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Abstract
Epitaxial Pb,,Sn,Se layers were grown onto cleaved and polished (100) KCI,(100) NaCl
and (111)CaF, substrates in a high vacuum system by means of the hot-wall-epitaxy (HWE) method.
The source temperature of Pb;,Sn,Se ~ 570 °C and substrates temperature are ranging from 200 to
275 °C by increasing step 25 °C, growth rate (1.51-2.4 pm/h). The optical absorption constant is
determined using FTIR in the (0.496-0.062) eV photon-energy range at room temperature. The data
have been analyzed to estimate the forbidden bandwidth.
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1. Introduction

Pb,,Sn.Se belongs to the family of Pb-Sn
chalcogenide alloy semiconductors [1-2] whose
energy gaps follow the band inversion model.
As the Sn content is increased, the energy gap
first decreases, goes to zero at a band inversion
composition which depends on the type of alloy
and its temperature, then increases. The band
inversion in Pby,SnSe was first observed by
optical absorption measurements on thin films,
and later confirmed by photovoltaic studies [3],
laser emission studies [3-5] and electrical
studies[6].

It has been observed that PbSe occurs in
rock salt structure, whereas SnSe in
orthorhombic structure, which transforms into a
rock salt structure under various temperature
and pressure conditions. For the mixed crystal
Pb.,Sn,Se, the rock salt structure occurs for
various values of x ranging from 0 to 0.43[7].

Pb,;,SnSe has a smaller band gap and
larger refractive index than PbSe, so it can be
used as the active layer in heterostructure lasers
[8]. These semiconductors are characterized by a
narrow band gap, a low effective mass of
electrons and light holes and a high effective
mass of heavy holes. For effective use of these
materials in instrumentation, it is essential to
obtain as much information as possible about the
energy-band separation between the light-and
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heavy-hole valence bands and their effective
mass as a function of dopant concentration[9].

Pb,,SnSe bulk crystals have been grown
by both the closed tube vapor growth and
Bridgeman methods [2]. Pb;,SnSe thin films
oriented in the (100) direction have been
deposited on cleaved (100) KCI and NacCl
substrates by an evaporation method similar to
the one-boat method developed for Pb
chalcogenide compounds[10,11]. This
communication reports briefly the growth of
Pb,;,SnSe films deposited on cleaved (111)
CaF;, and BaF, substrates by flash evaporation
and one-boat evaporation methods. We found
that both (100) and (111) films can be obtained
depending on the evaporation method and
deposition condition. The lattice mismatch of,
e.g.,Pb.SnSe (x=0.082) with respect to KClI,
NaCl and CaF, are about 2.6%, 7.8% and 10.8%
respectively, while the thermal expansion
coefficient mismatches are about 0.022%, 1.2%
and ~0.005% respectively.

The HWE which is the same as vapor phase
epitaxy (VPE) technique yield inter diffusion
between the substrate and the film due to the
relatively high growth temperature. Some
renewed interest resulted when it was shown
that 1\VV-VI layers can be grown by HWE on KClI
(100), NaCl (100) and CaF, (111) substrates,
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and that epitaxy is quite easy due to the ability
nature of these materials.

We work on HWE method to epitaxial
growth of Pb;,SnSe on three substrates
(CaFZ(lll)y KCl(loo) and NaC|(100)), and StUdy the
effect of different lattice parameters between

them and the growth condition to obtain good
features the same as optical, electrical and
structural for the films or layers which is useful
in different applications.

2. Experimental Procedure
2.1. Crystal Growth

For the growth of single crystal of Pb;.
xSNSe, a quartz ampoule of length 25cm with
inner and outer diameter of 20 and 22mm
respectively was thoroughly cleaned. A highly
pure powder (99.99%) of Pb, Sn and Se were
taken in a stoichiometric proportion in the
ampoule. It was evacuated to a pressure of 10°®
Torr and then sealed. The sufficient care was
taken for vigorous shaking so as to distribute the
mixture along the length uniformly. The
ampoule was set in a horizontal furnace. Its
temperature was slowly raised at the rate of
(2°'C/h) till it reaches to 1100°C. It was
maintained at this temperature for a period of 2
days. The ampoule was then slowly cooled and
brought to room temperature. The resulting

crystal was crashed to fine powder and then was
transferred to another cleaned quartz ampoule,
which was evacuated at a pressure of 10® Torr.
This charged ampoule was placed in a dual zone
horizontal furnace. The temperatures of hot-
zone and cold-zone of the ampoule were kept
(1150°C) and (500°C), respectively. Initially the
temperature was increased at a rate of (2 'C/h).
The ampoule with these desired zone
temperatures were maintained growth period
(144h). The furnace was then cooled down
slowly at the rate of (2°C/h). The entire
material got converted in the form of single
crystals at the cooler end of the ampoule. The
grown crystals were collected after breaking the
ampoule.

2.2. Structural Characterization

The powder of Pby,SnSe (x=0.082)
obtained during the growth process was
prepared for the x-ray diffraction study
experiment. The x-ray diffractograms were
obtained with Philips x-ray diffractometer PW
1350 employing CuKa radiation (wavelength

=1.541A). The x-ray diffraction patterns
obtained for Plbgg18Snges,Se powder and single
crystal bulk are shown in fig.(1) we can show
that Pbgg1sSnoes:Se has a (cubic or NaCl)
structure and single phase. The lattice parameter
(lattice constant) is equal to (6.112A)).

2.3. Sample Preparation

Epitaxial Pb,;,Sn,Se layers were grown onto
cleaved and polished (111) CaF,, (100) KCI and
(100) NaCl substrates in a high-vacuum system
by means of the hot-wall-epitaxy (HWE)
method. The Pb.,Sn,Se were sublimated from
the source whose temperature was controlled (
source heated to 570°C ) and the substrates were
temperature ranging from 200 to 275°C by
increasing step 25°C, leading to a growth rate of

(1.51-2.4um/h). In epitaxy, there are so many
experimental variables that are important in
achieving single-crystal growth ( e.g. condition
and history of substrate, purity of materials,
degree of lattice register between overgrowth
and substrate, equilibrium factors, method of
deposition, rate factors ).Some of the properties
of these substrates and compound are shown in
table 1.

Tale-1: Some physical properties for substrates and material are used.

Material Crystal structure Lattice parameters (A) Linear thermal expansion
coeff. (K™

NaCl Cubic a,=5.64 ~ 40x10°

KCl Cubic a8, =6.28 ~37x10°

CaF, Cubic (fluorite) a, = 5.46 ~19x10°

PbSe NaCl a,=6.124 ~19.4x10°

SnSe Orthorhombic a=4.2, b=11.6, c=4.48 | --------

Pby,SN,Se (=002) NaCl a, =(6.124-6.06) ~19.8x10°

5l
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Substrates heated to 200-275°C subsequently
in the high vacuum about 10 torr for about
lhour prior to epitaxial growth to degas the
absorbed molecules for obtaining a clean

surface, and to prepare with thermal expansion
that gives good interdiffusion and adherence
between layers and substrates.

2.4. Optical Band Measurements

The optical absorption and transmition
spectra for grown films were obtained using
(FTIR) spectrophotometer in the wavelength
region 2.5-20um with incident radiation
perpendicular to the cleavage plane. The
absorption spectrum for each crystal layers was
analyzed for the determination of absorption
coefficient o. For near the fundamental
absorption edge, the absorption [12] behaves as:

ahv = A (hv - Eg + E;)" @

Here A is a constant, hv is photon energy,
E, is the phonon energy and Eg is the electron
energy at band gap. For direct transition (E, =0),
n is equal to 1/2 for allowed transition and 3/2
for forbidden transition. For indirect transition,
n=2 for aldﬂved transition and 3 for forbidden
transition. 1n’order to determine the optical band
gap square of ahv was plotted against hv for
each sample.

3. Results and Discussion

Although we have not fully investigated the
growth of epitaxial Pb;,Sn,Se films on fluoride
substrates and correlated the deposition
conditions with the structural and optical
properties of the films, following trends that

have been observed from our preliminary
results.

The substrate temperature plays an
important role in affecting the structural

properties of the film. It is in agreement with the
common observation that in order to obtain
crystalline rather than amorphous films by vapor
deposition, the substrate temperature must
exceed some value so that the atoms will have
sufficient surface mobility on the substrate to
make their way to regular lattice sites.

The study of Pby..Sn,Se films deposited on
BaF, and CaF, substrates is interesting because
the thermal expansion coefficients of BaF, and
CaF;, seem to match more closely to those of
Pb.4Sn,Se than KCI does.

The orientation and the lattice constant, a,,
were determined from the x-ray diffraction lines
measured with a diffractometer using Cu
radiation. The composition of the film was then
calculated from "a," by using the relation [13]:

2 (A) = 6.124 — 0.12x (2)

It is known that the forbidden-band width
Ey of the Pby,SnSe system depends on the
composition x and the temperature T. Strauss
[14] has given such data and has established an
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empirical dependence of E; on the x and T:

Y, 3)

E, = 0.13+4.5*10T-0.89x

The absorbance (o) was calculated from
the calculated values of R and t using the
relation [9]:

a=(1-R-THA @

Also, we can calculate (o)) from another relation
[15]:

o = 2.303(A- A)/t ()
Where "t" is the thickness of the fjlms, A is the
absorption of the films and A the correct
absorption limited. In order to determine the
difference between the direct and indirect

transition the data were plotted in accordance
with the relation [16].

(6)
(")

and o (hv - Ey )

Where E, and E, are forbidden band widths for
diré2) and indirect transitions, respectively.

For the optical band gap study the square of
ahv was plotted against hv for each sample as
shown in fig.(2).The extrapolation of the each
curve to zero(ahv)® yields a direct character of
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band gap. The values of band gap (Eg) obtained
are represented in table(2).

It can be seen that some physical parameters
obtained from the experimental procedure for all
films are grown on the substrates in table (2).

Table-2: Some physical parameters of the grown films of Pb,,Sn,Se.

Substrate Temperature of substrate ( | Thickness (um ) Eq(eV)
T,)°C

CaF, 200 1.432 ~0.17
225 2.266 ~0.172
250 0.378 ~0.18
275 3.548 ~0.2

KClI 200 1.632 ~0.21
225 2.014 ~0.178
250 0.252 ~0.16
275 3.399 ~0.156

NCI 200 1.245 ~0.24
225 1.636 ~0.22
250 0.126 ~0.13
275 3.37 ~0.12

Surface Quality

Several of the films grown have had optical
quality surfaces (mirror like in appearance). A
photograph of films grown on CaF, or KCI is
presented in fig.(3). The nail was placed in front
of the film to indicate the reflective nature of the
surface. Our understanding of the experimental

parameters controlling the surface quality of
films is incomplete. However, we have observed
several general relationships which appear to be
significant. First, surface quality is critically
dependent upon both substrate temperature and
evaporation rate.

4. Conclusion

The epitaxial of Pb;,Sn,Se layers have been
successfully grown on KCI(100), NaCl(100),
and CaF,(111) and exhibit a high quality. A
HWE evaporation system has been designed
which vyields epitaxial films of Pby.,SnSe on
substrates of KCL, NaCl, and CaF,. This system
is used to produce films or layers with mirror
like surfaces, and improve film adherence to the
substrate. The x-ray, and optical properties
indicate that these films are homogeneous and of
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high crystalline quality, the deduction from the
(FTIR) spectrophotometers showed that the
band gap ranged between 0.12 and 0.24 eV; the
thickness ranged between 0.126 and 3.548 pm.
The grown layers properties depend on
substrates, temperature, and growth conditions,
therefore, if we have the same structure
parameters of the layers and substrates like
lattice constant and thermal expansion, we can
obtain single crystal layers and high adherence.
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Fig (1): The X-Ray diffraction pattern of the powder and single crystal bulk as
circle disk of PbSnSe.
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Fig (2): Square of ahv was plotted against hv to obtain the values of band gap (Eg) in range
of Ts (200,225,250,275 °C) on substrates: (a) CaF2 (111). (b) KCI (100). (c) NaCl (100).
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Fig (3): A nail was placed in front of the film to show the optical quality of the
surface mirror like.
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