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CdSxSe;_x nanowires (NWs) were prepared via solvothermal method. Cadmium chloride (CdCl,), sulfur
(S), and selenium (Se) powders were used as Cd?*, S*-, and Se?~ ion sources, with ethylenediamine as
solvent. The preparation temperature was 200 °C, and the total time was 5 h. The field emission scanning
electron microscopy images showed that the CdS,Se;_, NWs had a uniform shape with diameters varying
from 20 nm to 50 nm. The composition ratio (x) of the prepared CdS,Se;_x was 0.66. The phase composition
of the CdS,Se;_x NWs was characterized by high-resolution X-ray diffraction, which revealed a hexagonal
structure. The particle size was found to be approximately 15 nm. The value of the optical band gap was
estimated as 2.38 eV. The photoluminescence spectra of the CdS,Se;_x NWs showed main emission band

located at 555 nm (2.23 eV), and two weak broad emission bands were also detected at wavelengths of
826 (1.50eV) and 880 nm (1.41eV).

© 2015 Elsevier GmbH. All rights reserved.

1. Introduction

The synthesis of 1D nanowires (NWs) and the studies of their
particular physical properties have attracted much attention on
an important class of materials with potential for use in the fab-
rication and manufacture of next-generation nano/microdevices
[1-3]. The control over nanocrystalline morphology and crystal
size is an important goal for synthetic chemists and materials
scientists [4,5]. Cadmium sulfide (CdS) and cadmium selenide
(CdSe) are two very important wide-gap semiconductors because
of their wide application in optoelectronics, such as in nonlin-
ear optics, visible light-emitting diodes, and lasers. The alloy
CdSxSei_x has more applications because its band gap can be
tuned by the composition between Eg=(2.43-2.52)eV in CdS and
(1.72-1.8)eV in CdSe [6-10]. Thus, the preparation of CdSySe;_x
alloy is interesting from the band-gap engineering and opto-
electronic point of view because this material could cover the
entire visible region of the electromagnetic spectrum [11]. The
synthesis and color-tunable photoluminescence (PL) of alloyed
CdS-CdSe ternary nanostructures have been reported in previous
years [12-14]. The luminescence band can be adjusted in the visible
wavelength range by changing their constituent stoichiometries.
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An important feature of alloyed semiconductor NWs is their free-
dom in band-gap engineering. The large variety of band gaps of
these materials leads to a wide spectral response ranging from
green to near-infrared [15]. However, nanocrystal materials, such
as CdS, CdSe, CdSSe, ZnSe, and Bi,Ss, are generally synthesized via
avariety of techniques, including chemical bath deposition [16,17],
thermal evaporation [18-21], solvothermal route [22], sputtering
[23], chemical spray pyrolysis [13,15], and melt quenching tech-
nique [24]. In the present work, an attempt was made to prepare
CdSxSe;_x NWs via a simple and low-cost solvothermal technique.
The surface morphology, crystalline structure, and optical prop-
erties of the prepared NWs were studied, and the results were
discussed.

2. Experimental

Cadmium chloride (CdCl,), sulfur (S), and selenium (Se) pow-
ders were used as Cd?*, S-, and Se2~ ion sources, respectively.
Approximately 1.0 g of CdCl, and 0.25 g each of S and Se powders
were dissolved separately in ethylenediamine (en) with continu-
ous stirring for 1 h at room temperature. The solution was poured
into a 100 mL Teflon-lined stainless steel autoclave filled with en up
to 80% total volume capacity, sealed, and then loaded into an oven.
The preparation temperature was 200°C, and the total time was
5 h. Finally, the autoclave was removed from the oven and allowed
to cool naturally. The color of the product was brown-red. The
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resulting powder was filtered and washed several times in a cen-
trifuge with absolute ethanol and distilled water. The product was
then air dried at 50 °C for 2 h. The synthesized CdSxSe;_x NWs were
confirmed by high resolution X-ray diffraction (HXRD) with CuKy1
radiation in the 260 range of 20°-70°. The surface morphology and
composition ratio of the prepared CdSxSe;_y NWs were determined
using FESEM and EDX (FEI Nova NanoSEM 450) with 3.0kV oper-
ating voltage. The transmittance spectrum of the grown CdSySe;_y
NWs was recorded using a UV-vis double-beam spectrophotome-
ter (model UV-1800) with a wavelength range of 350-900 nm at
room temperature. PL and Raman spectra measurements were car-
ried out by exciting with a He-Cd laser light, which was focused on
the sample through a spherical lens by using Jobine Yvon HR 800 UV
system at excitation wavelengths of 325 and 514 nm, respectively.

3. Results and discussion
3.1. Surface morphology

Fig. 1 shows the high-resolution FESEM micrographs of the
grown CdSxSe;_y NWs. The synthesized CdSxSe;_x NWs had
uniform crystallite sizes and crisscrossed nanostructures with
diameters varying from 20 nm to 50 nm. However, in the solvother-
mal method, the solvent has an important function in nanoparticle
fabrication. Ethylenediamine (H,NCH,CH;NH,) solvent is widely
used to control the nucleation and growth of NW structure [25].
Cadmium ions (Cd2*) interact with the lone pair electrons of the en
nitrogen atoms to form Cd-en [Cd(en), ]c2*, which then reacts with
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Fig. 1. SEM images of prepared CdS,Se;_x nanowires.

the S2- and Se?~ ions in the solution to synthesize CdS,Se;_x NWs,
as shown in the following reaction:

Cd — en[Cd(en), |** +x5% +(1
— CdSxSej_x +en (1)

—x)Se?~ — CdSxSe;_,0.5(en)

The CdSxSe;_x 0.5 (en) is an organic-inorganic lamellar struc-
ture with inorganic CdSySe;_x sheets spaced by organic en
molecules. This structure could be formed at low formation
temperature (~120°C), and when the temperature increases
to approximately 200°C, the sheets become unstable and are
destroyed into nano-needle structure to achieve stability. The
needle-like structure then grows to form nanowires because of the
high surface energy. This formation mechanism was suggested by
Kar et al. [26] and Wang et al. [27] for CdS nanowires prepared
via solvothermal method and proven by Mahdi et al. [25]. How-
ever, some grains also showed in the FESEM image possibly because
several Cd?* ions did not bond with en; thus, the Cd?* ions reacted
with S2- and Se2~ jons to form CdSxSe;_y particles without solvent
control according to the reaction:

CdCly + xS + (1 — x)Se — CdSySe;_x + 2Cl, 2)

The elemental composition ratio of the prepared CdSySe;_y NWs
was determined with EDX analysis as shown Fig. 3. The EDX analysis
confirmed the presence of Cd, S, and Se in the CdSxSe;_x sample
with 51.01%, 32.3%, and 16.69%, respectively. Thus, the composition
ratio (x) of the prepared CdSxSe;_, was 0.66.

3.2. Crystalline structure

Fig. 2 presents the HXRD pattern of the CdSxSe;_y NWs with
recorded diffraction peaks located at 26 =24.60°,26.06°,and 27.91°,
which corresponded to the (100),(002),and (10 1) planes, respec-
tively, of the hexagonal structure. A comparison with the diffraction
peaks listed in the standard data of XRD for the CdS compound
(PDF-4-00-001-0780) showed that the position of the diffraction
peaks in Fig. 2 is shifted toward low angles or toward the CdSe
diffraction peak location (PDF-4-00-002-0330). This behavior sug-
gests that NWs are composed of a solid solution of the CdSxSe;_x
ternary alloy.

The lattice constants a and c for the hexagonal structure are
calculated using the following equation [28]:
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Fig. 2. XRD pattern of prepared CdS,Se;_, nanowires.
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where dp, i, is the interplanar spacing of the atomic planes; and h,
k, and [ are the Miller indices.

The calculated values of the a and ¢ parameters of CdSg gsSe.34
NWs were 4.178 and 6.838 A, respectively. The lattice-calculated
values of the lattice parameters a and c were between the values of
CdS(a=4.142A,c=6.724 A)and CdSe (a=4.30A,c=7.02 A), indicat-
ing that the CdSxSe_, ternary alloy was formed. The relationship
between the composition ratio (x) and the lattice parameters of
the grown CdSg ggSeg.34 was found to obey an empirical formula as
follows:

Cx =6.41 +0.147x
, (4)
ax =4.137 + 0.165x
Yuetal. [29] prepared CdSxSe;_x NWs via solvothermal method
with a composition ratio (x) range of 0-1 and concluded that low
preparation temperatures (<180 °C) cannot provide enough activa-
tion energy to form the solid solution. They also noted that the
samples synthesized at 180°C for 12h have a single hexagonal
phase at x> 0.4 and x<0.6, but two hexagonal phases, S rich or Se
rich, were noted in the XRD patterns when x < 0.4 and x < 0.6. In our
sample, the preparation temperature was 200°C, and the x ratio
was 0.66; thus, a single hexagonal phase is gated as shown in Fig. 2.
The particle size (Ps) can be calculated from the peak broadening
of HXRD by the Debye-Scherer’s equation [30].

_ Kxa
ST B cos b’

where K is the shape factor, A is the X-ray radiation wavelength
(~0.15nm), B is the full half maximum (FWHM) of the HXRD
diffraction peak, and 8 is the half of the diffraction angle. The CdS
NW growth direction was along (00 1); thus, the FWHM for the
(002) plane was considered to calculate the Ps, and the estimated
diameter (Ry) of the grown CdS NWs was Ps = 2Ry, [30]. The calcu-
lated Ps was approximately 15 nm.

(5)

3.3. Optical properties

3.3.1. Absorption of light

Fig. 3a shows the UV-vis absorption spectra of the CdSg ggSep.34
NW. However, for direct band-gap materials, the optical energy
gap was determined by extrapolating the straight-line segment of
the (ahv)" vs. (hv) graphs to the hv-axis according to the following
equation:

ahv = A(hv — Eg)" (6)

where h is the Planck’s constant, v is the frequency, A is a constant
that depends on the transition probability, Eg is the energy band
gap, and the parameter n depends on the transmission type. Fig. 3b
shows a plot of (¢hv)" as a function of hv based on the assumption
that n=2. This finding indicates that the possible optical transition
in the sample is direct and does not rely on phonons. The value
of the optical band gap E; was 2.38 eV for the CdSpesSep 34 NWs,
whereas band gaps of 2.44 and 1.72 eV were estimated for the CdS
and CdSe thin films, respectively [32]. The E; values decreased with

Element | Weight % | Atomic %

S 12.81 323

Se 16.3 16.69

Cd 70.9 51.01

Total: 100 100

Fig. 3. EDX spectrum of prepared CdS,Se;_x nanowires.

increasing Se content in the CdSSe alloy. However, the relation-
ship between the optical band gap and composition ratio (x) in
CdSxSe;_x alloy can be expressed by [32]:

Eg(X) = ECdSeX + ECdsx - 0467)((1 - X), (7)

The x ratio was 0.66; thus, the Eg of the CdSg gsSep 34 alloy was
2.084 eV.The obtained optical band gap was clearly higher than the
value calculated from Eq. (6). In nanomaterials, two reasons could
cause the increase in optical band gap: the quantum size effect and
the very high surface-to-volume ratio. Khomane [33] found that the
CdSy5Seq5 thin films prepared via chemical bath deposition have
a direct optical band gap of 2.20eV.

The crystallite size of the prepared CdSpgsSeg.34 NWs can also
be determined using the effective mass model [34]:

2.2 2
Eg(bulk) = Eg(nano) + -2 ( LI ) - 4;88; p

2R2 \m¢ " mj (®)
where m¢ and mj are the effective masses of the electron in the
conduction band (CB) and the hole in the valence band (VB), respec-
tively, h is the Planck’s constant, e is the electron charge, &, is the
permittivity free space, ¢ is the relative permittivity, Eg is the energy
gap of bulk CdSxSe;_y, and R or Ryy is the particle radius. The elec-
tron and hole effective masses for the CdSxSe;_y ternary alloy were
obtained from the bulk binary compound (CdS, CdSe) through linear
interpolation [35].

The particle size (Ps=2R or Ry ) value of the CdSyggSeg 34 NWs
was 5.2 nm. The obtained Ps is less than that calculated using the
Debye-Scherer’s equation. Mahdi et al. [34] discussed the reason
for the difference of the Ps value from that calculated based on the
XRD data and the effective mass model. They concluded that the
total diffracted intensity for a given crystallite Bragg reflection is
the sum of separately diffracted intensities by each unit-cell vol-
ume that creates the crystallite; big particles have higher electron
densities than the small ones; thus, the diffracted intensity from
the biggest particle is dominant.

3.3.2. Photoluminescence spectra

Cadmium chalcogenide bulk semiconductors possess high
intrinsic PL quantum efficiency because of direct band transitions
[5,36]. Fig. 4 shows the PL spectra of the prepared CdSggsSeo 34
NWs. The PL spectra of the CdSgggSeg3s NWs showed a broad
emission band located at 555 nm (2.23 eV). The obtained emission
band was less than the calculated band gap of the prepared NWs,
indicating that the electrons that exited to the CB flowed down
to the defect level near the CB (0.15eV below the CB) before the
recombination process with the holes in the VB. The blue shift
of the excitation emission band is commonly recognized to occur
with decreasing crystallite size because of the quantum confine-
ment effect in the nanostructures. No significant energy shift can
be observed in the peak positions with the reduction in crystal-
lite size. The presence of a PL peak at energy considerably lower
than the band gap implies that the transition from the energy state
in the band gap is attributed to the luminescence process in this
nanostructured CdSxSe;_y NWs. Two broad emission bands were
also detected at 826 (1.50eV) and 880 nm (1.41 eV) wavelengths,
which could be related to the recombination of a shallowly trapped
carrier with the opposite carrier in a deep trap. Defect states almost
appeared in the materials prepared via chemical methods because
of low crystallinity. Pan et al. [32] noted disappearing defect emis-
sion bands in CdSSe NWs and nanoribbons that were prepared via
thermal evaporation method using Au catalyst. They concluded that
the prepared samples had high crystallinity, which led to disap-
pearing defect states.
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Fig. 4. (a) Absorption spectra of prepared CdS,Se;_x nanowires, (b) A plot of (chv)?
vs (hv) of prepared CdS,Se;_y nanowires.

3.3.3. Raman shift

Raman spectroscopy is a powerful tool for investigating the
doping concentration, lattice defect identification, and crystal ori-
entation of materials. The main features observed in the Raman
scattering spectra of the II-VI nanocrystals were the longitudi-
nal optical (LO) phonon mode (fundamental) and its overtones,
which shifted to lower frequencies and broadened compared with
the bulk crystal [37]. The Raman spectrum of the nanocrystalline
CdSxSe1_x NWs is shown in Fig. 5. Two main broad peaks located
at 285.51 and 908.49 cm~! appeared in the Raman spectra, corre-
sponding to the LO phonon and first overtone (2LO) of CdSxSe;_y,
respectively. The LO peak locations in the bulk CdSe and CdS were
210and 305 cm~!, respectively [38]. Both blue- and red-shifts could
be observed in the Raman spectra because of lattice contraction
and quantum confinement, respectively [39]. Thus, Scamarico et al.
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Fig.5. Room temperature PL spectra of CdSySe;_x nanowires prepared by solvother-
mal.
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Fig. 6. Raman shift of CdSySe;_y nanowires prepared by solvothermal.

[40] noted that the red-shift in the Raman spectra of CdSySeq_y
nanocrystals prepared with 5-20 nm diameter range is dominated
(Fig. 6).

4. Conclusion

CdSgesSep3s NW structure was successfully produced via
solvothermal technique at 200 °C for 5 h. The FESEM images show
that the grown wires had a uniform shape with a diameter range
of 20-50nm. The crystalline structure analysis of the prepared
CdSp6Sen34 NWs showed that the NWs had a hexagonal phase.
Interestingly, the crystallite size determined using XRD was 15 nm,
whereas the size was 5.2 nm depending on the optical properties. In
addition, the optical measurements revealed that the CdSg gsSep.34
NW sample had a direct energy gap value of 2.38 eV. The PL spectra
showed a main broad emission band located at 2.23 eV in addition
to two other weak bands at 1.5 and 1.41 eV. The Raman spectra of
the prepared CdSyggSeg34 NW sample showed the phonon con-
finement effect, where all the Raman peak positions of the LO and
2L0 modes were 285.51 and 908.49 cm™~!, respectively.
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