ISSN'1330-0008
CODENFIZAE4

STRUCTURAL AND ELECTRICAL PROPERTIES OF CuSbTez, CuSbSe;
AND CuSbSs CHALCOGENIDE THIS FILMS

LAILA I. SOLIMAN®, AZIZA M. ABO EL SOAD®, HAMDIA A. ZAYED? and
SAMMER A. EL GHFAR®

“National Research Centre, Solid State Physics Department, Dokki, Cairo, Eqgypt
Girls College for Art, Science and Education, Ain Shams University

Received 9 January 2002; revised manuscript received 2 July 2002
Accepted 11 November 2002 Online 7 February 2003

The ternary chalcogenides CuSbTe;, CuSbSe; and CuSbS,; were synthesized by
the direct fusion technique. The thin films of these compounds were prepared by
thermal evaporation under vacuum of about 1.3 mPa (10~° Torr) and the rate of
deposition was 30 nm/min. The structural properties of CuSbTey, CuSbSes and
CuSbSs in powder and thin film forms were investigated by X-ray diffraction (XRD)
and transmission electronmicroscopy. Microprobe analysis technique was used to
investigate the composition of the three alloys and of their films. The electrical
conductivity ¢ and the thermoelectrical power ) have been measured for all as-
deposited and annealed thin films, as a function of temperature in the range from
80 to 500 K. It was found that the electrical conductivity o, the carrier concentra-
tion P, the mobility p and the thermoelectric power @) increase when increasing the
annealing temperature for CuSbTe,, CuSbSey and CuSbSs thin films. The increase
of o, P, u and @, and also the decrease of the activation energy AFE with increasing
temperature for the as-deposited CuSbTes, CuSbSes; and CuSbSs thin films, can
be attributed to the change in the structure of these films from the amorphous to
the crystalline state.

PACS numbers: 61.10.-1, 73.50.-h UDC 538.975

Keywords: ternary chalcogenides CuSbTes, CuSbSez and CuSbSs,, thin films, amorphous,
crystalline, as-deposited, annealed, electrical conductivity, Hall effect, thermoelectrical
power, carrier concentration, mobility, activation energy

1. Introduction

Recently, a considerable effort has been invested to gain a better and deeper un-
derstanding of structural, electrical and optical properties of ternary chalcogenide
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semiconductors because of their possible applications in electrical devices and in-
frared generation and detection [1]. Ternary chalcogenide compounds A'BVXLY
(A=Cu, B=Sb, X=Te, Se or S) can be regarded as valence analogues of III-V
and II- VI semiconductors [2] and they crystallize in the chalcogenide structure [3,4]
which is closely related to the zinc blende. The structure and chemical bonding of
compounds of the type AIBVXLY have been discussed by Hofmann [5]. It has been
shown that the atom B comes from the group V (Sb), while the atom A (Cu) is
octahedrally surrounded by X (Te, Se or S) atoms. It is likely that the chemical
bonds in the compounds of this system are formed by the d—5p, hybridised orbitals
in which the d-electrons are contributed by the copper atoms.

CuSbTey, CuSbSe; and CuSbS, compounds have recently received renewed
interest as infrared materials for infra-red detectors and in solar energy applica-
tions [6-9]. To evaluate these materials for such applications, their structural, opti-
cal, electrical and photoconductivity properties should be thoroughly understood.
The preparation and the crystal structure of CuSbTey, CuSbSey and CuSbSs com-
pounds have been reported by many workers [6,9-11], but their transport properties
in the solid state has been described very little [12-15]. To our knowledge, there are
no published studies on the transport properties of CuSbTey, CuSbSes and CuSbS,
thin films.

In this paper, we describe the electrical and thermoelectric properties of
CuSbTez, CuSbSes and CuSbSs thin films as functions of temperature for dif-
ferent thicknesses and at different annealing temperatures, and study the structure
of these compounds in both powder and thin-film forms.

2. Ezxperimental

CuSbTes, CuSbSe; and CuSbS, compounds were synthesized by the fusion
method. In this method, the reaction between the chalcogenide vapours and molten
metals were allowed to take place gradually in evacuated silica tubes. High purity
(99.999%) mixtures of constituent elements (Cu, Sb, and Te, Se or S) in stoichio-
metric proportions (with an accuracy of 5 x 1074 g) were sealed into evacuated
and graphitized silica tubes at the pressure of 1.3 mPa (10~5 Torr). The evacuated
tube was then placed into a furnace whose temperature was raised in steps to 1150
K for 50 hours. During the synthesis, the molten material was vibration shaken to
ensure homogeneity. The tubes were gradually cooled with a cooling rate of about
25 °C/h to room temperature in order to obtain polycrystalline CuSbTez, CuSbSes
and CuSbSs compounds. The thin films of these compounds were prepared by ther-
mal evaporation from a molybdenum boat under vacuum of 1.3 mPa (10~> Torr)
onto glass substrates at 300 K at a rate of about 30 nm/min, using the coating unit
Leybold-Heraeus Univex-300.

The thickness of the films was measured using an optical multiple-beam inter-
ferometer.

The crystal structures of CuSbTes, CuSbSe; and CuSbS, in both powder and
thin-film forms were investigated by the X-ray diffractometer Philips PW 1373.
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The composition of the powder samples and of the corresponding thin films of
CuSbTes, CuSbSe; and CuSbSy were determined by electron microprobe analysis
with an accuracy of about 2%.

The electrical conductivity ¢ was measured by the conventional four-probe
method. The Hall voltage was measured potentiometrically with the usual precau-
tions of reversing both the magnetic and current directions. The thermo-electrical
power was measured simultaneously against copper while establishing a maximum
temperature gradient of 10 K along the sample. The measured properties were
monitored until they were found to be time independent.

3. Result and discussion

3.1. Structural

The X-ray diffraction patterns of the powder and of the thin films of CuSbTes,
CuSbSe; and CuSbS,, as deposited and annealed at 373 K and 473 K under vacuum
for one hour, are shown in Figs. 1, 2 and 3, respectively. From the X-ray powder
diffraction patterns of these compounds, as shown in Fig. 1a, one can calculate the
lattice parameters and the corresponding (hkl) planes using the Treior program.
Also, the interplane spacing (d), and the positions and heights of the peaks were
calculated. The results show that the prepared CuSbTe;, CuSbSes; and CuSbS; in
a bulk form have the orthorhombic crystal structure. These results agree well with
what was reported by other authors [10,12]. The interplane spacing (d) with the
corresponding (hkl) planes, and the positions and heights of the peaks are listed
in Table 1. The lattice-parameter values and the unit-cell volumes of the three
compounds are summarized in Table 2.

Fig. 1. X-ray diffraction patterns of CuSbTe,.
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Fig. 2. X-ray diffraction patterns for CuSbSe,.
Fig. 3 (right). X-ray diffraction patterns for CuSbSa.
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TABLE 1. Values of d-spacings, diffracion angles, relative intensities and plane
indices of CuSbTes, CuSbSes and CuSbS, in powder forms.

142

CuSbTe, CuSbSes,
d (nm) 20 I/T" | hkl d (nm) 20 I/I' | hkl
0.69104 | 12.802° | 58.95 | 210 0.37668 | 23.589° | 38.39 | 101
0.50351 | 17.567° | 34.71 | 400 0.32997 | 27.011° | 46.71 | 020
0.35038 | 25.391° | 42.57 | 201 0.31401 | 28.409° 100 | 510
0.34769 | 25.596° | 64.4 | 011 0.31186 28.6° 60.99 | 211
0.30765 | 29.034° 100 | 520 0.28824 | 30.98° | 31.51 | 320
0.28644 | 31.215° | 47.58 | 411 0.27122 | 33.009° | 41.38 | 610
0.26347 | 34.004° | 29.47 | 511 0.23541 | 38.184° | 30.49 | 601
0.20563 | 43.991° | 98.25 | 721 0.19184 | 47.397° | 30.61 | 621
0.17394 | 52.804° | 28.37 | 122 0.18504 | 49.204° | 35.37 | 012
0.16852 | 54.397° | 26.19 | 151 0.17635 | 51.803° | 36.16 | 901
CuSbSs,

d (nm) 20 I/I" | hkl

0.71324 | 12.4° | 66.89 | 101

0.31401 | 28.4° 100 | 020

0.35974 | 28.8° | 81.03 | 510

0.30155 | 29.6° 86.2 | 211

0.22907 | 39.38° | 87.58 | 320

0.18215 | 49.8° | 33.56 | 610

0.18159 | 50.2° | 48.27 | 601

0.17572 52° 55.17 | 621

0.14416 | 64.6° | 40.34 | 012
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Sample Lattice parameters Unit cell volume
a b c (nm?)
CuSbTey | 20.17786 | 9.481876 | 3.737931 0.71516
CuSbSey | 17.84687 | 6.595556 | 3.855409 0.45382
CuSbSs 16.95968 | 7.130192 | 6.649178 0.80406

TABLE 2. Values of lattice parameters and unit-cell volumes of CuSbTes, CuSbSe,
and CuSbS, thin films.

It was found that the calculated lattice parameter values are in good agreement
with the standard (JCPPS) diffraction data 1996 card for CuSbSs. The results
also agree well with those reported by Deshpande et al. [11] and by Bastow and
Whitfield [9].

From Figs. 1, 2 and 3, it was observed that the as-deposited films were amor-
phous, whilst those heat-treated at 373 K and 473 K were polycrystalline. It was
also observed that the peak intensity and the peak width at half amplitude appre-
ciably at higher annealing temperatures which gives information about the degree
of preferred orientation and the degree of crystallinity concerning the crystalline
planes (211) in CuSbTeq, (301) in CuSbSes and (520) in CuSbS,, as represented in
Figs. 1, 2 and 3, respectively.

The compositions of the powder samples and of the corresponding thin films
of the three compounds were determined by electron microprobe analysis with an
accuracy of +2%. The results of the compositional analysis are reported in Table
3. These results confirm the results obtained by the X-ray analysis.

TABLE 3. Composition of CuSbTes, CuSbSe; and CuSbSs powder and thin films.

Sample Powder Thin film

Cu Sb Te Se S Cu Sb Te Se S
CuSbTez | 25.20 | 25.59 | 49.22 24.89 | 24.99 | 50.12
CuSbSes | 24.94 | 25.42 49.64 24.88 | 25.23 49.89
CuSbSs 25.12 | 25.03 49.84 | 24.79 | 25.00 50.21

The CuSbTey, CuSbSe; and CuSbS, thin films were also investigated by the
transmission electron microscopic technique in order to get more information about
their structure.

Figures 4a, b and c represent selected areas of the transmission patterns for the
CuSbTe,, CuSbSe, and CuSbS, thin films, as-deposited and annealed at 373 K and
473 K in vacuum for one hour. From these patterns, it is clear that the grain size of
the material increases when increasing the annealing temperature. This means that
the thin films of these compounds changed from the amorphous to the crystalline
state by heat treatment.
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Fig. 4. Electron-microscope transmission patterns of A: CuSbTes, B: CuSbSey and
C: CuSbS;, thin films, (a): as-deposited, (b): annealed at 373 K and (c): annealed
at 473 K.

3.2. FElectrical properties

It was found that for film thicknesses greater than 150 nm, the variation of
electrical conductivity, o, is negligible and does not exceed +4%. So, we did our
electrical measurements with films 154 nm thick.

3.2.1. Electrical conductivity of CuSbTe, thin film

The electrical conductivity, o, of the prepared CuSbTe, thin films of thickness 154
nm was measured over the temperature range from 100 K to 500 K.

Figures 5a, b and ¢ show the temperature dependence of the electrical conduc-
tivity of the as-deposited CuSbTes thin films and those annealed at 373 K and
473 K. From Fig. 5a, it is clear that the conductivity at low temperature is low,
because most of the carriers are frozen out on the acceptor and donor levels. As
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the tempetature rises, the degree of ionization of the impurities increases, and the
raise of the carrier concentration results in a rapidly increasing conductivity.
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Fig. 5. Inverse temperature dependence of DC conductivity o of CuSbTes thin
films, (a): as-deposited, (b): annealed at 373 K and (c): annealed at 473 K.

At higher temperature, the conductivity shows a flat maximum at about 348 K,
followed at still higher temperature by a tendency to decrease. The reason for
the tendency lies in the temperature dependence of the mobility; in this tempera-
ture range, the films exhibit a metallic behaviour. In this temperature range, the
mobility of the carriers decreases with a raising temperature because of the lattice

TABLE 4. Values of the activation energies AF; and AFEy of the as-deposited, and
annealed at 373 K and 473 K thin films of CuSbTe,, CuSbSe; and CuSbS,.

Sample Activation energy eV
AFE, AF,
CuSbTe, as-deposited 0.0672

CuSbTe, annealed at 373 K | 0.0461
CuSbTe,; annealed at 473 K | 0.022

CuSbSe, as-deposited 0.17 0.0329
CuSbSe; annealed at 373 K 0.09 0.0219
CuSbSe; annealed at 473 K | 0.052 0.0204
CuSbS, as-deposited 0.285 0.093
CuSbSs annealed at 373 K 0.229 0.067
CuSbSs annealed at 473 K 0.177 0.061
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scattering. The increasing thermal agitation of the lattice causes shorter distances
of the carriers between collisions, and the carriers travel faster, thus reducing the
time between collisions. Both these facts cause the decrease of the mobility.

Figures 5a, b and ¢ show that all films, as-deposited and annealed at different
temperatures, have the same behaviour, but the annealing temperature increases
only the value of conductivity. This increase of the conductivity is due to the trans-
formation of the as-deposited CuSbTe; thin films from the amorphous to the crys-
talline state. The activation energy, as calculated from the curves in Figs. 5a, b and
¢, are summarized in Table 4. From this table, it is clear that the activation energy
decreases when increasing the annealing temperature. This decrease of activation
energy with annealing temperature may be attributed to the Cu deficiency.

3.2.2. Electrical conductivity of CuSbSe; and CuSbS; thin films

The temperature dependence of the electrical conductivity, o, of the as-deposited
CuSbSe; and CuSbS, thin films and those annealed at 373 K and 473 K, is shown
in Figs. 6a, b and c and 7a, b and c, respectively.
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Fig. 6. Inverse temperature dependence of DC conductivity o of CuSbSey thin
films, (a): as-deposited, (b): annealed at 373 K and (c): annealed at 473 K.

Fig. 7 (right). Inverse temperature dependence of DC conductivity o of CuSbSs
thin films, (a): as-deposited, (b): annealed at 373 K and (c): annealed at 473 K.

The general features of these curves are that the conductivity increases as the
temperature increases in the investigated temperature range, which shows a semi-
conductor behaviour. The results for the temperature range below 178 K can be
considered separately from those above 178 K. In the temperature range above 200
K, the conductivity increases exponentially and shows two linear regions, one from
(178 K — 288 K) and the other from (288 K — 500 K). It can be represented by the
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relation
o =09 exp(—AE/KT),

where o is the pre-exponential factor, AFE is the conductivity activation energy, k
is the Boltzmann’s constant and T is the absolute temperature.

From Figs. 6 and 7, it is also clear that the increasing rate of the conductivity
is greater at high temperature than at low temperature. The values of the activa-
tion energy, AF, calculated from the corresponding slopes (AFE; and AEs) for the
as-deposited CuSbSe; and CuSbSs thin films and those annealed at 373 K and 473
K, are summarized in Table 4. It is clear from these results that both activation
energies, AFE; and AFs, decrease with increasing the annealing temperatures for
CuSbSes and CuSbS, thin films. Such behaviour may be attributed to the Cu defi-
ciency, which leads to the implantation of acceptor levels within the forbidden gap.
These acceptor levels occupy two different localized states within the energy gap:
one is very close to the conduction band, while the other is deeper. Such two dif-
ferent localized-state activation energies, one at low temperatures (178 K — 288 K),
AFE, corresponds to the shallow levels while the other, AFs at high temperatures
(288 K — 500 K), corresponds to the deeper levels. As the annealing temperature
increases, broadening of both acceptor levels may happen which consequently de-
creases the activation energy. In the low-temperature region below 178 K, the slope
of the curves, as shown in Figs. 6 and 7, continuously decreases with increasing
temperature. This means that the dependence of logo on 1/T is nonlinear. In this
case, the conduction takes place through the Mott’s variable-range hopping (VRH)
mechanism. This can be verified by the following relation [16]

g0

= T2 exp(—(TO/T)1/4) )

g

where Tj is the degree of disorder.

Figures 8a, b and ¢ and 9a, b and c represent the plot of logoT/? versus
(1/T)*/* for the as-deposited CuShSe, and CuShS, and those annealed at 373 K
and 473 K. From these curves it is clear that log oT'/? versus (1/T)'/* is a linear
relation. This is in good accordance with the Mott’s (VRH) process. The localized
states necessary for such a conduction process are a consequence of imperfections
associated with the polycrystalline films [17]. It is also well known that in this case
Tp is related to the density of a localized state near the Fermi level g(f) by the
equation

9(f) = 16a5/kTy ,

where «q is the special extension of the wave function associated with the localized
state, Ty is the degree of disorder and

gag = 3¢ vpn[g(f)/8mao k],

where v, = 10'3 Hz is the characteristic phonon frequency in most amorphous
materials. The average hopping distance R and the hopping energy W are given
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annealed at 373 K and (c): annealed at 473 K.
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The calculated values of og, Ty, ag, g(f) and W are given in Table 5. From Table

5, it was found that g(f) increases when increasing the annealing temperature for
CuSbTe,, CuSbSe; and CuSbS, thin films.

TABLE 5. Values of the constant og, degree of disorder Ty, constant «g, function
9(f), average hopping distance R and hopping energy W of as-deposited, and
annealed at 373 K and 473 K thin films of CuSbSe, and CuSbSs.

Sample 0o Th Qo g(f) R w
(eoB) | (se0d) | () | (em™)| (@ lem )| (em) | (107 V)
1| 24435 | 190208 | ZAGSI0) THA008 (;(1)(2)9113 0.02608
2 | 1202.264 | 167.961 1510099‘601 fﬁfgz 39 ?('%%‘?f{ 0.02527
3| 1548816 | 104857 | 015402 SOIST OO0 1 0.02246
4 38’9210 22577 11106350 121263820 ?('(1)(2)9276 1.529
5 113(9)'_8210 17581 Sﬁ%ml 317532'88 10 ?('(1)(2){96 1.436
6 | oL 17 1411()67'110 ?;315072'87 00 22(1)3270 1.396

A (Qlem 1K)

B. 1. CuSbSes as-deposited 4. CuSbS, as-deposited
2. CuSbSes annealed at 373 K 5. CuSbS, annealed at 373 K
3. CuSbSe; annealed at 473 K 6. CuSbS, annealed at 373 K

3.2.3. Hall effect

The Hall effect has been investigated for the annealed CuSbTes, CuSbSes; and
CuSbS; thin films in the temperature range from 300 to 500 K. The values of the
Hall coefficient Ry for all investigated films are positive indicating p-type conduc-
tion. Therefore, the majority of the charge carriers in these films are free holes. This
may be due to Cu vacancies. The carrier concentration P for CuSbTey, CuSbSes
and CuSbS, thin films can be calculated using the relation

1
_eRH7

where Ry is the Hall coefficient.

The calculated values of P for CuSbS, changed from 2.26 x 10'6 cm ™3 to 1.37 x
10'7 cm~? indicating non-degeneracy over the measured temperature range, while
in CuSbSe,, P changed from 5.77 x 10'® cm™2 to 1.6 x 10'° cm™3, indicating that
CuSbSes thin films are partially degenerate in the temperature range from 300 K
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to 500 K. In the case of CuSbTes, P slightly changed from 1.98 x 10'° ecm™3 to
2.22 x 10! ¢cm~3, indicating degeneracy in the temperature range from 360 K to
500 K in which the Hall coeflicient is nearly constant.

3.2.4. Thermoelectric power

Figure 10 represents the relation between the thermoelectric power @ and tem-
perature for the annealed CuSbTes, CuSbSe; and CuSbSs thin films. From these
curves, it is found that the three films under investigation were p-type over the
measured temperature range, which is in agreement with the Hall effect. It is also
clear that @) increases with increasing temperature for CuSbTey, CuSbSe; and
CuSbS; thin films, indicating a typical semiconducting behaviour. Its values vary
from 0.02 mV/°C to 0.19 mV/°C on going from 300 K to 500 K for CuSbTes, from
0.03 mV/°C to 0.26 mV /°C for CuSbSez and from 0.05 mV/°C to 0.34 mV/°C for
CuSbS; in the same temperature range. These results are in good agreement with
the results obtained by Aliev et al. [18].
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Fig. 10. Temperature dependence of the thermoelectric power Q) of the annealed
films of (a): CuSbTeq, (b): CuSbSes and (c¢): CuSbS,.

The temperature dependence of m*/myg for the annealed CuSbTes, CuSbSesy
and CuSbSy thin films in the temperature range 300 to 500 K is shown in Fig. 11.
It can be seen that m™* increases as the temperature T increases.
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Fig. 11. Temperature dependence of the effective mass m*/myg in (a): CuSbTes,
(b): CuSbSey and (c): CuSbS,.

4. Conclusion

The structural and electrical properties of the ternary chalcogenides CuSbTes,
CuSbSes; and CuSbS,, prepared by the fusion method, have been studied. Thin
films of these compounds were obtained by thermal evaporation on glass substrates.
It has been demonstrated that the obtained films are of amorphous structure at
room temperature and become polycrystalline by heat treatment under vacuum
of 1.3 mPa (10 Torr) for one hour at 373 K and 473 K. X-ray diffraction mea-
surements show that CuSbTey, CuSbSey and CuSbSs compounds have orthorhom-
bic structure. It was found that the conductivity, o, increases while the activa-
tion energy decreases with temperature. Thermoelectric power and Hall voltage
measurements indicate that the majority of carriers are holes for all thin films
(p-type conduction). The temperature dependence of the thermoelectric power,
and consequently of electrical conduction, showed that the films were markedly
non-degenerate semiconductors for CuSbSs thin films and partially degenerate for
CuSbSes thin films, while CuSbTes thin films were degenerate semiconductors.
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STRUKTURNA I ELEKTRICNA SVOJSTVA TANKIH SLOJEVA
KALKOGENIDA CuSbTes, CuSbSes AND CuSbS,

Trokomponentne smo kalkogenide CuSbTes, CuSbSes and CuSbS; pripremili
metodom talenja. Tanke smo slojeve tih spojeva pripremali isparavanjem u va-
kuumu od oko 1.3 mPa, brzinom nanosenja oko 30 nm/min. Strukturna svojstva tih
kalkogenida, kako praskova, tako i tankih slojeva, istrazivali smo difrakcijom rend-
genskog zracenja i prolaznom elektronskom mikroskopijom. Pomoéu mikroprobe
odredili smo kemijski sastav spojeva i njihovih tankih slojeva. Izmjerili smo elek-
tricnu vodljivost, o, i termoelektri¢nu snagu, @, svih svjeze naparenih i opustenih
legura i njihovih tankih slojeva u ovisnosti o temperaturi u podruc¢ju 80 do 500 K.
Elektri¢na vodljivost, gustoéa nositelja, P, mobilnost, u, i termoelektricna snaga ,
Q,povecavaju se ako se tanki slojevi opustaju na visim temperaturama. Povec¢anje
o, P, p and @, a takoder smanjenje aktivacijske energije, AF, u tankim sloje-
vima CuSbTey, CuSbSe; i CuSbSs tumace se promjenama strukture tih slojeva od
amorfnog u kristalini¢no stanje.
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