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Abstract: In this work, we report on the controlled synthesis of ZnS microstructures with high
purity on Au-coated silicon substrates by thermal evaporation of ZnS powder in Ar gas ambient at
atmospheric pressure. The growth mechanism is confirmed as a typical vapor—liquid—solid (VLS)
process. The prepared ZnS microstructures have wurtzite (hexagonal) structures. The catalytically
grown ZnS microstructures, including microwires and microbelts, are tens of micrometers in
length. Energy-Dispersive X-Ray Spectroscopy EDS shows that the oxygen composition in the
microstructures is trivial. The photoluminescence spectrum reveals strong ultraviolet emission and
no other emission at room temperature also demonstrates that the ZnS microstructures are of high
crystalline perfection. Optical transition from free exciton A, free exciton B are observed and
analyzed through power-dependent at 10 K and temperature-dependent photoluminescence
spectroscopy measurements are performed from 10 to 300 K. Our results indicate that ZnS
microstructures grown by thermal evaporation, suggesting a great promise for high-efficiency
light-emitting devices and lasers in the UV region.
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1. Introduction

Wide band-gap semiconducting nanowires and microwires have attracted considerable attention
recently because of their promising applications in optoelectronics such as ultraviolet (UV) light
sources (nanolasers, light emitting diodes), waveguides, photodetectors, sensor, phosphor host, optical
coating, and solar cells [1-6]. Due to the wide band gap (3.68 eV for cubic phase and 3.70 eV for
hexagonal-wurtzite phase at room temperature) and relatively large exciton binding energy (40 meV),
ZnS is recognized as one of the most promising materials for a number of optoelectronic applications.
Recently much effort has been devoted towards developing synthesis and characterization of one-
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dimensional ZnS nanostructures, such as nanowires, nanobelts, nanocables and nanotubes. Many
techniques are used to synthesize ZnS such as thermal evaporation, hydrogen-assisted thermal
evaporation, thermal chemical vapor deposition, hydrothermal synthesis route, solvothermal route,
chemical vapor transport and condensation, electrodeposition-template,pulsed laser vaporization
method [7-14]. However, it was difficult to get good optical properties of ZnS nanostructures from the
products synthesized by the above mentioned methods. Their PL spectrum always presented UV
emissions at 380 nm and visible range related to O impurities, Zn and S vacations, surface states,
dislocations. To get high crystalline ZnS nanostructures their synthesis conditions are usually rigorous,
such as high temperature and high pressure [14]. In this work, we report high quality crystal ZnS
microstructures, strong UV emission from band to band transition, based on thermal evaporation
method.

2. Experimental

The synthesis was performed in a conventional horizontal quartz tube furnace. The single crystal
ZnS microstructures were synthesized on silicon substrates by thermal vapor deposition. A pure
silicon (100) wafer was subjected to ultrasonic cleaning in ethanol for 30 min. Then, the wafer was
treated with dilute HF (1 wt %) for 45 s and with deionized water and subsequently blow dried with
nitrogen. High-purity ZnS (0.1 g, Aldrich, 99.99%), powders, which acted as the precursor materials,
were placed into an alumina boat and positioned at the constant temperature zone of the horizontal
tube furnace. The cleaned silicon substrates with size of 1 x 1.5 cm were placed in the low temperature
zone at about 10 cm downstream from the aluminum boat and flow of argon, which acted as the
carrier gas. A haft of the quartz tube of aluminum boat, silicon substrates was set up outside the tube
furnace until the furnace was heated to deposition temperature. First, the quartz tube was pumped
down to pressure of 1x10~ Torr and heated to 600 °C. After that, the high-purity argon was introduced
into the tube and the mechanical rotary pump was turn off.The flow rates of Ar were controlled by a
mass flow meter at 100 sccm. The temperature of the furnace was raised continually to growth
temperature at a ramping rate of 10 °C/min. To control ZnS microstructures, the substrate temperature
is set at 1150 °C and 1100 °C, respectively. During synthesis the furnace temperature was maintained
at growth temperature for 30 min, after that the furnace was allowed to cool naturally to room
temperature. The morphology was examined by a field emission scanning electron microscopy
(FESEM, JSM-7600F, Jeol). The composition was determined by the energy dispersive X-ray

spectroscopy (EDX, Oxford Instruments X-Max 50) attached to the FESEM. The phase structure,

crystallinity and preferred orientation of as-synthesized ZnSwere characterized by an X-ray diffraction
(XRD) (X-ray Siemens D5000) using Cu Ka radiation (A=1.5406 A) operated at 40 mA tube
current.The XRD patterns were collected in the range of 20 ° < 26 < 70 ° with a step of 0.05 ° and
collection time for each data point was set at 4 seconds. The emission spectra were recorded on a
spectrophotometer (FHR1000, Horiba Jobin Yvon) equipped with a nanosecond pulsed Nd:YAG laser
. The excitation wagelength is chosen at 266 nm.

3. Results and discussion
3.1. Morphology and structure of the microcrystals

FESEM were employed to study the morphology of the as-grown ZnS microstructures. Fig. 1
shows a series of preventative FESEM images of the ZnS microstructures grown on Au thin film
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deposited Si substrates. Fig. 1(a) were taken on Au coated Si substrates annealed at 1100 °C, it is
clearly seen that the Au particles have diameters around 50-100 nm. The products grown at 1150 °C
on the Si substrate in Fig. 1 (b) show microbelts with 100-150 nm in thickness and tens of microns in
lengths. When the substrate temperature decreases to 1000 °C, the morphologies of the products
change from microbelts to microwires (Fig. 1(c)).

Figurel. FESEM images of Au nanoparticles on Si substrate
(@), ZnS microbelts (b), ZnS microwires (c) and ZnStip-end nanowire (d).

Figure2. The selected area EDS (a), EDS spectra of ZnS microbelts (b), microwires(c) and ZnS powder source.

A typical SEM image shows that ZnS microwires were formed in high density with 50-100 nm in
widths and tens of microns in lengths. The width of microwires is similar to Au particle diameter. So
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the growth mechanism of ZnS microwires is vapor-liquid-solid (VLS). These microwires are
randomly oriented, and most of them are rather straight. To study the compositions of ZnS
microstructures, the selected area EDS spectra were taken as shown in Fig. 2. EDXS spectra show that
the microbelts and microwires contain Zn and S. The atom ratio of Zn and S is matched the
stoichiometry quite well. Additionally, the O atom is noted that impurity in the microstructures was
observed. To figure out the origin of O atom, the EDS spectrum of ZnS powder which used to deposit
ZnS structures measured as shown in Fig. 2(d). This observations indicate that the ZnS powder
contains O atom which may create the impurity in the microstructures.
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Figure 3. The JCPDS of No: 36-1450 (a) and XRD pattern of ZnS microwires (b) and microbelts (b) .

However, XRD patterns of all of the samples were almost identical with all the peaks representing
the wurtzite phase of ZnS, which matches well in the JCPDS of No: 36-1450 with a good crystalline
quality. and (200) planes of cubic Au, respectively can be indexed to a standard wurtzite-type
hexagonal ZnS with the lattice constants of a = 0.382 nm and ¢ = 0.6.26 nm . The products exhibit
perfect phase purity; no ZnO phases are found.
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Figure 4. Raman spectra of ZnS microbelts.
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Furthermore, Raman spectra (100-1300 cm™) of the ZnS microbelts were collected in air and at
roomtemperature (Fig.4). Most peaks can be readily assigned tohexagonal ZnS crystalline [15, 16]. At
low frequency, the peaks at 152 cm™ and 174 cm™ are assigned as disorder-activated second-order
acoustic phonons [17, 18]. The possibility of observing these features from ZnS microbelts may be
due to the surface enhancement effect promoted by the metal particles [19]. The peak centered at 214
cm™is assigned to a first-order LA mode. A strong scattering at 346 cm™ is identified with A4/E; of LO
modes[19-22]. The scattering in the range 350—450 cm™ is due to the combination of the TO + TA, LO
+ TA, LO + LA phonon modes [21]. The strongbroad Raman bands between 623 cm™ and 662 cm™
can be assigned to the TO + LA and 2LO modes [21]. The intensity ratio of the second-order LO to
first-order LO phonon responses is closely relatedto the crystalline quality and/or exciton—LO
phononcoupling strength [22].

3.2. Emission spectra of the microcrystals

Fig. 5 shows the PL spectra of the ZnS microbelts samples measured at room temperature. Fig 5(a)
shows PL spectrum of ZnS microstructures under an average excitation density~ 142 W/cm?. The ZnS
microstructures spectra show only band to band emission at around 340 nm. Usually, ZnS
nanostructure emissions are observed from band to band transition and the exciton combination and
extrinsic defects in ZnS and ZnO [23-25]. However, only UV emission is observed in our work. The
band edge photoluminescence of ZnS at room temperature was observed only in very high quality
single crystals [25]. It could be assigned to the good crystal quality of grown ZnS microstructures.
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Figure 5. PL spectra of ZnS microstructuresat room temperature (a),
Power dependence of photoluminescenceat 10K (b).

To estimate the quality of ZnS microstructures, power dependence of PL of the microstructures at
10K was carried out, it is clearly seen the splitting energies of emission peak. At under an average
excitation density~ 142 W/cm? UV emission peaks at 334 nm (~3.71 eV) dominates.When excitation
density above 216 W/cm?, another luminescence at 333.75 nm (~3.67 eV) appears. The energy
difference of the two observed emissions are 40 meV can be assigned to free-exciton due to the spin-
orbit interaction and crystal field splitting, the topmost valence band splits into two bands and the
respective exciton states are denoted as free-exciton A and B [14, 26]. Fig. 6 shows temperature
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dependence of PL of ZnS microstructures. It is clear from the figure that when the temperature
increases, the intensity of peaks decreases and the peaks have a trend moving to long wagelength.
Because integrated intensity is calculated by a fomular [27]:

Iy

I p—t
1+ Aexp(-E, /kT)

Where 1, is the integrated intensity at zero absolute temperature and A is a constant; E, is
activation energy. Therefore, the PL intensity decreases with increasing temperature. The reason why
there is a transition of the peak position may be due to the band gap of semiconduction materials goes
down when the temperature increases. Fig. 7 shows the integrated intendity at different temperatures
of ZnS microstructures. PL yield of the ZnS microstructures at room temperature is as high as about
4% of that at 10 K.
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Figure 6. Temperature dependence of PL of ZnS microstructures.
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Figure 7. The integrated intensity of the spectra at different temperatures of ZnS microstructures.
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4. Conclusions

In conclusion, we have synthesized high crystalline quality ZnS microstructures by the thermal
evaporation method. FESEM, EDX and XRD were used to analyzethe morphology and composition.
XRD showed that the ZnS microstructures have a wurtzite structure. The strong UV emission in the
PL spectra of the ZnS microstructures and the observation of excitons in ZnS, which ensures good
crystal quality of ZnS microstructures. Considering their lower density of crystalline defects and the
sharp and narrow peak in UV region, ZnS microstructures can be envisaged as a potential material for
technically important UV light emitter at microscale and nanoscale.
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