Vol. 30, No. 8

Journal of Semiconductors

August 2009

Synthesis of ZnS whiskers and their photoluminescence properties”
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Abstract: ZnS whiskers were successfully synthesized by the chemical vapor deposition method with the assistance
of CuS micro-spheres. The composition, morphology and structure of the samples were characterized by X-ray
diffraction, X-ray energy dispersive spectroscopy, scanning electron microscopy, and the temperature-dependent
photoluminescence (PL) spectrum over a temperature range from 10 to 250 K was studied. The results show that
the as-synthesized ZnS whiskers have an average length of 0.3 mm and diameter of 2.5 ym with a cubic zinc-blende
structure. There exist three emission bands in the blue, green and yellow regions, and the emission mechanism is
discussed. As the temperature increases, the temperature-dependent PL spectrum shows anomalous behavior, where
distinct inverted V-shaped characters of blue and green emission integrated intensity and an inconspicuous S-shape
of blue emission peak energy are observed. The transition mechanism is discussed.
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1. Introduction

One-dimensional (1D) semiconductor nanomaterials
have attracted much attention due to their special physi-
cal properties and potential applications in opto-electronic
nanodevices and functional materials. As a well-known di-
rect wide-band-gap semiconductor compound, ZnS is one of
the most promising materials for fabricating optoelectronic
devices, such as electroluminescent devices, optical inter-
band transition devices, flat-panel displays, infrared windows,
alpha-particle monitoring devices, sensors and lasers'! /. Re-
cently, extensive studies have been carried out on the synthesis
and physical properties of low-dimensional structures, such as
nanowires, nanorods, nanobelts, nanotubes and nanowhiskers.
As ZnS whiskers have better optical properties without unfa-
vorable effects on optical transmission, several methods have
been developed to prepare them, such as the low-temperature
organometallic route, the metallic zinc sulfidation route!>6!,
and calcination of zinc sulfate, KCI and active carbon at high
temperatures!’!. However, as a simple and inexpensive method
for industrial production, chemical vapor deposition (CVD)
has seldom been reported. So it is urgent for scientists to ex-
plore economical and simple methods to synthesize fine ZnS
whiskers.

In this paper, we report a simple CVD method to syn-
thesize fine ZnS whiskers for the first time. The morphology,
structure and photoluminescence (PL) properties of the as-
synthesized samples are studied.

2. Experiment

ZnS whiskers were massively synthesized in a simple
horizontal CVD system. Zinc powder (A.R.) and CuS micro-
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spheres served as the starting materials. All the reagents were
of analytic purity and used without any further purification.
The CuS micro-spheres were prepared according to Ref. [8]
and the obtained CuS precipitate was evenly distributed on a
clean silicon wafer and dried in a vacuum box at 50 °C for
several hours. Subsequently, the CuS-coated Si substrate and
a quartz crucible filled with Zn powder were placed in a clean
quartz tube, and the whole quartz tube was inserted into a hor-
izontal furnace. With the introduction of 50-200 sccm of high
purity Ar gas, the furnace was heated and maintained at about
550 °C for 60 min. After the furnace was cooled to room tem-
perature, white powder was found covering the whole silicon
wafer.

The synthesized sample was characterized by X-ray
diffraction (XRD, Panalytical X’pert PRO), scanning electron
microscopy (SEM, Hitachi S-570) and X-ray energy disper-
sive spectroscopy (EDS, INCA) to determine its morphologies
and crystal structures. For the PL spectrum, a continuous wave
He—Cd laser with a wavelength of 325 nm and a power of 50
mW was used as the excitation source, and the luminescence
signals were detected with a TRIAX 550 spectrometer from
Jobin Yvon.

3. Results and discussion

Figure 1 shows the XRD spectrum of as-synthesized ZnS
whiskers grown on Si (100). All the diffraction peaks are
in good agreement with cubic zinc-blende ZnS with a crys-
tal constant of @ = 0.5411 nm, which matches well with the
standard value of bulk ZnS crystal within experimental errors
(JCPDS Card No. 5-5066). The sharp diffraction peaks indi-
cate that the as-synthesized product has good crystal quality.
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Fig. 1. XRD pattern of as-synthesized ZnS whiskers.
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Fig. 2. (a) SEM image and (b) EDS spectrum of the body of ZnS
whiskers.

In addition, no diffraction peaks of other crystalline impuri-
ties are detected in the sample, except those peaks of CuzZn
alloy from resource reagents, which are situated at 43.50 °C,
50.37°C, 74.04°C, and 89.78 °C, corresponding to its (111),
(200), (220) and (311) faces, respectively.

Figure 2(a) shows an SEM photo of the ZnS whiskers.
It can be seen that the whiskers are uniformly distributed on
Si substrate with random orientation, and are crooked and en-
twined with each other. In addition, a small amount of ZnS
particles attached to the whiskers is observed. The length of
the whiskers is between 0.3 and 0.5 mm with an average diam-
eter of 0.25 um, indicating that it is possible to obtain super-
long ZnS whiskers with the assistance of CuS micro-spheres.
The composition of the ZnS whiskers measured by the EDS
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Fig. 3. PL spectra of ZnS whiskers with excitation wavelength at 325

nm in the temperature region 10-250 K.
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Fig. 4. Schematic energy level diagram of the emission mechanism

in ZnS whiskers.

spectrum is shown in Fig. 2(b); the atomic ratio of Zn to S is
about 1.09 : 1, which reveals that the obtained ZnS whisker
is close to an ideal stoichiometric composition. It can be pre-
dicted that the growth mechanism of ZnS whiskers could be
explained by the vapor-liquid-solidification (VLS) mechanism
referred to in the research of Li et al.°! and the alloy particle
at the tip of the ZnS whiskers is Cu3Zn alloy.

Figure 3 shows the photoluminescence spectrum of ZnS
whiskers in the region from 350 to 600 nm measured at dif-
ferent temperatures from 10 to 250 K. It shows that there are
two distinct peaks situated in the blue region about 442.5 nm
(peak A) and the green region about 518 nm (peak B), respec-
tively, and one inconspicuous peak (peak C, about 588 nm) lo-
cated in the yellow region, which has seldom been reported in
the literature. The 442.5 nm blue emission is due to recombi-
nation between the conduction band and zinc vacancy-related
acceptor'!%! while the 518 nm green peak is attributed to re-
combination between the sulfur vacancy (Vg) related donor
and Cu related acceptor center'!!. According to the results of
XRD and the EDS spectrum shown in Fig. 2, sulfur vacancies
and CusZn in the samples are identified. Considering that Cu
atoms can substitute Zn in the Zn sites and act as acceptors
in the form of CuzZn, we can certainly attribute the 588 nm
yellow emission to recombination between Vg and the zinc
vacancy-related acceptor. In the ZnS whiskers, the number of
sulfur vacancies is more than that of zinc vacancies and Cu
related acceptor centers can act as nonradiative recombination
centers; thus, green emission is dominant in the PL spectrum.
Based on the above results, a schematic energy level diagram
of the emission mechanism in ZnS whiskers is depicted, as
shown in Fig. 4, to explain the emission mechanism of ZnS
whiskers and illustrate the aforementioned arguments.
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Fig. 5. Temperature-dependent PL spectra of ZnS whiskers: (a) PL peak-emission intensity; (b) PL peak-emission position; (c) FWHM; (d)

Integrated intensity. Peak A is the blue peak, and Peak B is the green peak.

From Fig. 3, it can be seen that the PL spectrum shape of
the ZnS whiskers is almost independent of the temperature
change, but the intensity of peaks A and B increases as tem-
perature increases to 50 K, and then starts to decrease grad-
ually, as shown in Fig. 5(a). This is anomalous because in a
general PL spectrum, the peak-emission intensity diminishes
gradually as temperature increases; the reason for this will be
analyzed later in detail.

In order to study the effect of temperature for the PL
emission peak of ZnS whiskers concretely, the spectrum is
well fitted by two Gaussian peaks and the correlation co-
efficients are larger than 0.96. A plot of the peak position
against temperature is shown in Fig. 5(b). The peaks A and
B undergo a small redshift as the temperature increases to
20 K. Peak A shifts from 441 to 444 nm, while peak B
shifts from 518 to 519 nm. Beyond 20 K, both of the two
peaks undergo a small blueshift and then a redshift again.
Peak A shows no monotonic and an inconspicuous S-shape
for temperature-dependence of the PL emission peak position,
while peak B is kept almost stable as temperature increases.
Similar temperature-induced S-shape shift behavior was also
observed in lots of materials, such as AlGaN!!2l, GaInNAs!!3!
and ZnO nanoneedle arrays!'¥, which are reported to be at-
tributed to the effect of carrier localization in the materials.
The S-shaped shift of peak A in this article is the process of
“redshift-blueshift-redshift”. From 10 to 20 K, a redshift ap-
pears, because the holes in the zinc vacancy-related acceptor
gain thermal energy, overcome energy barriers and recombine

with the electrons in the conduction band; meanwhile, this
redshift is also influenced by temperature-induced band-gap
shrinkage. The blueshift from 20 to 50 K is caused by the ther-
mal population effect of holes localized at the zinc vacancy-
related acceptor, while the influence of band-gap shrinkage is
totally counteracted by the localization effect. At temperatures
beyond 50 K, the redshift is mainly determined by band-gap
shrinkage. Therefore, the S-shaped shift of the blue emission
could be based on the competition results between the hole
localization effect of temperature induced at the zinc vacancy
and band-gap shrinkage.

The full-width at half-maximum (FWHM) variations
with temperature were calculated and plotted in Fig. 5(c). Un-
like most of the measurements for semiconductors, the result
does not exhibit a monotonous increase with increasing tem-
perature: the FWHM of peak A shows an increasing broaden-
ing in the 10 to 40 K temperature interval, reaching a maxi-
mum at 40 K, and a decrease at higher temperatures, which is
similar to the PL FWHM on temperature of CdTe/CdSe core-
shell type-II quantum dots!'>). We consider that the increase
of FWHM at low temperatures is a result of thermal broad-
ening, while the decrease at high temperatures is due to the
fact that most of the holes of zinc vacancies are accumulated
in the ground states and emit photons; thus the emission is
dominated by the recombination of delocalized states of the
excitons and the linewidth narrows. The FWHM of peak B de-
creases and then increases upon varying the temperature from
10 to 250 K: the turning point is at around 50 K, and we think
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that the initial decrease in FWHM may be due to the gradual
ionization of Cu impurities and that the subsequent increase is
due to thermal broadening with increasing temperature.

The integrated intensity of the photoluminescence ver-
sus temperature for peaks A and B is plotted in Fig. 5(d).
We can see that the integrated intensity of the two peaks
shows anomalous inverted V-shaped characters with increas-
ing temperature. In general, the PL intensity decreases with
increasing temperature due to a reduction of excitonic tran-
sitions with temperature. The characteristic exhibited by the
integrated intensity of the PL peak—a maximum at some mea-
surement temperatures—has also appeared in other materials,
such as porous silicon!'®!, a-C:H film!'”), silicon nanocrystals
in Si0,!"®! and stoichiometric Gd,O5_, film!!*!. In this article,
the integrated intensity of the peaks increases at first, reaches
its maximum at about 50 K, and finally starts to diminish grad-
ually. An enhancement of phonon-assisted indirect radiative
recombination in this indirect-band-gap material is proposed
to explain the former anomalous temperature dependence of
optical emission2?], while the latter can be ascribed to a re-
duction of excitonic transitions with increasing temperature.

4. Conclusions

We have successfully synthesized ZnS whiskers using a
simple CVD method, and CuS micro-spheres have served as
the catalyst for the first time. The as-synthesized ZnS whiskers
are 2.5 ym in average diameter and 300 ym in length, with
zinc-blende structure. Anomalous photoluminescence proper-
ties of the ZnS whiskers, depending on temperature have been
observed, and detailed observations on PL emission mecha-
nism, peak intensity, peak position, FWHM and PL integrated
intensity are reported. There exist three emission bands in the
blue, green and yellow regions. With increasing temperature,
both the PL peak intensity and integrated intensity of the blue
and green emission show a distinct inverted V-shaped char-
acter, which can be ascribed to the enhancement of phonon-
assisted indirect radiative recombination. The temperature-
dependence of the blue emission peak energy showing an in-
conspicuous S-shape is the result of the competition between
the hole localization effect of temperature induced at the zinc
vacancy and band-gap shrinkage. The anomalous behaviors of
the blue and green emission FWHM are due to the carrier re-
distribution and the gradual ionization of impurities, respec-
tively.
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