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Abstract—In accordance with the techniques developed for the InP–CdTe and InAs–CdTe systems, within
the regions of mutual solubility of initial binary compounds (InP and CdTe, InAs and CdTe), the solid solu-
tions (InP)х(CdTe)1 – x and (InAs)х(CdTe)1 – x assayed as substitutional solid solutions with cubic sphalerite
structure were obtained. The X-ray, microscopic, and electron microscope investigations and investigations
of surface (acid–base) properties are carried out. The concentration dependences of the studied bulk and sur-
face properties and correlations between them are determined. The expediency of their use as orienting points
in the search for new efficient materials for semiconductor gas analysis is demonstrated. Practical recommen-
dations on use of the materials obtained in this work (solid solutions with minimum values of pHiso) for devel-
opment of sensors and transducers for trace amounts of basic gases are provided.
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INTRODUCTION
One of contemporary issues of the current technol-

ogy, including sensor technology, is the search for and
development of new materials providing efficient and
stable operation of the corresponding devices and
equipment. Here, the search including both expansion
of the repertoire of multicomponent semiconductors on
the basis of already having proven itself, owing to the
unique properties of the binary semiconductor com-
pounds (predominantly of the AIIIBV and AIIBVI types),
and the comprehensive research of bulk and especially
surface, often defining, properties looks fruitful [1].

In this case, for the forecasted and less labor-con-
suming search, comparative examination of the
selected objects is also useful. Precisely this approach
is used in this work.

The solid solutions of systems of the type AIIIBV–
AIIBVI (InP–CdTe, InAs–CdTe), distinguished by the
binary component InBV (InP, InAs), were the objects
of the research.

Considering the distinction between InP and InAs
with one another and with the common binary com-
ponent CdTe and also the special experience of our
investigations carried out earlier, one would expect
predominantly statistical (smooth) changes and
changes with extreme exhibition of the studied proper-
ties of the solid solutions with the compositions,
respectively, in the InAs–CdTe and InP–CdTe sys-

tems. The results discussed below are indicative of
confirmation of such announcement.

EXPERIMENTAL
The examined objects were finely divided powders

(Ssp = 0.30–0.48 m2/g) of initial binary compounds
(InP, InAs, and CdTe) and solid solutions
(InP)x(CdTe)1 – x (x = 9, 12, 16, 18, 78, 82, 84, 88 mol %)
and (InAs)x(CdTe)1 – x (x = 4, 15, 22, 27, 32, 75, 81, 89,
93 mol %). The techniques (with the proven modes
and programs of thermal heating) were developed to
obtain the solid solutions according to the possibilities
of the method of isothermal diffusion and the known
data on the basic bulk physical and physicochemical
properties of InP, InAs, and CdTe [1, 2].

The synthesis was implemented in vacuum-sealed
quartz ampoules, within the regions of mutual solubil-
ity of the initial binary compounds. A mechanical
activation was carried out at its initial stage for intensi-
fication of the synthesis process.

An inference of termination of synthesis, genera-
tion, and structure of the solid solutions was drawn
from the results of the X-ray investigations, engaging
the results of microscopic and electron microscope
investigations.

The products of synthesis are the polycrystalline
ingots going after that through size degradation.
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Table 1. Molar composition and elemental composition of
components of the InP–CdTe system coinciding with it

Molar composition Elemental composition

InP In0.51P0.49

(InP)0.88(CdTe)0.12 In0.44P0.44Cd0.09Te0.03

(InP)0.86(CdTe)0.14 In0.44P0.42Cd0.09Te0.05

(InP)0.84(CdTe)0.16 In0.45P0.39Cd0.09Te0.07

(InP)0.78(CdTe)0.22 In0.42P0.36Cd0.12Te0.10

(InP)0.18(CdTe)0.82 In0.10P0.08Cd0.43Te0.39

(InP)0.16(CdTe)0.84 In0.08P0.08Cd0.42Te0.42

(InP)0.12(CdTe)0.88 In0.07P0.05Cd0.45Te0.43

(InP)0.09(CdTe)0.91 In0.05P0.04Cd0.51Te0.40

CdTe Cd0.495Te0.505
The predetermined molar compositions were
checked against the elemental compositions determined
by the results of electron microscope investigations.

The X-ray investigations were carried out using a
D8 Advance diffractometer (Bruker AXS, Germany)
in CuKα radiation (λ = 0.15406 nm, T = 293 K) by the
large-angle imaging technique [3, 4] with use of a
Lynxeye position-sensitive detector and also the data-
base on powder diffraction ICDDIPDF-2 and
TOPAS 3.0 software (Bruker) for interpretation of the
obtained diffraction patterns and refinement of lattice
constants, respectively; the microscopic investigations
were performed using KH-8700 (Xirox, Japan) and
Micromed POLAR-3 devices with resolving power up
to 7000 [5]; the electron microscope investigations
were performed using a JSM-5700 scanning electron
microscope equipped with a JED-2300 attachment for
energy-dispersive analysis [6].

The surface (acid-base) properties were studied by
the method of hydrolytic adsorption providing the
means for determination of the hydrogen values of the
isoelectric state of the surfaces (pHiso) [7]. The essence
of the method consists in determination of the pH of
the medium in which the ampholite adsorbents split
off equal (insignificant) amounts of H+ and OH– ions.
The role of ampholite adsorbents was played by the
binary components and solid solutions of the InP–
CdTe and InAs–CdTe systems with the characteristic
isoelectric points corresponding to the minimum of
solubility. An average power and proportion between
acid and basic sites on the surface of the components
can be inferred by the pHiso values.

Repeatability and accuracy of the experimental
data was checked by the results of parallel measure-
ments with use of the methods of mathematical statis-
tics and processing of the results of quantitative analy-
sis, as well as the Stat-2, Microsoft Excel, and Origin,
software programs.
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
RESULTS AND DISCUSSION

The results of X-ray investigations are indicative of
generation of substitutional solid solutions with cubic
sphalerite structure in the InP–CdTe and InAs–CdTe
systems at the predetermined compositions.

We would like to specifically note the respective
relative position and the distribution over the intensi-
ties of the main lines on the X-ray diffraction patterns
of the binary compounds and the solid solutions, the
shift of the lines corresponding to the solid solutions
relative to the lines of the binary compounds at their
fixed number, the absence of additional lines of unre-
acted binary compounds, the spread of the main lines
(Fig. 1), and the predominantly smooth behavior
(obedience of Vegard’s law) of the dependences of the
parameter on composition (a), interplanar spacings
(dhkl) of the crystal lattices, and also density (ρr) relat-
ing to the InAs–CdTe system and (Fig. 2).

The noted, with regard to the InP–CdTe system,
deviation from Vegard’s law (this refers to the depen-
dence ρr = f(хCdTe)) is most likely caused by proceeding
of complex endogenous processes accompanying for-
mation of the solid solutions [8] and, as a conse-
quence, nonuniform distribution of cation-anion
complexes, as indicated also by the results of electron
microscope investigations. They demonstrate poly-
crystalline structure of the components of the systems
with nonuniform distribution of the crystalline grains
(Figs. 3, 4).

We several times expressed, relying upon our own
and published data [1, 8–10], our insights into possi-
ble deviations of the bulk properties of the semicon-
ductor solid solutions from Vegard’s law.

The average sizes (davg) and average numbers (navg)
of predominant particles in the components of the sys-
tems, their elemental compositions almost coinciding
with the predetermined mole compositions (Tables 1, 2)
were also determined at cumulative use of the results of
electron microscope and microscopic investigations.

With increase in the cadmium telluride content in
the InP–CdTe and InAs–CdTe systems, the trend of
increase of navg and, correspondingly, the density ρr
determined on the basis of X-ray investigations (Fig. 5) is
observed. This must cause the saturating capacity of
unsaturated bonds and decrease in the number of
coordinatively unsaturated atoms predominantly
responsible for Lewis acidic sites, and therefore there
is an increase in relative contribution of the Bronsted
sites. The expressed assumptions confirmed the results of
the direct studies of acid-base properties (see Fig. 5).

According to such results, the values of pHiso of the
surfaces of the solid solutions of the InP–CdTe,
InAs–CdTe systems stay within the ranges 5.38–6.0
and 5.75–6.27 (at the values of pHiso of binary compo-
nents InP, InAs, CdTe of 5.9, 5.7, 6.3), growing in the
subsequences:
 13  No. 1  2022
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Fig. 1. Line diagrams of X-ray diffraction patterns of components of InP–CdTe systems (I): (1) InP; (2) (InP)0.88(CdTe)0.12;
(3) (InP)0.86 (CdTe)0.14; (4) (InP)0.84(CdTe)0.16; (5) (InP)0.78(CdTe)0.22; (6) (InP)0.18(CdTe)0.82; (7) (InP)0.16(CdTe)0.84;
(8) (InP)0.12(CdTe)0.88; (9) (InP)0.09(CdTe)0.91; (10) CdTe and InAs–CdTe; (II): (1) InAs; (2) (InAs)0.89(CdTe)0.11;
(3) (InAs)0.81(CdTe)0.19; (4) (InAs)0.75(CdTe)0.25; (5) (InAs)0.32(CdTe)0.68; (6) (InAs)0.27(CdTe)0.73; (7) (InAs)0.22(CdTe)0.78;
(8) (InAs)0.15(CdTe)0.85; (9) (InAs)0.04(CdTe)0.96; (10) CdTe.
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In the same subsequences, in parallel, the density
(ρr) and average number of the particles (navg) change:
smoothly in the InAs–CdTe system and extremely in
the InP–CdTe system (see Fig. 5). In view of this, the
closed relationship between bulk (ρr, navg) and surface
(pHiso) properties of the components of the systems,

( ) ( )→ →1–InP InP CdTe CdTe;х x

( ) ( )→ →1–InAs InAs CdTe CdTe.х x
INORGANIC MATE
the reason for which is inherent in the nature of active
(acidic) sites, is traced.

Indeed, as was forecasted above, with change in
navg, ρr, coordinative unsaturation of the surface atoms
primarily responsible for Lewis sites [1], and, in
response, the observed change in acidity of the sur-
faces (pHiso) change (see Fig. 5).

Moreover the relationship between the bulk and
surface properties is traced not only in comparison of
the dependences navg = f(хCdTe), ρr = f(xCdTe), and
RIALS: APPLIED RESEARCH  Vol. 13  No. 1  2022
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Fig. 2. Dependences of values of lattice constant a (1), interplanar spacing (d111) (2), and theoretical calculated crystal density ρr (3) of
components of InP–CdTe (a) and InAs–CdTe (b) systems on composition.

908070302010
3.0

0

mol % CdTe 

100

4.0

4.5

5.0

5.5

6.0

6.5

3.5

7.0 7.0 7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

3.5

3.0

4.0

4.5

5.0

5.5

6.0

6.5

ρr, g/cm3

1
1

2
2

3
3

(a)

InP

(b)

CdTe InAs

d111, Å a, Å

908070302010
3.0

0

mol % CdTe 

100

4.0

4.5

5.0

5.5

6.0

6.5

3.5

7.0 7.0 7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

3.5

3.0

4.0

4.5

5.0

5.5

6.0

6.5

ρr, g/cm3

1
1

2 2

3 3

CdTe

d111, Å a, Å
pHiso = f(хCdTe), but also in comparison of absolute

values of the designated properties. For example, the
values of density of the solid solutions of the InP–
CdTe and InAs–CdTe systems vary within the range
of 5.1395–5.8734 and 5.8086–6.0467, and the pHiso

values are within the range of 5.38–6.0 and 5.75–6.27,
confirming the increase in relative contribution of the
Bronsted sites (growth of pHiso) with increase in navg,

ρr and decrease in coordinative unsaturation of the

surface atoms.

Owing to the fact that, by the absolute values pHiso,

the surfaces of components of the InP–CdTe and
InAs–CdTe systems are classified as slightly acidic
(pHiso < 7), it is reasonable to expect their increased

sensitivity to basic gases. Confirmation of this
assumption is an increase in pHiso at exposures of the

basic gas (NH3) (for example, for InAs from 5.7 to 7.7;
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.

Table 2. Molar composition and elemental composition of
components of the InAs–CdTe system coinciding with it

Molar composition Elemental composition

InAs In0.51As0.49

(InAs)0.93(CdTe)0.07 In0.49As0.44Cd0.04Te0.03

(InAs)0.89(CdTe)0.11 In0.46As0.43Cd0.06Te0.05

(InAs)0.86(CdTe)0.14 In0.44As0.42Cd0.08Te0.06

(InAs)0.75(CdTe)0.25 In0.39As0.36Cd0.13Te0.12

(InAs)0.32(CdTe)0.68 In0.17As0.15Cd0.36Te0.32

(InAs)0.27(CdTe)0.73 In0.15As0.12Cd0.38Te0.35

(InAs)0.22(CdTe)0.78 In0.12As0.10Cd0.41Te0.37

(InAs)0.15(CdTe)0.85 In0.08As0.07Cd0.44Te0.41

(InAs)0.04(CdTe)0.96 In0.023As0.017Cd0.49Te0.47

CdTe Cd0.505Te0.495
for CdTe from 6.3 to 8.2) and a decrease in pHiso at

exposures of the acid gas (NO2) (for InAs, from 5.7 to

5.0; for CdTe, from 6.3 to 5.0).

In comparison of the concentration dependences
of bulk and surface properties of the solid solutions of
the InP–CdTe and InAs–CdTe systems, conspicuous
are the specific manifestations (in relation to navg, ρr,

pHiso) of an extreme factor in the first case and the

determinative contribution of a statistical factor in the
second case (see Fig. 5). This fact clearly confirms our
earlier expressed (for example, in [11]) insights into
the influence of degree of discrepancy in the values of
energy band gap (ΔE) of the initial binary compounds
on the type of dependences of properties of the solid
solutions on their composition: at a larger difference,
the tendency to statistical (smooth) change; at smaller
difference, the tendency to extreme change.

Accordingly, in this case, at a larger difference
between the values of ΔE of InAs and CdTe (ΔEInAs =

0.36 eV, ΔECdTe = 1.51 eV), smooth changes in proper-

ties of the solid solutions (InAs)х(CdTe)1 – х are

observed; at a smaller difference of ΔE of InP and
CdTe (ΔEInP = 1.35 eV, ΔECdTe = 1.51 eV), extreme

changes in a number of properties of the solid solu-
tions (InP)х(CdTe)1 – х are observed.

In support of the aforementioned, it is reasonable
to emphasize that the influence of the degree of dis-
crepancy between the values of the energy band gap
(ΔE) of binary components of the systems on the
behavior of concentration dependences of properties
of the solid solutions (smooth, extreme) was observed

also at investigation of the systems of AIIBVI–AIIBVI

type—homogeneous substitution systems. The CdSe–
CdTe system would be an example.

At a small difference between the values of ΔE of
CdSe and CdTe (1.88 and 1.51 eV), such properties of
the solid solutions (CdSe)x(CdTe)1 – х as the average
 13  No. 1  2022
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Fig. 3. Microscopic images of InP (1); InAs (2); (InP)0.86(CdTe)0.14 (3); (InAs)0.86(CdTe)0.14 (4); (InP)0.12(CdTe)0.88 (5);
(InAs)0.15(CdTe)0.85 (6); CdTe (7) powders in phase contrast mode.
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number of predominant particles (davg), density (ρr),

pH of the isoelectric state of the surfaces (pHiso), the

magnitude of adsorption (αCO), catalytic activity (χCO)

in the reaction of oxidation of CO, change extremely
and mutually (Fig. 6). Here, at placement of a smaller
number of particles (falling on the minimum) in a unit
volume of the crystal lattice, are a less dense neighbor-
hood, smaller intersaturation of the bonds, higher
coordinative unsaturation of the atoms acting mainly
as the Lewis acid sites and relatively lower pHiso, larger

magnitude of adsorption of the gas interacting with the
surface by donor–acceptor mechanism with the par-
ticipation of coordinatively unsaturated atoms, and
higher catalytic activity in the reaction proceeding in
INORGANIC MATE
accordance with collisional mechanism with prelimi-
nary adsorption of CO (on the coordinatively unsatu-
rated atoms).

Determination of correlations between the depen-
dences “bulk property–composition,” “surface prop-
erty–composition,” and, accordingly, relation
between the bulk and surface properties, undoubtedly,
is of scientific and practical interest. Their presence
enriches the predictabilities of the surface (more spe-
cifically, acid-base) properties by already known or
more accessibly determined bulk properties and
thereby makes it possible to forecast the adsorbents
active toward gases of different electron nature, which
are materials for semiconductor gas analysis. To put it
RIALS: APPLIED RESEARCH  Vol. 13  No. 1  2022
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Fig. 4. SEM images of InP (1); InAs (2); (InP)0.86(CdTe)0.14 (3); (InAs)0.86(CdTe)0.14 (4); (InP)0.12(CdTe)0.88 (5);
(InAs)0.15(CdTe)0.85 (6); CdTe (7) powders in phase contrast mode.
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Fig. 5. Dependences of values of average number of particles predominant within the range 2–6 μm navg (1), theoretical calcu-
lated crystal density ρr (2), and pH of isoelectric state of surfaces pHiso (3) of components of the InP–CdTe (a) and InAs–CdTe
(b) systems on composition.
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Fig. 6. Dependences of values of average number of particles navg (1), values of pH of isoelectric state of surfaces pHiso (2), values
of adsorption of CO—α (3), and fractional conversions CO—χCO in oxidation reaction (4) on composition of components of the
CdSe–CdTe system.
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in other words, a less labor-consuming way of determina-
tion of new on-demand materials is established here.

The new materials obtained in this work—the solid
solutions of the InP–CdTe and InAs–CdTe systems
with slightly acidic surfaces—are recommended
(mainly with minimum pHiso) for development of sen-

sors and transducers for trace amounts of basic gases
(for example hydrogen nitride).

CONCLUSIONS

On the basis of the method of isothermal diffusion
with use of known data on the main bulk physical and
physicochemical properties of the initial binary com-
pounds (InP, InAs, CdTe), the techniques of manu-
facturing of multicomponent diamond-type semicon-
ductors—solid solutions of InP–CdTe and InAs–
CdTe systems—were developed.

The X-ray, microscopic, and electron microscope
investigations were implemented. According to their
results, the obtained solid solutions are assayed as the
substitutional solid solutions with cubic sphalerite
structure. The elemental compositions almost coin-
ciding with predetermined molar compositions were
determined.

The acid–base properties of the surfaces of compo-
nents of the InP–CdTe and InAs–CdTe systems were
investigated. Their slightly acidic nature and increased
activity in relation to the basic gases were demon-
strated.
INORGANIC MATE
The common factors of changes with composition
of the bulk (crystallochemical, structural) and surface
(acid-base) properties which are of mainly smooth
nature for the solid solutions of the InAs–CdTe sys-
tem and include extreme exhibition for the solid solu-
tions of the InP–CdTe system were determined. The
influence of the degree of discrepancy of InP and InAs
with CdTe by the values of energy band gap (ΔЕ) on
the type of concentration dependences of properties of
the solid solutions was demonstrated.

The correlations between the determined common
factors of changes in the bulk and surface properties,
the reason for which is inherent in the nature of active
(acid-base) sites, were revealed.

The revealed correlations can be used for less labor-
consuming determination of new materials of sensor
technology (more specifically, for semiconductor gas
analysis). The orienting points for search with use of bulk
properties of the examined objects are designated.

Specific practical recommendations are provided.
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