ISSN 1027-4510, Journal of Surface Investigation: X-ray, Synchrotron and Neutron Techniques, 2021, Vol. 15, No. 1, pp. 178—182. © Pleiades Publishing, Ltd., 2021.
Russian Text © The Author(s), 2021, published in Poverkhnost’, 2021, No. 2, pp. 88—93.

Physical and Chemical Properties of Semiconductor Adsorbents
of InP—CdB"' Systems

I. A. Kirovskaya® *, A. O. Ekkert?, E. V. Mironova?, R. V. Ekkert?, and 1. Yu. Umanskiy*
4Omsk State Technical University, Omsk, 644050 Russia

*e-mail: kirovskaya@omgtu.ru
Received March 2, 2020; revised May 23, 2020; accepted May 27, 2020

Abstract—Comparative results of the synthesis, X-ray, Raman spectroscopy, and electron-microscopy stud-
ies, and determination of the acidity of the surface of solid solutions (pH;,) of InP—CdS, InP—CdTe systems,
differing in the second binary components (CdS, CdTe) and nevertheless including the common element
(Cd) are presented. The formation of substitutional solid solutions with a cubic sphalerite structure in both
systems is demonstrated. Their surfaces are of a slightly acidic nature at a greater degree of acidity of the solid-
solution surfaces of the InP—CdTe system. With a variation in the system composition, the studied properties
change both steadily (lattice parameters, interplanar distances) and drastically (theoretically calculated crys-
tal density, average number of particles, pH;,). At the same time, the system generality is found in correla-
tions between the pH,., = f(xcq4s), P =Axcqs) and pHi,, =fxcate) > Pr =S (Xcqa1e) dependences. The noted gen-
erality and difference in the systems are explained by the predominant, but different influence on the solid-
solution properties of the second binary components (CdS, CdTe) and the “behavior” of the common ele-
ment (Cd). Based on the correlations between the plotted diagrams “property—composition”, the possibility
of the easier search for advanced materials suitable for the fabrication of sensors is proposed.
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INTRODUCTION

The objects of research in this work were multi-
component diamond-like semiconductor solid solu-
tions of the InP—CdS and InP—CdTe systems. In sys-
tems such as those belonging to a new type of heterov-
alent substitution, both cation and anion formers with
different valences are in different groups of the peri-
odic system. Accordingly, in contrast to isovalent solid
solutions, in them the atoms-substituents in the lattice
of the main substance behave like electrically active
impurities, which leads to doping of the main sub-
stance, a possible change in the crystal lattice and, as a
result, to a change in the physical and physical-chem-
ical properties of the solid solutions. Therefore, with a
change in their composition, it is logical to expect a
manifestation of both a statistical and an extreme fac-
tor in the changes in the properties. The latter is espe-
cially interesting from the point of view of the search
for new promising materials for modern technology,
including nano-, sensor technology, and heteroge-
neous catalysis.

For a predictable choice of such systems, it is useful
to compare them, which is provided in this work.
Upon preliminary, external examination, the selected
systems differ in terms of the second binary compo-
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nents (CdS, CdTe) and at the same time include a
common element (Cd).

EXPERIMENTAL

For preparation of the solid solutions
(InP)(CdS), _, (x = 0.93, 0.95, 0.97), (InP) (CdTe), _,
(x=10.09,0.12, 0.16, 0.18), we used the method of iso-
thermal diffusion of the initial binary compounds (InP
and CdS, InP and CdTe), updated taking into account
their physical and physical-chemical properties, in
preliminarily justified modes, according to special
temperature heating programs [1, 2]. Intensification
of the synthesis of the solid solutions was facilitated by
mechanical activation at its initial stage. The solid
solutions were certified by the results of X-ray, elec-
tron microscopy and Raman spectroscopy studies.

For the studies, solid solutions and binary compo-
nents were used in the form of finely dispersed pow-
ders (S8, = 0.34—1.2 m?/d) and thin films (d = 20—
100 nm). The films were prepared by discrete thermal
sputtering in vacuum onto the electrode pads of piezo-
electric quartz resonators [3, 4].

X-ray studies were carried out on BRUKER AXS
Advance D8 Power X-ray devices (CukK, radiation,
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Fig. 1. Linear X-ray diffraction patterns of components of
the InP—CdS (a) and InP—CdTe (b) systems: (/, I') InP;

(2)  (InP)(97(CdS)g o33
(4) (InP) 93(CdS)g 75

3
&)

(InP) 95(CdS)g o5;
(CdS); (2)

(InP)0.18(CdTe)O‘82; (3') (IHP)O']6(CdT€)0'84; (4')
(InP)Olz(CdTe)Ogg, (5') (IHP)OO9(CdTe)091> (6') CdTe.

A= 0.154056 nm, T = 293 K) using a Lynxeye posi-
tion-sensitive detector and DRON-3 (CuK,g radia-
tion, A = 0.154178 and 0.139217 nm, 7 = 293 K)
according to the method of surveying in the far-corner
region [5—7]. Electron microscopic studies were per-
formed on a JCM-5700 scanning electron microscope
equipped with a JED 2300 attachment for energy dis-
persive analysis [8]. The Raman spectra were recorded
on an RFS-100 Fourier spectrometer with a resolution
of 1 cm™![9].

The surface (acid-base) properties were judged
from the values of the pH index of the isoelectric state
(pHis,), which were determined by the method of
hydrolytic adsorption [10]. At the same time, we found
the pH of the medium in which the ampholyte adsor-
bent removes equal (insignificant) amounts of H" and
OH-~. The role of ampholyte adsorbents was played by
the semiconductor components of the InP—CdS,
InP—CdTe systems with characteristic isoelectric
points corresponding to the minimum solubility.

The reproducibility and accuracy of the experi-
mental data were checked by the results of parallel
measurements using methods of mathematical statis-
tics and processing of the results of quantitative analy-
sis. Statistical processing of the obtained values, calcu-
lation of the measurement errors, and the construc-
tion and processing of dependence diagrams were
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Fig. 2. Dependences on the compositions of the parameter
values (a) (/) interplanar distances (d331, dq1;) (3) crystal
lattices and (2) X-ray density (p,) for the components of
the InP—CdS (a) and InP—CdTe (b) systems.

performed using the Stat-2, Microsoft Excel, and Ori-
gin computer programs.

DISCUSSION

The results of X-ray studies (Figs. 1, 2) made it pos-
sible to prove the formation of substitutional solid
solutions in InP—CdS and InP—CdTe systems (at
given compositions), to determine their structure, and
to establish the prevalence of the statistical factor
during their formation with some extreme contribu-
tion. Let us consider the X-ray diffraction patterns
(Fig. 1). We note: the lines corresponding to the
resulting substitutional solid solutions are shifted rela-
tive to the lines of the initial binary compounds (InP
and CdS, InP and CdTe) at their constant number;
and there are no additional lines corresponding to
unreacted binary compounds, blurring of the main
lines (which indicates completion of the synthesis pro-
cess and, additionally, the formation of solid solu-
tions). The position and intensity distribution of the
main lines indicate the cubic structure of sphalerite in
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Fig. 3. SEM images of the InP powders (a), (InP) 13(CdTe) g5 (b), (InP)( 9(CdTe)( 9; (c), CdTe (d).

all components of the systems (InP, CdS, CdTe,
(InP)(CdS), _,, (InP)(CdTe), _,).

The formation of substitutional solid solutions in
the systems under study unambiguously proves a
smooth, close to linear dependence on compositions
calculated on the basis of X-ray diffraction patterns of
the parameter values (a) and interplanar distances
(d,) of the crystal lattices (Fig. 2). Deviations from
Vegard’s rule of dependences p, = fixcqas), Pr =S Xcate)
(Fig. 2) can be explained by the influence of the
uneven distribution of cation—anion complexes
caused by complex internal processes accompanying
the formation of the solid solutions [11]. This is also
consistent with the results of electron-microscopic
studies, which demonstrated the polycrystalline struc-
ture of the components of the systems with an inho-
mogeneous distribution of crystallites (Fig. 3).

‘We have repeatedly noted the admissibility of devi-
ations from the linear dependences of the bulk charac-
teristics of semiconductor solid solutions on the basis
of the detailed analysis of studies on these (for exam-
ple, [1, 12—14]). Of particular interest in this respect is
work [15], whose authors associate deviations from the
linear dependence o, = f{c) with the possible loss of a
certain amount of cadmium during the synthesis of
solid solutions of the InSb—CdTe system, which, in
comparison with other elements of the system (In, Sb,
Te), has the lowest boiling point and the highest vapor
pressure.

The Raman spectra (Raman spectra) supple-
mented the above facts. They confirmed the formation
of substitutional solid solutions: in the ranges of char-
acteristic frequencies, there are no peaks typical for
the binary component InP (Fig. 4).
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On the basis of electron-microscopic studies, the
elemental composition, and the average sizes (d,,) and
average numbers (n,) of predominant particles of
solid solutions and binary components of the systems
were also determined. The elemental compositions
practically coincide with the specified molar composi-
tions; the average numbers of predominant particles
are consistent with their average sizes (Table 1). At the
same time, of note are the correlations between the
density values (p,) found from X-ray diffraction pat-
terns and the average number of particles found from
SEM images. Given the impact n,, on the coordina-
tion unsaturation of surface atoms responsible for
Lewis acid sites, we can talk about a possible rough
estimate by n,, of the suitability of the materials
obtained for the manufacture of sensors for trace gases
of a certain electronic nature.

Interestingly, this prediction is confirmed by the
results of direct studies of the surface properties of sys-
tem components. On the basis of studies of the surface
(acid-base) properties, the values of the average
strength of acid sites, i.e., the pH of the isoelectric
state of the original (exposed to air) surfaces, were
determined. They amount to 6.2—6.6 and 5.3—6.3 for
components of the InP—CdS and InP—CdTe systems,
respectively, indicating the weakly acidic nature of the
surfaces and their expected increased activity with
respect to the main gases [1, 4]. Indeed, under the
influence of the main gas, ammonia, the acidity of the
surfaces decreases (pH,,, increases, within 0.9) in con-
trast to the effects of acid gas, NO, (pH,,, decreases,
within 0.6).

Upon a change in the compositions of the systems,
the pH,,, changes drastically (Fig. 5), which testifies to
competition in the manifestations of Lewis and Bron-
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Fig. 4. Raman spectra in the region of anti-Stokes radia-
tion of the components of the InP—CdS system: (/) CdS;
(2) (InP)gg3(CdS)g07; () (InP)g95(CdS)g 55 (4
(IHP)097(CdS)003, (5) InP.

sted centers, all the more so possible in the case of the
already noted complex internal processes accompany-
ing the formation of solid solutions [1, 4]. Undoubt-
edly, the revealed correlations between the bulk and
between the bulk and surface properties of compo-
nents of the InP—CdS, InP—CdTe systems are of sci-
entific and practical interest. Thus, on the one hand,
the maximum of the average number of particles dom-
inant in the components (#,,) corresponds to the max-
imum of the X-ray density (p,); a decrease in n,, cor-
responds to a decrease in p, (Fig. 6). On the other
hand, the minimum pH;,, corresponds to either the
minimum of the X-ray density or its sharp decrease at
a given composition (Fig. 5). With this correlation
between pH;,, and p, the decisive role of the Lewis
centers is clearly traced, for which surface atoms,
coordination unsaturation, and, accordingly, the
activity of which increases with decreasing density are
mainly responsible. And since there is, in turn, a direct
connection between p, and n,, the above forecast
about the possible preliminary assessment of the sur-
face activity by n,, is logically confirmed.

A correlation between the bulk and surface proper-
ties and the effect of the bulk properties on the surface
properties were found not only within individual stud-
ied systems, but also when comparing them. We note
the following: the surfaces of solid solutions of the
InP—CdTe system turned out to be relatively more
acidic (pH,, are 5.3—6.0), compared with the surfaces
of solid solutions of the InP—CdS system (pH,, are
6.2—6.6). Here, the predominant and dissimilar effect
on the properties of solid solutions of systems of sec-
ond binary components (CdS and CdTe) is affected:
the presence of cadmium sulfide in the InP—CdS sys-
tem, which differs from the second component of the
InP—CdTe system, cadmium telluride, by a larger
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Fig. 5. Dependences of the X-ray density p,.on the compo-
sitions of components of the InP—CdS (a) and InP—CdTe
(b) systems (/) and pH of the isoelectric state of surfaces
pHjs, (2).

electronegativity difference (Axcys = 0.88; Axcgre =
0.49) and, accordingly, a larger fraction of the ionic
bond, determined a more basic character, i.e., elevated
pH;, values of the solid-solution surfaces
(InP)(CdS), _,.

In accordance with what has already been said, the
commonality between the systems, manifested in a
correlation between the extreme dependences of

Table 1. Molar composition and the corresponding elemental
composition of components of the InP—CdTe system

Molar composition

InP
(InP)g 15(CdTe)g g5
(InP)g 16(CdTe)g g4
(InP)g 15(CdTe) gg
(InP)g g9(CdTe)g g
CdTe

Elemental composition

Ing 5:P 49
Ing 19P 0sCdg 43Teq 39

Ing ggP.0sCdg 42Teg 42
Ing 47Pg.05Cdg 45Te 43

Ing 95Po.04Cdg 51Teg 40

Cdy 495Teq 505
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Fig. 6. Dependences of the X-ray density p,.on the compo-
sition of the components of the InP—CdTe system (/) and
the average number of dominant particles #n,, (2) in the
range of their sizes 4—6 um.

pHi, = fixcas), pr = fxcas) and pHi, = fixeare), pr =
Sixcare) (Fig. 5), can to a certain extent be related (with
obligatory consideration of the complexity of internal
processes accompanying the formation of solid solu-
tions) to a certain loss in the synthesis of solid solutions
of a common element, i.e., cadmium, which, in compar-
ison with other elements (In, P, Te ), has the lowest boil-
ing point and the highest vapor pressure [15].

CONCLUSIONS

Using the method of isothermal diffusion of the
initial binary compounds (InP and CdS, InP and
CdTe), updated taking into account their physical and
physical-chemical properties, solid solutions of the
InP—CdS, InP—CdTe systems were obtained. X-ray,
electron microscopic, and Raman spectroscopic stud-
ies have been carried out, which made it possible to
supplement information on the properties of multi-
component diamond-like semiconductors and to cer-
tify the obtained solid solutions as substitutional solid
solutions with a cubic sphalerite structure.

The surface (acid-base) properties of the solid
solutions and binary components of the InP—CdS,
InP—CdTe systems have been studied. The weakly
acidic nature of the surfaces of the components of both
systems (binary and solid solutions) is shown at an
increased acidity of the surfaces of solid solutions of
the InP—CdTe system. The regularities of changes
with the composition of the studied bulk and surface
properties, which are both steady and drastic, have
been established. The correlations between them and
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the corresponding property—composition state dia-
grams are revealed.

The found commonality and differences in the
properties of solid solutions of the systems are
explained by the dominant (but dissimilar) influence
on them of the second binary components (CdS,
CdTe) and the “behavior” of the common element
(Cd). Based on the correlations between the plotted
property—composition state diagrams, the possibility
of the easier search for new materials for the manufac-
ture of corresponding sensors is shown.
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