg~ga) =S(ca~0)=S(0,eg). (A6)

Hence subtracting Eq. (A.3) from Eq. (A.4), we obtain

S(e3,0)= Q P e "»'$u. (mg,. u)" k )]*
+=1 m3~0

XLa)'u (ma, (o',kp)]. (A3)

Similarly, if we sum first over m3 and ~, we obtain
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or
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P e ""'Lu.(ma (o" k )]*u.(ma (o',k,) =0
m
——1 m3=0

v=1 n3=0 if
X ((o"u.(n3,.I",k,)]*, (A4) (A8)

but the dummy variable q3,e3,a- can clearly be replaced
by ez,map. . Furthermore, &o" is real. Hence, Eq. (A4)
reduces to

3S 00

S(0,e3)=(o" P P e ""'Lu.(m3, (o" k )]*
+=1 m3=0

Xu.(ma, (o',k,). (A5)

and, since ~3 is arbitrary, we can now go to the limit
e3~0+. This proves Eq. (4.17) for ao'W&o'2. A similar
analysis leads to the proof of the Dirac delta-function
normalization indicated in Eq. (4.17). We note here
that the entire limiting procedure can be dispensed
with when u is a surface mode, for then the e's them-
selves are exponentially bounded.
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Current saturation due to acoustic oscillations in CdS is observed, both in a transverse mode and in a
longitudinal mode. The most pronounced saturation occurred in the transverse mode, although the applied
dc field was parallel to the c axis, and one should expect saturation mainly in the longitudinal mode. A
method for determining the threshold field for oscillation, utilizing the buildup time for current saturation
under applied pulsed dc electric field, is discussed. The threshold field is used to determine the electron
drift mobility for photoconducting CdS in the temperature range from 204 to 438'K. The temperature de-
pendence of the mobility can be described as a combination of scattering from lattice vibration and trapping
from two impurity levels, e&=0.02 eV with density N1=6)&10' cm I and c2=0.1 eV with density N&=8X10'
cm ', and is given by

1.28X10'T '&
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I. INTRODUCTION
' 'N their theoretical analysis of acoustoelectric ampli-
~ ~ fication in piezoelectric semiconductors, Hutson and
White" indicated that trapped charge could have a large
inQuence on the propagation constants, but made no
use of this concept in their experimental verification of
acoustoelectric amplification in CdS.' Several authors~'
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have ignored this effect, while others have given the
effect an extensive treatment. ' Moore and Smith'
have considered the effect of traps on acoustoelectric
current saturation in CdS, I,nd have shown that the
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trapping effects are temperature-dependent and have a
large influence on the electron drift mobility.

Acoustic waves are rejected at the ends of a crystal,
and a piezoelectric semiconductor may therefore break
into self-sustained acoustic oscillations if the round-
trip gain exceeds unity. These oscillations give rise to
current saturation and deviation from Ohm's law.
Several authors'" " have used this deviation in the
current-voltage (I V) ch-aracteristic to determine the
electron drift mobility in CdS crystals.

There is some discrepancy in the literature with
respect to the sound velocity to be used in calculating
the electron drift mobility from saturation measure-
ments. Smith" and Moore" found the same threshold
voltages for semiconducting samples with the electric
field parallel (E~~c) and perpendicular (EJ c) to the
hexagonal axis, and used the longitudinal sound velocity
in their calculations, because this gave the most reason-
able drift mobility. McFee" also found the same thresh-
old voltage for saturation in photoconducting samples
with R c and EJ c; however, he found that the sample
with E c needed a much larger voltage for amplification
of an external acoustic signal. He concluded that both
sample types oscillated in the transverse mode, and
that the saturation in the longitudinal-wave sample is
brought about by the amplification of shear waves whose
wave vector makes a finite angle with the hexagonal axis.

In the present experiment, the electric field was
parallel to the c axis and we would expect oscillations in
the longitudinal mode. By observing the transient
behavior of current pulses we were able to show that two
distinct modes of oscillation occurred. Comparison of
the threshold voltages for these two modes with the
threshold voltage for amplification of longitudinal
waves, as obtained from an auxiliary acoustic-amplifier
experiment, led to the conclusion that the lower voltage
saturation is caused by shear-wave amplification, and
that also longitudinal oscillations occur at higher
voltages. Thus, our experiments strongly support
McFee's conclusions. " Since the longitudinal-wave
saturation took place only in a limited temperature
range, the threshold voltage for the more pronounced
shear-wave saturation, and hence the transverse sound
velocity, was used to determine the trap-controlled
electron drift mobility as a function of temperature.

II. EXPERIMENTAL APPARATUS AND
TECHNIQUES

A. Sample

The CdS sample used in this experiment was cut from
a photoconducting Eagle-Picher boule single crystal
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with a dark resistivity of approximately 30 kQ cm. The
crystal was oriented such that the electric field was
parallel to the hexagonal axis of symmetry. Evaporated
indium contacts were applied to the optically Qat end
planes. The sample length was 1.21 mm, and the cross-
sectional area was approximately 10 mm'.

B. Apparatus

The CdS crystal was placed in a reservoir filled with
isopropanol for low-temperature measurements and
silicon oil for high-temperature measurements, in order
to ensure constant temperature during measurements.
The reservoir was placed in a Dewar system with
liquid nitrogen as coolant in the outer Dewar and
gaseous nitrogen as heat exchanger in the inner Dewar.
The temperature was varied by means of a heating coil
in the reservoir and measured with a thermocouple.
The voltage pulses were supplied by a variable pulse
generator and amplified by a pulse amplifier. The current
pulses were monitored by means of an inductive current
pickup and oscilloscope.

C. Experimental Method

A CdS crystal may break into self-sustained acoustic
oscillations if the round-trip gain of an acoustic wave
exceeds unity. The acoustoelectric current associated
with the oscillations subtracts from the applied current,
causing deviation from Ohm's law. A necessary require-
ment for acoustic amplification is that the electron drift
velocity exceeds the phase velocity of the acoustic wave.
Hence, the applied drift field must exceed a certain
threshold before oscillation starts. If we observe the
transients, as a drift field above the threshold value is
switched on, we find that the initial current is in
accordance with Ohm's law. After a time v, the current
starts decreasing to a lower level. 7- is the time it takes
for the acoustic Aux to build up in the crystal; it should
therefore be inversely proportional to the acoustic gain.
Experimental curves for 1/r versus drift field resemble
qualitatively the theoretical curves for the round-trip
gain, and the threshold value of the drift field is given
by the intersection of the 1/r —versus —drift-field curve
with the field axis. The roung-trip gain is determined by
the gain of the forward wave, the attenuation of the
backward wave, the internal losses, and the reQection
losses; however, as a first approximation, only the gain
of the forward wave and the attenuation of the back-
ward wave need be considered. At zero gain, this leads
to the well-known relationship'

where e& is the drift velocity of the electrons; p& is the
drift mobility of the electrons; v, is the phase velocity
of the acoustic wave; &o.=o/e is the conductivity relax-
ation frequency; a&n = v, '/D„=v, 'e/1iqkT is the diffusion
frequency; a is the conductivity; e is the dielectric
constant; D„is the electron diGusion constant; e is
the electron charge; k is the Boltzman constant; T is



746 AND REAS RANNESTAD

the temperature in 'K; and Eti, is the threshold Geld.
This gives the following value for the drift mobility:

11+4—I

=
I

1+4
Ephor conJ EthE 'D, 8 )

Rearranging and substituting appropriate values for
CdS, one has
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where the subscripts l and f refer to saturation caused
by longitudinal and transverse sound waves,
respectively.

We shall consider some possible sources of error. In
addition to the attenuation in the backward direction,
which is included in Eq. (2), there are also reflection
losses and internal losses. The reQection losses were
made small by making the end planes highly rejecting,
and the internal losses are small. Thus these losses have
little inQuence on the result when the measurements are
performed with high acoustic gain in the crystal. How-
ever, these losses may have a relatively large inhuence
at low acoustic gain.

Another source of error is a possible inhomogeneous
Geld distribution in the sample. Part of the voltage
falls across a narrow boundary layer, and there may
also be an inhomogeneous Geld distribution within the
crystal itself. However, the sample used in this experi-
ment has a very linear current-voltage characteristic
below the threshold voltage, such that the neglect of
inhomogeneities is believed to have little inhuence on

Frc. 1.Typical current pulses for varying voltage (100—1700 V).
Time scale 10 @sec per major division, current scale 100 mA per
major division, and sample temperature 258'K.
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the results. Electro-optical measurements also indicate
a nearly homogeneous field distribution in CdS crystals
before saturation occurs. '~ An important source of error
is the phase velocity used in Eq. (2c). Since the trans-
verse waves propagate at an angle with respect to the
drift Geld (E~~c axis), a phase velocity in excess of
1.75X10' cm/sec should be used when calculating the
electron drift mobility. The experimental measurements
indicate a 10%%u~ increase, but since the phase velocity
could not be determined accurately the above given
value was used. It should be emphasized. that the sources
of errors discussed all act in the same direction, and the
result is an absolute lower bound for the mobility.

III. RESULTS AND INTERPRETATION

Figure 1 shows a typical picture of the current pulses
for applied voltages from the lowest trace 100 to 1700 V
in 100 V steps. The temperature of the sample was
258'I, the time scale 10 @sec per major division, and
the current scale 100mA per major division. The picture
clearly shows how the time for the onset of saturation
changes with applied voltage. As the voltage increases,
the time 7 decreases, goes through a minimum, and
then starts to increase.

Figure 2 shows some typical plots of 1/r versus
applied Geld. The plots show that the field required for

~7 H. J. Fossum, Norwegian Defense Research Establish-
ment Scientihc Report No. 2, Contract No. AF61(052)-958
(unpublished).

Drift field (Yl cm)

FIG. 2. 1/v versus applied electric Geld for diferent temperatures.
Sample conductivity =3& 10 ' (0 cm) '.
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FIG. 3. Typical current pulse for double saturation (1300 V).
Time scale 10 psec per major division and sample at room
temperature.

the onset of saturation increases as the temperature is
lowered from 343 to 218'K, while the curves steadily
broaden. This is in accordance with theory. The plots
also indicate that for decreasing temperature, the maxi-
mum gain decreases, goes through a minimum, and
then starts to increase. Assuming that we have maxi-
mum ampli6cation for the angular frequency
re= (rein)'ls and neglecting the effects from trapping
and the reQected wave, we And that the maximum in
gain should. be proportional to (IrsT) '". We w—ould
therefore expect the minimum gain point to be at a
higher temperature than that for maximum electron
drift mobility, while in the present case we see that the
minimum gain point is shifted to a lower temperature.
No adequate explanation has been found for this shift
in the minimum gain point. At higher temperatures,
double current saturation was observed. A typical
picture of the current pulse under conditions for double
saturation is shown in Fig. 3.The picture was taken with
a pulse voltage at 1300 V, the time scale is 10 p,sec per
major division, and the sample was at room tempera-
ture. Figure 4 gives 1/r versus applied electric Geld for
double saturation. The sample temperature was 343'K
and the conductivity approximately 3X10—' (0 cm) —'.
Assuming that the low-voltage saturation is due to a
transverse mode and the high-voltage saturation is due
to a longitudinal mode, we obtain the following elec-
tron drift mobilities from Eqs. (2b) and (2c):

pq, ~
——79 cms/V sec, and ps, t=88 cm'/V sec.

This is a good indication that our assumptions are
correct. Other experiments at this laboratory have
shown similar results. "For a further verification of our
assumptions, we placed the sample in an experimental
acoustoelectric amplifier for longitudinal waves, and
found the point of zero gain at 780 V, while we noticed
saturation in the crystal at much lower voltages. This
threshold voltage gives an. electron drift mobility of
ps, E

——70 cm'/V sec which is in good agreement with the
drift mobility found by the saturation method at room
temperature. In view of the above experimental findings,
we concluded that the main saturation was in the trans-

~'L. 0. Svaasand, Norwegian Defense Research Establish-
ment Scienti6c Report No. 12, Contract No, AF61(052)-484
(unpublished).

verse mode, and the second saturation in the longi-
tudinal mode. Figure 4 shows that the total gain is
considerably higher in the transverse mode than in. the
longitudinal mode. The higher gain for shear-wave
amplification usually suppressed the longitudinal oscil-
lations to the extent that these were not observed.

Using the experimental values of the threshold 6eM
obtained from the 1/r versus applied Geld curves in

Eq. (2c), we obtain the electron drift mobilities
plotted in Fig. 5.

The low experimental values for the electron drift
mobility are assumed to be due to extensive trapping in
the crystal. From a simple model with discrete trapping
levels we get the following general expressions for the
temperature depence of the drift mobility'9:

0.30—

6.10—

2500 5000 7500

Drift field (Vl cm)

10000

Fro. 4. 1/r versus applied electric 6eld for double satura-
tion. Sample temperature-343'K and conductivity =3X10 '
(0 cm)

—'

» A. Rannestad, Norwegian Defense Research Establish-
ment Scienti6c Report No. 1, Contract No. AF61(0.52)-958
(unpublished).

where e is the number of free electrons; e~ is the number
of trapped electrons; p, is the electron drift mobility
without trapping; X, is the effective density of states
in the conduction band; E~ is the density of trapping
levels; and ~& is the energy difference between the bottom
of the conduction band and the trapping level.
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the experimental values was found by assuming two
trapping levels: a shallow level at ei ——0.02 eV with a
density E&=6X10" cm ', and a deep level at e&=0.1
eV with a density E~——8)&10"cm '. The electron drift
mobility is then given by

S.28' &067-3i~
pg= cm'/V sec, (6)

I + ]4202'—8/2~0. 02 Ikr+ 1892'—3 l2~0.1 I kT

which is plotted in Fig. 5.
It should be noted that the most critical parameter

in Eq. (6) is e~. A change in a~ from 0.1 eV to 0.11 eV will
cause a change in the value for the electron drift
mobility from 16 to 7.5 cm'/V sec at 200'K. The
inQuence decreases with increasing temperature and is
reduced to about 20% at room temperature. A 10%
change in X~ will cause about a 10% change in the drift
mobility at 200'K. This influence is reduced to about
half at room temperature. A 10% change in er with
the appropriate change in E» will have considerably
less inQuence on the drift mobility.

20— IV. MSCUSSION
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FIG. 5. Temperature dependence of electron drift mobility.
The solid line is the theoretical curve with parameters chosen to
fit the experimental points. Sample conductivity =5X10
(0 cm) '.
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This equation is essentially the same as the one used
by Spear and Mort'0 and Moore and Smith. ' Spear and
Mort" and Bradberry and Spear" measured the elec-
tron drift mobility by studying the charge transport in
CdS crystals, and found that the electron mobility due
to lattice scattering was given by"

pj=1.28 X10'T 'i' cm'/V sec. (4)

They also found that high-mobility CdS crystals
have a shallow trapping level with activation energy
that decreases with increasing trap density, and the
energy is given by'

(5)
where

ep
——0.049 eV,

a=4.2&(10 ' eV cm.

Neglecting impurity scattering and inserting the values
given in Eqs. (4) and (5) into Eq. (3), a good fit with

The upper bound for the trap-controlled electron
drift mobility is given by the lattice mobility. Since the
sources of errors in measuring the mobility by acousto-
electric saturation, such as neglect to consider the
backward attenuation, reflection losses, and inhomo-
geneous field distribution, all act in the same direction
such that the experimental results are an absolute lower
bound for the mobility, the experimental measurements
of the electron drift mobility should not exceed the
lattice mobility. Spear and Mort" found the lattice
mobility given in Eq. (4), and this is in good agreement
with the data obtained by Kroger et al."and Miyazawa
et al. ," while Piper and Halsted" found the lattice
mobility to be about 50% higher. The lattice mobility
given in Eq. (4) is used in this paper.

In comparing the earlier measured trap-controlled
electron drift mobilities with the given lattice mobility,
one finds that most experimental results obtained by
using the saturation method give a drift mobility
higher than the lattice mobility of Eq. (4) at high
temperatures. "" ' If one includes the contribution of
the backward attenuation, this is even more pronounced.
Since the lattice mobility should be the upper bound for
the electron drift mobility and the results of McFee"
as well as of the present experiment show that the
transverse mode may give the strongest saturation, it
seems most likely that the saturation was due to trans-

"F.A. Kroger, H. J. Vink, and J. Volger, Physica 20, 1095
(1954).

"H. Miyazawa, H. Maeda, and H. Tomishima, J. Phys. Soc.
Japan 14, 41 (1959).' W. W. Piper and R. E. Halsted, in Proceedings of the Inter-
national Conference on Semiconductor Physics, Prague, l960
(Academic Press Inc. , New York, 1961), p. 1046.
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&~=0.025 eV with %~=3.5X10'~ cm '; and curve 3,
the data presented in Fig. 5. Figure 6 shows that the
data 6t very weH with the simple trapping model and
are in good agreement with the empirical relation
between the shallow trapping level and the trap density
found by Spear and Mort" and given by Eq. (5).

Bradberry and Spear, " in low-mobility crystals,
mainly in boule crystals made by Eagle-Picher, found
that the electron drift mobility was controlled by a
deep trapping level at O.I5—0.16 eV. The crystal used in
the present experiment had an intermediate mobility
and indicated a deep trapping level at 0.1 eV. The
difference in the energy of the deep trapping level found
in the two experiments could indicate that there exist
several trapping levels, but a verification of this can
only be found by further experiments.
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I'"IG. 6. Temperature dependence of electron drift mobility,
comparison with earlier experiments. pL„lattice mobility (Ref. 20);
1, lshida et al. {Ref. 16); 2, Moore and Smith (Ref. 9); and 3,
present experiment. I'See text for further explanations. )

verse acoustic waves also in the experiments referred to
above.

In order to compare the earher results with the present
results and to see how they fit into the simple trapping
model given in Eq. (6), the data obtained by Ishida
et al." and the data obtained by Moore and Smithe

for the photoconducting sample were recalculated, using
Eq. (2c), and plotted in Fig. 6. The solid lines come
from the measured data, while the dashed lines are
calculated from Eq. (6).In Fig. 6, the following symbols
are used: pr„lattice mobility from Eq. (4); curve 1,
Ishida e$ al "0.= 10 ' and ~~

——0.04 eV with E~——9&(10"
cm 3; curve 2, Moore and Smith, o 0 assumed 10 3 and

The present experiment clearly shows that one may
obtain current saturation because of ampli6cation of
both transverse and longitudinal acoustic waves ln a
longitudinal-wave photoconducting CdS sample, and
that the gain in the transverse mode may be larger than
the gain in the longitudinal mode. It is shown that the
data obtained by Ishida et ul."and Moore and Smith'
for photoconducting CdS samples lie below the upper
limit given by the lattice mobility if one assumes satura-
tion in the transverse mode, while they exceed this
limit at higher temperatures if one assumes saturation
in the longitudinal mode. We conclude that the satura-
tion is more pronounced in the transverse mode, and
suggest that the samples used by other authors' "'~'6
have oscillated in a transverse mode.

The experimental values of the electron drift mobility
6t well with a simple model using two trapping levels:
a shaHow trapping level, which is in good agreement
with the endings of Spear and Mort, " the data of
Ishida et al." and of Moore and Smith, ' and a deep
trapping level with an energy of about ~~ of that found
by Bradberry and Spear" for a very low-mobility
sample. From these observations, one may conclude
that the electron drift mobility is trap controlled and
that there exist at least two trapping levels.
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