2022 International Conference on Information Science and Communications Technologies (ICISCT) | 978-1-6654-7229-6/22/$31.00 ©2022 IEEE | DOI: 10.1109/ICISCT55600.2022.10146757

Features of Liquid—Phase Epitaxy of (InSb);—,(Sny),
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Abstract — By the method of liquid-phase epitaxy, narrow-
gap layers of solid solutions of indium antimonide molecular
substitution were grown from a limited volume of indium
solution - melt. The layers were grown on GaAs (100) and GaP
(111) substrates.

It is shown that the binary compound of indium antimonide
in an indium solution at temperatures of 350-220°C does not
dissociate into individual In and Sb atoms, but is mainly in the
form of InSb molecules. The photosensitivity of nGaAs—p(InSb):-
Sn2); and nGaP—p(InSb)1-(Sn2); structures have been studied.

An anomalous temperature dependence of the current—
voltage characteristic of the nGaP—p(InSb)1-,(Snz). structure was
found. The results are explained on the basis of a model that
takes into account the possibility of the formation of defects and
defect—impurity complexes of the “vacancy + recombination
impurity center” type with increasing temperature.

Keywords— liquid—phase epitaxy, solubility in liquid metals,
InSb, photosensitivity, narrow-gap solid solution

1. INTRODUCTION

One of the actual directions of development in the field of
semiconductor  materials science and  optoelectronic
instrumentation in world practice is the production and study of
thin narrow-gap epitaxial films of solid solutions (SS) of
elementary semiconductors and III-V binary compounds. Of
particular importance among them are semiconductor materials
with a fundamental absorption region corresponding to the near
(with a wavelength of 1.6-5 um) and medium (with a
wavelength of 8—11 um) infrared (IR) range of the radiation
spectrum. Based on the III-V antimonide compound,
InAs;.Sb, SS, and InAsSbP/InAsSb heterostructures, LEDs
[1-5] and IR photodetectors [6—14] operating in the
wavelength range of 1.6—5 um at room temperature have been
created. These instruments are important for monitoring
concentrations of a number of pollutants and toxic gases, as
well as for medical diagnostics. Fundamental absorption bands
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of industrial substances such as H,O, CO,, CO, NO, NH3, HF,
H,S, CHs4, etc. lie in the wavelength range of 1.6-5 um. IR
emitters based on lead (IV-VI) salts [15], as well as on
narrow—gap HgCdTe semiconductors [16], have low thermal
conductivity and significant metallurgical instability, which
makes them less suitable for use in industrial conditions than
solid solutions of III-V. It is known that the 3-5 and 813 pm
bands cover the atmospheric windows [17], where the
atmospheric attenuation is relatively small. Therefore, the 3—5
pm band is used in practice to detect hot objects, such as
vehicle and fighter aircraft engine exhausts [18, 19], while the
7.5-10.6 um band is used in medical diagnostics as well as in
various diagnostic measurements at room ambient
temperatures [20-22]. Compounds of III-V antimonides and
their solid solutions are promising materials for the
development of such devices.

In this work the physical and technological features of
growing (InSb);,(Sny), solid solutions of molecular
substitution on GaAs and GaP substrates were investigateded.
Some structural, electrical and photoelectric properties of
structures based on this type solutions were also
investigateded.

II. METHODOLOGY

(InSb);—,(Sny), solid solutions were grown by liquid-phase
epitaxy (LPE) from a limited volume of an indium solution-
melt in a hydrogen atmosphere on a process plant with a
vertically located quartz reactor [23]. Horizontally located
substrates, in the graphite cassette of the reactor, were fixed,
separated from each other by graphite supports. The melt
solution was poured into the space between the substrates, the
thickness of the solution-melt was determined by the distance
between the substrates. The process of growth of epitaxial
layers was carried out with varying component composition of
the solution—melt (In-InSb—Sn), the thickness of the solution—
melt in the range from 0.5 to 2.5 mm, the onset of the
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crystallization temperature in the range from 300 to 400°C, the
cooling rate of the solution-melt in within 0.5 to 2 °C/min.
Polished GaAs (100) and GaP (111) wafers were used as
substrates. The GaAs wafers had a diameter of 2 cm and, a
thickness of 400 pm, n—type conductivity with a charge carrier
concentration of 5-10'7 cm™. Gallium phosphide washers had a
diameter of 2 cm, and a thickness of 350 pm, n-type
conductivity with a charge carrier concentration of 6:10'7 ¢cm™.

The chemical composition of the surface and cleavage of
the epitaxial layer was determined using a “Jeol” JSM5910
LV-Japan X-ray microanalyzer.

Experimental studies of the dependence of the
photosensitivity of p—n structures fabricated on the basis of the
grown epitaxial layers on the photon energy were performed
using an IKS-21 infrared spectrometer. The type of
conductivity of the epitaxial layers was determined by the
thermal probe method.

III. PROPOSED STRUCTURE AND PROPERTIES OF
MATERIALS

The crystal structure of InSb has a cubic syngony of the
zinc blende type, with a crystal lattice constant of 0.648 nm.
Gray tin (0—Sn) also forms cubic crystals, with a crystal lattice
constant of 0.646 nm, with a diamond-like structure. The sum
of the valences of the InSb (zm + zsp, =3 + 5 = 8) and Sny (zs +
Zsn = 4 + 4 = 8) atoms, as well as the sum of the covalent radii
—InSb (11 + rsp = 2.80 A) and Sny (rsy + rsn = 2.80 A) are equal
[24]. Therefore, they are promising pairs that form
substitutional SSs of the (InSb);_,(Sny), type.

Fig. 1 shows the covalent bonds of the tetrahedral lattice of
this SS. Since, there are also bonds of the Sn—Sb and In—Sn
type in the tetrahedral lattice, in addition to the main covalent
bonds of the SS components — Sn—Sn and In-Sb, the
occurrence of an insignificant elastic deformation of a growth
character is possible because of these bonds and due to the
hybridization of the electron shells of neighboring atoms of the
crystal lattice. However, the energy of elastic distortions in the
crystal lattice, arising due to such deformations, will be
insignificant, and the substitutional SS of (InSb);—(Snz), will
have a stable phase.

Fig. 1. Covalent bonds of the tetrahedral lattice of the solid solution
(InSb),,(Sn,), of molecular substitution.

To grow the (InSb);_,(Sny), SS between InSb and Sn, it is
necessary to create conditions for molecular substitution, i.e.
molecules of indium antimonide (InSb) must be replaced by tin
molecules (Sny). This requires that the SS components are in

the form of molecules in the liquid phase and have
supersaturation at the crystallization onset temperature. These
conditions can be implemented based on the model of A.S.
Saidov [23] using a metallic solvent at temperatures lower than
the melting point of the dissolved materials. We used In as a
metallic solvent. The melting point of In under normal
conditions is 156.6°C, while that of InSb and Sn is 527°C and
231.9°C, respectively. The solubility of InSb was determined
by the weight loss method of InSb samples placed in liquid In
and kept in it until the solution was saturated in the temperature
range from 220 to 400°C. In this case, the influence of Sn on
the solubility of InSb was considered. The composition of the
solution—melt In-InSb—Sn was calculated on the basis of the
literature data [25] and the results of preliminary experiments,
taking into account the solubility of binary components.

When InSb is dissolved in In, at a temperature of 350°C,
InSb molecules do not decompose into individual In and Sb
atoms, but are in the form of an InSb molecule (Fig. 2a), since
the temperature is insufficient to break the In-Sb covalent
bond. The experimental results show that the solubility of InSb
in In is low, and at a temperature of 350°C it is 7.4 mol.% (in
the presence of the second component, tin, in the solution—
melt).

In-Sh

a) b)

Fig. 2. Dissolution of indium antimonide in In: a) in the form of InSb
molecules, b) in the form of individual In and Sb atoms

If the InSb molecules were separated into separate indium
(In) and antimony (Sb) atoms (see Fig. 2b), then this would be
equivalent to the dissolution of Sb in indium. At a temperature
of 350°C, antimony in indium has a solubility of ~ 12 mol.%
[25]. Then, respectively, the solubility of InSb in In at 350°C
should have been 12 mol.%. However, this is not observed, the
solubility of InSb in In is 7.4 mol.%. Therefore, it can be said
that indium antimonide in an indium solution at a temperature
of 350°C is mainly in the form of InSb molecules.

Epitaxial layers of SS (InSb)i—(Snz), with mirror-smooth
surfaces and high crystalline perfection were grown at a
distance between the upper and lower substrates of 1 mm, a
crystallization temperature range of 325-220°C, and a cooling
rate of the melt solution of 1 deg/min. The grown films had p—
type conductivity [26-27].

The results of X-ray microanalysis and raster patterns
along the cleavage and along the surface, made on the X-ray
microanalyzer "Jeol" JSM5910 LV-Japan, showed that the
epitaxial layers do not contain metal inclusions and the

Authorized licensed use limited to: DGIST. Downloaded on June 21,2023 at 06:10:34 UTC from |IEEE Xplore. Restrictions apply.



distribution of components over the surface of the epitaxial
layer is uniform, and in the volume of the solid solution
(InSb)1_,(Sny), varies within 0 < z < 0.05. The entire surface of
the substrate was covered with a continuous film firmly bonded
to 1t.

Our previous study of the structure of epitaxial layers on
the DRON-UMI1 X-ray diffractometer using Cu anode
radiation (Ao = 1.5418 A, Ap=1.3922 A) [27], showed that the
layers have a single—crystal structure with the (100)
orientation. The lattice parameter of the InSb epitaxial sublayer
ii 6.475 A, and that of the (InSb);.,(Sny), solid solution is 6.486

IV. RESULTS AND DISCUSSIONS

A. Current transfer in the nGaP—p(InSb);-(Sn)-
structure at different temperatures

To study the current transfer in n—p— structures based on
(InSb),(Sny), SS, we fabricated nGaP—p(InSb);(Snz), (0 < z
< 0.05) structures with continuous ohmic contacts on the side
of the GaP substrate and quadrangular contacts with an area of
4 mm? on the side of the epitaxial layer. Typical current—
voltage characteristics (CVC) of the structures under study,
measured in the temperature range from 300 to 373 K, are
shown in Figs. 3.
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Fig. 3. Current-voltage characteristics of nGaP—p(InSb),_(Sn2)z (0 <z <
0,05) structures at different temperatures: 1 — 300 K, 2 — 313 K,
3-323K,4-333K,5-343K,6-353K,7-363K,8-373K.

Fig.3 shows that the structure exhibits rectifying properties
throughout the measured temperature range. Up to 373 K, a
sufficiently strong separation barrier remains in the structure
under study. In the forward direction, the current—voltage
characteristic at voltages above 1 V increases with increasing
temperature, which indicates the significant role of thermal
generation of electron—hole pairs in the narrow—gap
semiconductor (InSb);_,(Sny), and their separation by an
applied external field.

An analysis of the forward branch of the CVC shows that,
in contrast to the high injection level (V' >1 V), at low biases
(V' < 0.8 V), an anomalous temperature dependence of the
CVC is observed. The curve corresponding to 333 K lies lower
than the curves corresponding to lower temperatures — 313 and
323 K. Only at 343 K the curves begin to rise with an increase
in temperature. At 353 K, the maximum rise of the curves is
observed, and with a further increase in temperature to 373 K,

their decline begins again. The same feature is also observed in
the reverse branch of the CVC. However, in contrast to the
direct branch, an anomalous temperature dependence is
observed in the reverse branch over the entire measured
voltage range; upto V=3 V.

Fig. 4. shows dependences of the current on the
temperature of the studied structure for various voltage values
in the direct (a) and reverse (b) branches of the CVC. Fig. 4
shows that at temperatures of 333 and 373 K, the current
reaches its minimum values. To explain the observed
phenomenon, one can use a model that takes into account the
possibility of the formation of defects and defect—impurity
complexes with with an increase in temperature. [28].
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Fig. 4. Dependences of the current on temperature in the direct (a) and
reverse (b) branches of the current-voltage characteristic of the
nGaP—p(InSb);,(Sny), (0 < z < 0.05) structure at constant voltage
values: 1 -0.4V,2-05V,3-0.6V,4-0.7V.

The concentration of vacancies ny in a semiconductor

strongly depends on temperature [29]:
n, = 4-cxp| — AE7ac (1)
v P T )

Where AEy,. ac is the energy of vacancy creation. The birth
of vacancies (ny) and defect-impurity complexes (Ngy) of the
“vacancy + recombination impurity center” type can be
described by the equations:

dny,  _« AEy, y =y,
—_ = B - eX — ac |, —_ 2
oS-

Authorized licensed use limited to: DGIST. Downloaded on June 21,2023 at 06:10:34 UTC from |IEEE Xplore. Restrictions apply.



) 3

where B* is a constant depending on the electrical parameters
of the material, ny, u Ngy, are the initial concentrations of
vacancies and defect-impurity complexes, respectively, Ngy is
the concentration of defect-impurity complexes, 7y and zzy are
the lifetimes of vacancies and defect—impurity complexes,
accordingly, p — is the concentration of free charge carriers, y—
is the coefficient describing the probability of the birth of
defect—impurity complexes.

Under stationary conditions (dny/dt = 0, dNgy/dt = 0) can be
determined ny and Ngy from (1) and (2):

* AF,
,=n, +B 1y, -exp —— %< |.p. 4
Wy =y 7 p[ T jp (C3]

M AE;-
Npy = Npyo + 7TpptyNp + B yrppty Ny exp[—k;‘"}p NG)

Under these conditions, the recombination rate (U) of free
charge carriers will be determined by the concentration of
efficiently  operating  recombination  centers  (Nzep)

Ngef= Ng — Ngy and will take the form:
c,c,(pn—n?)
U:(NR_NRV)' £ ; (6)
Cn(”+”1)+9p(37+p1)

Where ¢, and ¢, are the coefficients of electron and hole
capture by recombination centers, respectively, n and p are the
concentrations of nonequilibrium electrons and holes,
respectively, n; is the concentration of equilibrium carriers in
the intrinsic semiconductor, 7#; and p; are the Shockley—Read
statistical factors.

It can be seen from (6) that, in contrast to classical
statistics, the recombination rate may decrease with an increase
in the excitation level. The critical point at which it begins can
be determined by equating the derivative dU/dt to zero,
Ng - 2ype = 0, where, ¥ = ANrmymy-exp(—AEva/kT), pa =
Ng/2y is the concentration of free charge carriers at which the
decrease in the U(p) dependence begins . This explains well the
drop in current at a certain temperature. Thus, at this
concentration, the rate of recombination of charge carriers stop
increasing linearly with temperature and, accordingly, the
lifetime of nonequilibrium charge carriers 7=p/U will no longer
be a constant value, but will increase with the level of
excitation. Accordingly, the diffusion length of nonequilibrium
charge carriers L = D7 will also increase with an increase in
the excitation level. Therefore, even in the simplest case, when
the current through the n—p— junction is determined by the
expression:

I=2q"2p(0) 7
its decrease with an increase in temperature is possible due to
an increase in the value of L. This well explains the decay of
the I(V) curves recorded by us with temperature. However,
with a further increase in temperature, the direct recombination
of charge carriers through vacancy levels should also begin to

play a role. Then U(p) will again increase with the excitation
level, which well explains the observed increase in current on
the /(V) curves in the temperature range 333353 K.

B.  Photoelectric characteristics of (InSb)1-(Snz): (0 <
z £0.05) solid solution layers and heterostructures
based on them.

The photosensitivity of the studied structures was estimated
on the basis of the short—circuit photocurrent of
heterostructures at different wavelengths of electromagnetic
radiation. The photocurrent was normalized to a single photon
in the entire studied range of radiation wavelengths.

The measurement results are shown in fig. 5. It can be seen
that the photosensitivity of both structures are identical and
cover a wide wavelength range of 1.0-5.3 pm with a maximum
at 1.65 pum. However, other things being equal, the
photoresponse in the nGaP—p(InSb); ,(Sny), structure is two
times greater than in the case of nGaAs—p(InSb);_(Snz),. This
is apparently due to the difference in potential barriers formed
in the electron—hole transition between the nGaP and nGaAs
substrate and the p—(InSb);—(Sn), epitaxial layer. This barrier
is a separating barrier for nonequilibrium photogenerated
charge carriers. Due to the difference in the band gap between
GaP and GaAs, the potential barrier formed in the nGaP-—
p(InSb)1—(Sny), heterostructure is much larger than in the case
of nGaAs—p(InSb)1(Snz),. The photosensitivity of the studied
structures in the long—wavelength spectral range is limited at a
wavelength of 5.3 um. The insufficiency of completeness of
absorption of the narrow—gap layer of SS (InSb);_(Sny), (0 < z
< 0.05) in the long—wavelength region of the emission
spectrum is due to the small thickness of the upper sublayer of
the solid solution enriched with tin. The decrease in
photosensitivity in the short-wavelength region is due to the
depth of the separating potential barrier of the n—p junction,
which in this case is ~ 14 pm, which is more than the diffusion
length of minority charge carriers — L, = 2.9 2.9 um.
Photocarriers generated by photons with a wavelength of A <1
pm do not reach the separating barrier of the p—n junction and
do not contribute to the photocurrent, consequently.
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Fig. 5. Dependences of photosensitivity nGaAs—p(InSb);_,(Sny), (0 < z <
0.05) (curve 1) and nGaP—p(InSb),_,(Sn,), (0 < z < 0.05) (curve 2) of
heterostructures on the wavelength of electromagnetic radiation
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V. CONCLUSIONS

Thus, based on the elemental semiconductor tin and the
binary compound InSb, under certain technological conditions,
a solid solution of molecular substitution (InSb);—(Snz), (0 < z
< 0.05) can be obtained from the limited volume of an indium
solution—melt. The epitaxial layers have a perfect single—
crystal structure. Under the influence of tin atoms, the resulting
solid solution has a narrow band gap Egq= 0.11 eV. Such solid
solutions can be used to develop optoelectronic devices
operating in the near—IR region of the radiation spectrum.
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