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(Hg,Cd)Te epilayers containing a dozen percent of CdTe were grown by molecular beam epitaxy technique
on GaAs wafers with thick CdTe buffer layers. The X-ray diffraction method was used to determine a chemical
composition of the epilayers. The scanning electron microscopy measurements in turn were performed to determine
the thickness of epilayers, and both scanning electron and atomic force microscopy to evaluate structures’ morphol-
ogy. The selected mechanical properties of samples were studied by the nanoindentation technique. The average
values and standard deviations of the nanohardness and Young’s modulus were extracted from the collected load-
displacement data. The values of both parameters were compared with those determined for bulk crystals and

those known from the literature.
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1. Introduction and motivation

The ternary HgCdTe alloys form a continuous series
of (Hg,Cd)Te solid solutions with CdTe content ranging
from 0 to 100%. All of them possess zinc blende crystal
structure [1]. The crystals containing up to about 30%
of CdTe belong to the class of narrow-gap semiconduc-
tors. For a low CdTe content these crystals exhibit an in-
verted band structure, and the zero-energy gap at liquid
helium temperature is achieved in (Hg,Cd)Te containing
around 15% of CdTe [1]. This inverted band structure
of the solid solution is characterized by the linear depen-
dence of conduction band energy on wave vector. Thus,
according to the Kane theory describing the band struc-
ture of a narrow-gap semiconductor [2], the electron ef-
fective mass at the conduction band edge is exactly zero.
Many physical properties of the (Hg,Cd)Te are strongly
affected by its unique band structure. It concerns not
only the electron transport, but also the interband or
free-carrier absorption [3], optical phonon modes [4], etc.
The narrow-gap (Hg,Cd)Te was intensively investigated
from the sixties of last century and many review papers,
chapters in books or whole monographs were dedicated
to various properties of this solid solution (for details
see [1, 5, 6] and references therein). The (Hg,Cd)Te crys-
tals found several important applications, in particular
for making optical devices working in the infrared spec-
tral range of radiation [6]. Over the last years (Hg,Cd)Te
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with an inverted band structure has again attracted a lot
of attention due to its possible transition from a normal
to a topological insulator phase [7] and the first obser-
vation of the quantum spin Hall effect [8]. It is believed
that the materials with the massless Dirac fermions hav-
ing a linear momentum-energy relationship and forming
a new class of quantum matter, can find a number of
novel applications that will be based on their unique
physical properties.

Recently, it was demonstrated that selected mechani-
cal properties of PbTe bulk crystals and molecular beam
epitaxy (MBE)-grown PbTe layers differ substantially [9].
In the case of GaAs, however, the analogous differ-
ence seems to be much smaller [10]. Therefore, an in-
teresting question arises whether this effect exists also
in II-VI semiconducting compound. The (Hg,Cd)Te
solid solution seems to be an excellent object for such
investigations.

The aim of present study is to determine the nanohard-
ness and Young’s modulus of (Hg,Cd)Te solid solution by
the method of nanoindentation. The alloy compositions
similar to these corresponding to the energy band inver-
sion, were selected for this purpose.

2. Experimental details

(Hg,Cd)Te layers, approximately 1 pum thick, contain-
ing a dozen percent of CdTe were grown by the MBE
technique at the Centre for Microelectronics and Nan-
otechnology of the University of Rzeszow. The Double
RIBER COMPACT 21 system was used for the growths.
First, the (001)-oriented or slightly misoriented (of the
order of one degree) GaAs wafers (from AXT company)
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were overgrown with CdTe buffers of the thickness from
3 to 4 um. Next, the (Hg,Cd)Te solid solution lay-
ers with thickness ranging from approximately 300 to
1000 nm and chemical compositions not exceeding 20% of
CdTe were grown on hybrid substrates prepared in such
a manner. For more details on the growth technology
see [11, 12].

The (Hg,Cd)Te layer thickness was determined by
scanning electron microscopy (SEM) while the surface
morphology was evaluated by both SEM and atomic force
microscopy (AFM). Prior to the nanoindentation mea-
surements the structural characterization and the deter-
mination of chemical composition of all crystals was per-
formed with the use of X-ray diffraction (XRD) tech-
nique. The X-Pert PANanalytical X-ray diffractometer
and Cu K,, radiation was used and the X-ray diffrac-
tion pattern was measured in a wide angular range
(10° < 260 < 150°). For the nanoindentation measure-
ments the Ultra Nanohardness Tester CSM UNHT /AFM
was used with the following parameters: maximum load
0.5 mN, linear change of the load vs. time during ap-
plication or removal of the load 0.033 mN/s, applica-
tion time of the maximum load 15 s. The average val-
ues and standard deviations of the nanohardness and
Young’s modulus were extracted from the determined
load—displacement relation.

The bulk (Hg,Cd)Te crystals used for a comparison
were grown by the Bridgman method and their chemical
composition was verified by XRD.

3. Results and discussion

The typical results of XRD measurements for both
types of samples are shown in Fig. 1 and Fig. 2. Figure 1
presents a part of X-ray diffraction pattern obtained for
the (Hg,Cd)Te epilayer which was grown on slightly mis-
oriented (001)-GaAs substrate. The perfect epitaxial
character of the (Hg,Cd)Te layer and its (001) orien-
tation can be seen. Very small intensity of the struc-
ture corresponding to a contribution from (111)-oriented
(Hg,Cd)Te indicates a residual character of this crystal
phase. The lattice parameter of the solid solution, re-
sulting from the measured diffraction pattern, is equal to
6.4642 A. Taking into account the lattice parameter for
HgTe (a = 6.4604 A) [13] and for CdTe (a = 6.481 A) [14]
and assuming the Vegard relation, one can obtain that
the (Hg,Cd)Te layer contains about 19% of CdTe. Fig-
ure 2 presents the diffraction pattern measured for the
layer grown on exactly oriented (001) GaAs substrate.
This pattern clearly indicates a polycrystalline charac-
ter of the growth. The relevant lattice parameter is
slightly higher and the layer contains a few percent
more CdTe than the previous one. The dependence of
the crystallographic structure of MBE grown layers on
the misorientation of GaAs substrate is a well-known
phenomenon and it was observed previously not only
for a number of II-VI semiconducting compounds and
their solid solutions, but also for many other materials

(e.g., for zinc blende MnTe [15]). Since values of the CdTe
and (Hg,Cd)Te lattice parameters are similar, the Bragg
peaks that have been obtained from diffraction on both
layers grown by MBE, resulted in being very close to
each other. They are not well separated as can be seen
in Fig. 1 and Fig. 2.
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Fig. 1. The typical XRD pattern of the structure

grown on slightly misoriented (001) GaAs substrate with
CdTe buffer.
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Fig. 2. The typical XRD pattern of the structure

grown on (001)-oriented GaAs substrate with CdTe
buffer.

The Raman scattering can in principle serve for an in-
dependent estimation of a chemical composition of a solid
solution. It is because the frequency position of struc-
tures related to scattering of optical phonons changes
with varying composition. Although the previously de-
termined frequency position of the Raman structures for
the (Hg,Cd)Te solid solution can be found in the liter-
ature, e.g., in [16], the estimation of composition with
the use of the Raman studies is not an easy task due to
a number of complications mentioned below.
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The phonon excitations for (Hg,Cd)Te exhibits two-
mode behavior due to a significant difference of mass of
constituent metal atoms. One can also expect an ap-
pearance of a subtle structure of transversal optic (TO)
phonon modes. It can result from a number of possi-
ble, different distributions of Hg and Cd ions on lattice
sites around the Te ion, forming a deformed tetrahe-
dron. In fact, the far-infrared reflectivity spectra taken
on (Hg,Cd)Te bulk samples have demonstrated a com-
plex structure of observed TO modes which result from
this effect (see [17, 18] and references).

One has to mention also that for a small power of laser
excitation (a few mW only) that corresponds to a re-
ally small intensity of the Raman scattering signal and
a high noise level, the MBE-grown (Hg,Cd)Te layers can
be easily damaged during experiment. As a result of
this degradation process, the hexagonal tellurium pre-
cipitates are formed. Now, efficiency of the Raman scat-
tering on crystalline Te is very high and the presence of
even a small number of Te precipitates in investigated
material can lead to additional Raman structures in the
interesting frequency range [19]. Therefore, the Raman
spectroscopy seems to be not the best experimental tool
to determine (Hg,Cd)Te chemical composition precisely.
Therefore, this method was not applied in the present
study.
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Fig. 3.
by SEM.

The side view of the structure of Fig. 1 obtained

Figure 3 shows the side view of the sample presented in
Fig. 1, and taken by SEM: the thickness of CdTe buffer
was approximately 3.7 ym and that of the (Hg,Cd)Te
close to 1 pm. The surface of this sample investigated
by AFM is shown in Fig. 4. The analyzed surface area
was 20 pm x20 pm, and the estimated surface roughness
(RMS) was = 2.3 nm.

The result of nanoindentation measurement performed
for the sample under discussion and its interpretation are
shown in Fig. 5 and Fig. 6. In order to measure prop-
erties of an epitaxial layer alone (avoiding possible in-
fluence of a substrate), the indentation depth should be
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Fig. 4. The result of AFM measurements of the
(Hg,Cd)Te layer shown in Fig. 1 and Fig. 3. (a) Surface
topography of the layer, (b) Surface profile along the
line indicated in (a).

kept within several percent of the layer thickness. This
value should be from 10 to 20% (see [9] and references).
Importantly, the MBE-samples studied here satisfied this
condition. The nanohardness values H = (550+40) MPa
and Young’s modulus values E = (53 &+ 3) GPa were de-
termined. These values are in an agreement with exper-
imental data [20] for MBE-grown (Hg,Cd)Te layer con-
taining 30% of CdTe, in spite of dealing with different
composition. Values obtained in [20] are H = 660 MPa
and E = 42 GPa. The difference between our present val-
ues and that are reported in [20] comes from hardening
of the soft HgTe material with an increasing Cd content.
This effect is well known for bulk (Hg,Cd)Te solid solu-
tions [21-27], and was also observed for (Hg,Zn)Te solid
solutions [23, 25]. More recently similar effect was ob-
served for PbTe, relatively soft material belonging to the
group of IV-VI semiconducting compounds. The results
were reported for (Pb,Cd)Te solid solution [28, 29].

The mechanical properties of zinc blende crystals are in
general anisotropic and materials are stiffest along (111)
body diagonal [30]. However, the hardness values deter-
mined for [001]-type direction are only a couple of per-
cent smaller than that for [011]-type crystal direction for



606
0,6 - -~~~ Bulk crystal
—— MBE - grown layer
0,5 - =y
TSR
#
s’
E 04 e d
- » '
8 - '
0,3 .3 '
2 S ;
o} ]
02 2% !
l, !
1
0,1 ‘
!
'
'
0,0 T T < T
0 50 100 150 200
Nanoindentation depth, nm
Fig. 5. The applied load—nanoindentation depth ex-

perimental curves obtained for MBE-grown layer from
Fig. 1 and the bulk crystal with the same chemical com-
position.
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Fig. 6. The comparison of the nanohardness and
Young’s modulus values resulting from nanoindentation
measurements shown in Fig. 5.

tetrahedrally coordinated materials [31]. Therefore, the
results of nanoindentation measurement on MBE grown
(001)-oriented (Hg,Cd)Te layer can be compared with
those determined for the (011)-oriented, solid solution
bulk crystal with a similar CdTe content (about 20%).
The results of such comparison are presented in Fig. 5
and Fig. 6. Only a small difference of H and E values
determined for both types of crystals is seen. A simi-
lar effect was reported for (Hg,Cd)Te solid solution con-
taining 30% of CdTe [20]. Therefore, we conclude that
much higher nanohardness value of MBE grown layers
and that of bulk crystals, that were found recently for
PbTe [9], was not observed in the case of (Hg,Cd)Te solid
solution.

4. Conclusions

The (Hg,Cd)Te solid solution epilayers with chemical
compositions corresponding to the vicinity of zero energy
gap were grown by MBE on exactly oriented and slightly
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misoriented (001)-GaAs wafers with thick CdTe buffers.
The structures were characterized by XRD, SEM, and
AFM. It was demonstrated that for the epitaxial, MBE
growth of this solid solution the use of misoriented GaAs
substrates is preferred, which is in an agreement with
similar observations reported for several other II-VI type
semiconductors. The nanohardness and Young’s moduls
determined for MBE grown layer were compared with
respective values determined for the bulk crystal with
the same chemical composition. Present results did not
reveal any significant difference of obtained nanohardness
values for both types of studied crystals, in contrast to
that reported previously for PbTe.
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