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FEATURES OF ULTRASOUND
ABSORPTION BY DISLOCATIONS
IN SUBGRAIN-FREE Cdj :HgosTe CRYSTALS

The temperature dependence of the ultrasound wave absorption in bulk p-Cdy.2 Hgo.s Te crystals
free from low-angle grain boundaries has been studied experimentally for the first time in the
frequency range 10-55 MHz and the temperature interval 150-300 K, and the corresponding
results of measurements are presented. The maximum value of absorption coefficient is found
to increase and to shift toward higher temperatures, as the ultrasound frequency grows. The
results obtained can be satisfactorily explained in the framework of the Brailsford model, which
associates the ultrasound absorption with vibrations of thermally activated dislocation kinks.
The characteristic parameters of this model for p-Cdo.2Hgo.s Te are determined; namely, the
frequency coefficient fr ~ 6x 10° Hz and the kink diffusion activation energy Wy =~ 0.11€V.
The dislocation concentration is also evaluated (a = 2x 10'° m™2), with the determined value

being consistent with that obtained by the selective etching method (0.7 x 10"° m™2).

Keywords: ultrasound, dislocations, Cd,Hg;_,Te.

1. Introduction

The more than semicentenial history of researches
and the implementation into practice of photo-
sensitive CdHgTe crystals showed that they remain
a material of choice for IR radiation detectors [1, 2].
The basic electrophysical and photo-electric proper-
ties of this material are governed by extremely high
concentrations of electrically active point-like (1021
10%2 m™3) and linear (a density of 10°-10'° m~=2 for
the growth dislocations) defects which interact with
one another. The application of ultrasound is one
of the methods to controllably vary the defect struc-
ture in both CdHgTe and other semiconductors [3—
5]. In particular, it was found that the acoustically
stimulated reconstruction of point defects, owing to
their electric and deformation interaction with dislo-
cations, results in changes in the concentration, mo-
bility, and lifetime of free charge carriers in CdHgTe
[6, 7]. However, for obtaining predictable results of
such an influence, we must know the mechanism of
interaction between ultrasonic waves and the crystal.
The previous acoustic researches for CdHgTe [8-11]
were carried out with the use of lamellar specimens
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possessing a subgrain structure in the wafer plane.
In particular, with the help of the internal friction
(IF) method, it was found that the resonance absorp-
tion at low-angle boundaries (LABs) and the dislo-
cation absorption in bulk are the dominating mech-
anisms of ultrasound losses in such specimens, with
the latter process being well described with the use of
the Granato—Lucke string model [12]. The described
character of amplitude-dependent changes in the IF
method is known to be realized at large amplitudes
of mechanical stresses, when dislocations can detach
from the weak pinning centers formed by point de-
fects [13].

At the same time, provided that there exist the dis-
location loops with short lengths (stoppers with weak
pinning), and the mechanical deformations are small,
another type of acoustic dislocation absorptions has
to take place, when losses have a relaxation charac-
ter and depend on the ultrasound frequency [14, 15].
Such a process of amplitude-independent absorption
can be realized in the case where low-intensity ultra-
sound waves are used, e.g., in the pulse mode. This
mode was used to measure the elastic moduli in Cd-
HgTe [16, 17]. However, there are almost no results
obtained for the temperature dependence of the ab-
sorption coefficient for ultrasound waves in this mate-
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rial. This circumstance is related to complicated con-
ditions imposed on the geometry and the structural
quality of specimens intended for acoustic measure-
ments [15], as well as to the technological complex-
ity of manufacturing the crystallographically oriented
subgrain-free CdHgTe specimens.

Note that CdHgTe is an interesting model mate-
rial, in view of the features of its crystalline structure,
to study dislocations with the use of the ultrasound
technique. Really, the motion of dislocations in a
semiconductor occurs in a medium with a high con-
centration of electrically active point defects, which
are closely connected with dislocations and essentially
affect their motion.

This work was aimed at the experimental study
of the temperature dependences of the ultrasound
absorption coefficient in subgrain-free CdgoHgg.sTe
crystals and at the search of adequate models for the
description of the acousto-dislocation interaction in
them.

2. Specimens

Single-crystalline specimens 10 x 6 x 2.5 mm? in

size and oriented in the directions (100) and (110)
with an accuracy of 2° were fabricated from an p-
Cdg.oHgp s Te ingot grown up at the affiliate “Pure
Metal Plant” of the public corporation "Pure Met-
als” (Svitlovodsk). The planeness and the parallelism
of lateral edges satisfied the condition As/s < 1074,
where s is the specimen length, and As its variation
at various points, which is necessary for the measure-
ments of acoustic characteristics at multiple reflec-
tions of an ultrasound wave to be correct.

The high structural quality of examined specimens
was verified by the reliable x-ray orientation of two
crystallographic planes. Note that the experimental
specimens were used earlier to study the anisotropy
of CdHgTe elastic properties [17], and the results ob-
tained agreed well with those of work [16].

To study the dislocation structure in Cdg.oHgg.sTe
wafers, the method of dislocation etch was used. Im-
mediately before the etching procedure, the specimen
surface was treated with a polishing solution (0.2 ml
of Bry + 10 ml of CH3OH). Then the specimen was
carefully washed out in, first, ethylene glycol and, af-
terward, isopropanol. For the selective etching, which
was carried out at room temperature, the Schaake
etchant (5 g of CrOz + 3 ml of HCI + 15 ml of H20)
was used, which allowed dislocations to be revealed
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Fig. 1. Photo of the selectively etched surface of studied
Cdg.2Hgo.sTe specimens (a) without and (b) with a subgrain
structure. Panel (b) was taken from work [20]

on both polar edges (111)A and (111)B, as well as
on the surfaces with intermediate orientations [19].
The etching time varied from 20 to 60 s for various
specimens. In Fig. 1, a, a typical photo of the re-
searched specimen surface after its selective etching
is shown. The obtained picture testifies to a uniform
distribution of dislocations and no LAB formation.
For comparison, a photo of a typical etched surface
of Cdg.2Hgp g Te crystal that contains LABs [20] is ex-
hibited in Fig. 1, b. The evaluated dislocation concen-
tration showed that, according to the selective etch-
ing data, Asg = (6 + 8) x 10° m~2 in the studied
specimens.

3. Measurement Procedure

In order to measure the ultrasound absorption coeffi-
cient «, the pulse-echo method was used. The block
diagram of the corresponding experimental installa-
tion is shown in Fig. 2. Ultrasound pulses in the spec-
imens were excited with the help of a piezoelectric
transducer, and LiNbO3 wafers with the (Y + 36°)-
cut were used for this purpose. The generated train
of radio pulses was directed onto a piezoelectric trans-
ducer. The acoustic contact was provided in a wide
temperature interval by applying silicone oil of the
GKZh-94 type. Ultrasound pulses were reflected mul-
tiple times from the specimen end faces, so that a
series of echoed radio pulses was formed on a piezo-
electric receiver, which was identical to the emitting
transducer. Video signals were monitored on an oscil-
loscope screen and, simultaneously, were directed to a
stroboscopic converter and, afterward, to a personal
computer. With the help of the developed software,
the amplitudes of video signals were measured and
averaged in time. We also monitored the time delay
between the video-signal maxima and the synchro-
nization pulse, which allowed us to account for the
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Fig. 2. Block diagram of the installation to measure the ultra-
sound wave absorption coefficient in solid-state specimens with
the help of the pulse-echo technique: (1) specimen, (2) ther-
mocouple, (8) piezoelectric transducer, (4) cryostat, (5) high-
frequency generator G4-151, (6) high-frequency amplifier U3-
28, (7) amplitude detector, (8) square-wave generator G5-54,
(9) digital voltmeter V7-21A, (10) computer, (11) stroboscopic
converter V9-5, (12) generator of delay pulses, and (13) oscil-
loscope S1-98

o, dB/m

Fig. 3.

Experimental (symbols) and theoretical (curves,
Eq. (12)) temperature dependences of the absorption coeffi-
cient for longitudinal ultrasonic waves with various frequen-
cies fus at their propagation along the direction (110)in the
p-Cdo,2Hgo s Te crystal: fus = 11.2 (1 and 4), 34.8 (2 and 5),
and 55.4 MHz (8 and 6). The parameters used in calculations
are W, = 0.108 €V, f;, = 6.03 x 10° Hz, and g = 3.5

effect of temperature-induced variation of the ultra-
sound velocity.

The application of pulse excitation and high-
frequency low-amplitude signals was aimed at imple-
menting the mode of amplitude-independent ultra-
sound absorption. Our measurements confirmed that
the value of « really remains constant at room tem-
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perature and at the exciting radio pulse amplitude
up to 3 V.

The absolute values of ultrasound absorption were
measured to an accuracy of 10%.

4. Experimental Results and Their Discussion

In Fig. 3, the experimentally measured temperature
dependences of the absorption coefficient « for lon-
gitudinal ultrasound waves with various frequencies
propagating in p-Cdg oHgg gTe crystals along the di-
rection (110) are exhibited. One can see that each
a(T)-dependence has a maximum, and the tempera-
ture of the maximum, T},, and the maximum absorp-
tion value «,, depend on the ultrasound frequency
fus- In particular, when f,s increases from 11 to
55 MHz, the value of o, grows from 60 to 190 dB/m
and that of T;,, from 199 to 270 K (see also Table).

The absorption of ultrasound waves in crystals can
be driven by various mechanisms [15]. However, the
estimations testify that, under the actual experimen-
tal conditions (the temperature interval 80 — 400 K
and the ultrasound frequency range 1-100 MHz),
the ultrasound damping arising owing to phonon-
phonon processes and thermo-elastic losses can be ne-
glected, because the absorption coefficient in those
cases does not exceed 1 and 10~* dB/m, respec-
tively [15]. On the other hand, as was already men-
tioned above, the literature data indicate that the
ultrasound wave damping in subgrain p-Cd,Hg;_,Te
crystals with x ~ 0.2 is mainly governed by the dis-
location absorption and the resonance absorption at
LABs [10, 11, 20]. Hence, a conclusion can be drawn
that the acousto-dislocation interaction is the main
mechanism of ultrasound absorption in subgrain-free
p-Cdg.2Hgp s Te specimens with high dislocation con-
centrations. Proceeding from it, let us analyze the ob-
tained experimental results in the framework of some
known models.

4.1. Granato—Lucke model

Despite that the model of dislocation friction by
Granato and Lucke was developed in the idealizing
zero-temperature approximation for a crystal, it can
be successfully applied to analyze the dislocation in-
ternal friction in various real materials, in particular,
in semiconductor crystals [3, 13, 14]. In the frame-
work of this approach, a dislocation is considered as
a string pinned at definite points; free string sections
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Ultrasound absorption parameters for p-Cdo.2Hgo.s8Te crystals

Theory
Experiment
fus, MHz Granato—Lucke model [15] Brailsford model [18]
Trm, am, wo, B, L, Wi, Tk Ap,
K dB-m~1! 108 rad-c™! 107% kg/m/s 1076 m eV 10° Hz 1010 m—2
11.2 200+ 3 5945 6.8 3.3 4.1 2.3
34.8 242+ 3 108 =5 9.1 1.8 3.1 0.108 6.03 1.7
55.4 269 £+ 3 194 +5 9.0 1.0 3.1 2.1
o . . . 2
between pinning points can vibrate under the action B — 2GAb (4)
of an external force, in particular, ultrasound. In this T om2ay,
case, the coefficient of acoustic wave absorption at low 2G:
frequencies, w = 27 fus < wp, where wy is the char- L= TRy (5)
(1 — p)pws

acteristic frequency of vibrations for the dislocation
section, has to be described by the following relation
[12,15]:

_ 4GAW? d
ump (wE — w?)? + d2w?’

(1)

where G is the shear modulus, v the velocity of ul-
trasound wave propagation, p the material density,
wd = 2G/[L*(1 — u)p], L the length of dislocation
section; u Poisson’s ratio, d = B/(mpb*) the damping
constant, B the coefficient of dynamic viscosity, and
b the absolute value of Burgers vector. Let us try to
estimate the individual values of parameters from the
obtained experimental data.

It is known from the literature that the variations of
the elastic moduli for Cd,Hg;_,Te crystals do not ex-
ceed 1 —2% in the experimental temperature interval
[17]. If we suppose that L and p also weakly depend
on the temperature, then, in accordance with Eq. (1),
the temperature dependence of the ultrasound wave
absorption coefficient must be associated with varia-
tions of the parameter d, i.e., actually, with the coeffi-
cient of dynamic viscosity. The results of calculations
showed that the parameter o must reach its maxi-
mum value at d,,, = (w — w?)/w, and the following
relations are valid at this point:

2G Aw

= - 2
2GA 2GA
%:¢3“+wz¢3w, (3)
VTS Py TS Py
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where B,, is the value of coefficient B when the ab-
sorption is maximum.

The individual values of parameters, which were
obtained with the help of expressions (3)—(5) and with
the use of experimentally determined values for o,
are given in Table. In the calculations, the following
parameter values were selected for Cdg oHgg gTe: b =
=4.58 x 10719 m [22], p = 7.625x x103 kg/m?, pu =
=0.365, G = 1.95 x 101° Pa, v = 3.0 x 103 m/s [21],
and A = Agp = 7 x 10° m—2.

Note that, as a result of the use of the Granato—
Lucke model to explain the appearance of a maxi-
mum in the dependence a(7T), we obtained that, in
accordance with Eqs. (2)—(5), the value of «a;, has
to be proportional to the ultrasound frequency, be-
cause the resonance vibration frequency on the dis-
location section and its length have to be indepen-
dent of the external perturbation frequency. In gen-
eral, the experimentally obtained data agree with this
claim (Fig. 4, a). Moreover, if the dislocation grid
nodes are supposed to be the main points of the
linear-defect pinning, the corresponding calculated
value L =~ 3.5 x 1075 m also satisfactorily correlates
with the average distance between dislocation lines,
R=1/yAsg ~1x107° m.

On the other hand, this model predicts that hinder-
ing the dislocation motion, including the vibrational
one, in the ultrasound field occurs owing to the inter-
action of dislocations with phonons and charge car-
riers, and because of thermoelastic losses [12, 15, 23].
The temperature dependence of each of those mecha-
nisms, as well as their relative contributions to the B-
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Fig. 4. Dependences of (a) the value of absorption coeflicient maximum on the ultrasound frequency fus, (b) the value of fus
for the maximum ultrasound absorption on the reciprocal temperature, and (¢) the maximum value of ultrasound absorption

coefficient at a definite frequency on the value of function Y at its maximum. While calculating Y, the following parameter
values were used: Wj, = 0.108 eV, fi, = 6.03 x 10 Hz, and g = 3.5

and d-values, can substantially depend on the specific
material. Therefore, it is rather difficult to describe
the dependence «(T') precisely in the framework of
the Granato—Lucke model. However, it should be
taken into account that, as was shown in many works
(in particular, in [13,15]), the value of B linearly in-
creases in the high-temperature interval (T > Op,
where Op is the Debye temperature) with the tem-
perature. For Cd,Hg;_,Te, the Debye temperature
Op =~ 146 K [24]. However, the B,,-values ob-
tained at various T,,, contradict the growing behavior
expected for the temperature dependence. There-
fore, the Granato—Lucke model cannot be used to
quantitatively analyze the temperature dependence
of the ultrasound absorption coefficient for the given
material.

4.2. Brailsford model

This model was proposed by Brailsford [18] in order
to explain the characteristic peaks of the ultrasound-
wave absorption that were observed in plastically de-
formed metals at low temperatures. According to this
model, a dislocation is regarded as a sequence of seg-
ments oriented in the dense packing direction and
connected by abrupt kinks. The dislocation is con-
sidered to be rigidly pinned at the end points, and
ultrasound is absorbed due to the stimulated mo-
tion of kinks. It is supposed that the diffusion of
kinks has a thermally activated character, and the
diffusion coefficient D is described by the expression
D = Dgexp (—Wy/kT), where Wy, is the diffusion ac-
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tivation energy. In work [18], it was also shown that
the relation between the ultrasound wave frequency
fus and the absorption maximum temperature 7,,, can
be expressed by the formula

fus = fk: exp (_]33/?)7 (6>

where fy = mDo/(2013), and [y is the average length
of dislocation segments. As is seen from Fig. 4, b, the
experimental dependence of the ultrasound frequency
on the reciprocal temperature of the absorption max-
imum is really a straight line on the semilogarith-
mic scale. By calculating a linear approximation of
the data depicted in Fig. 4, b, we obtained the fol-
lowing values for the used p-Cdg.oHgg s Te specimens:
Wy, = 0.10840.004 eV and f; = (6.03£0.05) x 10° Hz.

According to work [18], the Q-factor Q; correspond-
ing to the absorption of ultrasound waves by a single
dislocation segment of length [ is described by the
expression

wl

27273 (4) exp (W)
Ol 8Ga*b*l*(no+po)  \20miZ7x KT
r 2
VkT']T4 wl? oW
1+ (W) exp (7)

(1)

where a is the lattice constant (a = 6.466 x 1071 m
[22]); no and pg are the equilibrium linear concentra-
tions of the right and left kinks, respectively; and V'
is the crystal volume. The total number of segments,
N, is connected with the dislocation concentration as
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follows:
Nl
A= —.
- ®)

The theory says that, in order to estimate the gen-
eral @) factor of a crystal, it is necessary to multiply
N by the averaged value of the quantity described by
expression (7), and the averaging must be carried out
with regard for the distribution of segments over their
lengths. If we assume that the averaging is equivalent
to the substitution of the parameter [ in Eq. (7) by a
definite effective segment length l.g = glg and make
allowance for the relation between o and —namely,
Q! = avln10/(10w)-then the expression describ-
ing the absorption according to the Brailsford model
reads

_ 4Ga?b%g3 Do (ng + po) A
In10v frkm3

where the function

2

‘ W,
o (525) o0 ()
T 2V 2Wy

1+ (2&?&) exp ( ka)

mainly governs the temperature and frequency de-
pendences of the absorption coefficient. The function
Y (T,w) is plotted in Fig. 5. One can see that its
maximum shifts toward higher temperatures, as the
frequency increases. Just this behavior was observed
experimentally for the parameter « (see Table). The
agreement between the experimental T),-values and
the maximum positions of the function Y (7T,w) at
the ultrasound frequencies that were used in the ex-

periments is reached at g = 3.5.
Notice that, in accordance with Eq. (9), we obtain

_ 4Ga*b?g® Do(no + po) A
In 10v f kw3

where Y;,, = Y (T},,w), i.e. the quantities «,, and Y,,
must be proportional to each other, which was really
obeyed in the experiment with a rather high accuracy
(see Fig. 4, ¢). At the same time, expression (9) can
be rewritten in the form

(T, w) = ?/—mY(T, w).

a(T,w) Y(T,w), (9)

Y(T,w) = (10)

Yo, (11)

Qm

(12)

In Fig. 3, the results of calculations according to re-
lation (12) are shown. One can see that they de-
scribe the experimental dependences rather well qual-
itatively and, at high frequencies, even quantitatively.
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Y (T, w), rel. units

Fig. 5. Temperature-frequency dependence of the function
Y (T,w). The parameters of calculations by formula (10) are
Wi, =0.108 eV, fi, = 6.03 x 10° Hz, and g = 3.5

Hence, the results obtained testify to the expediency
of the Brailsford model application to the description
of ultrasound absorption processes in subgrain-free
Cd,Hg;_,Te crystals.

The Brailsford model makes it possible to use the
experimental data obtained for the absorption of ul-
trasound waves to use for the estimation of the dislo-
cation concentration Ap as well. Really, as was shown
in work [18], Do o a®vp and (ng + po) ~ |tan6|a; !,
where vp is the Debye frequency (vp = 3 x 1012 Hz
for Cdg.2HgosTe [24]), as is the interplane distance,
and 6 the angle between the dense packing direction
and the dislocation line (f < 7/6). If we take the val-
ues 0 = /12 and a, = a/+/3 (this is the value for the
(110) direction [25]), we obtain from Eq. (11) that

1.24vfrk o,
Gadb2g3vpY,

The values of Ap calculated by formula (13) for
three ultrasound frequencies are listed in Table. We
would like to emphasize a satisfactory agreement be-
tween these values and the Agg-value obtained in
the framework of the selective etching method. The
corresponding difference can be explained as follows:
first, the relation Dy o a?vp is approximate, and,
second, the estimation of a dislocation concentration
using the selective etching method gives, as a rule, a
somewhat underestimated value [26]. Moreover, we
should mark a definite shortcoming of such an anal-
ysis. It is associated with the application of rather a
symbolic value (0.46a~!) for the total kink number,
although this parameter considerably depends on the
orientation of the dislocation line with respect to the
Peierls valley.

Ap o (13)
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Note that the model describing the motion of el-
ements in the fine dislocation structure was success-
fully developed by Loktev and Khalack [27] to explain
the amplitude-dependent effects under the action of
an intensive ultrasound wave, in particular the sono-
luminescence effect in CdS.

5. Conclusions

In this work, the temperature dependences of the co-
efficient of longitudinal bulk acoustic wave absorp-
tion, «, in bulk p-CdgoHgpsTe specimens free of
low-angle boundaries were experimentally studied for
the first time within the temperature interval 150—
300 K and the frequency range 10-55 MHz. The
measured dependences turned out nonmonotonous.
As the ultrasound frequency increases, both the ab-
sorption maximum and the corresponding tempera-
ture grow.

The data obtained were analyzed in the frame-
work of the classical Granato—Lucke model, which
allowed us to estimate the length of dislocation sec-
tions (L ~ 3.5 x 107% m) and the characteristic fre-
quency of their vibrations (wy =~ 9 x 10® rad/s).
It was shown that the temperature dependence of
« for subgrain-free p-CdgoHggsTe crystals can be
explained using the Brailsford model, which asso-
ciates the absorption of ultrasound waves with the
motion of thermally activated dislocation kinks. In
the framework of this model, the activation energy
of the kink diffusion, W) ~ 0.11 eV, and the fre-
quency parameter, fp ~ 6 x 10° Hz, were deter-
mined. The Brailsford model was also used to esti-
mate the dislocation concentration by analyzing the
dependence «(T"). The corresponding estimated value
(2x10'° m?) is shown to agree well with that obtained
in the framework of the selective etching method
(0.7 x 1019 m?).

The authors express their gratitude to K.P. Kur-
banov for the fabrication of bulk single-grain
Cdy.oHgo.s Te specimens.
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OCOBJIUBOCTI JIUCJIOKAIIITHOI'O
IOIJIMHAHHSI YJIBTPA3BYKY B BE3CYBBJIOUHIX
KPUCTAJIAX Cdg oHgo gTe

Peszwowme

Brepiie HaBeeHO pPe3yJIbTATH E€KCIIEPUMEHTAJIBHOTO JOCJIi-
sekenHs: Temneparypuol (150-300 K) sasexkHocTi morsmHaH-
HeA yabTpasBykoBux (Y3) xBuib y 00’€MHHX KpuUCTagax p-
Cdo,2Hgo,sTe, siki He MicTATH MaJIOKyTOBUX IPAHUIb, ¥ IACTO-
THOMY miamazoni 10-55 MI'n. Bussiieno, mo npu 36ijibineHHi

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 1

gacToTu Y3 CIIOCTEpIraeThest 301/IbIIEHHS MAKCUMAIbHOIO 3Ha-
4JeHHsI KoedillieHTa IOIVIMHAHHSA Ta WOro 3cyB y OIK BHCOKHX
Temmeparyp. Ilokasamno, o0 eKCrIepuMeHTAIbHI PE3YILTATH 3a-
JOBIJIBHO TIOSICHIOIOTHCSI B pamMKax mojzesi Bpeiicdomia, sika
pO3IIsia€ MOIVIMHAHHA Y3 XBUJIL 38 PaXyHOK KOJIMBAHHS TEP-
MOAKTHBOBAaHHUX [IUCIOKAIIMHUX IeperuHiB. Busnaueno xapa-
KTepHi napamerpu ganol mozemi aias p-Cdo,2Hgo s Te, a came
wqactorauit daxrop (6 - 10 T'i) Ta akrusarniiina emepris py-
xy neperutis (0,11 eB), a TakoK HPOBEIEHO OIIHKY I'yCTHHU
mucokartit (2-1010 m~2), ska y3romKyeThes 3 JaHUME, OTPH-
MaHHME MeTO/IOM cenekTuproro Tpasmenus (0,7 - 1010 m~2).
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