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Abstract

Zinc sulfide is an important material for wide range of applications. In this study, we have developed an environmentally friendly and direct
method for converting the outer shells of zinc oxide nanowires into zinc sulfide. Such method can effectively replace traditionally used H,S which
is toxic. It was found that the conversion of ZnO into ZnS take place below melting point of sulfur at around 400 °C. It was also found oxygen play
an important role in sulfidation as it can only occur through O out diffusion.
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1. Introduction

Zinc oxide (ZnO) is a wide bandgap 3.37 eV semiconductor
with large exciton binding energy of 60 meV at room
temperature, has been extensively investigated due to its
versatile applications in photocatalysis, humidity sensor,
piezoelectric materials and solar cells [1-6]. Recently,
stimulated by their potential enhancement in various optoelec-
tronic devices, ZnO nanostructures have also attracted great
attention of researchers [7-11].

Although high quality ZnO nanostructures have been
successfully synthesized by using the CVD process [12,13],
excessive process temperature and expensive vacuum technol-
ogies can limit the substrate selection and large scale scaling in
production process. The current study considers the Hydro-
thermal growth of ZnO nanostructures, which offers several
process advantages such as relatively low deposition tempera-
ture (<90 °C) and inexpensive set-up. A typical hydrothermal
growth of ZnO nanostructures involves two fundamental steps
[14]; namely seed preparation and nanostructure growth.
Usually, ZnO seed are prepared by dissolving ZnO in ethanol
solutions and then heated up in order to form colloidal seeds.
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Subsequently, the seed-coated substrate is transferred into a
nutrient solution that consists of excessive ammonia and zinc
nitrate. The key processing parameters include, seed prepara-
tion, heating methods, pH, and chemical compound concentra-
tions. It should be noted that the diameter of ZnO
nanostructures can be controlled by the initial seed solution
[14]. To a certain extent, ZnO nanowire lengths can be
controlled by deposition time although growth rate usually
saturated over time [14].

In general, the optoelectronic properties of ZnO are strongly
influenced its size, morphology and crystal orientation [15].
One of the important processing advantages ZnO process
possess over other materials is the possibility of synthesizing
several different types of nanostructure. These allotropes
includes nanowires [16,17], nanotubes [18,19], nanoflowers
[19], nanoplates [19,20] and tetrapods [21,22]. Furthermore,
the electrical, optical and magnetical properties of ZnO
nanostructures can be modified via impurity doping and
surface modification. Successful demonstrations includes Cu
and Mn addition into ZnS nanowires [23], Co incorporation to
produce diluted magnetic ZnO:Co nanowires [24,25] and the Al
doping to enhance n-type characteristics of the nanowires
[26,27]. The focus of the paper is upon the sulfidation of ZnO
nanowires. In the literature, two strategies have been employed
for surface modification of ZnO nanowires; namely, the direct
conversion and the capping via further processing steps [28,29].
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In order to produce ZnS (zinc sulfide), the direct synthesis
involves thermally annealing the sample under H,S atmosphere
[30,31], whereas capping can be achieved through chemical
treatment by using S-containing compounds such as NaS.
Although these methods are effective to produce ZnS coated
ZnO, both methods utilize severe hazardous chemical
compounds and therefore unsuitable for industrial scaling.
For example, NaS is a volatile chemical that can auto-ignite and
releases poisonous H,S gas. Consequently, it would be
desirable to replace the sulfurization process with a less
hazardous alternative, such as sulfur. Indeed, from the safety
point of view, elemental sulfur is more stable and environmen-
tally friendly. Effects of elemental sulfurization treatment on
surface morphology, structural properties, electrical transport
and room temperature PL of ZnO nanowires are also
investigated by the study.

2. Experimental

All chemicals were purchased from Sigma—Adrich and used
as received without further purification. ZnO nanowires were
hydrothermally synthesized through the two step process; seed
layer deposition and nanowire growth. Firstly, the seed layer
was prepared by dissolving 0.1 M of zinc acetate in IPA by
using a magnetic stirrer without external heating. Subsequently,
the prepared seed solution was dispersed onto soda lime glasses
using a spin coater at 5000 rpm for 30 s. After the deposition,
the thin film layer was preheated at 300 °C on a hotplate. The
spin coat/heating cycle had been repeated for three times in
order to ensure a good adhesion of the seed layer. Following the
seed layer formation, the glass substrates were vertically
suspended and transferred into the nutrient bath. The nutrient
bath, which consists of equal molar of zinc nitrate and
hexamine. Then ZnO nanowires were then hydrothermally
grown for 2 h on a hotplate set at 90 °C. The hydrothermal
growth were terminated by removing the sample from the bath,
thoroughly washed with D.I. water and blown dry using a
pressurized high purity nitrogen flow.

For hydrothermally grown ZnO nanowires, the sulfurization
was carried out within a two-zones vacuum furnace in order to
convert them into zinc sulfide coated NW. At one zone sulfur
powder was placed, and in the other zone ZnO NW was located.
The sulfur powder zone was heated up to 240 °C, the sample
zone was heated up to 300 and 400 °C and then allowed to cool
down naturally to room temperature after the sulfurization. The
process temperature was deliberately kept below elemental
sulfur melting point 444.6 °C.

The chemical composition, size and surface morphology of
the ZnO nanowire samples have been evaluated by using an FEI
Quanta 400 F Environmental Scanning Electron Microscope
(ESEM), equipped with an Energy Dispersive Spectroscopy
EDS. The structure and crystal orientation were measured by
the Siemens D5000 X-Ray Diffractometer which uses the Cu
Ka radiation. Raman spectroscopy and photoluminescence of
the thin films were conducted by the Dongwoo Macro Raman
spectrometer/PL system at room temperature. Electrical I-V
measurements were taken by source meter (Keithley 2400). In

order to ensure a good Ohmic contacts to the fabricated device
the front electrodes were formed by DC sputtering of the ITO
target through metal masks defined with 60 pwm diameter. Prior
to the measurement the back contacts were made by applying
commercially available silver paste on the highly conductive P-
type Si substrate.

3. Results and discussion

Fig. 1(a—) shows the SEM images of the untreated ZnO
nanowire and samples sulfurized at different temperatures (300
and 400 °C). The approximate length and diameter of the
nanowires are around 500 nm and diameter of 50 nm,
respectively. At a closer inspection of the tip of the Zn
nanowires, enables us to observe a clear hexagonal shaped tip,
which can confirm the wurtztze structure of the ZnO nanowire.
Fig. 1a shows the untreated ZnO nanowire sulfurized, which are
well separated and without agglomeration. However, ZnO
nanowire sulfurized at 300 °C clearly shows bundled ZnNW,
with (2-3) ZnNW fused together. This bundleling of ZnO
nanowires was accompanied with a formation of large particles
on the ZnNW surface. As the sulfurization temperature
increases to 400 °C, the ZnNW appears unbundled with a
visible decrease in particle formation.

Fig. 2(a—c) shows the XRD spectra of as deposited (insert)
and sufurization ZnO nanowire at 300 °C and 400 °C,
respectively. As deposited sample showed a strong XRD peak
at around 34.44°, which indicate that there is preferential
orientation with the c-axis perpendicular (0 0 2) orientation to
the substrate. It can be observed from the relative XRD
intensities after thermal annealing in S environment at 300 °C,
the XRD peaks appeared at 34.42° (00 2), 36.29° (101),
56.68° (110) and 61.70° (103). It is observed that the
intensity of ZnO peaks have decreased, along with the
appearances of ZnS peaks at47.50° (1 1 0). As the sulfurization
reaches 400 °C, one can observe appearance of additional ZnS
XRD peak at around 28.67° (0 0 2). The mechanisms behind
the appearance of ZnS XRD peaks will be further discussed at
latter part of this paper.

EDS compositional analysis were performed in order to gain
insights into the mechanism behind the sulfurization of Znnw.
Table 1 shows the EDS analysis of the untreated ZnNWs and
sulfurized at 300 and 400 °C. The as deposited ZnNW is
oxygen rich with a Zn/O ratio of 44:56. In general,
hydrothermal grown ZnO NW tends to be oxygen rich due
to the incomplete reaction on the ZnO surface. As the
sulfurization temperature increases from 300 °C to 400 °C,
there is a slight increase in sulfur incorporation from 2.73% to
3.34%. Fig. 3 shows the typical EDS mapping of ZnNW
Sulfurized at 400 °C. As expected, Zn, O and S elements were
detected. It is reassuring that most of the S are situated on ZnO
nanowire which indicate S incoporation.

Accordingly, the increase in sulfur is accompanied with the
decrease in oxygen content. Based on the structural and
composition analysis, a growth model is proposed for the
incorporation of elemental S into ZnNW. Generally, a
successful conversion from Zinc oxide surface to zinc sulfide
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Fig. 1. SEM image of (a) as deposited ZnO nanowire (b) ZnO nanowire sulfurized at 300 °C and (c) ZnO nanowire sulfurized at 400 °C.

involves a substitution between oxygen with sulfur. This
substitution process occurs over several stages: (1) diffusion of
sulfur into the ZnO surface (2) exchange of oxygen with sulfur;
and (3) out diffusion of oxygen. Clearly, the diffusion of S into
ZnO is temperature dependent. In order to decide the rate
limiting of the sulfurization step it is necessary to consider the
compositional detail. Clearly, the EDX data suggests that the
ZnO-ZnS conversion occurs through oxygen out diffusion and
sulfur incorporation. Another observed tendency is the much
faster out diffusion of O compared to S, which indicates a much
higher oxygen diffusion coefficient. As expected, due to the
radii of oxygen atoms being much smaller than those of atomic
S, the out-diffusion of oxygen is much faster than S. It is
interesting to note, such trend has not been reported in the ZnO
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Fig. 2. XRD peaks of the as deposited (a) ZnO nanowire(insert), (b) sulfurized
at 300 °C and (c) 400 °C.

sulfidation experiements by using H,S. The difference can be
attributed to a much higher reactivity of H,S than elemental S.
In the case of using H,S, the hydrogen assists the creation of
oxygen vacancies through reduction and as a result,
encourages an efficient substitution with S. Similarly,
NaS:9H,0 decomposes into toxic HS and sulfidize to facilitate
sulfidation. Such a mechanism is unavailable in sulfidation
using elemental S. Instead the control of out diffusion of
oxygen to S in diffusion becomes more significant. As the
suphurization temperature is increased to 300 °C, small ZnS
XRD peaks occurs due to the diffusion of S. It is interesting to
note that several large aggromerates have appeared on ZnNW
sufurized at 300 °C. These aggromerate were caused by
insufficient oxygen vacancy to accomadate S diffusion into the
ZnO.

As the sulfudization temperature is raised to 400 °C, which
enables a much faster out-diffusion of O than S and resulted in
increase in S content. Clearly, the conversion process is oxygen
vacancy driven. When ZnNW sulfidized at 400 °C, there are
significant decrease in S agglomerates on the ZnO nanowire
surface accompanied without significant decrease in S content
on the SEM image, which suggests that some of the S gained
sufficient energy from the furnace and diffuse into ZnO surface.

Table 1
EDS composition of the as deposited ZnO nanowire, Sulfurized 300 °C and
sulfurized 400 °C.

Sample Zn (0] S
As deposited 44 56 0
Sulfurized at 300 °C 38.28 58.99 2.73
Sulfurized at 400 °C 41.23 55.43 3.34
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Fig. 3. EDS mapping of the ZnO nanowire sulfurized at 400 °C.

Indeed, the enhancement of ZnS XRD peaks suggests that the
formation of ZnS through thermal annealing restructuring. The
optical properties of the sufurized ZnNWs were investaigated by
PL spectroscopy at room temperature. Fig. 4(a—c) shows the PL
property of the untreated and thermally sulfurized ZnNW at
300 °C and 400 °C, respectively. Generally, two peaks centred at
around 380 nm and 500 nm are associated with ZnO. The
emission peak at 380 nm originates from UV emission from the
recombination of free excitons process [32].

There is an additional emission around 550 nm assigned to
defective oxygen vacancies. Fig. 4b shows that ZnNW
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Fig. 4. PL spectra of the (a) as deposited ZnO nanowire (b) ZnO nanowire
sulfurized at 300 °C and (c) ZnO nanowire sulfurized at 400 °C.

sufurized at 300 °C exhibit a sharp UV emission peak and a
broad visible emission peak. The relative large visible emission
peak suggests ZnNW sufurized at 300 °C contains some
structural defects. It is interesting to note that the UV peak
increases with the sufurization temperature (from 300 °C to
400 °C) of the ZnNW. The enhancement of UV band emission
is due to crystallization of ZnO nanowires.

Fig. 5(a and b) shows the dark and photo current voltage
characteristic of p-type Si/ZnNW/ZnS (400 °C) heterojunction
diode, respectively. The device exhibits a good rectifying
behaviour with low leakage current, thus confirming the PN
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Fig. 5. (a) dark and (b) photo /-V characteristics of the p-type silicon/ZnS
(sulfurized at 400 °C), respectively. The inset shows the contacts are ohmic.
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junction formation. For dark current characteristics, the
threshold voltage is around 0.8 V, ON/OFF ratio around 718.
Whereas the illuminated device exhibit threshold voltage of
0.68 V and ON/OFF ratio of around 196. The results indicates
that ZnNW/ZnS structure is photosensitive and could be of
interest in optoelectronic applications such as photoanodes for
dye sensitized solar cells and photodetectors.

4. Conclusion

The study examined effects of elemental sulfurization
treatment on surface morphology, structural properties,
electrical transport and room temperature PL of ZnO
nanowires. It can be concluded that the sulfurization process
is highly temperature dependant, with an optimal temperature
at around 400 °C. The proposed sulfurization mechanism
suggests a phenomenon of competitive mechanism between
sulfur incorporation and oxygen out diffusion. From industrial
processing point of view, the method developed by this study is
environmental friendly and should be of interest to next
generation ZnO/ZnS devices.
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