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The results of experimental and theoretical studies of how
the ultrasonic (US) treatment (UST) and ultrasonic loading
(USL) influence HgMnTe and HgCdMnTe semiconductor crystals
are reported. It has been demonstrated that the acoustically
stimulated changes of electrophysical parameters, namely, (i) an
increase of the Hall coefficient Ry in specimens with conductivity
of the n-type and its reduction in specimens of the p-type and
(ii) an increase of the Hall mobility py at high temperatures and
its reduction at low ones in specimens of both the n- and p-types
are governed (a) by the initial structure of defects in crystals; in
particular, an increase of the mercury content results in a reduction
of the amplitude threshold of ultrasonic influence; (b) by relations
among the contributions made by various mechanisms of current
carrier scattering, the most effective US influence being exerted
through the mechanism of scattering by ionized impurities; and (c)
by the UST parameters such as frequency, intensity, and duration.

1. Introduction

Semiconductors with a small width of the energy gap
occupy an important place among the materials which
serve as the basis for developing devices that are applied
in infrared technical equipment, UHF-electronics, and
other areas, with the Hg;_,Cd,Te (MCT) alloys being
mainly used. Nevertheless, the propensity of those
materials to lattice, surface, and interface instabilities
[1] and, correspondingly, the significant variations of
their stoichiometry and charge transfer characteristics,
which result from the oxidation of the specimen surface,
its mechanical damage, and reactions with metals,
are principally problematic for such alloys. Alternative
solid solutions Hgy_,Mn,Te (MMT) at y = 0.1 and
Hgi_;—,Cd;Mn,Te (MCMT) at =z = 0.14 and y =~
0.03 possess the same width of the energy gap as
MCT at z = 0.2 and the mobility of electrons that
exceeds 106 cm?/(V -s) at low temperatures [2]. In
this case, the presence of manganese ions stabilizes
unstable chemical bonds in the HgTe crystal lattice
and provides a higher structural perfection of MMT
crystals, which makes them advantageous, to a certain
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extent, in the manufacture of multicomponent optical
systems [3].

In the course of crystal growing, various
macroscopical inhomogeneities of growth arise. These
inhomogeneities generate interconnected mechanical and
electric fields, which ultimately stimulates long-term
relaxation processes in the crystal. These processes, in
turn, are the origin of a spread of specimen’s parameters
and, in particular, of their functional individuality
at intense influences. Therefore, there is a necessity
for the control over irreversible variations of these
internal fields in a crystal, both at the stage of
technological treatment of specimens and during the
operation of detectors created on their basis [4]. The
application of ultrasound in the course of researches
expands methodical opportunities for the diagnostics
of semiconducting materials and semiconductor-based
devices. In particular, as was found for Hg; ,Cd,Te,
the UST makes it possible to modify their defective
structure by varying the electrically and optically
active defects in a crystal [5,6]. For example, it is
possible to reduce mechanical stresses in specimens,
which arise in the course of material growing and
processing, to decrease the concentration of intrinsic
point defects, to intensify the process of diffusion of
doping impurities, and to improve the stability of
crystal parameters [6, 7]. As the mechanism of US
influence has the acoustical and dislocation-related
origin, and the structures of dislocations and small-
angle interfaces in MCT, MMT and MCMT crystals
are similar, we may expect that such acoustically
stimulated effects may manifest themselves in those
crystals.

This work aimed at obtaining the information about
electrophysical characteristics of MMT and MCMT
specimens with various degrees of structural perfection
and elucidating the mechanisms of acoustically
stimulated formation of defects in them in connection
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with the parameters of the US modes, i.e. a long UST
and a USL.

2. Specimens and Experiment

For researches, we used MCMT single crystals of the n-
type and MMT ones of the p-type of conductivity, grown
by the modified method of zone melting in the rotating
ampoules inclined to the horizon [8,9]. The contents of
cadmium and manganese at the synthesis were such that
the width of the energy gap at the temperature of liquid
nitrogen was E, ~ 0.1 eV. It ensured the prospects of
the material for the optical detecting of radiation in the
range A = 8 + 14 um.

Specimens for researches were cut off in the form
of rectangular (6 + 11) x (1 = 2) x (0.6 + 1.5)-
mm?® parallelepipeds from wafers up to 2 mm in
thickness and subjected to a chemical and mechanical
treatment usual for MCT, which removed the near-
surface layers damaged during the cutting of wafers. The
characteristics of specimens are quoted in the Table.

In the course of researches, we measured the
temperature dependences of the Hall coefficient Ry (T')
and the electroconductivity o(T") at a constant magnetic
field B = 0.45 T within a temperature interval of
80 —300 K, and calculated the temperature dependences
of the Hall mobility of current carriers pp(7T) =
Ru(T)o(T). The specimens were treated during tys =
103 +10* s by longitudinal US waves with the frequencies
fus = 517 MHz, the intensities Wyg = 0.1+1 W/cm?,
and propagating along the (111) direction in the crystal.
Measurements were carried out after every treatment

stage. In the process of in situ measurements of Ry(T")
and o(T), dynamical USL (W ~ 0.1 W/cm®) was also
used.

3. Calculation of the Temperature
Dependence of Current Carrier Mobility

While simulating the temperature dependence of the
current carrier mobility in narrow-gap semiconducting
materials, such as MCT, we considered three basic
mechanisms of current carrier scattering: by ionized
impurities, acoustic phonons, and optical phonons [8-
10]. Scattering by ionized impurities was taken into
account making use of the Brooks—Herring formula [11]

o 27/252 (471'60)2(k0T)3/2

= 1
Kr m/2Ne3(m*) 2 Iny (1)
where

6k(dmeo)m* (koT)?
ay=In(L+0) —b/(1+D), b= ST

p*=p+(+ Np)[l—(p+ Np)/Nal,

N; = p+ 2Np, « is the dielectric permittivity, and gg
the dielectric constant of the crystal.

The mobility of current carriers under their
scattering by crystal lattice vibrations was estimated
with the use of the corresponding time of relaxation [8,9]:
by optical phonons

o E()h 6_E 1
TPt = 20250 T Ok Fopy

(2)

Parameters of Hg; _,MnyTe and Hg;_,_,CdzMnyTe specimens

Specimen T Curve number Specimen Ng, Ny, (Ng — Ng)
[E4(77 K)/Eg4 (300 K)|, eV y in the figures treatment mode 1015 cm~—3 1015 cm—3 1015 cm~—3
p-8.1M 0 1 initial 100 20 80
[0.05/0.17] 0.083 2 UST-1 350 27 323
3 UST-2 750 45 705
p-8.2M 0 1 initial 70 30 40
[0.05/0.17] 0.08 2 UST-1 90 60 30
1 initial 5 4.5 0.5
n-4.4 0.12 2 UST-1 5.3 4.9 0.4
[0.022/0.1] 0.02 3 UST-2 20 19 1.0
4 UST-3 30 29 1.0
n-4.390 0.12 1 initial 55 30 25
[0.022/0.1] 0.03 3 UST-2 130 52 78
n-4.39H 0.12 1 Without US 95 30 65
0.022/0.1] 0.03 2 US-1(in situ) 65 30 35

*Notations: UST-1 means fyg = 13 MHz, Wys = 0.1 W/cm ™2, and tyg = 2x 103 s; UST-2 means fys = 13 MHz, Wyg = 0.5 W/cm ™ 2,
and tyg = 7 x 10® s; UST-3 means fys = 13 MHz, Wyg = 1 W/cm72, and tys = 7 x 10% s; N, and N, are the calculated values of

the acceptor and donor concentrations, respectively
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and by acoustic phonons

mwhp(y)v? O0F 1

= Ty o2 3
¢ = B2 koT Fae Ok k2 3)

Here, p(y) is the crystal density which depends on
the contents of cadmium and manganese; for example,
ply) = 812 — 3.37y for MMT; E, is the constant
of the deformation potential; and F,. and Fyp are
the functions which make allowance for the influence
of Bloch factors in the Kane model of scattering for
acoustic and polar optical phonons, respectively [12]. For
example, for Mng gsHgp 9o Te at T = 300 K, p(0.08) =
7.85 g/cm™3, Ey & 10 eV, Fue ~ 0.4, and Fyp ~ 0.6.

The energy gap width FE,; and the concentration
of intrinsic current carriers n; were calculated by the
corresponding empirical formula presented for MMT in
work [13] and for MCMT in work [14].

The results of calculations of the current carrier
mobility, made according to the method indicated above,
and their comparison with experimental data for MCMT
specimen n-4.4 are shown in Fig. 1,a. It is evident
that the account of three considered mechanisms of
scattering was sufficient for a rather exact simulation of
the current carrier mobility. The scattering by ionized
impurities prevailed at low temperatures (70 — 100 K),
while, as the temperature grew up to room one, the
contribution of crystal lattice vibrations increased. We
see that, in this case, acoustic phonons made no essential
contribution to the current carrier scattering within the
whole temperature range. The results of the mobility
simulation for temperatures, at which the scattering
by ionized impurity dominated, were used to evaluate
the impurity concentration. For several specimens, we
failed to reach the domination of the impurity scattering
and to determine its contribution in an explicit form
by the method described above. In such cases, we
simulated the mobility and the specific conductivity in
the whole temperature range (Fig. 1,b). The values of
N, and N, were estimated provided the best fitting of
experimental data by theoretical curves. The results of
such evaluations are displayed in the Table.

4. Experimental Results and Their Discussion

The results of experimental researches of the specimens
after their UST and in the course of USL are presented in
Figs. 2-6. In Figs. 2 and 3, the temperature dependences
of the Hall coefficient, the specific conductivity, and the
current carrier mobility before and after several cycles of
UST of MMT specimens of the p-type cut off from the
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Fig. 1. o — temperature dependences of the Hall mobility of
current carriers scattered by acoustic phonons (AC), ionized
impurities (10), optical phonons (OP), and taking into account all
three mechanisms of scattering (X); points are the experimental
data for the specimen n-CdMnHgTe-4.4.
dependences of the specific conductivity for the p-MnHgTe 8.2M
(1) and n-CdMnHgTe 4.39H (2) specimens

b — temperature

same ingot are shown. The initial specimen p-8.2M, after
its preliminary ~v-irradiation by Co® (the irradiation
dose was D < 10° rad), was characterized by somewhat
lower values of N, (see the table) and higher values
of the Hall mobility and the specific conductivity than
the specimen p-8.1M. One can see that slightly different
initial conditions resulted in a qualitative difference
between the UST results. While the specimen p-8.1M
demonstrated a reduction of both the current carrier
mobility and the Hall coefficient, as well as an increase of
the specific conductivity, the specimen p-8.2M revealed
almost no change of the current carrier mobility after
the treatment. It can be due to a ~-radiation-induced
reduction of the initial concentration of electrically
active, i.e. ionized, defects (EADs). In this case, the
contribution of the scattering by ionized impurities was
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b m/(V:5)

1074

Fig. 2. Temperature dependences of the Hall coefficient Ry (a),
the specific conductivity o (b), and the Hall mobility pg (c) for the
initial and US-treated p-MnHgTe 8.1M specimen. The numbering
of the curves is quoted in the Table

rather small (see Fig. 3,c) and did not manifest
itself even after UST. In order to estimate the EAD
concentration for this specimen, we simulated its specific
conductivity (see Fig. 1,b). One can see that the
simulation resulted in a satisfactory agreement between
theoretical calculations and experimental data, which
allowed us to determine N, and Ng. Therefore, the
influence of UST resulted in an increase of N, and
Ny, with o(T) for the specimen p-8.2M remaining lower
than that for the specimen p-8.1M even after the former
having been subjected to UST. All this evidences for the
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Fig. 3. The same as in Fig. 2 but for the p-MnHgTe 8.2M specimen

same character of the UST influence on both specimens
of the p-type.

Figs. 4 and 5 present the results of UST of two
MCMT specimens which were also cut off from the same
ingot. Despite this circumstance, they revealed rather
different electrophysical characteristics. For example,
the specimen n-4.4 had conductivity of the n-type, the
temperature dependences of the Hall coefficient and
the specific conductivity typical of narrow-band-gap
semiconductors, and a rather high mobility of current
carriers (ug &~ 10* cm?/(V - s) at T = 80 K) in the whole
temperature range. At the same time, the specimen
n-4.390 was characterized by inversion of the Hall
coefficient, i.e. it had conductivity of the p-type at low
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Fig. 4. The same as in Fig. 2 but for the n-CdMnHgTe 4.390

specimen

temperatures and that of the n-type at high ones.
The mobility of current carriers in this specimen was
lower than that in the specimen n-4.4. All this together
testified to that the EAD concentration in the n-4.390
was much higher than that in the specimen n-4.4 (see
the Table). We note that both the specimens were
compensated. UST of the specimen n-4.390 resulted in
a shift of the temperature of inversion of Ry by about
60 K towards higher temperatures (Fig. 4, curve 3).
A similar acoustically induced shift of the maximum of
the dependence Ry (T) and an increase of its slope after
further UST cycles were also observed for the specimen
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Fig. 5. The same as in Fig. 2 but for the n-CdMnHgTe 4.4

specimen

n-4.4 (Fig. 5, curves 2-4). A certain approach of the
dependence Ry (T') for the specimen n-4.4 to the relevant
dependence for the specimen n-4.390 (Fig. 4, curve
1) occurred in this case. In the course of UST, the
conductivity gradually decreased, because the number
of defects of acceptor type (vacancies and dislocations)
and, accordingly, the degree of compensation increased.
The growth of the electron scattering by newly created
ionized defects was evidenced for by a reduction of the
electron mobility. Therefore, an increase of the intensity
and a prolongation of UST of the specimens n-4.4 and
n-4.390 were accompanied by a rapid generation of
additional vacancy defects (see the Table). In so doing,
UST of the specimen n-4.4 approached its Ry(T)
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Fig. 6. Temperature dependences of the Hall coefficient Ry (a),
the specific conductivity o (b), and the Hall mobility ug (c¢)
for the initial and US-loaded n-CdMnHgTe 4.39H specimen. The
numbering of the curves is quoted in the Table

dependence to the corresponding dependence of the
initial specimen n-4.390. Further USTs of specimen n-
4.4 can lead to the inversion of its dependence Ry(T")
in the researched temperature interval. The generation
of additional (UST-induced) defects in those specimens
resulted in a decrease of py in the low-temperature
region.

Thus, UST of specimens with a mixed or n-type of
conductivity results in an increase of the difference NV, —
Ny, which makes a specimen with conductivity of the n-
type “less electronic” and shifts the point of inversion
of the Hall coefficient towards higher temperatures.
Moreover, a decrease of the slope of the curve uy(7T') =
ATT" in the high-temperature region may evidence for
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some changes in the character of the phonon scattering,
namely, an enhancement of its acoustic component.

The results of the dynamical influence of USL on
the electrophysical characteristics of a MCMT crystal
are shown in Fig. 6; the measurements being carried
out n situ during the loading procedure. We note
that dynamical variations of the dependences Ry (T')
and o(T) in the course of USL are reversible as
opposed to the UST effects, when the acoustically
stimulated changes of the electrophysical parameters of
specimens were irreversible. From Fig. 6, one can see
that the maxima of the dependences Ry (T") and o(T') are
shifted towards low temperatures, so that the inversion
temperature is also shifted in this direction. Such a
character of the behavior of Ry(T) and o(7T) in the
course of USL is different from and even opposite to
that obtained in the course of a stationary UST.

The difference between the results of the stationary
and dynamical US actions is explained, in our opinion,
by different values of the diffusion coefficient of mercury
atoms Dy, under these conditions [15]. As UST was
carried out at room temperature, the value of Dy, was
rather high, so that newly created interstitial Hg atoms
had enough time to diffuse to dislocations and to be
fastened there. At the same time, new Hg vacancies,
being the other component of the Frenkel pair and owing
to their much lower value of Dy,,, remained in the
crystal bulk, thus increasing the concentration N,. Such
an influence of UST has been investigated earlier on
Hg;_.Cd,Te crystals [5,6,10].

On the other hand, the measurements in the course
of USL were carried out at much lower temperatures
and during short terms. Therefore, the value of Dy
was low, the acoustically stimulated generation of pairs
(interstitial Hg atom — Hg vacancy) occurred only
during the US action, so that the components were
situated at a short distance. After the ultrasound having
been switched off, the components recombined during
a short period, and the characteristics of the specimen
came back to the initial state. This means that the
action of USL was reversible. It is clear that the
character of a variation of ug(T") was also defined by the
real (dynamical and statistical) concentration and the
structure of defects in the crystal lattice of a specimen.

After a long-term UST, additional point defects
are inserted, which results in a decrease of puy and
a certain redistribution among the contributions of
various mechanisms to the scattering. Therefore, the
essence of the UST processes comprises a redistribution
of initial (intrinsic) and newly generated point defects
between the matrix and drains (dislocations, small-angle
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interfaces, subblock interfaces, and so on), the latter
being determined by the initial state of the defect system
and resulting in modifications of the material properties.
In accordance with the general regularities of the defect
formation in both MCT [11, 14-16] and MMT, if the
concentration of point defects on dislocations is high,
which is typical of specimens annealed in an atmosphere
of mercury, the UST may be accompanied by the tearing
of excess (as compared to the volume) defects, e.g., Hg;
atoms, away from dislocations into interstitial spaces of
the crystalline matrix and/or by the capture of vacancies
by linear defects [10,15]. In this case, Ny may increase
and N, may decrease. In another case, where drains are
not saturated by Hg; atoms, the influence of UST comes
to the intense generation of electrically active centers
(see above). The process of this kind is characterized
by a growth of N, in specimens of the p-type (see the
Table).

Conclusions

1. The acoustically stimulated changes of electrophysical
properties, namely, an increase of the Hall coefficient
Ry in specimens with conductivity of the n-type and its
reduction in specimens of the p-type, and an increase
of the Hall mobility of current carriers pg in the
high-temperature region and its reduction in the low-
temperature one in specimens with conductivity of both
the n- and p-types, are ambiguous and governed by
several factors:

e by the initial structure of both intrinsic point-
like and linear defects in the crystals under
investigation; for example, an increase of the
mercury content reduces the amplitude threshold
of the US influence;

e by change of the relative contributions of various
mechanisms of current carrier scattering; for
examlpe, both the scattering by ionized impurities
and the contribution of the scattering by acoustic
phonons increase;

e by the parameters (frequency, intensity, and
duration) of the US treatment.

2. The mechanism of the US influence has a
dislocation nature. The basic changes of electrophysical
parameters are connected with a redistribution of Hg
atoms between the crystal bulk and dislocations in the
course of acoustically stimulated vibrations of the latter.
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3. The US treatment and the US loading allow
one to use ultrasound for simulating and monitoring
the transport properties of specific specimens of
Hg;_yMn,Te and Hg;_,_,Cd,Mn,Te.

The authors thank O.0. Bodnaruk (Chernivtsi
National University) for the crystals presented for our
researches.
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BIIJIUB VJILTPA3BYKOBOI OBPOBKMU
HA EJIEKTPO®I3ZUYHI BJIACTUBOCTI
MOHOKPUCTAJIIB HgMnTe

TA HgCdMnTe

.M. Oaix, C.E. Ocmanos, M./]. Tumonwko
Peszmowme

IIpoBeeHO eKClieprUMEeHTAJbH]I Ta TEOPETUYH] JOCIII>KEeHHS BILJIN-
By y/ibTPa3ByKoBoi 06pobku (Y30) ta ¥Y3-naBanraxenus (Y3H)
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Ha HaniBupoBingaukoBi kpuctamu HgMnTe ta HgCdMnTe. Ilo-
Ka3aHO, I0 aKyCTOCTUMYJIbOBaHI 3MiHU eJIeKTPOMI3nIHUX Mnapa-
MeTpiB, a came: 30imbmieHHs Koedimienta Xosmma Ry y 3pas-
KaxX MN-THIy OpoBigHOCTI i 3MeHmeHHs iforo y 3pa3kax p-THILY,
301/IbIIEHHST XOJTIBCBKOI PYXJIMBOCTI fiff ¥ BHCOKOTEMIEPATYD-
Hill | 3MeHIIeHHs y HU3BKOTEeMIEePATypHill 00JacTax Iasa 3pas3-
KiB $K I M-, TaK 1 AasA p-THOY OpPOBigHOCTI, — BH3HA-
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YAIOTBCSA a) BHUXIZHOI CTPYKTYporo medexTiB Kpucrtanais (3i
36inpmennsam Bmicty Hg 3umkyerscs ammmiTygumit mopir V3-
BIMBY), 6) BIJHOCHHM BHECKOM pI3HHX MeXaHi3MiB pO3Cito-
BaHHs HOCIIB 3apsny (Haiblibm edexrusrmit ¥Y3-Bmums 3piiic-
HIOETHCS 33 MEXaHi3MOM pO3CiIOBaHHSI Ha I10HI30BAHMX JOMIII-
Kax), B) pexumamMu Y3 (9acTOTOI0, IHTEHCHBHICTIO Ta TpH-
BaJIICTIO).
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