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Meapurements were made of the acoustic absorption coefficients of CdS and CdSe samples as a function of the 
electrical conductivity. This conductivity was controlled by varying illumination and temperature in the range 
300-1000 X: it was measured under dc and ac conditions. The experimental results did not fit the theories of 
absorption of sound by homogeneous piezoelectric semiconductors. A calculation was made of the absorption 
d c i e n t s  of doped piezoelectric semiconductors allowing for an internal random large-scale potential 
resulting from fluctuations of the impurity concentration. This approach made it possible to account for the 
experimental results not only qualitatively, but also in respect of the order of magnitude. The possibilities of 
simultaneous acoustic and electrical determination of the parameters of the internal random field and 
chemical potential were considered. 

PACS numbem 43.35.Cg, 77.60. + v, 62.65. + k 

1. INTRODUCTION 

When an acoustic wave travels in a piezoelectric semi- 
conductor crystal  oriented in such a way that the strain 
caused by this wave is accompanied by a longitudinal 
electric field (with the field vector E parallel to the wave 
vector k), conduction electrons interact with the field 
and this gives r i se  to energy absorption from the elastic 
wave. 

The absorption of sound in piezoelectric semiconduc- 
t o r s  has been investigated on many occasions both ex- 
perimentally and theoretically, particularly in connec- 
tion with the problems of amplification of sound (see the 
reviews in Refs. 1-3). The earl iest  investigations4 have 
established that, in spite of the basic agreement between 
the theory and acoustic experiments, it i s  usually neces- 
sa ry  to allow for additional factors. An improvement in 
the agreement between the theory and experiment re- 
sults if allowance i s  made for the trapping of carr iers .  
An equilibrium between the trapping levels and the con- 
duction band i s  established at a finite rate and, there- 
fore, i t  affects the processes of formation and drift of 
electron bunches in an electric field. This a p p r o a ~ h * ' ~  
accounts for the experimentally observed reduction in 
the absorption coefficient (gain) of sound and for the 
shift of the amplification threshold relative to the val- 
ues predicted by the theory for ideal crystals  and con- 
sidered a s  a function of the ratio of the frequency of 
ultrasound w and the time T,, taken to establish an equi- 
librium between the conduction band and trapping levels. 
However, the subsequent accumulation of experimental 
observations has resulted in new discrepancies between 
the theory and experiment.'-" 

Some piezoelectric semiconductor crystals  a r e  char- 
acterized by an anomalously strong absorption of elas- 
tic waves, a spectral dependence of the absorption co- 
efficient of sound on the wavelength of illumination, dis- 
agreement (with the theory) in respect of the position of 
the maximum of the acoustic absorption coefficient in 
the dependence on the electrical conductivity of a cryst- 
al, etc. This has stimulated new theoretical treatments 
in  which the experimental results have been explained 

by refining ear l ier  concepts but without affecting the 
main concept of the band energy structure of a crystal. 
For  example, the possibility of existence of several 
types of t rap  with different depths i s  considered in Ref. 
9 and this gives r i se  to an additional redistribution of 
the captured ca r r i e r s  between the traps in ultrasonic 
wave fields. The deformation interaction i s  allowed for 
in Ref. 10 in addition to the piezoelectric electron-phon- 
on interaction. Gulyaev et a1 .* put forward the hypothe- 
s i s  that a piezoelectric semiconductor crystal  may have 
electron impurity states with "built-in" dipole moments. 

This approach makes i t  possible, at least qualitative- 
ly, to account for the existing experimental results with 
the exception of the dependence of the absorption coeffi- 
cient of sound on the electrical conductivity of a crystal. 

However, the following extremely important circum- 
stance has been ignored in the interpretation of the ex- 
perimental data on the propagation of elastic waves in- 
teracting with conduction electrons in a piezoelectric 
semiconductor. Practically al l  the important piezoelec- 
tr ic semiconductors of the 11-VI type exhibit a strong 
photoconductivity, which i s  always used to optimize the 
conditions f o r  the interaction of elastic waves and con- 
duction electrons (conductivity control). The high photo- 
conductivity i s  frequently accompanied by slow relax- 
ation, whose characteristic time may range from tens 
of seconds to hours. None of the models which allow 
for the presence of trapping levels in the band gap can 
predict such very long relaxation t imes.  

It can be regarded a s  established that the long photo- 
conductivity relaxation times a r e  due to collective ener- 
gy ba r r i e r s  which appear in crystals  because of various 
inhom~geneit ies. '~"~ In macroscopically homogeneous 
crystals  the source of such inhomogeneities may be, for 
example, fluctuations of the donor o r  acceptor concen- 
tration. This accounts for many electrical and optical 
properties of semiconductor crystals. However, the 
role of these mechanisms in the acoustic processes and 
the possibility of invoking them to interpret the experi- 
mental results on piezoelectric semiconductors has 
hardly been considered, although it i s  quite c lear  that 
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the physical processes responsible for electrical con- 
duction and for the absorption of long-wavelength sound 
by conduction electrons (redistribution of the electron 
density in the electric field of an elastic wave) a re  ana- 
logous. Moreover, practically all 11-VI crystals a r e  
strongly compensated during growth.14 Therefore, they 
a re  necessarily characterized by a large-scale poten- 
tial which modulates the spatial distribution of the car-  
r ier  density. 

Our aim was a more detailed investigation of the mech- 
anism of the absorption of sound in piezoelectric semi- 
conductors and its relationship to the electrical conduc- 
tivity of a crystal and to the inhomogeneous distribution 
of carr iers  in a sample. 

2. EXPERIMENTAL RESULTS 

The earliest i n v e s t i g a t i ~ n d ' ~  established that the maxi- 
mum absorption coefficient (gain) of sound a! occurs at 
frequencies w which depend on the Maxwellian relaxa- 
tion frequency W,=U/E (a is the electrical conductivity 
and c is the permittivity) and on the diffusion frequency 
wd=va/d (v, i s  the velocity of sound and d i s  the elec- 
tron diffusion coefficient). Since under experimental 
conditions i t  i s  difficult to vary wd, i t  is usual to alter 
w,-for a fixed value of w- by altering the electrical 
conductivity because of photo-excitation. 

The electrical conductivity can be also altered by 
varying temperature. Measurements of a were carried 
out in this way on cadmium sulfide samples at low" and 
high" temperatures. These investigations showed that 
in the determination of cy a s  a function of temperature T 
a t  w<< wd there were relaxation maxima similar to those 
observed when a was determined as a function of the il- 
lumination intensity. 

Comprehensive investigations of cu a s  a function of the 
electrical conductivity for the same samples, when cu 
was varied within wide limits either by heating o r  illum- 
ination, have not yet been carried out although they 
should give an experimental answer to the question how 
equivalent a re  the two approaches because, according 
to the theories which allow for the presence of trapping 
level, the absorption coefficient of sound in the w<< wd 
case should depend only on the ratio of w and w, and be 
independent of the method used to vary a (see below). 

We investigated the absorption coefficient of sound of 
cadmium sulfide and selenide crystals by the echo pulse 
method at frequencies of 10'-10" Hz, which ensured that 
the condition w<< wd was well satisfied ( ~ , = 1 0 ' ~  sec-I). 
The dark conductivity of CdS samples was 10q-lO"O 
51-'. cm-', and that of CdSe was 10'8-10-s 51-I* cm-'. 
The conductivity was measured under dc conditions. 
Ohmic contacts were formed by evaporation of alumin- 
um. Variation of the illumination intensity made i t  pos- 
sible to increase the conductivity to $2-' . cm-', 
which reversed the inequality from 1 >>w/wM to w/w, 
>>I. Variation of temperature within the range 300- 
900 % made it possible to alter a so that either of these 
two inequalities was satisfied. The method used in the 
high-temperature acoustic measurements and the appar- 
atus employed were described in Ref. 16. The direction 

of the hexagonal axis was determined by x-ray diffrac- 
tion and by acoustic methods using the velocities of the 
longitudinal and transverse waves. The macroscopic 
homogeneity of the samples was checked by depositing 
aluminum stripe electrodes 0.5 mm wide a t  intervals of 
1 mm and determining the potential difference between 
them. The selected samples were homogeneous within 
the limits of the experimental error.  Moreover, the 
electromechanical coefficient, whose value governed 
the electron-phonon interaction, was determined. This 
was done by exciting elastic vibrations in a sample due 
to the intrinsic piezoelectric effect and measuring their 
amplitudes. The piezoelectric properties of CdS and 
CdSe samples were identical to within 15%. 

Measurements of a! were made for longitudinal and 
shear waves along directions ensuring an effective elec- 
tron-phonon interaction via the piezoelectric potential 
(piezoelectrically active directions) and also along other 
directions. In spite of the p r e l i m i n a r y ~ l e c t i o n ~ f  the 
crystals and the identity of their macroscopic proper- 
ties, the nature of the dependences of the absorption co- 
efficient of sound on the electrical conductivity depend- 
ed strongly on whether the conductivity was altered by 
illumination o r  by heating. 

Only some of the samples exhibited an absorption 
maximum when the condition w/w,=l was satisfied, ir- 
respective of the method used to vary the conductivity. 
In most cases the slow (lasting minutes) relaxation of 
the photoconductivity gave rise to considerable devia- 
tions. For one batch of samples there was no signifi- 
cant change in a! of the piezoelectrically active waves 
when the conductivity was altered by illumination and 
this was in spite of the fact that the whole range from 
1 >>w/w, to w/wy >>l was covered. On the other hand, 
when a was altered within the same range by an increase 
in temperature, there was a maximum of a on the 
scale but i ts  position did not coincide with the condition 
w/wM= 1 (Fig. 1 ). For another batch of samples the ab- 
sorption of sound did have an extremum in i ts  depen- 

An. dBlcm 

FIG. 1. Dependences of the absorption coefficient of longitudin- 
al sound on the electrical conductivity u of a CdS single 
crystal: the continuous curves represent piezoelectrically 
active waves and the dashed curve represents waves which are 
not piezoelectrically active; 1)-3), 5) conductivity U was alter- 
ed by varying temperature; 4) conductivity was altered by 
illumination; A) 15 MHz; 0) 25 MHz; *) 55 MHz. 
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FIG. 2. Same as Fig. 1: 1)-3). 7) conductivity o altered by 
varying temperature; 4)-6) conductivity u altered by illumina- 
tion. 

dence on the electrical conductivity, but the values of 
the conductivity corresponding to the maximum a! varied 
strongly depending on the method used to control u (Fig. 
2). The values of uT at the temperature maxima of a! 
were always several times higher than the values of a, 
corresponding to the maxima of a when the illumination 
intensity was varied. The other samples had acoustic 
properties intermediate between the two groups just de- 
scribed. The results plotted in Figs. 1 and 2 were ob- 
tained for CdS crystals. Similar results were recorded 
also for CdSe. One of the dependences i s  plotted in Fig. 
3 for  longitudinal piezoelectrically waves. The results 
a re  independent of the nature of the piezoelectrically 
active wave. By way of example, Fig. 4 shows the de- 
pendence of a! on the conductivity obtained for shear 
waves in a sample, of CdS showing no maximum of a! a s  
a function of the illumination intensity. 

The electrical conductivity of a crystal did not influ- 
ence the absorption of elastic waves traveling along non- 
piezoelectrically active directions (dashed curves in 
Figs. 1-3). An increase in temperature caused a! to 
rise monotonically within a narrow range and the fre- 
quency dependence of the absorption coefficient was very 
weak. The nature of the changes observed was very sim- 
i l a r  to the high-temperature absorption of sound in sili- 
con reported earlier." In other words, in the investi- 
gated range of frequencies, conductivities, and tempera- 
tures the mechanisms of the absorption of sound not as- 

FIG. 3.' Same as Fig. 1, but for a CdSe single crystal: 1)-5) 
conductivity 0 altered by varying temperature; 6), '7) conduc- 
tivity u altered by illumination; 0) 75 MHz. 

FIG. 4. Temperature dependences of the absorption coeffici- 
ent of shear waves of a CdS single crystal. The notation is 
the same as in Fig. 1. 

sociated with the electron-phonon interaction via the 
piezoelectric potential were not very effective and could 
be ignored. 

In addition to the acoustic investigations, we also car- 
ried out special measurements of u of different samples 
and at different frequencies. The measurements were 
made by an indirect method involving determination of 
the Q factor of a circuit in which a sample was connect- 
ed in parallel; an E4-7 Q meter was used. When the 
condition R,,>>u-' was obeyed (R,, i s  the equivalent re- 
sistance of the circuit) the experimental e r r o r  did not 
exceed 10%. This condition limited the frequency range 
of the measurements. 

Figure 5 shows typical dependences u(T) obtained a t  
frequencies lo5 and 10" Hz, and also under dc conditions 
deduced from the current-voltage characteristic. In all 
cases the contacts were ohmic (prepared by the evapora- 
tion of aluminum) and this was checked by measuring 
the electrical conductivity for both directions of the 
voltage. It is clear from the figure that a t  sufficiently 
high temperatures corresponding to the maxima of a! in 
the acoustic measurements the value of a depended ex- 
ponentially on temperature. The argument of the expo- 
nential function AE, occurring in the temperature depen- 
dence of the electrical conductivity was maximal for the 
dc measurements. It decreased somewhat on increase 
in the frequency. For the results shown in Fig. 5, the 
dc value was AE,=0.7 eV, whereas at 10' Hz it was AE, 

FIG. 5. Temperatures dependences of the electrical conduc- 
tivity of a CdS single crystal: 1) lo6 HZ; 2) lo5 Hz; 3) dc. 
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=0.6 eV. The most important feature of these results 
was the frequency dependence of the conductivity at fair- 
ly low (compared with the reciprocal of the electron mo- 
mentum relaxation time) frequencies. Increase in tem- 
perature weakened the frequency dependence of a. The 
photoconductivity relaxation t ime measured under dc 
conditions for  CdS and CdSe samples was 5-20 min at  
T= 300 "K. 

The main experimental results requiring special 
analysis were thus a s  follows. 

1. In the case of the samples exhibiting slow relaxa- 
tion of the photoconductivity the behavior of o! depended 
strongly on the method used to vary o, by altering tem- 
perature o r  illumination intensity, although the condition 
w/w,<< 1 was satisfied by a large margin. 

2. The amplitudes of the maxima of a considered a s  a 
function of the electrical conductivity at the same fre- 
quency were different f o r  different cadmium sulfide sin- 
gle crystals  with the same electromechanical coupling 
coefficient. 

3. The conductivities a,, corresponding to the maxi- 
m a  of a considered a s  a function of temperature, were 
shifted toward higher values compared with the values 
of a, corresponding to the maxima of a! as  a function of 
the illumination intensity. 

4. The values of the electrical conductivity measured 
directly by the dc method at temperatures correspond- 
ing to the maxima of a did not agree with the values cal- 
culated from the condition w/wM=l. 

3. DISCUSSION OF RESULTS 

We can easily show that these experimental observa- 
tions cannot be interpreted within the framework of the 
existing theory of the absorption of sound in piezoelec- 
tr ic semiconductors allowing only for the presence of 
discrete trapping levels in an  undistorted band gap. We 
can do this using the results of Ref. 5, because all the 
other  calculation^^"^'^ carried out in the w<< w,, approxi- 
mation give analogous results. 

It follows from the experimental results'that the de- 
formation electron-phonon interaction i s  ineffective in 
the investigated range of frequencies and this i s  in full 
agreement with the general theoretical  estimate^.^ 

According to Ref. 5, the absorption coefficient of elas- 
tic waves accompanied by a longitudinal piezoelectric 
field i s  

where q i s  the electromechanical coupling coefficient, 
v, i s  the velocity of the appropriate piezoelectrically 
active elastic wave, f o  i s  the unbound fraction of the 
space charge created by an ultrasonic wave 

We can easily show that in the case of a homogeneous 
semiconductor the condition w2/w,w,= k2A2 << 1 i s  satis-  

fied by frequencies not exceeding lo8 Hz (A i s  the Debye 
screening radius). Numerical estimates show that in 
the case of CdS and CdSe crystals  with any values of T,, 
andf, in the range w/w,a 0.1 at frequencies up to lo8 
Hz we have bf,w/w, <<a [graphs of the dependences 
a(wr,,,f,) and b(wre,,f0) a r e  plotted in Ref. 5 for a wide 
range of these parameters]. Therefore, in the model of 
a homogeneous piezoelectric semiconductor containing 
trapping levels in the band gap, we find that in the in- 
vestigated range of frequencies 

i.e., the dependence of the absorption coefficient of 
sound on w/wM i s  of the relaxation type. 

The dependence of the absorption coefficient of sound 
on the electrical conductivity given by Eq. (2) disagrees 
with the experimental results both quantitatively and 
qualitatively. In fact, according to Eq. (2), a maximum 
of LY should be observed always a t  w=w,=a/~ irrespec- 
tive of the method used to reach the necessary value of 
a,  but the experimental results show that this i s  not al- 
ways so. Moreover, the amplitude of the maximum 
should be $g2w/vo, i.e., for a fixed value of the electro- 
mechanical coupling coefficient, it should be governed 
only by the frequency a t  which the measurements a r e  
made. However, our experiments (Figs. 1-3) on vari- 
ous CdS and CdSe samples showed that the amplitudes 
of the maxima were different when q=const. Moreover, 
the experimental maxima in the dependences of a on a 
were sharper than predicted by the theory of the absorp- 
tion of sound in homogeneous samples. 

It follows that the experimental results on the elec- 
tron-phonon interaction in piezoelectric semiconduc- 
tors ,  like the measurements of the electrical proper- 
t ies (slow relaxation of the photoconductivity, frequency 
dependence of the electrical conductivity), c a ~ o t  be in- 
terpreted within the framework of the theory which al-  
lows only for the presence of discrete trapping levels in 
the band gap which has flat boundaries. 

The slow relaxation of a and i ts  frequency dependence 
a r e  explained well by introducing the concept of collec- 
tive ba r r i e r s ,  so  that similar  inhomogeneities may af- 
fect the absorption of sound in piezoelectric semicon- 
ductors. Since in the case of macroscopically homo- 
geneous crystals  an  internal electric field creating en- 
ergy ba r r i e r s  and, consequently, inhomogeneities in the 
c a r r i e r  distribution i s  due to fluctuations in the donor 
and acceptor concentrations, it i s  appropriate to con- 
s ider  a piezoelectric semiconductor doped with a donor 
impurity in a concentration N D ,  which also contains an 
acceptor impurity in a concentration NA. As pointed out 
ear l ier ,  such a model i s  quite realistic because the 
growth of crystals  of the semiconductors exhibiting the 
strongest piezoelectric effect i s  accompanied by the ap- 
pearance of a large number of structure defects giving 
r i se  to donor and acceptor levels." These levels may 
originate from impurity atoms, vacancies in the host 
lattice, host atoms in interstices, and complexes of 
these defects. Therefore, real  crystals  of piezoelectric 
semiconductors a r e  usually strongly compensated. 
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Typical values of the donor and acceptor concentra- 
tions in high-quality crystals range up to 10" ~ m - ~ ,  
whereas the ca r r i e r  densities a re  109-1011 ~ m - ~  when 
the electrical conductivity i s  such that a maximum of (Y 

can be observed. It should be stressed that both CdS 
and CdSe crystals have a wide band gap (exceeding 2 eV) 
and, therefore, practically all the free ca r r i e r s  a r e  due 
to doping and not due to thermal band-band transitions. 
We shall consider the specific case when N, >NA. In 
principle, impurities may be distributed in the bulk of 
a sample in a correlated o r  uncorrelated manner, which 
naturally influences the final results. However, since 
no information was available on the nature of the distri- 
bution of impurities in our CdS and CdSe crystals, we 
assumed that this distribution was uncorrelated. 

A random distribution of donors and acceptors i s  
known to give rise to a random potential" which i s  dom- 
inated by large-scale (compared with the average dis- 
tance between impurities) fluctuations. The existence of 
such a coordinate-dependent potential creates a corre- 
sponding spatial distribution of the electron density and 
this al ters the conditions for the formation of electron 
bunches in the course of propagation of a piezoelectric- 
ally active elastic wave in a piezoelectric semiconduc- 
tor, although the elastic wavelength is  much greater 
than the typical radius of such fluctuations. Clearly, the 
influence of fluctuations in the donor and acceptor con- 
centrations on the absorption of sound should increase 
with the value of the r m s  fluctuations of the large-scale 
potential, which depend strongly on the impurity concen- 
tration and on the compensation. 

It should be pointed out that for typical values of the 
donor concentration and electron density in piezoelec- 
t r ic  semiconductors (N,-10" and n =10l0 c m - 9  
the large-scale potential i s  considerably greater than 
the thermal energy of carriers.  In fact, estimates of 
typical values of the potential give " 0.40 eV for tempera- 
tures of the order  of 300 %. 

Since we shall be interested in the case of low frequen- 
cies (w<< w,), the influence of the large-scale potential 
on the absorption coefficient of sound should be mani- 
fested only by an inhomogeneous distribution of elec- 
trons in the conduction band, whereas localized ca r r i e r s  
should not participate directly in the absorption of 
sound, exactly as in the homogeneous case in the ab- 
sence of an external electric field. These localized car-  
r i e r s  simply influence (together with donors and accept- 
o r s )  the chemical potential ( of the system. 

In the weak compensation case the amplitude of the 
rms  fluctuations of the potentials is  low compared with 
the Fermi energy and this i s  true irrespective of the de- 
gree of doping.'' Consequently, the rms  fluctuations of 
the ca r r i e r  density in the conduction band 6na a r e  small 
compared with the average density (no). Therefore, the 
propagation of sound in such a piezoelectric medium can 
be considered using the theory of an effective medium." 
However, the corrections to the absorption coefficient 
of sound compared with the homogeneous case a re  of the 
required sign and a re  proportional to 6na/(no)2. 

In the case of strong compensation of a piezoelectric 
semiconductor one should consider separately the cases 

of light and heavy doping, although in both cases the ran- 
dom potential is  strong, the distribution of electrons in 
the conduction band i s  very inhomogeneous, and the ab- 
sorption of high-frequency sound is entirely due to elec- 
trons whose energies exceed the percolation level. How- 
ever, in the latter case we have to allow also for the 
polarization of electron drops (formed a s  a result of 
heavy doping) on the distortion of the bottom of the con- 
duction band.'' 

Single crystals of CdS and CdSe grown from the melt 
and characterized by typical donor and acceptor concen- 
trations of the order  of 10'6-l@9 cm-3 can be regarded 
a s  lightly doped because the Bohr radius i s  30 and 60 
for the two compounds (the effective electron mass in 
CdS i s  "0.2m0, whereas in the case of CdSe i t  i s  0.13m0, 
where m, i s  the mass of a free electron-these values 
a re  taken from Ref. 14). We shall now estimate the ab- 
sorption coefficient of sound for this case. 

At ultrasound frequencies not exceeding 1O8-10' Hz 
the elastic wavelength i s  considerably greater  than the 
size of inhomogeneities and, therefore, the propagation 
of sound can be described by a system of equations from 
the theory of elasticity of piezoelectric media and the 
Maxwell equations in which allowance i s  made for the 
internal electric fields. This system should be supple- 
mented by the recombination equation describing possi- 
ble electron transitions from a free to a localized state 
and vice versa. Moreover, if the dimensions of the in- 
homogeneities exceed greatly the mean free path of car-  
r iers,  the scattering of ca r r i e r s  by the large-scale po- 
tential can be ignored compared with the scattering by 
optical phonons which dominates the calculated mobility 
in cadmium sulfide and selenide.14 Although the dimen- 
sions of the fluctuation inhomogeneities have not yet 
been determined experimentally for piezoelectric semi- 
conductors, the above assumption is  supported by the 
fact that the ca r r i e r  mobilities in CdS and CdSe calcu- 
lated for the scattering by optical phonons a r e  in good 
agreement with the measurements carried out on a large 
number of crystals prepared under different condi- 
tions.14 Consequently, the ca r r i e r  mobility p can be re- 
garded a s  independent of the coordinates. 

Since the quantities occurring in the system of equa- 
tions described above a r e  functions of the coordinates, 
the calculated absorption coefficient of sound should be 
averaged over the volume. However, calculations a re  
simplified if integration over the volume i s  replaced 
with averaging over the energies corresponding to all 
possible impurity configurations. This can be done by 
assuming an electron distribution described by the func- 
tions n($) and v ( O )  representing respectively, the den- 
sities of electrons in theconduction band and at energy 
levels at those points where the distortion of the bottom 
of the conduction band i s  of energy I relative to i ts  val- 
ue in a homogeneous crystal. 

Bearing this point in mind, we can write down the sys- 
tem of equations describing the propagation of sound in 
a compensated lightly doped piezoelectric semiconduc- 
tor  in the case when o <<w, (since piezoelectric semi- 
conductors have a special piezoelectrically active di- 
rection, a l l  the equations a r e  expressed in terms of 
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projections along this direction): 

Here, j i s  the current density; p i s  the ca r r i e r  mobil- 
ity; )z,(g) and v,(g) a r e  the equilibrium densities of free 
(with energies above the percolation level) and localized 
electrons; a($) and 3($) are  the nonequilibrium elec- 
tron densities in the field of an acoustic wave; D i s  the 
electric induction vector; i s  the electric field assoc- 
iated with the acoustic wave; u i s  the mechanical dis- 
placement in the wave; p,  c, iJ,  and c a re  the density, 
permittivity, piezoelectric modulus, and elastic modu- 
lus of a crystal. 

It should be stressed that the condition w<< w, allows 
us to ignore the gradient term in Eq. (3) describing the 
piezoelectric current, whereas Eqs. (4) and (6) contain 
only the total electron density x=n($)+v($). This en- 
sures the absence of the influence of the recombination 
kinetics on the absorption coefficient of sound in the low- 
frequency case. 

If we ignore the nonlinear effects, the simultaneous 
solution of the system (3)-(7) gives rise to a wave equa- 
tion with an undetermined elastic modulus 

Here, 

The wave equation (8) can be solved by substituting 
u=u, exdi(kx - wt)] and allowing for the smallness of the 
electromechanical coupling coefficient ($=B/cE << 1). 
Then, k= w/v,+i cr and 

a=op" ~ r n  ( c r ) - ' $ .  (1 0) 

Substituting Eq, (9) into Eq. (8) we find that 

The expression for the observed value of the absorp- 
tion coefficient of sound i s  found by averaging over all 
possible values of the random potential corresponding 
to different fluctuations of the impurity concentration: 

where F(g) i s  the distribution function of the random po- 
tential" and g, i s  the energy corresponding to the per- 
colation level. We can easily see that if F&)=6($) ,  Eq. 
(12) gives the value of cr for a homogeneous piezoelec- 
tric semiconductor: 

In the case of an uncorrelated impurity distribution," 
we have 

(A i s  determined by the impurity concentration and de- 
gree of compensation), and it also follows from Ref. 21 
that 

6-8 
no (8) -No exp (+) 

( N ,  i s  the effective density of states in the continuous 
spectrum near the percolation level). Calculating the 
integral in Eq. (12) by parts and bearing in mind that the 
function tan-'lpexp(- g/T) fqpN,] obtained as a result 
of integration i s  smooth compared with the second factor 
exp(- $'/A'), which has a sharp maximum, we find that 
the coefficient of absorption of low-frequency sound in 
a compensated lightly doped semiconductor is 

where 

Before we analyze the formula (13), i t  i s  worth men- 
tioning that in the w<< wd approximation, which i s  insen- 
sitive to the kinetics of the establishment of an equili- 
brium between localized and free carr iers ,  the system 
(5)- (7) describes the absorption of sound also in a heavi- 
ly doped piezoelectric semiconductor. The only differ- 
ence i s  that the electric induction vector should also in- 
clude the term Y E ,  which allows for the polarization of 
electron drops in the electric field of an elastic wave (Y 
i s  the polarization coefficient of such drops). Then, 
since the electron density in a drop nd i s  very different 
from the electron density n, at  the percolation level,'' 
the contribution of the two groups of electrons to the ab- 
sorption of sound of a given frequency can be treated in- 
dependently, i.e., the polarization of the drops i s  effec- 
tive at higher frequencies (nd>>nc). 

We shall analyze Eq. (13) for the absorption coefficient 
of sound in two limiting cases. 

1. Case A/T 1, which corresponds to a weak influ- 
ence of the potential relief. For  a Gaussian random po- 
tential'' we have $,= - 0.68A. Therefore, 

i.e., the absorption coefficient of sound depends on WT, 

in the same way a s  in the homogeneous case, but it i s  
slightly smaller. The position of a maximum of a i s  
governed by the condition WT, =1, i.e., by the density of 
electrons with energies above the percolation level (in a 
nondegenerate semiconductor). Since 12, determines al- 
so the electrical conductivity of a sample (a = q n , @ ) ,  the 
values of the conductivity measured under dc conditions 
and calculated from WT, =1 should be identical. In other 
words, Eq. (14) obtained in the approximation of weak 
compensation cannot explain the experimental results. 

2. The case exp(~/T)>> 1 corresponds to a moderate 
compensation and a strong influence of the potential re- 
lief. Then, 
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i.e., the amplitude of the maximum of a i s  governed not 
only by the electromechanical coupling coefficient but 
also by the rms value of the random potential. 

We can readily see that in this case the behavior of a 
a s  a function of the frequency, temperature, and ca r r i e r  
density differs considerably from the behavior in the 
case of a homogeneous material. Moreover, the absorp- 
tion coefficient of sound for a homogeneous piezoelec- 
tr ic semiconductor i s  a function of WT, and variation of 
w o r  T,, i s  entirely equivalent, whereas in the case of a 
compensated sample the dependences on w and T, a re  
different. This is due to the fact that a change in T, can 
be produced either by altering temperature o r  the car- 
r i e r  density (this changes the energy position of the en- 
ergy potential and percolation level). 

Considered a s  a function of the frequency, the coeffi- 
cient a has a maximum when the condition WT, =e-4/T i s  
satisfied, in contrast to w ~ , = l  in the case of a homo- 
geneous piezoelectric semiconductor. A change in tem- 
perature alters the condition for a maximum. The tem- 
perature of a maximum TM i s  governed by the condition 

in contrast to the homogeneous case 

Since j < 0, the temperature position of the maximum of 
the acoustic absorption coefficient of a compensated pie- 
zoelectric semiconductor i s  shifted relative to i ts  value 
for  an uncompensated material in the direction of higher 
temperatures. Therefore, the values of the dc conduc- 
tivity corresponding to the acoustic absorption maximum 
are,  in agreement with the experimental results, higher 
than those calculated from the condition WTM = 1 (homo- 
geneous sample). Moreover, whereas in the case of a 
homogeneous piezoelectric semiconductor the absorption 
a t  the maximum of o! i s  determined uniquely by the elec- 
trical conductivity of a sample (?,=&/a), in the case of 
an inhomogeneous crystal there i s  no such relationship 
because the conductivity i s  proportional to exd( t  - $,)/TI 
icompare with Eq. (13)]. It i s  worth mentioning that the 
condition (16) for observing a temperature maximum of 
a can be rewritten in the form 

Then, having measured a a s  a function of temperature 
a t  different frequencies w, and w,, we obtain 

where T, and T, a re  the temperatures of the maxima 
at  the frequencies w, and o, (if w, < o,, then T, > T,,). 

The condition (IT), together with measurements of the 
electrical conductivity a s  a function of temperature, 
makes it possible to determine the rms potential. For 
example, an analysis of the results of measurements of 
the conductivity of a sample of CdS plotted in Fig. 1 
gives the argument of the exponential function in the tem- 
perature dependence of a a s  0.8 eV, whereas for the 
sample of Fig. 2 the corresponding value i s  0.6 eV. An 
analysis of the acoustic measurements in accordance 

with Eq. (17) gives, for the same samples, the argu- 
ments of the exponential function in (16a) a s  1.5 eV and 
1.2 eV. Hence, i t  follows that in the case of the first  
sample of CdS we have A=0.7 eV, and for the second we 
have A=0.6 eV when the band gap of the homogeneous 
crystal i s  2.4 eV. Similar results a re  obtained also for 
CdSe samples. It should be stressed that the very ex- 
istence of a difference between the arguments of the ex- 
ponential functions representing the temperature depen- 
dences of the electrical conductivity and those deduced 
f m m  the shift of the a(T) maximum at different frequen- 
cies cannot be interpreted within the framework of the 
theory of the absorption of sound in homogeneous piezo- 
electric semiconductors." 

Allowance for the large-scale potential in piezoelec- 
tr ic semiconductors makes it possible to explain in a 
natural manner the experimentally observed differences 
between the dependences of the absorption coefficient of 
sound on temperature and illumination intensity, be- 
cause in the case of inhomogeneous piezoelectric semi- 
conductors the condition for observing a maximum of a 
is controlled not only by the conductivity but also by the 
ratio A/T [via the factor exp(2.l~/2T)]. Therefore, the 
attainment of a given value of the electrical conductivity 
by illumination at room temperature o r  by heating i s  
not equivalent from the point of view of the absorption 
of sound and the observation of a maximum of a may re- 
quire both higher o r  lower values of the conductivity, 
compared with that obtained by increasing the tempera- 
ture. The actual form of the dependences a(1) i s  outside 
the scope of the present paper (I i s  the illumination in- 
tensity ). 

It follows that allowance for the compensation of cryst- 
als of piezoelectric semiconductors and, consequently, 
for  the large-scale potential makes i t  possible to inter- 
prete practically all the main experimental results. 
Moreover, the acoustic methods may become an impor- 
tant source of information on the parameters of the in- 
ternal random field. 

We shall conclude by noting that, a s  demonstrated by 
Eq. (13), if A/T>> 1, then a-  0. Physically, this means 
that at very high values of the random rms potential, 
there a re  no electrons a t  the percolation level and this 
absorption mechanism of sound does not apply to lightly 
doped compensated piezoelectric semiconductors. In the 
case of heavily doped compensated semiconductors the 
value of a differs from zero because of the polarization 
of electron drops.aO 
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