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Solid  solutions AgCd2GaSs—AgCdaGaSes, AgCdaGaSs—  physical properties — the specific conductivity, the
AgZnaGaSq, AgCd2GaS4—CuCdaGaSy, AgCd2GaSs—  thermoelectric coefficient, and the spectral distribution

AgCdzInSs, and AgCdaGaSs—AgCdaGaTes are photosensitive
materials, the photoconductivity maxima of which fall into the
spectral region 500—800 nm, the specific value being determined
by the type and composition of the solution. The experiments
showed that most photosensitive turned out the solid solutions
AgCdy(1—_z)Zn2,GaSy with z = 0.2-+-0.3: at illuminance of 103 Lx,
their photoconductivity becomes about 300—500 times higher. By
their physical properties, the solid solutions under consideration
are similar to their electron analogs, CdS—-CdSe alloys. Similarly
to the case of binary semiconductor alloys, an abrupt change of
the energy position of centers, which are responsible for optical
activity of specimens, occurs in the range of 30—50 mol.% of
the second component. A model that explains the features of
photoelectric properties of the solid solutions concerned has been
suggested.

1. Introduction

One of the challenging technological problems in the
creation of new substances is the synthesis and the
study of semiconducting compounds, the properties of
which make them suitable to be applied in thermo- and
optoelectronics, nonlinear optics, etc. Recently, scientific
articles have reported about the synthesis of ternary and
quaternary chalcogenide compounds, which places them
among other promising materials of electronic technique,
such as CuGaSes, CulnSes, and Culn;_,Ga,Ses [1].

In this article, we report the results of

our researches of the crystal structure and the

380

of photoconductivity — of specimens belonging to
the systems AgCdsGaS;—AgCdsGaSey, AgCdaGaS,—
AangGaS4, AnggGaS4—Cqu2GaS4, AngzGaS4—
AgCdsInS,, and AgCd,GaS;—AgCdoGaTey which are
electronic analogs to alloys of binary semiconductors of
ATBVT group.

2. Experiment

Specimens were synthesized from elements of high
purity (not lower than 99.99 wt.%). The technology
was described in more details in work [2]. The
specimens obtained were studied making use of the
X-ray phase analysis at a DRON 4-13 diffractometer
(CuKa emission). In Fig. 1, we show schematically
the dependences of the crystal lattice types of the
solid solutions under investigation on their composition.
For physical experiments, we fabricated specimens
possessing the form of rectangular parallelepipeds (0.2—
0.4)x(1—2)x(3—5) mm?® in dimension. The specimen
surfaces were ground and polished with diamond pastes.
For photoelectric studies, the surfaces were additionally
etched in a 10% solution of HyOs in HNOj3. Thin copper
wires, welded with the help of an electric arc onto
the specimen surface, served as contacts in the electric
measurements. Occasionally, contacts were prepared of
a gallium-indium eutectics by its rubbing into the

ISSN 0503-1265. Ukr. J. Phys. 2006. V. 51, N 4



FEATURES OF ELECTRIC, THERMOELECTRIC, AND PHOTOELECTRIC PROPERTIES

| o | SoSe
I T T T T T T T T T 1
0 20 40 60 80 100

AgCd,Ga8, AgCd,GaSe,, mol%% AgCd,GaSe,
| 0 SRR Cdo7Zn
o w0 ow w o ow | w

AgCd,Ga8, “AgZn,GaS,”, mol % “AgZn,GaS,”
‘ 0 | OsHT | HHT | Ag—Cu
6o 2 @ ' ow om0

AgCd,Gas, “CuCd,Ga8,”, mol% “CuCd,Ga8,”
o] 7] Gaoln
I T T T T T T T T T 1
0 20 40 60 80 100

AgCd,Gas, “AoCd,TnS,”, mol % “AgCd,InS,"
ety weer | e | e S—Te
N S T

AgCd,GaS, “AgCd,GaTe,”, mol% “AgCd,GaTe,”

Fig. 1. Phase contents of the cross-sections (from top to

bottom) AgCdzGaSs—AgCdaGaSes, AgCdaGaSs—AgZnaGaSy,
AgCdaGaSs—CuCdaGaSy, AgCdaGaSs—AgCdaInSy,
AgCdaGaSs—AgCdaGaTes at 870 K: rhombic (O), hexagonal
(H), tetragonal (T'), cubic (C), H+ T + C (1), and O + H (2)

structures. The schemes of the chemical element substitution in

and

the solid solution, which results in the variation of the solution

content, are depicted on the right side

specimen surface. The ohmic behavior of contacts
persisted in wide ranges of temperature and voltage.

3. Experimental Results

3.1. Solid solutions
AgCd; GaSe, system

of the AgCd:GaS;—

The AgCdaGaSy(1—y)Ses, system forms a continuous
series of solid solutions within the whole interval of the
component content (Fig. 1, the first row). The basic
results of the researches of the solid solutions belonging
to this system were presented in work [2]. The solid
solutions AgCdaGaSy(1—,)Ses, are analogous, by their
physical properties, to their electronic analogs, alloys of
the CdS;_,Se, system. Similarly to the alloys of binary
semiconductors, they change smoothly, almost linearly,
the width of their energy gap as the content varies. In
the interval x = 0.3+0.5, a sharp variation of the energy
position of centers, which are responsible for the main
maximum of impurity-induced photoconductivity, takes
place (Fig. 2, curve 1), similarly to the variation of the
energy position of the centers of slow recombination in
CdS1_;Se; solid solutions (Fig. 2, curve 3) [3].
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Fig. 2. Dependences of the energy position of the maxima of
impurity-induced photoconductivity in AgCd2GaSy(;_z)Sear (1)
and AgCdy (1 _4)Zn2sGaSy (2) solid solutions on their composition
content. The dependence of the optical energy of hole ionization
from the centers of slow recombination on the composition content
of CdS1—zSey solid solutions (3) [3]

Therefore, we consider defects in the cation sublattice
to be responsible for both the maximum of impurity-
induced photoconductivity in the AgCdGaSy(1—4)Sess
solutions and the centers of slow recombination in
CdS;_,Se; alloys.

Judging from the sign of their thermoelectric
coefficient, all AgCdaGaSy(1_4)Ses, solid solutions
belong to semiconductors with the n-type conductivity.
The dark conductivity ¢ of these solutions within the
whole interval of solubility is 102—10% times lower,
depending on the composition content z, than that of
its components (AgCdGaS,; and AgCdaGaSey), and
amounts to 107191071 O~lem~! at T =~ 300 K. It
may be due to the availability of technological defects of
both the donor and acceptor types in the crystal lattice,
which emerge, when solid solutions are formed, and
stabilize the position of the Fermi level near the energy
gap middle point. Various point defects, their clusters, or
other damages of the bulk structure of the crystal lattice
can play the role of such defects. As a rule, structural
defects in semiconductors are the effective centers of
recombination of nonequilibrium current carriers [4].
This fact explains lower photosensitivity of the
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Fig. 3. Dependence of the specific dark conductivity o of the
AgCdy(1_z)Zn2,GaSy solid solution on its composition content
at T ~ 300 K

AgCdaGaSy(1—5)Seq, solid solutions in comparison with
that of their components. An exposure of the specimens
to white light with the illuminance E = 10® Lx causes
the growth of their conductivity by a factor k = 10 20.
The concentration of fast recombination centers with a
defective origin in binary photoconductors with weak
photosensitivity is N > 10'® em™3 [5]. Applying this
criterion to solid solutions under investigation, we may
state that the concentration of the corresponding centers
in them is not lower than the quoted value.

The thermoelectric material quality Q depends on
the parameters, which are included into the formula

2
ZT = &T, (1)
K
where S is the Seebeck constant or the thermoelectric
coefficient, o the specific conductivity, and x the general
heat conduction coefficient caused by both the heat
conductivity of the crystal lattice and that of the
electron subsystem. Perspective thermoelectric materials
are multicomponent compounds which have low values
of the lattice heat conductivity. The modern electronic
industry demands thermoelectric materials with high Q.
Now, ZT =1 for the best of them.

The individual components, AgCd,GaS; and
AgCdyGaSey, of the AgCdyGaSy_z)Ses, solid
solutions possess, according to our measurements, the
thermoelectric coefficient S =~ 500 and 300 pV/K,
respectively. After the solid solution having being
formed, the value of the thermoelectric coefficient
diminishes to the response limit of our devices. Such a
behavior of S is typical of compensated semiconductors
with close contributions of electrons and holes to
conductivity. Small values of S and o, and, accordingly,
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Fig. 4. Spectral distribution of the photoconductivity of
AgCdy(1_4)Zn2;GaSy alloys at T =~ 300 K and various
composition contents = 0.1 (1), 0.2 (2), 0.3 (8), and 0.5 (4)

of the @Q-factor ZT evidence for the inefficiency of
employing the AgCdaGaSy(;_,)Seq, solid solutions as
thermoelectric materials.

3.2. Solid solutions of the

AgZny GaS, system

Ang2 G(IS4 —

The AgCd,GaSs-based solid solutions in  the
AgCdy(1—y)Zna, GaSy system exist within the interval
x = 0+ 0.75 (Fig. 1, the second row). Therefore,
the physical properties of the specimens of the
AgCdy(1_y)Znz,GaSy alloy were analyzed only within
this interval.

Judging from the sign of their thermoelectric
coefficient, all AgCdy(;_;)Zng,GaSy solid solutions
belong, similarly to the solutions considered in the
previous case, to semiconductors with the n-type
conductivity and possess low S ~ —(20 + 40) puV/K
and o (Fig. 3), which evidences for their affinity to
compensated semiconductors with a high concentration
of technological defects of both the donor and
acceptor types. Moreover, as x increases, their specific
conductivity decreases, presumably due to the growth
of the energy gap width (Fig. 3). The solid solutions of
the AgCdy(1_,)Zna, GaSy system cannot be perspective
materials for the thermionic technique, but all of them
appeared photosensitive both at 300 and 77 K within the
range of solubility.

If z is low (< 0.2),
photoconductivity maximum (Ay =~

the position of the
600 nm) little
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differs from that of the analogous maximum in the
AgCdaGaSy(;1_z)Seq, solid solutions with the same
percentage of the second component (Fig. 2, curves I
and 2; Fig. 4, peak I). It seems that the same defects,
as in the case of the alloys of the AgCdaGaSy(1—4)Sess
system with low z, are now responsible for the
maximum of the impurity-induced photoconductivity in
the AgCdy(1_4)Zna,GaSy solutions with low .

Below the composition content = = 0.2, the position
of the photoconductivity maximum practically does not
change (Fig. 2, curve 2). In specimens with z = 0.2+0.5,
there occurs a reconstruction of the photoconductivity
spectrum. In the short-wave vicinity of the maximum at
Aum =~ 600 nm (Fig. 4, peak I), there appears a maximum
of photoconductivity at Ay & 560 nm (Fig. 4, peak II);
this testifies to the formation of new photosensitive
centers which exist together with the old ones. As =
grows further, these new centers of photosensitivity,
which are responsible for peak II, become dominating,
and the position of peak II slowly shifts towards the
short-wave range, probably due to the increase of the
energy gap width of the solid solution (Fig. 2, curve 2;
and Fig. 4).

Concerning the nature of a center of the impurity-
induced photosensitivity, which was caused by a defect
in the cation sublattice of alloys on the basis of binary
semiconductors, its energy position depends on the
nearest environment, namely, the anions in the first
coordination sphere [7]. In the AgCdyGaSy(i_z)Ses,
alloys, where the increase of z is accompanied by
the replacement of Se ions for S ones, the variation
of the maximum position of the impurity-induced
photosensitivity is probably stimulated by a replacement
of a selenium for a sulphur in the environment of the
defect in the cation sublattice which is responsible for
photoconductivity [2].

In the AgCdy(; —5)Zn2, GaS, alloys, the occupation of
the anion sublattice by sulfur ions remains constant as
x increases, but the occupation of the cation sublattice
changes. The concentration of Zn atoms increases,
and the concentration of Cd atoms decreases. We
may suppose that, in this case, the variation of the
position of the photoconductivity maximum is governed
by the replacement of Cd atoms by Zn ones at
more distant lattice points around the defect which is
responsible for photoconductivity. Since their influence
on the ionization energy of the photosensitive center
is not so dramatic as that of the atoms of the first
coordination sphere, the displacement of the maxima
at the photoconductivity spectrum reconstruction in
the specimens of the AgCdy(;_;)Zng, GaSy system will
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be shorter than that in the AgCdaGaSy_,)Sesqs one,
which is really observed in the experiment (Fig. 2,
curves I and 2). We note that the peak is shifted
towards the short-wave range, contrary to the previous
case (AgCdaGaSy(1_g)Ses,), where it is caused by
the influence of the anions in the first coordination
sphere possessing the effective charge of the other sign
(“minus”) rather than the atoms of the cation sublattice
(“plus”).

The photosensitivity of the AgCda_;)Zna,GaS,
solid solutions is by almost one order of magnitude
higher than the photosensitivity of the specimens of
the AgCdaGaSy(1—_4)Seq, system, especially in the range
of the photoconductivity spectrum reconstruction (z =
0.2 + 0.3) and, being exposed to white light with the
illuminance £ = 10 Lx, their conductivity variation
ratio achieves the values k ~ 300 = 500 at T~ 300 K.

Multiphase specimens with = > 0.75 also turned out

photosensitive.
Thus, the solid solutions belonging to the
AgCdy(1_y)Zny,GaSy  system  are  photosensitive

materials with the maxima of photoconductivity in
the visible range of the electromagnetic spectrum
(540 nm < X\ < 600 nm), depending on the composition
content of the solution.

3.3. Solid solutions of the AgCd;GaSs—
CuCd; GaS, system
For the Ag; ,Cu,CdsGaSs solid solutions, the

composition content range x = 0 + 0.34 corresponds
to the single-phase state (a rhombic elementary cell) of
a specimen (Fig. 1, the third row). The specific dark
conductivity of the solid solutions is ¢ ~ 107 Q" 'em™!
at T ~ 300 K and practically does not depend on the
alloy content, which may evidence for a minor change of
the energy gap width in the Ag;_,Cu,CdyGaS, alloys
as the composition content of the solid solutions varies.
Thermoelectric measurements testify to that, in the
whole range of the existence of solid solutions, they
are semiconductors with the n-type conductivity and
the small thermoelectric coefficient [S ~ —(20 + 60)
uV/K at T ~ 300 K], i.e. they also belong, as well as
the systems considered above, to semiconductors with
a large degree of compensation caused by technological
defects of both the donor and acceptor types.

The solid solutions of the Ag;_,Cu,CdyGaS, system
possess low photosensitivity with the conductivity
variation ratio no more than k ~ 10 (at 7' =~ 300 K)
when being exposed to white light with the illuminance
E =10% Lx.
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An interesting feature of the researched material is
the fact that, above z = 0.3, the maximum position in
the spectral distribution of photoconductivity practically
does not change and corresponds to Ay ~ 760 nm
(1.63 eV). It is known [8] that, in Cu-doped CdS
single crystals which are electronic analogs of the
solid solutions under investigations, there exist the so-
called “copper” centers of photosensitivity which are
copper atoms that substitute Cd ones at the points
of the cation sublattice (Cucq). The energy depth of
the Cugq centers, reckoned from the bottom of the
conduction band, is about 1.5 eV. One may assume that
the Agy_,Cu,CdyGaS, solid solutions also involve the
defects of such a type, namely, if some extra points of
the cadmium sublattice are occupied by copper atoms
(Cucg). The impurity-induced photoconductivity of the
Agy_,Cu,CdyGaS, solid solutions is caused by the
excitation of electrons from the “copper” centers (Cucq)
into the conduction band. Since the energy gap width
of the Ag;_,Cu,CdyGaS; solid solutions practically
does not change with the variation of their composition
content, the position of the photoconductivity maximum
in the solid solutions remains constant.

Application of the high-resistance solid solutions
of the Ag; ,Cu,CdyGaS; system with low
photosensitivity in modern electronics is problematic.

3.4. Solid solutions the

AgCdzInS, system

of AgCds GaS,—

The phase composition of the AgCdsGaq_,In,S,
solutions is shown in Fig. 1 (the fourth row).

In the composition content range x = 0 + 0.6, the
alloys of the AgCdyGa;_,In,S, system belong to high-

384

resistance materials with ¢ ~ 107° Q7 lem™! at T ~
300 K. Above x = 0.7, the growth of ¢ is observed, which
reaches the maximal value o ~ 1 Q lcm™! for alloys
with z = 0.8 and afterward remains practically constant.
In the whole range of concentration, the specimens of
the AgCdsGay _,In, S, system belong to semiconductors
with the n-type conductivity and the thermoelectric
coefficient S = —(100 + 150) uV/K for high-resistance
specimens. In the range = > 0.6, S grows and reaches
the value S =~ —250 pV/K which afterward remains
practically constant. The temperature dependence of o
for the specimens of high-resistance solutions is described
by the exponential dependence, which is characteristic
of disordered semiconductors [9]. In the solutions with
low-resistance compositions, ¢ weakly changes with
temperature, and the solutions are not photosensitive.
The AgCdsGaq_,In, S, solutions of other compositions
possess low photosensitivity (k < 10 at E = 10 Lx).
We believe that single-phase low-resistance alloys
(0 ~ 1 Q7lem™!) with high z, for which S =~
—250 4V /K, may have the highest practical importance.
Using the value x =~ 10% cal/(cm-s) for ternary
and quaternary compounds [10], we can estimate the
parameter ZT for T ~ 300 K. Such estimations show
that ZT = 0.005 for the specimens of low-resistance
AgCdsGay_;In, Sy solutions. It is much less than the
relevant value for the most efficient thermo-materials
fabricated on the basis of compounds of Bi, Te, and Sb.

3.5. Solid solutions
AgCd,GaTe, system

the

of AgCds GaS,—

The composition content ranges, where multi- and
single-phase alloys of this system exist, are presented
in Fig. 1 (the fifth row). Photo- and thermoelectric
measurements show that the alloys belonging to the
AgCdaGaSy(1_,)Teys, system have no photosensitivity,
being semiconductors with the n-type conductivity. In
the composition content range x = 0.1 + 0.85, the
alloys are low-resistance with o = (1= 3) Q@ 'em™! and
S~ —100 pV/K at T ~ 300 K (Fig. 5). The temperature
dependences of ¢ for such alloys possess the features of
metallic conductivity, i.e. ¢ decreases to some extent
as the temperature grows. The value of the parameter
ZT, calculated by us for low-resistance solutions, equals
ZT =~ 0.001 at T ~ 300 K.

1. Amara A., Drici A., Guerioune M. // Phys. status solidi (a).
— 2003. — 195, N 2. — P. 405 — 411.

2. Voronyuk S.V., Gusak O.A., Davydyuk G.E. et al. // Nauk.
Visn. Volyn. Univ. — 2003. — N 9. — P. 13 — 21.

ISSN 0503-1265. Ukr. J. Phys. 2006. V. 51, N 4



FEATURES OF ELECTRIC, THERMOELECTRIC, AND PHOTOELECTRIC PROPERTIES

3. Physics and Chemistry of II-VI Compounds / Ed. by M. Aven,
J.S. Prener. — Amsterdam: North-Holland, 1967.

4. Gavrilenko V.I., Grekhov A.M., Korbutyak D.V.,
Litovchenko V.G. Optical Properties of Semiconductors.
A Handbook. — Kyiv: Naukova Dumka, 1987 (in Russian).

5. Lashkarev V.E., Lyubchenko A.V., Sheinkman M.K.
Nonequilibrium Processes in Photoconductors. — Kyiv:
Naukova Dumka, 1981 (in Russian).

6. Kelly B.T. Irradiation Damage to Solids. — New York:
Pergamon, 1966.

7. Gurvich A.M. Introduction to Physical Chemistry of
Crystallophosphors. — Moscow, Vysshaya Shkola, 1982 (in
Russian).

8.  Ermolovich 1.B., Sheinkman M.K. // Fiz. Tekhn. Polupr. —
1971. — 5, N 6. — P. 1185 — 1188.

9. Bonch-Bruevich V.L., FEnderlein R., FEsser B. el al.
Elektronentheorie Ungeordneter Halbleiter. — Berlin:
Deutscher Verlag der Wissenschaften, 1984.

10. Goryunova N.A. Complex Diamond-Like Semiconductors. —
Moscow: Sovetskoe Radio, 1968 (in Russian).

Received 12.04.05.
Translated from Ukrainian by O.I. Voitenko

ISSN 0503-1265. Ukr. J. Phys. 2006. V. 51, N 4

OCOBJINBOCTI

EJIEKTPUYHUX, TEPMOEJIEKTPUYHNX

I POTOEJIEKTPUYHNX BJIACTUBOCTEN

TBEPANX PO3YMHIB AgCd2GaSy—Sey, AgCda—Zn, GaSy,
Ag1_5Cu,CdaGaSy, AgCdaGaj_zIngSs I AgCdeaGaSs_,Te,

I €. Hasudwx, 1./]. Osexceroxr, O.B. Ilapacrox, C.B. Bopowiox,
O.A. Jowcam, B.1. Ilexnvo

Peszowme

Teepai pozuman  AgCdoGaS;—AgCdaGaSey, AgCdoGaSy—
“AgZnsGaS,”, AgCdaGaSs—“CuCdaGaSy”, AgCdaGaSy—
“AgCdaInSy” 1 AgCdaGaSs—AgCdaGaTes” € dorouyTnusu-

MU MaTepiajaMyd 3 MaKCUMyMOM oTouyTimBocTi B obJiacTi
500—800 HM, ITOJIOXKEHHS SKOTO BU3HAYAETHCS THUIIOM 1 CKJIAJIOM
pozunny. HaiiBuigy ¢orodyTiuBicTh BUSABIAIOTH TBEPAI PO3YH-
mu AgCdaGaSy—“AgZnaGaS,”, y cknami sxux 20—30 mon.%
“AgZnaGaSy”. TIpu ocsimenocri 10% 1k ix doronposigmicTs
3poctae y 300—500 pasis. 3a disuaHuME BIIACTHBOCTSIMHU TBEP-
i pO3YMHM TOMIOHI JI0 CBOIX €JIeKTPOHHUX aHAJOrIB — CIUIABiB
cucremun CdS—CdSe. fk i B cnaBax GiHApHUX HAaIiBIPOBiIHU-
KiB, y IIUX CIUIaBiB 3 BMicToM spyroi kommnoneaTu 30—50 momn.%
CIIOCTEPITa€ThCH pi3Ka 3MiHA €HEPTEeTUYHOrO IIOJIOXKEHHS IEHTPIB,
BIAIOBIZAJIbHIX 32 ONTHUYIHY aKTHBHICTH 3pa3KiB. 3aIpOIIOHOBAHO
MO/I€JIb, SKa IIOsICHIOE OCODJIMBOCTI (DOTOEIEKTPUYHUX BJIACTUBO-
cTell TBEPAUX PO3UMHIB.

385



