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Pbi_,Sn,Te is a IV-VI substitutional semiconductor alloy exhibiting excellent thermoelectric and mid-
infrared optoelectronic properties controlled by the tin content. In recent years, this material has gained
additional interest due to discovery of a topological crystalline insulator state for large values of x. High-
quality Pb;_,Sn,Te crystals can be grown both as bulk materials and thin layers. However, due to its
high thermal expansion and lattice mismatch with commercial semiconductor substrates such as Si or
GaAs, the choice of substrates for epitaxial growth of Pb;_,Sn,Te layers is very limited, and thermally
matched cleaved BaFy (111) substrates have typically been used. In this article, we report the growth
of Pb1_;Sn,Te (z = 0-1) layers by molecular beam epitaxy using original hybrid substrates made of
a few micrometer thick CdTe layer grown on commercial 2-in GaAs (001) wafers. The basic struc-
tural, electrical, and optical characteristics of the grown structures are presented, demonstrating the
high crystalline quality of the Pbi_,Sn,Te layers with a rock-salt structure, with a lattice parameter
exhibiting Vegard law in the entire composition range, p-type electrical conductivity with hole concen-
tration varying by three orders of magnitude from PbTe to SnTe, and a mid-infrared optical spectrum
dominated by plasma reflectivity and interference effects.

topics: IV-VI semiconductors, topological crystalline insulators, epitaxial growth

1. Introduction

Pbi_,Sn,Te is a IV-VI semiconductor substi-
tutional solid solution known for its thermoelec-
tric and mid-infrared optoelectronic applications, as
well as for its intriguing electronic properties con-
trolled through Sn content and engineering of na-
tive defects (metal vacancies) [1-3]. A recent re-
newed interest in this material is related to the dis-
covery of a topological crystalline insulator (TCI)
state observed for x > 0.35, which is driven by
an inversion of the valence- and conduction-band
symmetry occurring at the transition through the
zero energy gap state (for x = 0.3-0.5 at low
and room temperature, respectively), identified as
a Weyl semimetal [4-8]. Successful band-structure
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engineering through alloying with other semicon-
ductors, as well as achieving a very high doping
level, resulted also in significant improvement in
the efficiency of thermoelectric generators based on
SnTe and Pby_,Sn,Te [9].

High-quality Pb;_,Sn,Te crystals can be pro-
duced in bulk form using either growth from molten
material by the Bridgman method, or from the va-
por phase, e.g. by the self-selecting vapor growth
(SSVG) technique [1-3, 10, 11]. An alternative tech-
nological approach — crucial for infrared detec-
tors in the form of layered heterostructures —
is the growth of micrometer- or nanometer-thick
layers on suitable single-crystal substrates. Typ-
ically, a thermally matched, cleaved BaFy (111)
substrates (lattice parameter a = 6.20 A, ther-
mal expansion coefficient o = 1.88 x 1075 K1) are
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Fig. 1. Schematic diagram of the heterostruc-
tures studied in this work, consisting of a

CdTe/ZnTe/GaAs (001) hybrid substrate and a
Pbi_,;Sn,Te (x = 0-1) epitaxial layer with a thick-
ness of 0.6-3 micrometers.

used for epitaxial growth of IV-VI semiconductors.
Other options studied are: KCl, InP, or IV-VI na-
tive substrates. However, KCl with lattice param-
eter a = 6.29 A and very large thermal expansion
coefficient o = 3.9 x 107® K~ is an exotic solution,
e.g. for studies of compressive strain-induced effects.
This substrate has many disadvantages, such as
cracking of the layers during thermal cycling. Being
a commercially available epi-ready InP substrate
(a=5.87 A, a=4.6x10"% K~') shows a small
lattice parameter mismatch to PbS (a = 5.94 A),
a larger one to PbSe (a = 6.12 A) and quite a large
one to SnTe (a = 6.30-6.32 A, depending on stoi-
chiometry) and PbTe (a = 6.46 A). Like other ITT-V
semiconductors, InP also shows a large thermal ex-
pansion mismatch to IV-VI semiconductors, which
typically have o &~ 2 x 107° K—1).

Despite quite high quality of crystals (typically
300 arcsec rocking curve parameter), IV-VI crystals
never reached the status of truly commercial sub-
strates and were, and still are, considered as a spe-
cial research-oriented option or special applications
of infrared p—n junction lasers. The primary reasons
are: (i) the relatively small size (1 cm) of single-
crystalline plates obtained, (ii) the lack of a simple
and reliable mechano—chemical polishing procedure
to prepare epi-ready surface of these rather soft tel-
luride materials, and (iii) the practically unavoid-
able high concentration of electrically active native
defects, resulting in high conductivity and metallic-
like properties. The lack of semi-insulating IV-VI
substrates constitutes a considerable disadvantage
in developing many applications.
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Due to the high thermal expansion and crystal
lattice parameter mismatch of IV-VI semiconduc-
tors with commercial semiconductor substrates such
as Si, GaAs or, InP, the choice of substrates for epi-
taxial growth of Pb;_,Sn,Te is very limited. There-
fore, the development of epitaxial growth technol-
ogy for IV-VI semiconductors on substrates that do
not have disadvantages of cleaved BaF5 substrates,
associated with their limited surface area and the
presence of unavoidable crystalline steps, is a timely
and important research task.

In this paper, we report on molecular beam epi-
taxial (MBE) growth of Pby_,Sn,Te (z = 0-1) lay-
ers employing original hybrid substrates made of
thick CdTe layer epitaxially grown on commercial
2-in GaAs (001) wafers.

The basic structural properties as well as elec-
trical and optical characteristics are presented,
demonstrating high crystalline quality of the grown
Pb;_,Sn,Te layers with a rock-salt structure across
the entire composition range. These results there-
fore prove that the CdTe/GaAs (001) hybrid sub-
strates are a versatile platform for developing
epitaxial growth procedures not only for (001)-
oriented Pb;_,Sn,Te single-crystal layers but also
for various multilayer infrared or thermoelectric
heterostructures.

2. Epitaxial growth and structural
characterization

Pb;_,Sn,Te (x = 0-1) layers with a cubic rock-
salt structure, studied in this work, were grown by
the MBE method on a CdTe/GaAs hybrid sub-
strates with (001) orientation and a cubic zinc-
blende structure. We applied a two-step techno-
logical procedure involving two separate ultra-high
vacuum (UHV) MBE systems. First, the hybrid
CdTe/GaAs substrate was produced in the MBE
system having a growth chamber dedicated to II-VI
semiconductors. For this purpose, low-temperature
effusion cells filled with 7N purity elemental Cd,
Te, and Zn were used. Zinc-blende CdTe layers
with a thickness of at least 4 micrometers, ori-
ented in (001) direction, were epitaxially grown
on (001)-oriented, two-inch, epi-ready, commercial
GaAs wafers (2° off). The oxide from the GaAs
substrate was removed either thermally or with
the use of hydrogen plasma at 200°C. Prior the
growth of CdTe layer, a very thin (about 5-20 nm)
ZnTe buffer layer was grown directly on the GaAs
(001) wafer. This layer is intended to suppress the
tendency of CdTe to nucleate in some parts of
the wafer in the (111) growth orientation instead
of (001). A schematic picture of the final layered
structures produced and studied in this work is
shown in Fig. 1. The “Substrate” section in this
figure shows the layers grown in the first (II-VI)
MBE system, whereas the “Layer” section presents
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Fig. 2. X-ray 20-0 diffraction pattern (intensity is presented in logarithmic scale) of the

Pbg.4sSno.50Te/CdTe/GaAs heterostructure. All peaks can be assigned to (h00) Bragg peaks from the
Pbi_5Sn,Te layer (rock-salt type structure), the CdTe and ZnTe buffer layers, as well as the GaAs substrate

(zinc-blende type structure).

the results of the technological steps carried out
in the second (IV-VI) system. Just before load-
ing (through air) the hybrid substrate to the IV-VI
MBE system, the CdTe/GaAs hybrid substrate was
etched in HCl and thoroughly rinsed with flowing
deionized water. Growth of the Pb;_,Sn,Te layer
was preceded by appropriate UHV annealing of the
CdTe/GaAs hybrid substrates, until a clear, streaky
reflection high-energy electron diffraction (RHEED)
pattern was observed from the CdTe surface. Before
starting the growth of the main Pb;_,Sn,Te layer
(with a thickness from 0.6 to 3 microns), an addi-
tional 50 nm thick CdTe buffer layer was homoepi-
taxially grown on the hybrid substrate in order to
provide an atomically smooth (001) surface. For the
growth of Pb;_,Sn,Te layer, we used a MBE cham-
ber equipped with effusion cells filled with pieces
of stoichiometry optimized polycrystalline ingot of
SnTe and elemental Pb, Cd, and Te with a purity
of 6N, or higher. At each technological step carried
out under UHV regime, the growth of the layers
was controlled in-situ by observing a clear streaky
RHEED pattern. The substrate temperature during
the growth was set at Ty, = 270-300°C. Typically,
the additional Te flux was applied at a level cor-
responding to about a 10% increase of molecular
flux above the stoichiometric cation-to-anion ratio.
In [12] further details of the strain and surface mor-
phology of SnTe layers of varying thickness grown
by MBE method on CdTe/GaAs hybrid substrates
are presented, explaining in particular the role of 2°
miss cut of GaAs (001) commercial wafers used.
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Compared to early attempts described in the lit-
erature [3], in which Pb;_,Sn, Te layers were grown
directly on GaAs (001) substrates (without any
thick buffer), the strain-induced macroscopic crack-
ing of the layers is much reduced in our layers
grown on a hybrid substrate, but still occurs in some
layers, as evidenced by surface morphology stud-
ies by atomic force microscopy (AFM) and scan-
ning electron microscopy (SEM) techniques. This is
particularly important in the case of charge carrier
transport studies, because electrical conductivity in
the layers with cracks can be two orders of magni-
tude lower than in the cracks-free layers.

The layers’ crystal structure, lattice parameter,
thickness, and chemical composition were examined
by X-ray diffraction (XRD) and scanning electron
microscopy (SEM), as well as energ-dispersive X-ray
spectrosopy (EDX) techniques. XRD measurements
were carried out in the standard 20—6 diffraction ge-
ometry over a broad 26 range. An example of a typ-
ical diffraction pattern collected for a heterostruc-
ture containing 52% of tin is shown in Fig. 2.
The diffraction pattern shows peaks confirming the
structure and crystallographic orientation of the hy-
brid substrate, such as the 400 Bragg peak originat-
ing from GaAs with a cubic zinc-blende structure,
as well as a low-intensity peak from the 400 planes
of an ultra-thin layer of ZnTe, and the 200 and
400 peaks originating from a CdTe layer crystallized
in the structure identical to that of the substrate.
The Pb;_,Sn,Te layer also produces peaks from
the h00 planes family (200,400, 600), but belonging
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Fig. 3. X-ray diffraction patterns around the (400)

Bragg peaks (intensity is presented in log scale)
of Pbi_4Sn,Te layers and CdTe layer. Each pat-
tern consists of a peak due to CdTe (left) and
a composition-dependent peak shifting with the
change of the lattice parameter, i.e., from a larger
one for PbTe (6.46 A) to smaller one for SnTe
(6.32 A) and the corresponding smaller or larger
20 position of the (004) reflex of Pbi_,Sn,Te.
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Fig. 4. Out-of-plane lattice parameter of the
Pbi_,Sn,Te layer as a function of Sn content. The
red line shows Vegard’s law for the bulk material of
this solid solution, published in [3].

to a rock salt-type structure. The 26 position of
the h00-type Bragg peaks from this layer depends
on the tin content in the solid solution. For ex-
ample, the 400 peak from pure PbTe is at smaller
angle compared to the position of the same peak
from pure SnTe, while the peaks from Pb;_,Sn,Te
materials are at intermediate 26 positions depend-
ing on the percentage of Sn (see Fig. 3). Based on
the measured positions of the 400 reflections from
Pb;_,Sn,Te, the out-of-plane lattice parameters of
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Fig. 5. SEM (a) and AFM (b) analysis of the
(110) cross-section and the (001) top surface of the
Pbo.6Sno.4Te/CdTe/GaAs (001) heterostructure.

the Pby_,Sn,Te layers were calculated for each
Sn content determined from EDX measurements.
Figure 4 shows the graphical presentation of the re-
sults. The obtained values of the lattice parameters
of our Pby_,Sn, Te layers with different tin contents
fit a linear function. This relationship has been pre-
viously observed in bulk Pb;_,Sn,Te crystals, as
well as in layers grown on different substrates [1-3]
and represents the well-known Vegard law for solid
solutions.

In Fig. 5 we present a SEM analysis of the (110)
cross-section of PbSnTe/CdTe/GaAs heterostruc-
ture, as well as an AFM study of morphology of
the (001) surface of the top layer of Pby_,Sn,Te
(held in air).

3. Electronic properties

In order to characterize the electrical proper-
ties of the layers, we carried out room-temperature
measurements of the Hall effect (carrier concen-
tration) and electrical conductivity (carrier mo-
bility). Both the semi-insulating GaAs substrates
and the undoped CdTe and ZnTe layers used
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Fig. 6. Concentration of conducting holes in

Pbi_,Sn,Te layers as a function of Sn content
(z), determined based on Hall effect measurements
at room temperature. In the case of SnTe lay-
ers (z = 1), the effect of additional Te flux is also
shown. SnTe layers were grown with different ratio
of Te to SnTe flux, from 0 (the lowest hole concen-
tration) to 0.12, 0.51, and 0.96 (the highest hole
concentration). In studies of the relationship be-
tween hole concentration and tin content, an ad-
ditional Te flux was set to be ~ 0.1 of PbTe, SnTe
or (Pb, Sn)Te flux (data points shown as squares).
The red line is a guide for the eyes only.

in our hybrid substrates show insulating proper-
ties and very high resistivity. Therefore, the top
Pb;_,Sn,Te layer we study is the only electrically
conducting material in the stack. We used a four-
probe DC technique with a Keithley nanovoltmeter
working in delta mode and applying an electric
current of I = 4(0.1-1) mA and a magnetic field
of B = +0.65 T. The electrical ohmic contacts were
prepared by soldering of 50-micrometer-thick gold
wires with indium. The samples in the form of Hall
bars were cleaved from the wafer along the (110)
crystal direction with a typical width of 2 mm and
length of 8 mm.

All studied layers exhibited p-type conduc-
tion, with the hole concentration varying from
p=3x 10" cm™ (in PbTe) to p = 2 x 10*! cm 3
(in SnTe) in a remarkably regular way, as shown
in Fig. 6 in semi-logarithmic scale. This is the result
expected for IV=VI semiconductors, in which na-
tive defects (metal vacancies) are double-acceptors
with zero ionization energy (defect energy lev-
els degenerate with band states), which induce
metallic conductivity preserved down to the low-
est temperatures. By varying the additional flux
of Te molecules one can influence the concentra-
tion of conducting holes in SnTe (z = 1) by over
one order of magnitude, as shown in Fig. 6. The
result (p=>5x 102! cm™3) for the highest non-
stoichiometric ratio tested (with additional Te flux
equal to that of SnTe) is not reliable because it
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Fig. 7. Room temperature electrical conductivity

of Pb1_;Sn,Te layers with various Sn content (z),
for which hole concentration was presented in Fig. 6.
Data for SnTe are presented by two dots with ad-
ditionall flux ratio of 0.51 and 0.96 as well as one
square for additional Te flux ratio 0.12 (used for
comparing PbSnTe layers with varying Sn content).
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Fig. 8. Room temperature mobility of conducting

holes in Pb;_,Sn,Te layers with various Sn content
(). Data for SnTe are presented by two dots cor-
responding to flux ratio of 0.51 and 0 as well as
one square for additional flux ratio of 0.12 (used for
comparing PbSnTe layers with varying Sn content).

already falls outside the stoichiometry deviation
window thermodynamically possible in a single-
phase crystalline SnTe material. In the case of PbTe
and Pb;_,Sn,Te the effect of excess Te flux is much
smaller, but is still known to generate p-type con-
duction at the level of p = 10'8-10' cm™3. The
lowest carrier concentration is observed for samples
grown without an additional Te flux, using only an
effusion cell with SnTe polycrystalline charge, which
by nature exhibit a slight non-stoichiometry (Sn de-
ficiency — Te excess), known from the thermody-
namic properties of these materials [1, 2].
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Fig. 9. Room temperature reflectivity (normal-

ized to unity at the lowest energies) in the mid-
infrared spectral range for three over 2 um thick
Pbi_;Sn,Te layers, with compositions covering
both the topologically trivial (z = 0.36) and non-
trivial state (x = 0.76).

The room temperature electrical conductivity of
Pb;_,Sn,Te layers with varying Sn content (the
same as in Fig. 6) is shown in Fig. 7, while the
corresponding carrier (hole) mobility is presented
in Fig. 8. We note a large scatter of the data, re-
vealing the key influence of the non-stoichiometry
regime applied during growth. One can find both
layers with mobility comparable to the values ob-
served for Pb;_,Sn,Te layers grown on other, more
often used substrates, such as BaF, (111), as well as
layers with a mobility an order of magnitude lower,
presumably due to the very high concentration of
structural defects related to structural and thermal
mismatch.

Optical studies of the layers were carried out
through measurements of light reflectivity in the in-
frared spectral region hr = 80-350 meV (see Fig. 9).
A continuous-flow cryostat with a ZnSe window and
an HgCdTe photodiode detector were used. In or-
der to account for absorption in air, we collected
the reference spectrum of reflection from an Au
metallic mirror immediately before measuring the
reflectivity from the layer and used it in the data
analysis. The photon energy range that was used
covers the important energy scales in Pby_,Sn,Te
material, namely the energy gap E¢ for direct elec-
tronic transitions, and the plasma edge energy of
100-200 meV, expected for Pb;_,Sn,Te layers with
hole concentration of p = 10*°-10%° cm ™3 [1-3]. The
energy gap of Pb;_,Sn, Te is changing with Sn con-
tent in a continuous way from FEg 4300 meV
in PbTe to Eg = —200 meV in SnTe (room tem-
perature values) with zero gap state Eg = 0 at
the band inversion point [1-3]. For the Pbg 5Sng 5 Te
layer with a thickness of 0.825 ym we also measured
reflectivity as a function of temperature from 10
to 300 K (see Fig. 10). This range includes the

262

T T T T T
1.0
08

o
06
04
02 1 1 1 1 1
0.10 0.15 0.20 0.25 0.30 0.35
E[eV]
Fig. 10. Spectral dependence of reflectivity of the

Pbo.5Sng.5Te layer collected at temperatures cor-
responding to both the topologically trivial band
ordering (T" = 200,300 K) and the inverted (TCI)
band ordering (7' = 10, 100 K).

temperature at which the zero energy gap state oc-
curs (T =~ 120 K), as well as higher temperatures at
which the topologically trivial state exist, and lower
temperatures where Pby_,Sn, Te assumes the topo-
logical state.

4. Discussion

Since early attempts to epitaxially grow
Pb;_,Sn,Te layers directly on GaAs substrates
turned out unsuccessful [3], the concept of reducing
the mismatch by using a very thick CdTe buffer
layer with an additional thin intermediate ZnTe
layer was tested in just few papers, only for
SnTe [12-18]. The structural parameters of our
layers compare favorably with these data. All the
Pb;_,Sn,Te epitaxial layers crystallize in a cubic
rock-salt structure with the (001) growth direction.
This is expected for IV-VI semiconductors, in
which (001) facets spontaneously develop during
the growth of bulk single-crystals or nanowires.
No evidence for rhombohedral distortion along
the (111) direction was found. We note that in
the Pb;_,Sn,Te/CdTe heterostructure we have
two cubic materials, but crystallizing in different
crystal structures, i.e., in rock-salt and zinc-blende,
respectively. One observes an almost ideal match-
ing of the lattice parameters of CdTe to PbTe,
but nearly 3% lattice mismatch to SnTe. This
influences the crystalline order at the interface
and the encountered crystal strain regime. In
both cases, a strong thermal mismatch is present.
Namely, at room temperature the thermal expan-
sion coefficient for Pb;_,Sn,Te is approximately
a = (2.0-2.1)x107° K~!, while for CdTe and GaAs
is significantly smaller, i.e, o = 4.7 x 1079 K~! and
a=5.9x 1076 K1, respectively.
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Electrical characterization of the layers based on
the Hall effect and conductivity measurements at
room temperature revealed p-type electrical con-
ductivity, with the hole concentration varying by
three orders of magnitude from PbTe to SnTe, and
showing a regular trend as a function of composi-
tion. The actual parameters are strongly dependent
on the stoichiometric regime used during growth,
controlled by an additional (from 10 to 100%) Te
flux. However, due to the large structural and ther-
mal mismatch between the Pb;_,Sn,Te layers and
hybrid substrates, the observed conductivity and
carrier mobility values are, at best, about half of
the peak values reported for reference bulk ma-
terials or thick layers grown on BaF; (111) sub-
strates. In many layers, strain-induced cracks can
be encountered, which obscure electrical measure-
ments and require the use of sub-millimeter or even
sub-micrometer structures in the Hall-bar geome-
try [15-18]. The high electrical conductivity and
carrier mobility observed for the Pb;_,Sn,Te al-
loy with Sn content of about z ~ 0.4 have the
same physical origin. At the same composition,
Pb;_,Sn,Te is very close to be in the zero-gap
state, which, after accounting for the effect of lat-
tice distortion on valley degenerate band states, is
known to correspond to a Weyl semimetal state
with linear energy dispersion and very small effec-
tive mass of carriers, i.e., large mobility (see [7, 8]).
We underline, however, that although this is the
most likely explanation, the electrical properties
of Pb;_,Sn,Te strongly depend on the concentra-
tion of metal vacancies (native acceptor centers)
and possible compensation mechanism by the na-
tive donors (interstitials or Te-sublattice vacancies)
— both depending on non-stoichiometry (Te to
(Pb, Sn) flux ratio) and controlled by growth con-
ditions or thermal annealing.

The observed spectral dependence of the reflec-
tivity of the layers across the entire temperature
range studied is dominated by the effect of bulk
plasma reflectivity, modulated by the interference
effect in the thin layer. It is seen that high re-
flectivity at 80 meV is followed by a plasma min-
imum and saturates at about 40% of reflectivity
above the plasma frequency but below the absorp-
tion edge for interband transitions E,). The high
reflectivity is associated with a specific feature of
IV-VI materials, which are known for their excep-
tionally high (n 6-7) refractive index related
to the structural transition and the paraelectric or
even ferroelectric state observed in materials with
high tin content [2, 3]. We note that due to the
high hole concentration, resulting in the Fermi en-
ergy of about 100 meV and more, we expect a
very strong Burnstein—Moss shift of the absorption
edge for direct optical transitions determined as
E, = Eg + Epy + Ec(kr), where Epy is the Fermi
energy in the valence band, kp is the Fermi wavevec-
tor, and F¢(kr) is the energy of an electron in the
conduction band for k¥ = kr. We note that these two
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energy terms are practically the same in the case
of a semiconductor with almost mirror-symmetric
bands, such as those encountered in Pby_,Sn,Te.
This problem was noticed already in early reflec-
tivity studies of closely related bulk TCI crystals
of Pb;_,Sn,Se [19-21]. In narrow gap semiconduc-
tors, like Pby_,Sn,Te, with carrier effective mass
and density of states depending on the band gap, an
interplay between the small energy gap but the large
Fermi energy results in a rather weak dependence
of the optical properties on the Sn content and
the band inversion point. Therefore, our reflectivity
measurements showed no sharp differences between
the spectra of Pbg5Sng.5Te layer collected across
the inversion point (realized by temperature con-
trol), nor for the spectra collected for Pby_,Sn,Te
layers with compositions corresponding to topolog-
ically trivial and nontrivial electronic structure.

5. Conclusions

In summary, we reported successful MBE growth
of Pb;_,Sn,Te (001) epitaxial layers in the full
composition range (x = 0-1) using hybrid sub-
strates made of GaAs (001) wafer, with a couple of
microns-thick MBE grown CdTe (001) layer. Elec-
trical characterization of the layers based on the
Hall effect and conductivity measurements revealed
p-type electrical conductivity, with the hole concen-
tration varying by over three orders of magnitude
from PbTe to SnTe. The actual electric parame-
ters strongly depend on the stoichiometry regime
applied during the growth, controlled by an addi-
tional Te flux. Due to large structural and thermal
mismatch between the Pb;_,Sn,Te layer and the
hybrid substrates, the observed conductivity and
carrier mobility values are, at best, about half of
the highest values reported for these materials in
the bulk form.

Optical studies in the mid-infrared range re-
vealed that the reflectivity is dominated by the
plasma reflectivity and interference effects in thin
Pb;_,Sn,Te layers characterized by a very high re-
fractive index. No clear difference was found in the
reflectivity spectra for Pby_,Sn,Te layers with Sn
content corresponding to topologically trivial and
nontrivial (TCI) electronic structure.
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