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Abstract. Microwave-assisted chemical precipitation was used to prepare Cu,Cd;,S
(x = 0.8, 0.6, 0.4, and 0.2) nanoparticles mixture. The crystal structure, size, and surface
morphology of the as-synthesized nanoparticles were studied using X-ray diffraction and
SEM. Presence of copper, cadmium, and sulphur in proper ratios in the samples was
confirmed by energy-dispersed X-ray analysis. DC electrical resistance measurements of all
the samples in the temperature range of 300...500 K showed phase transition above a

certain temperature.
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1. Introduction

Copper sulphide (CuS) is an important semiconductor
material, which has a wurtzite crystal structure and a
direct band gap of 2.5eV [1, 2]. Copper sulphide
nanoparticles (NPs) are required for fabricating solar cell
components [3], fluorescent devices [4], photocatalysts
[5], thermoelectric [6] and photoacoustic devices [7],
medicinal materials [8], and photothermal switches [9].
Cadmium sulphide (CdS) is another important
semiconductor with a direct band gap of 2.42 eV [10]
that finds applications in solar cells, diodes, photo-
catalysts, field effect transistors, and electrically powered
lasers [11-15]. Nanoparticles of Cu,Cd;,S (x = 0.8,
0.6, 0.4, and 0.2) solid solutions may be obtained that
combine properties of both copper sulphide and cadmium

sulphide NPs.
S.L. Prokopenko and G.M. Gunja obtained
CuS/CdS  heterostructures and investigated their

electrical properties [16]. Metal cations and sulphide
anions underwent layer-by-layer interactions to create
composite sensitizers that contained CuS and CdS
guantum dots [17]. Xiande Yang and Guangwen Lu used
a hydrothermal method to create CdS/CuS composites
and studied their optical properties [18]. CuS
microflower — 2D graphene hybrids (CdS/CuS-MF/G)
decorated by CdS nanoparticles were created by Z.G. Li
and B. Zeng [19].

In this work, we synthesized Cu,Cd; S (x = 0.8,
0.6, 0.4, and 0.2) NPs by a microwave-assisted chemical
precipitation method and investigated phase transitions in
them using DC electrical measurements. Optical
properties of the samples were studied and compared by
analyzing UV absorption and PL emission spectra.

2. Experimental details

2.1. Synthesis of Cu,Cd,,S (x = 0.8, 0.6, 0.4, and 0.2)
NPs by microwave assisted chemical precipitation
method

Cu,Cd;,S (x = 0.8, 0.6, 0.4, and 0.2) NPs were prepared
using a 1:2 molar ratio of copper acetate, cadmium
acetate, and sodium sulphide. Copper acetate and
cadmium acetate were mixed together after being
separately dissolved in 40 ml of distilled water. A sodium
sulphide solution obtained by dissolving 6.14 g sodium
sulphide in 40 ml of distilled water was dropped to the
above solution during 3 hours at intense stirring and then
left undisturbed for one day. As precipitation was
completed, the precipitates were separated, washed
several times with deionized water, and stored in a
microwave oven. The solution was then microwave-
irradiated for 20 min at 800 W. The resulting NPs were
cooled down to the ambient temperature. Finally, the NPs
were annealed at 100 °C for 3 hours to synthesize pure
Cu,Cd;,S (x=0.8, 0.6, 0.4, and 0.2) NPs. Table 1 shows
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Table 1. Amounts of precursor materials to be dissolved in
80 ml of distilled water for synthesizing Cu,Cd;,S (x = 0.8,
0.6, 0.4, and 0.2) NPs.

Sample Expected Copper Cadmium
number composition acetate (g) acetate (g)
1 CuggCdy,S 6.38 2.13
2 CugCdo4S 4.79 4.26
3 Cug4CdoeS 3.19 6.39
4 Cug,CdogS 1.59 8.52

the amounts of the precursor materials to be dissolved in
80 ml of distilled water to synthesize Cu,Cd;_,S (x = 0.8,
0.6, 0.4, and 0.2) NPs.

The collected Cu,Cd;,S (x = 0.8, 0.6, 0.4, 0.2) NPs
were used for characterization. The resistance measure-
ments were carried out on the pellet shaped samples.
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2.2. Instrumentation

X-ray diffraction (XRD) patterns of the synthesized
nanoparticles were captured in the 20 range of 10°...80°
using a powder X-ray diffractometer with a CuK,
radiation source (A = 1.54 A). A TESCAN VEGA3 SBH
scanning electron microscope was used to examine
surface morphology of the materials. An energy
dispersive X-ray analysis (EDAX) apparatus connected
to a scanning electron microscope was used to analyze
the element compositions. A UV-visible range spectro-
meter was used to capture optical absorption spectra of
the synthesized NPs in the wavelength range of 200 to
900 nm. Photoluminescence spectra in the wavelength
range of 300 to 650 nm were measured using a Varian
Cary Eclipse photoluminescence spectrophotometer.
NPs pellets were fabricated by applying a pressure of
10 tonnes/cm?®. The resistance of the fabricated pellets
was measured by a four-probe technique.

)

10 30 40 50 60 T0 80
6,000

{i]
T T T T T T 6,000
e
5,000 M~ -1 5,000
.5.4.000‘ - - 4,000
8
33.001} - - 3,000
2
£
2,000 - — 2,000
1,000 - 1,000
1 1 1 1 L 1

10 20 30 40 50 60 T0 80
20 (degrees)

(b)

10 20 30 40 50 60 T0 80

3,000 : : : : : | 3,000
2,500 |- 4 2,500
2,000 2,000

9 i i

8

§1.soo 1,500

2

£
1,000 1,000

500 500
| | | | | |

10 20 30 40 S0 60 T0 80
20 (degrees)

(d)

Fig. 1. Indexed XRD patterns of Cu,Cd,_,S (x =0.8, 0.6, 0.4, 0.2) NPs: CugCdy S (a), CugsCdy.4S (b), CugaCdyeS (€), Cug,CdygS (d).
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Fig. 2. EDAX images of Cu,Cd,,S (x = 0.8, 0.6, 0.4, and 0.2) NPs:
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Fig. 3. SEM images of Cu,Cd,_,S (x = 0.8, 0.6, 0.4,

02) NPs: CUOABCdO.ZS (a), CuOAGCdOAS (b), CUOACdo‘sS
(€), Cug2Cdy S (d).
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3. Results and discussion

3.1. Structural studies of Cu,Cd,,S (x = 0.8, 0.6, 0.4,
and 0.2) NPs

The indexed XRD patterns of the Cu,Cd;S (x = 0.8,
0.6, 0.4, and 0.2) NPs are shown in Fig. 1. The NP
compositions were confirmed by the EDAX images
shown in Fig. 2. SEM images of all the samples (Fig. 3)
confirm the presence of nanostructures. Table 2
summarizes the synthesized samples compositions, their
structures at room temperature, lattice parameters, and
particle sizes.

Structural studies of the Cu,Cd;,S (x = 0.8, 0.6,
0.4, and 0.2) NPs have revealed that the solid solutions
may have the structure of any of their components at
room or higher temperatures [20]. By replacing 20% of
Cu by Cd in the CugsCdgsS composition, the nano-
particle size can be reduced to half keeping the structure
the same. Further replacing Cu by Cd changes the
structure to hexagonal.
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Table 2. Compositions, structures at room temperature, lattice
parameters and particle sizes of the synthesized samples.

Sam- Structure Par-
ple Compo- at room Lattice ticle
num- sition tempe- parameters size,
ber rature nm
Cus (re- Hexa- a=3.77A,
ported) [20] gonal c=1642A
Tetra- a=h=485A4A,
! ClosCllo.2S gonal c=7174A 31
Tetra- a=b=5.13A,
2 ClosCdoS gonal c=9.75A 34
Tetra- a=h=491A4A,
3 Cuo.sCdo5 gonal c=842 A 16
Hexa- a=h=482A,
4 Clo2CdosS gonal c=1283A 17
CdS (re- Hexa- a=bh=4.16A,
ported) [21] gonal c=6.76 A
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Fig. 4. Indexed XRD patterns of Cu,Cd,_,S (x =0.8, 0.6, 0.4, 0.2) NPs: CuygCdj,S (a), CugsCdy4S (b), Cug4CdgeS (C), Cug,CdygS (d).
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3.2. Electrical studies of Cu,Cd,,S (x = 0.8, 0.6, 0.4,
and 0.2) NPs

Fig. 4 shows temperature dependences of the resistance
of the Cu,Cd,S (x = 0.8, 0.6, 0.4, and 0.2) NPs
synthesized by the microwave assisted chemical
precipitation method. Since CdS and CuS NPs show a
phase transition above a certain temperature in the
measurement range [21, 22], a discontinuity of all the
curves above this temperature is observed indicating the
change of the sample electrical properties [23].

Temperature dependence of the resistance of the
CuggCdg,S NPs is shown in Fig. 4a. This curve is similar
to the one for CuS NPs synthesized by solvothermal
method [22], the difference being the shift of the
transition temperature to the very low value (330 K).

Fig. 4b shows temperature dependence of the
resistance of CuggCdysS NPs. It can be seen from this
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figure that the resistance slightly fluctuates between 300
and 340 K. Resistance measurements become challenging
between 350 and 440 K due to strong fluctuations
evidencing a close to the phase transition region [24].
The resistance smoothly decreases with temperature
above 440 K showing the behaviour of a semiconductor.
Hence, CugsCdgsS may be used as a good semi-
conducting material at temperatures exceeding 400 K.

It can be seen from Fig. 4c that Cug4CdoeS NPs act
as a semiconductor even at room temperature, which
distinguishes this material from the CuggCdy4S NPs.

Fig. 4d presents temperature dependence of the
resistance of the Cug,CdogS NPs. A steep rise to very
high temperature and followed by oscillations in four
probe resistance measurement and switch back to
resistance at room temperature and above 460 K it may
behave as a semiconductor.
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Fig. 5. Optical absorption spectra of Cu,Cd,_,S (X = 0.8, 0.6, 0.4, and 0.2) NPs: CuggCdg S (a), CugCdy4S (b), Cugy4CdyeS (c), and

CUolzcdolgS (d)
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Table 3. Order of resistance at room temperature, behaviour at room temperature and possible transition temperatures of Cu,Cd,_
S (x=0.8,0.6,0.4, and 0.2) NPs.

Order of resistance Behaviour of the sample Possible transition
Samples

at room temperature at room temperature temperatures, K
CUgsCdo S 10°0Ohm semiconductor >330
CuosCdosS 10° Ohm small oscillation >440
CUo4CdosS 10° Ohm semiconductor >360
CUg,CdosS 10°Ohm small oscillation >460

The order of the resistance at room temperature, the
behaviour at room temperature and possible transition
temperatures of the Cu,Cd, ,S (x = 0.8, 0.6, 0.4, and 0.2)
NPs are summarized in Table 3.

As can be seen from Table 3, replacing of 20% of
Cu by Cd in the CuygCdy,S NPs makes the resistance at
room temperature change from ~10° to ~10° Ohm.

3.3. Optical studies of Cu,Cd,,S (x = 0.8, 0.6, 0.4,
and 0.2) NPs

3.3.1. UV studies

Fig. 5a presents the optical absorption spectrum of the
CuogCdg»S NPs. As can be seen from this figure, there is an
absorption band between 200 and 500 nm with sharp peaks
at 280 and 400 nm and a dip between them. The absorption
edge at 500 nm is the one observed for pure CuS NPs [25,
26]. One can see one more absorption edge above 800 nm,
which is also characteristic for pure CuS NPs [27]. The peak
at 280 nm identifies CuggCdy,S NPs. It disappears when
20% of Cd is replaced by Cu (Fig. 5b). For the samples with
higher Cd content, the absorption band peaked at 400 nm
merges with the absorption band having an edge above the
measurement range. As a result, a single band with one edge
below 40 nm and the other edge beyond the measurement
range forms (Figs. 5¢ and 5d). Hence, the samples under
consi-deration may be used as optical filters to filter out all
the wavelengths above 300 nm. Each composition of the
solid solution is characterized by its unique absorption
spectrum. Since all the NPs absorb visible light, they can be
used as a photosensitive material for detection in the visible
spectral range.
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Fig. 6. Emission spectra of Cu,Cd,_,S (x =0.8, 0.6, 0.4, 0.2) NPs:
CuggCdygS (@), CugeCdo4S (b), Cug 4Cdo S (€), CupCdysS (d).

3.3.2. PL studies

Fig. 6 illustrates the photoluminescence spectra of the as-
synthesized Cu,Cd,_,S (x = 0.8, 0.6, 0.4, and 0.2) NPs.
As can be seen from this figure, the emission peaks are
found at 497, 515, 532, and 550 nm. With the increase in
the Cd content, the emission spectrum shifts from that of
pure CusS [28] to the one of pure CdS [29]. Fig. 7 shows
the dependence of the emission peak on the Cu content in
the Cu,Cd; S (x = 0.8, 0.6, 0.4, and 0.2) NPs. Since
this dependence is linear, the composition of Cu,Cd; ,S
NPs can be tuned for emission at different wavelengths
in the range of 497...550 nm. Reversely, the sample
composition can be identified by its emission peak.

4, Conclusions

In this work, Cu,Cd;,S (x = 0.8, 0.6, 0.4, and 0.2) NPs
were synthesized by microwave-assisted chemical
precipitation method. The prepared samples were
characterized by XRD, SEM, EDAX, UV-VIS, and PL
spectroscopy. Presence of such elements as copper,
cadmium, and sulphur was confirmed by the EDAX
analysis. All the samples underwent phase transition
above a certain temperature. By replacing 20% of Cu by
Cd in the CuggCdy,S NPs, the resistance at room
temperature could be changed from ~10%to ~10° Ohm.
Each Cu,Cd;_S composition was characterized by its
unique absorption spectrum. Since the emission peak
wavelength linearly depends on the Cu content in the
Cu,Cd,,S (x = 0.8, 0.6, 0.4, and 0.2) NPs, these NPs
may be tuned to emit at different wavelengths in the
range of 497...550 nm, and the sample composition can
be identified by its emission peak.
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(x=0.8,0.6,0.4,and 0.2) NPs.
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®a3oBuii nmepexiJa Ta NOPiBHAIbHE A0CTIKeHHs cucTeMu HaHoyacTuHok Cu,Cd,,S (x=0.8,0.6, 0.4 ta 0.2)
M.M. Rose, R.S. Christy, T.A. Benitta, J.T.T. Kumaran

Auoranis. Cymim xHanogactaok Cu,Cdi_S (x = 0.84, 0.6, 0.4 ta 0.2) OTpUMaHO XIMIYHHUM OCA/PKEHHSAM I €0
MIKpPOXBHJILOBOTO BHIIPOMiHIOBaHHS. KpHcTalmiuHy CTPYKTYpy, pO3Mip 1 MOpPQOJIOTrifo MOBEPXHI CHHTE30BAHHUX
HAHOYACTHHOK OYyJO JOCHIHKEHO MeTomaMH JU(pakilii PEeHTTCHIBCHKUX MPOMCHIB Ta CKaHYHOYOi eJIeKTPOHHOI
Mikpockomii. HasBHICTH y 3pa3kax Mimi, KagMmilo Ta CIpKM B HAaJIEXKHHX CHIBBIIHOIMIEHHSIX OyJO IMATBEPMIKECHO
CHEePrOJUCIIEPCHUM PEHTTCHIBCHKAM aHaIi30M. BHMIPIOBaHHS €IIEKTPUYHOIO OIOPY IPH IOCTIHHOMY CTpyMi Y
miarmrazoni temmnepatyp 300...500 K mpoaemoHcTpyBaimy, M0 Yy BCiX 3pa3kax BimOyBaeTbes (a30BHiA mepexiy Mpu

TeMIepaTypi, BUILIH 3a MEBHY TEMIIEPaTypy.

Ki1o4oBi cjioBa: HAHOYACTHHKH, XIMIYHE OCaHKEHHS, (Pa30BHi Mepexil, IupruHa 3a00pOHEHOT 30HH, SIEKTPUYHHMA OITIp.

Rose M.M., Christy R.S., Benitta T.A., Kumaran J.T.T. Phase transition and comparative study of Cu,Cd;_S

183


https://orcid.org/0000-0003-4840-0567

