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Single crystals of the (Pb,Cd)Te solid solution with CdTe content up to 9% were grown by self-selecting vapour
growth method and investigated by powder X-ray diffraction, inelastic neutron scattering, and nanoindentation
measurements. The analysis of the linear part of the LA phonon dispersion, determined by the inelastic neutron
scattering demonstrated an increase of the sound velocity (thus the hardening of the crystal lattice) with an
increase of CdTe content in the solid solution. An important increase of microhardness value for (Pb,Cd)Te was
directly confirmed by results of nanoindentation measurements performed for a few samples with various chemical

composition.
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1. Introduction

Lead telluride is one from the lead chalcogenides, which
has found much usefulness in the field of thermoelectric-
ity and infrared detection. The first papers dedicated to
the hardness determination for this compound appeared
almost fifty years ago [1, 2]. In single n-type PbTe bulk
crystal grown by the Bridgman method the microhard-
ness is almost a constant value of H ~ 300 MPa for var-
ious electron concentration whereas in p-type material
this value strongly increases with the hole concentration
and can be as high as H = 700 MPa [3, 4|. Due to the
relatively low PbTe microhardness value a layer of this
compound is so soft that it can be scratched easily. As a
consequence various devices consisting of PbTe layers are
not robust enough to withstand the damage originating
from standard fabrication processing. In order to avoid
this problem more robust materials are chosen typically
as an outermost layer in selected devices. However, an-
other possibility is to replace the PbTe by a solid solution
containing some amount of other compound. This idea
is not a new one. A softening of PbTe by alloying of this
compound with small amount of SnTe (up to 3%) was
demonstrated in [1], solid (Pb,Ca)Te solution containing
up to 6% of CaTe was the topic of recent studies [5].
Up to our knowledge in the case of thin PbTe-based lay-
ers the alloying was limited to the GeTe only with its
content not higher than 22% [6, 7]. A hardening of PbTe
crystals by alloying it with CdTe was suggested a long
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time ago [3], but due to lack of access to the (Pb,Cd)Te
solid solutions with good structure quality these studies
were limited to samples with one nominal CdTe content
equal at least to 3% in the past.

The successful growth of big, high quality single
(Pb,Cd)Te crystals with CdTe content as high as 12%
by self-selecting vapour growth (SSVG) method changed
this situation [8, 9]. Some results obtained using these
crystals can be found in [10, 11]. The aim of present
studies of the (Pb,Cd)Te solid solution was to analyse in
a more systematic manner the crystal lattice hardening
resulting from an increasing doping. Both a non-direct
method (a modification of the sound velocity with lattice
hardening demonstrated by studies of the linear part of
LA phonon dispersion by an inelastic neutron scattering
(INS) technique) and the direct one (the nanoindenta-
tion measurements performed on oriented single crystals)
were selected for such purpose.

2. Experimental and calculations details

The single (Pb,Cd)Te crystals containing from 0 to 9%
of the CdTe were grown at the Institute of Physics, PAS,
by the self-selecting vapour growth (SSVG) method. All
samples were p-type crystals with relatively high hole
concentration [9]. The structure characterization of these
crystals was performed first by powder X-ray diffrac-
tion at the same laboratory using Cu K,, radiation
and next (for the single crystals) by neutron diffraction
using G2.4 neutron spectrometer installed on the cold
neutron source at Laboratoire Léon Brillouin in France.
The same spectrometer served for the inelastic neutron
scattering (INS) measurements at room temperature on
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selected samples, applied for the determination of lin-
ear part of longitudinal acoustic (LA) phonon dispersion
along the [001] high symmetry direction in the vicin-
ity of the Brillouin zone centre. The microhardness and
the Young modulus were determined for natural, (001)-
oriented faces of a few single crystals by the nanoinden-
tation method. For the measurements mentioned above
an ultra nanohardness tester CSM with the following pa-
rameters was used: maximum load 1 mN, linear change
of the load during application or removal of the load
0.033 mN/s, application time of the maximum load 30 s.
All first-principles calculations were made in the frame
of density functional theory (DFT) as implemented in
VASP package [12]. For detailed setup see Sect. 2 in
Ref. [13]. The high accuracy of this approach for both
structural as well as dynamical properties of solids was
confirmed in many papers (see, e.g. [14]). The elastic
properties of ideal PbTe crystals were determined from
method based on the stress—strain relationship described
in Refs. [15, 16]. The discussion of the results obtained
in Ref. [17] against wrong experimental findings clearly
illustrates capabilities and the power of this method.

3. Results and discussion

The structure analysis of all investigated single crystals
demonstrated their good quality and excluded possible
presence of other phases or precipitates. Next, the LA
phonon dispersion was determined along [001] direction
for selected solid solutions by the INS. Figure 1 shows
the experimental points (squares) corresponding to the
sample containing 5% of CdTe. This figure illustrated
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Fig. 1. Comparison of LA phonon dispersion along
[001] direction measured at room temperature by INS
for (Pb,Cd)Te with 5% of CdTe (squares) and calculated
for PbTe (circles). The linear part of the first dispersion
is indicated (details in the text).

the method of the estimation of the velocity of sound
applied in the present paper. From the slope of the tan-
gent line to the LA phonon dispersion in the vicinity
of the Brillouin zone centre (an area of a linear disper-
sion) the velocity of sound was determined. In order to
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demonstrate the change of this slope with an increasing
CdTe content in the solid solution, the theoretical LA
phonon dispersion of PbTe is shown for the comparison.
The theoretical dispersion (circles) obtained using ab ini-
tio calculations and the supercell method described very
well most of the experimental points determined for this
compound. These two dispersions looked very similar
but using the INS technique it was possible without any
doubt to demonstrate small differences between them.
From the analysis of modification of linear part of the LA
phonon dispersion, determined by the INS, a noticeable
increase of the sound velocity with an increasing CdTe
content in (Pb,Cd)Te solid solution was found.

4200

4000
3800 7

3600 -

-~
-~
4 -
”
3400—% % __,—}

3000

Velocity of sound (m/s)

w

N

o

o
|

CdTe (%)

Fig. 2. Composition dependence of the sound velocity
in (Pb,Cd)Te solid solution resulting from the INS mea-
surements performed at room temperature. Dashed line
is a guide to the eye.

This result is shown in Fig. 2. The numerical values
are subjected to noticeable experimental error equal at
the very least to 5% (resulting mostly from a limited ac-
curacy of very low values of LA phonon mode frequencies
in the area of interest), nevertheless the general trend is
well seen in this figure. As it was shown in Ref. [15] elas-
tic properties can be more accurately determined from
stress—strain relation than from acoustic phonon disper-
sion. The theoretical value of sound velocity in PbTe
along [100] direction obtained on this way is equal to
3699.8 ms—!. An increase of the sound velocity clearly
indicates the crystal lattice hardening and cannot be ex-
plained simply by a small modification of crystal density
resulting from partial replacement of Pb by Cd. It could
be mentioned that the modification of the LA phonon
dispersion with changing composition of the solid solu-
tion is not only limited to the change of the tangent line
slope described above. The small shift in both the en-
ergy and the wave vector value corresponding to the LA
phonon maximum is well seen in Fig. 1.

More direct experimental data determined by nanoin-
dentation measurements confirmed the solid solution lat-
tice hardening with an increase of CdTe content. Figure 3
illustrates resulting from this phenomenon decrease of
the nanoindentation depth with an increase of alloying.
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The average values and standard deviations of the mi-
crohardness H and the Young modulus E were extracted
from the determined load—displacement curves. They are
presented in Table I. The theoretical E value for PbTe
obtained from calculated elastic tensor reads 70.0 GPa.
The results of present measurements demonstrate a sig-
nificant increase of the microhardness value observed in
(Pb,Cd)Te solid solution in comparison to that of PbTe.
The change of the microhardness value is not accompa-
nied by a clear modification of the Young modulus, which
seems to be almost independent of the chemical compo-
sition in the analysed range of the CdTe content in the
solid solution.
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Fig. 3. Load-depth curves determined by nanoinden-

tation for PbTe and (Pb,Cd)Te solid solution contain-
ing 2% of CdTe (solid line — PbTe, dashed line —
(Pb,Cd)Te).

TABLE I

The microhardness and the Young modulus values for
analyzed single crystals of (Pb,Cd)Te solid solution.

Composition Mechanical properties
CdTe microhardness Young modulus
(%] [MPa) [GPal
0 894+30 7244
2 1300£47 7346
5 1431441 5243
9 1640+60 7244

4. Conclusions

An important (Pb,Cd)Te crystal lattice hardening
with an increasing CdTe content in the solid solution was
demonstrated by two independent experimental meth-
ods: the INS and the nanoindentation. The same time
the Young modulus value within an experimental error
remained constant and equal to that of PbTe sample.
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