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Abstract—Methods for the preparation of GaAs—CdSe and ZnTe—CdSe solid solutions based on isothermal
diffusion of the initial binary compounds (GaAs and CdSe, ZnTe and CdSe) with their main bulk physical
and physicochemical properties taken into account are developed. X-ray, microscopic, electron-micro-
scopic, and spectroscopic data enriched the database on multicomponent diamond-like semiconductors.
They include the luminescence properties, average sizes, and average numbers of particles. This makes it pos-
sible to unambiguously certify solid solutions as of the substitutional type with a cubic sphalerite and wurtzite
hexagonal structures depending on the composition. The surface properties (chemical composition and acid-
base properties) of the solid solutions and binary components of the systems are studied. When the surfaces
are predominantly weakly acidic, there is a relative increase in the basicity with an increase in the amount of
CdSe and ZnTe in the GaAs—CdSe and ZnTe—CdSe systems, respectively. The changes in the composition
of bulk and surface properties and the correlations between them are found. This simplifies the search for new
materials—the primary transducers of sensors.
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INTRODUCTION

Success in the development of one of the most
important areas of modern technology, i.e., the sensor
technology, depends on sensors, which possess high
selective sensitivity, low operating temperatures, sim-
ple design, low cost, and other more attractive techni-
cal and economic indicators in comparison with wide-
spread oxide sensors [1, 2]. The production of such
sensors depends on the materials used, i.e., the pri-
mary converters.

Considering that binary diamond-like com-
pounds, especially A™'BY and A"B! one [2], possess
unique properties, the search for effective materials
based on the preparation and study of multicompo-
nent diamond-like semiconductors seems to be prom-
ising. In this case, both the expected smooth and
unexpected extreme changes in properties and com-
position are possible due to complex internal processes
to form solid solutions. Both these changes are inter-
esting in scientific and practical aspects when consid-
ering the AMBY—A" BV A BV A1 BVI systems, among
which GaAs—CdSe and ZnTe—CdSe are studied in
this work.

The preparation and certification of GaAs—CdSe
and ZnTe—CdSe solid solutions based on X-ray,
microscopic, electron microscopic, and spectroscopic
studies (the Raman scattering of light (RS), IR spec-
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troscopy, and Auger spectroscopy) are relevant tasks.
To get additional information about multicomponent
diamond-like semiconductors, the complex study of
acid-base properties of the surfaces of system compo-
nents, the identification of patterns of changes with
the composition of bulk and surface properties, deter-
mination of the relative influence of GaAs and ZnTe
binary components, and assessment of the revealed
patterns for the less expensive search for new materials
for sensor technology are also important.

EXPERIMENTAL

Fine powders (5, = 0.3—-0.91 m?/g) of binary com-
pounds GaAs, ZnTe, and CdSe and (GaAs),(CdSe), _,
(x 1.1, 11.5, 97.7, and 98.2 mol %) and
(ZnTe),(CdSe), _, (x=12,26, 68, and 75 mol %) solid
solutions obtained according to the developed tech-
niques [2] were studied. X-ray, microscopic, electron
microscopic, Raman, IR, and Auger spectroscopic
data were used to study the synthesis of solid solutions
and their structure. The molar compositions of the
obtained solid solutions were compared with the ele-
mental one found from energy dispersive analysis and
Auger spectra.

X-ray diffraction studies were performed on a D8
Advance Powder X-Ray spectrometer (Bruker AXS,
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Table 1. Crystal-lattice parameters, interplanar distances (d,,;), and X-ray density p,.of components of the GaAs—CdSe system

Composition Crystal lattice | a, A c, A s A p,, g/cm’
(mole fraction of CdSe) ’ ’ dy, Ay dy0 doos "

0 Cubic 5.6500 — 3.252 1.996 — — 5.340
0.018 Cubic 5.6557 — 3.269 1.999 — — 5.341
0.023 Cubic 5.6584 — 3.267 2.001 — — 5.342
0.885 Hexagonal 4.2867 | 7.0048 — — 3.712 3.502 5.541
0.989 Hexagonal 4.2938 | 7.0104 — — 3.719 3.505 5.588

1 Hexagonal 4.3000 | 7.0200 — — 3.724 3.510 5.656

Table 2. Crystal-lattice parameters, interplanar distances (d,,;;), and X-ray density p, of components of the ZnTe—CdSe system

" dyg A
(molei?:zﬁgilté?% dSe) Crystal lattice | a, A c, A y y e y y p,, g/cm’
11 220 100 002
0 Cubic 6.1028 — 3.526 2.158 — — 5.6900
0.25 Cubic 6.0907 — 3.523 2.157 3.802 — 5.6740
0.32 Cubic 6.0741 — 3.522 2.156 — — 5.6652
0.74 Hexagonal 4.3101 7.0466 — — 3.733 3.512 5.6561
0.88 Hexagonal 4.3101 7.0138 — — 3.732 3.510 5.6553
1 Hexagonal 4.3000 7.0200 — — 3.732 3.511 5.6520

Germany) (CuKk, radiation, A = 0.15406 nm, and 7=
293 K) at large angles [3, 4] equipped with a Lynxeye
position-sensitive detector. The ICDDIPDF-2 pow-
der diffraction database and TOPAS 3.0 software
(Bruker) were used to process the diffraction patterns
and to refine the lattice parameters, respectively.

Microscopic studies were carried out on KN 8700
(Hilox, Japan) and Micromed “Polar-3” microscopes
with a magnification of up to 7000 [5]; electron micro-
scopic data were obtained using a JCM-5700 scanning
electron microscope (SEM) equipped with a JED-
2300 unit for energy dispersive analysis [6]. The
Raman spectroscopic studies were carried out with a
ThermoScientific DXR Smart Raman dispersion
spectrometer within 39—3411 cm~! in the backscatter-
ing geometry (spectral resolution was 2.4—4.4 cm™')
[7, 8]. The IR spectra were acquired using an FT-02
InfraLYUM Fourier spectrometer equipped with a
unit for recording the total internal reflection (TIR)
spectra between 400—4000 cm™! [9, 10], whereas the
Auger spectroscopic data were obtained with a
Shkhuna-2 instrument. A probe electron beam with a
diameter of 1 wm and energy of 3 keV was scanned into
a 50 x 50 um raster to record Auger transitions. The
energy resolution of the analyzer, the pressure of residual
gases in the analytical chamber, and the sputtering rate of
the target material by argon ions were 0.7%, 10~7 Pa, and
1—4 nm/min, respectively [10, 11].

The surface properties of components of the
GaAs—CdSe and ZnTe—CdSe systems (chemical
composition of the surfaces and acid—base properties)

were studied with hydrolytic adsorption (determina-
tion of the pH of the isoelectric state, pH,,,) [12] and
TIR IR spectroscopy [9, 10]. When hydrolytic adsorp-
tion was employed, the pH of the environment, in
which the ampholytic adsorbents (amphoteric com-
pounds) split off equal (insignificant) amounts of H*
and OH™ ions, was found. GaAs, ZnTe, CdSe, and
(GaAs),(CdSe), _,, (ZnTe),(CdSe), _, solid solutions
with characteristic isoelectric points corresponding to
the minimum solubility were used as such adsorbents.
The average strength and the ratio of acidic and basic
centers were found from the pH,, values.

The reproducibility and the accuracy of the exper-
imental data were verified from parallel studies with
mathematical statistics and quantitative analysis data.
The Stat-2, Microsoft Excel, and Origin computer
programs were used for statistical processing of the
numerical values, calculation of the measurement
errors, and for the construction and processing of
graphical dependencies.

RESULTS AND DISCUSSION

The X-ray diffraction data [13, 14] (Tables 1 and 2)
showed that substitutional solid solutions with a cubic
sphalerite structure (with an excess of GaAs and
ZnTe) and a hexagonal wurtzite structure (with an
excess of CdSe) are formed in the GaAs—CdSe and
ZnTe—CdSe systems at the specified compositions.
The shift in the diffraction patterns of lines corre-
sponding to solid solutions relative to those of binary
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Fig. 1. SEM images of: (a) GaAs, (b) (GaAs)( 977(CdSe) g3, (c) (GaAs)g o11(CdSe)g 959, (d) ZnTe, (e) (ZnTe)q 76(CdSe) 24,

(f) (ZnTe) 1,(CdSe) g3, and (g) CdSe powders.

components at a constant number, the relative posi-
tion and intensity distribution of the main lines [13,
14], a smooth or linear change with the composition
(within the same structure) of the lattice parameters
(a and c¢), interplanar spacings d,;;, and X-ray density
p, of components of the GaAs—CdSe and ZnTe—
CdSe systems (Tables 1 and 2) indicates this.

The electron microscopic, Raman, Auger, and IR
spectroscopic data confirm that substitutional solid
solutions are formed in these systems. Indeed, the

average numbers of predominant particles (n,,) found
from SEM images (Fig. 1) vary smoothly with the
composition to correlate with the relationship between
the X-ray density and the composition (Fig. 2).

The Raman spectra show (Fig. 3) that the substitu-
tion of metal atoms at lattice sites leads to a decrease in
the vibrational frequency and, as a result, in the inten-
sity of Raman peaks assigned to longitudinal (LO) and
transverse (TO) oscillations [7, 8]. Raman spectro-
scopic studies also show that the components of the
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Fig. 3. Raman spectra in the anti-Stokes radiation region of:
(1) ZnTe, (2) (ZnTe) 1,(CdSe) gg, and (3) CdSe powders.
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Fig. 2. Dependences of the composition on: (/) the aver-
age number of particles n,y, (2) the X-ray density p,, and
(3) the pH of the isoelectric state of the surfaces of compo-
nents of the GaAs—CdSe system.
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2
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3400
ZnTe—CdSe system possess luminescence properties.

The luminescence intensity increases in the following
series:

ZnTe — (ZnTe), ;,(CdSe), 33 — CdSe.

When the composition of the systems is changed,
the intensity of the main IR absorption bands of coor-
dinated water (3400 and 1640 cm~') and molecular
adsorbed carbon dioxide (2440 cm™!) changes in a cer-
tain way (Fig. 4).

As already noted, the molar compositions of the 3400
solid solutions obtained were compared with the ele- '

290|0 2440 o 1390

mental one. Table 3 shows the elemental composition 3600 2800 2000 1600 A, cm™!
of cqmponent_s of the systems found from energy dis- Fig. 4. IR spectra of the surfaces of: (/) ZnTe,
persive analysis. It should be noted that there is a S&?— (2) (Z1iTe) 55(CdSe) 74 solid solution, and (3) CdSe
isfactory agreement between the elemental composi- exposed to air.
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Table 3. Electron microscopic data of components of the
ZnTe—CdSe system

Molar composition Refined elemental composition
CdSe Cdj 4885€0.512

(ZnTe) 15(CdSe) g3 Znyg g6 Te 051Cdy 375 Seo 508

(ZnTe)g 26(CdSe)g.74 Zng 116Te,144Cd0 3745¢€0 366

(ZnTe)g 3(CdSe)g 3, Zng 334Te0 349Cdg 1615¢€0.156

(ZnTe)g 75(CdSe)g 25 Zng 354Teq 303Cdg.1255¢€0.127
ZnTe Zn, sCdSe 5

Table 4. Atomic composition of the surface of the
(ZnTe), ,4(CdSe), 76 solid solution based on Auger spectro-
scopic studies

Zn
23.3

Te
5.0

Cd
9.8

Se (0]
454 16.5

Composition

at %

tion and molar composition. These results were sig-
nificantly enhanced by Auger spectroscopic studies
(Fig. 5 and Table 4). The atoms were found, the ele-
ments on the surfaces were identified, and the quanti-
tative chemical composition of the surfaces was deter-
mined from the energies and the number of Auger
electrons. Figure 5, for example, shows that there are
clear Auger transitions on the surface of the
(ZnTe), ,x(CdSe), 74 solid solution assigned to its ele-
ments (Zn, Te, Cd, and Se). A certain energy value
corresponds to each element: 50 and 900—1000, 400—
500, 270—400, and 1200—1350 eV are assigned to Zn,

Amplitude, arb. units
W
T

325

Te, Cd, and Se, respectively (in this case, these are
transitions between neighboring orbitals).

The IR spectra show the chemical compositions of
the real surfaces of the components in the GaAs—
CdSe and ZnTe—CdSe systems exposed to air (Fig. 4).
They contain bands assigned to coordinated water
(3400 and 1640 cm™!), molecular adsorbed carbon
dioxide (2440 cm™'), C—H bonds (2900 cm~'), C=0
(1750 cm™"), and the HO—CO, group (1390 cm™").

The surfaces of components of the GaAs—CdSe
and ZnTe—CdSe systems exposed to air are mainly
weakly acidic (except ZnTe and solid solutions with its
excess): the pH,,, values vary between 6.2—6.8 and
6.8—7.87 (Fig. 2). The pH,,, values increase in the fol-

lowing series: GaAs — (GaAs), (CdSe),_, — CdSe,

and CdSe — (ZnTe),(CdSe),_, —» ZnTe, which

correlate with the increased band-gap values (AE)
from 1.43 to 1.88 and from 1.88 to 2.20 eV.

This relationship between the surface (pH,,,) and
bulk (AE) properties is probably due to active (acid-
base) centers: the fraction of ionic bonds increases
with an increase in the band gap. As a result, the
degree of surface hydration and the concentration of
Bronsted centers (mainly OH groups) increase, so that
the basicity of the surfaces increases as well (increase
in pH;,,). It should be noted that the acid-base prop-
erties of components of the GaAs—CdSe system cor-
relate with the band gap and with other bulk proper-
ties: the average number of particles (n,,) and the
X-ray density p, (Fig. 2).

When the surfaces are predominantly weakly
acidic, components of the systems (except ZnTe sur-

0 200 400 600

800 1000 1200 1400 1600

Energy, eV

Fig. 5. Auger spectrum of the (ZnTe) ,4(CdSe) 7¢ solid solution exposed at p ~ 1.33 x 1073 Pa, T=383K,and =2 h.
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faces and solid solutions with its excess) can be used
(especially (GaAs) (CdSe), _,) to produce sensors for
detecting trace impurities of basic gases (NH; type).
One can facilitate significantly the search for such
materials based on correlations between the relation-
ships pH;,, = AXCdSe), n,, = fAXCdSe), and p, =
J{XCdSe) and the resulting final one pH,,, = f(n,,) and
pHiso :f(pr)'

The influence of GaAs and ZnTe binary compo-
nents in GaAs—CdSe and ZnTe—CdSe systems (in
particular, on the surface acid—base properties)
appeared to be opposite. The pH;, decreases with an
increase in the amount of GaAs in the GaAs—CdSe
system, and it increases with an increase in the
amount of ZnTe in the ZnTe—CdSe system. The rea-
son for the increase in pH;, is explained above.

CONCLUSIONS

The GaAs—CdSe and ZnTe—CdSe solid solutions
obtained via special isothermal diffusion of the initial
binary compounds (GaAs and CdSe, ZnTe and CdSe)
and their bulk, physical, and physicochemical proper-
ties were studied with X-ray, microscopic, electron-
microscopic, Raman, IR, and Auger spectroscopies.

The results of this work were used to enrich the data
bank on multicomponent diamond-like semiconduc-
tors, including the luminescence and structural prop-
erties, and to certify the solid solutions obtained. They
appeared to be substitutional solid solutions with a
cubic sphalerite structure with an excess in the GaAs
and ZnTe systems and a hexagonal wurtzite one with
an excess of CdSe.

The chemical composition of the initial surfaces of
the system components, which did not fundamentally
differ from that of the initial surfaces of other previous
diamond-like semiconductors, was found.

The surfaces of the system components (pH,, val-
ues) are weakly acidic except ZnTe surfaces and solid
solutions with its excess. The binary components of
the GaAs and ZnTe systems have the opposite effect
on the acid-base state to decrease the pH,, in the first
case and to increase it in the second. As a result, the
surfaces of solid solutions of the GaAs—CdSe system
possess more acidic properties compared to those of
the ZnTe—CdSe solid solutions. The is probably due to
active acid-base centers.

Changes in the properties with the composition
and correlations between them were found. The rela-

KIROVSKAYA et al.

tionships between the surface (pH,,,) and bulk (7, p,,
and AE) properties and the resulting direct depen-
dences pH;,, = f(n,,) and pH,,, = f(p,) facilitate signifi-
cantly the search for new effective materials for semi-
conductor gas analysis (sensor technology). System
components with pH;,, < 7 and especially
(GaAs),(CdSe), _, solid solutions are recommended
to produce sensors for trace impurities of basic gases.
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