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Abstract: ZnS thin films have been deposited by thermal evaporation at various deposition rates. By
controlling the deposition rate, the position of the maximum in the photoluminescence spectra could be
easily tuned from 2.9 to 2.0 eV, which produced a corresponding change in the emission color. The optical
and morphological characteristics of the ZnS thin films were measured. The photoluminescence spectra had
broad peaks, suggesting a distribution of ZnS nanocrystallites dimensions. Nanocrystallites dimensions
were in the range of 1 nm to 3 nm via TEM analyses. The changes in optical properties were potentially
attributable to the lattice defects of ZnS crystals, including Schottky defects and the substation of sulfur
atoms by oxygen atoms. The color of the resulting light emission was obtained by controlling the deposition

rate of ZnS.

1. INTRODUCTION

A single material with tunable optical properties would be
desirable and useful for applications including displays,
photovoltaics, solid state lighting and computing. Quantum
dots are semiconductors whose electric characteristics are
related to its grain size and shape of the individual crystal.
There is a significant relationship between the grain size and
band gap [1]. As the grain size increases, the band gap
increases. This variability of band gap enables control over
the absorbance and emission spectra of quantum dots. We
focus on Zinc Sulfide (ZnS), due to its unique optical
properties and stability. Bulk ZnS is a II-VI semiconductor
with large band gap energy of 3.72 eV for cubic zinc blende
structure and 3.77 eV for hexagonal wurtzite structure at
room temperature [2]. In addition, ZnS is relatively
inexpensive and nontoxic material, which is favorable for
transition to industry. Many techniques have been reported
for the synthesis of ZnS particles and films [3-5]. Thin films of
ZnS has been deposited by thermal evaporation [6, 7],
sputtering [8], molecular beam epitaxy [9], chemical bath
deposition [10] and spray pyrolysis [11]. Among these
processes, thermal evaporation is attractive technique in
terms of the ease of controlling the deposition rate and
applicability for various substrates.
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In this paper, we report the thermal evaporation and
characterizations study of zZnS ultra thin films, whose
thickness ranged from 3.2 nm to 3.9 nm by the measurement
of ellipsometer. These nanolayers were thermally evaporated
from bulk ZnS powder. By controlling the deposition rate,
changes in the band structure shifted the photoluminescence
response. These thin films were characterized in terms of
their optical properties and morphological structure.

2. EXPERIMENTAL DETAILS

ZnS with 99.99% purity was purchased from Aldrich and used
it without further purification. ZnS thin films were deposited on
plain glass substrates in vacuum chamber of thermal
evaporator (NANO-MASTER Inc., NTE-3500). The vacuum
chamber was maintained at a pressure of 10°® torr to deposit
the ZnS thin films with desired deposition rate. The
temperature of substrates was kept at room temperature. The
film thickness was monitored by quartz crystal sensor. The
only parameter varied was the targeted growth rate which
was achieved by variation of the temperature of the ZnS
evaporation boat. The sputtering process was performed in
the same vacuum chamber in order to confirm the difference
of the ZnS thin films fabrication.

The photoluminescence (PL) spectra were measured using
spectrofluorometer (Horiba Jobin Yvon, Fluorolog-3) with
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excited at a wavelength of 365 nm. The absorption spectra
were measured by UV-Vis spectrometer (Varian, Cary 6000i).
The structural analyses were performed using atomic force
microscopy (AFM) (Veeco, Nanoscope V with Dimension
3100), transmission electron microscopy (TEM) (JEOL,
2100FEG TEM, 200kV acceleration voltage) and attaching
energy dispersive spectrometer (EDS) (Oxford, X-Max
80mm? EDX system).

3. RESULTS AND DISCUSSION

In the deposition process for ZnS, dissociation and
fractionating occurred as heating the ZnS. Zinc and sulfur
vapor were generated following the reaction (1) [12].

2ZnS > 2Zn + S; (1)

These vapors recombined to form ZnS nanocrystallites on the
substrate. By varying the resistive heating of the source
crucibles, the deposition rate of ZnS was controlled over the
range from 0.05 A/s to 0.25 A/s. Thin films emitting red with
small photoluminescence energy were obtained as the
deposition rate decreased. On the other hand, broad peaks
with blue emission were obtained at higher deposition rates.
We hypothesize that when the deposition rate was slow, the
nucleation rate was also low due to the low density of zinc
and sulfur atoms on the substrate. These atoms could
migrate, leading to the growth of large crystal domains.
Conversely, the crystal domains remained small at the high
deposition rate because many nuclei were produced over the
substrate.

Figure la shows the photoluminescence image of ZnS thin
films under UV irradiation with the wavelength of 365 nm.
Various color emissions of the ZnS thin films were obtained.
This means that controlling deposition rate enables a desired
color to be obtained within the visible range from blue to red.
In comparison, the ZnS thin films deposited by sputtering had
no emission within the visible range (data not shown), which
indicated that there were significant difference between
morphological and crystal structures by each deposition
method.

Figure 1b shows the photoluminescence spectra of the ZnS
thin films under UV irradiation of the wavelength of 365 nm.
The film A had a main peak at 426 nm which was related to
the blue emission. The film B had a green emission with the
emission center at 521 nm wavelength. The main peak of the
ZnS thin film with red emission was located at 613 nm. All
peaks were broad, including the impurity peaks, which meant
that deposited ZnS particles had a distribution of sizes.

Figure 1c shows the UV-Vis spectra of ZnS thin films. In the
previous reports, semiconductor nanocrystallites have
discrete and crystal size dependent UV-Vis absorption
characteristics due to quantum confinement effect [13].
Namely, ZnS with larger band gap energy, which showed
blue emission, had an absorption edge with shorter

Tunable Photoluminescence via Thermally Evaporated ZnS Ultra Thin Films

wavelength. On Figure 1c, Film A with blue emission had an
absorption edge with 402 nm, on the contrary, Film B with
green emission and Film C with red emission had the edges
at 456 nm and 461 nm respectively. Therefore, Film B and
Film C had very close absorption edges, which indicated
these ZnS films did not follow only quantum confinement
effect. In addition, the broad spectra composed of some
absorption peaks have been seen in the UV-Vis spectra due
to the size distribution of ZnS nanocrystallites [14].
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Figure 1: (a) Photoluminescence of ZnS thin films under UV
irradiation, (b) photoluminescence spectra of ZnS thin films, (c) UV-
Vis absorption spectra of ZnS thin films.

Table 1: Deposition Condition and Characteristics of ZnS
Thin Films
Deposition Rate Maximum PL

Films

(Als) (nm) (ev)
Film A 0.20 426 291
Film B 0.15 521 2.38
Film C 0.08 613 2.02
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Figure 2: (a) AFM image of the Film A, (b) Film B and (c) Film C, (d) TEM image of the Film A, (e) Film B and (f) Film C.

Table 1 shows the summary of these ZnS thin films
characteristics. It could be seen that the maximum
photoluminescence energy of ZnS thin films decreased with
the decreasing deposition rate, along with the changing the
emission color from blue to red.

Figure 2a shows the AFM images of ZnS thin films deposited
at different rate. It could be seen in Figure 2a that some
clusters with small size existed in the Film A. More and more
large clusters appear in Film B (Figure 2b) and Film C (Figure
2c). The average cluster size in Film A, B and C were
measured to 183 nm, 207 nm and 314 nm respectively.
Namely, the average cluster size grew bigger with the
decrease of the deposition rate. The ZnS thin films with
smooth surface were obtained at all deposition rates although
several clusters of ZnS particles were observed. In addition,
the surface roughness was analyzed by AFM images as well.
The root mean square surface roughness of Film A was 2.0
nm, Film B was 2.3 nm and Film C was also 2.3 nm,
respectively. Therefore, all thermal evaporated films had
almost same surface roughness without depending on the
deposition rate.

The TEM image of ZnS thin films are shown in Figure 2d, e
and f. The ZnS nanocrystallites could be seen in the TEM
images, however a fraction of ZnS was not crystalline but
amorphous. Several crystal fringes could be identified and
measured. The average crystallite size of ZnS in Film A, B
and C were estimated to 1.6 nm, 1.8 nm and 2.5 nm.
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Therefore, the ZnS cluster was the aggregation of
approximately 100 ZnS nanocrystallites.

In order to compare the difference of deposition process and
verify the emission mechanism, thin film was deposited by
sputtering process with 0.20 A/s as the same deposition rate
of thermal evaporation. The sputtered film thickness was 4.0
nm. Figure 3 shows the TEM image of ZnS thin films

Figure 3: TEM image of ZnS deposited by sputtering.
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deposited by sputtering process. Compared to the thermal
evaporated ZnS thin films, the larger crystal fringes could be
seen clearly and the grain size was estimated to 9.1 nm,
which was 4 to 5 times bigger than the thermal evaporated
ZnS thin films such as Film A, B and C. This was because
sputtering method did not dissociate and fractionate ZnS to
zinc and sulfur vapors and thus kept the crystalinity of ZnS. In
addition, the sputtered ZnS thin films did not emit any colors
under UV irradiation (data not shown). This meant
dissociation and fractionation of ZnS powder was essential to
obtain the emission, and it was important that the grain sizes
of ZnS patrticles in the films were small.

Figure 4 shows the TEM/EDS analysis of ZnS thin films
deposited by thermal evaporation with fast deposition rate
and sputtering process with same deposition rate as the
thermal evaporation process. The intensity of zinc and sulfur
peaks was not as strong in the spectrum of ZnS deposited by
thermal evaporation. In addition, the peak of oxygen atom
could be confirmed. On the other hand, sputtered ZnS thin
films with superior crystallinity had stronger peaks of zinc and
no oxygen peak. The difference between the thermal
evaporated and sputtered ZnS was supposed to be their
crystallinity and incorporation of oxygen atoms.

evaporation

Figure 4: TEM/EDS analysis of ZnS thin films.

The thermal evaporated ZnS thin films had small
nanocrystallites, which might indicate the characteristics of
quantum dots. However, according to the research by Brus
[1], the energy of quantum dots is calculated using following
equation.
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Here, Eg4 is the band gap energy of a quantum dot or bulk
material, R is a radius of a quantum dot, me is the effective
mass of the electron, my is the effective mass of the hole, €is
the dielectric constant and & is the permittivity of the vacuum.
This means the band gap energy of quantum dot is more
than that of bulk state. In the case of ZnS, its band gap
energy of bulk state is from 3.7 eV to 3.8 eV depending on
the crystal structure and the band gap energy of ZnS
quantum dots become larger than 3.8 eV as the diameter of
ZnS particle size decreases. This means ZnS does not show
the emission within the visible range of wavelength at room
temperature. On the other hand, our thermal evaporated ZnS
samples showed several emission within the visible range,
which indicated that the other mechanism of light emission
existed beside the quantum confinement effect. The optical
light emission of ZnS thin films are assumed to be attributed
to localize lattice defects or impurities of ZnS crystals such as
Schottky defect and the replacement sulfur atoms with
oxygen atoms [15]. In our experiment, the ZnS thin films were
deposited on the Cu grid to make a TEM measurement.
Transition elements such as Co, Ta and Fe were not
assumed to affect the emission of ZnS in the thermal
evaporated films. The replacement of sulfur with oxygen and
several vacancies of zinc and sulfur atoms should alter the
strain to the lattices, which was supposed to result in the light
emission. These vacancies and replacement might have
occurred during the thermal evaporation, namely dissociation
and fractionation of ZnS resulted in these defects in the ZnS
crystals. The emitting color differences from these localized
defects were presumed to be caused from the additional
effect of variations grain size of ZnS. One possibility is that
the degree of stress in the crystallites depends on size and
that this stress shifts the emission color. A second possibility
is that the smaller ZnS nanocrystallites have a larger
photoluminescence energy in which the localized defect has
an emission color of blue. In contrast, the larger size of ZnS
nanocrystallites has smaller photoluminescence energy
within which the localized defect emission shifts red.

4. CONCLUSION

The ZnS thin films were deposited by thermal evaporation
process of ZnS bulk powder. Within the predominately
amorphous films, nanocrystallites having dimensions in the
range of 1 nm to 3 nm were observed by TEM.

By controlling the deposition rate, the position in or the
maximum in the photoluminescence spectra could be easily
tuned from 2.9 to 2.0 eV. Since these energies are lower than
that of bulk ZnS, quantum confinement effect is not the sole
cause of the observed tunability. The ZnS thin film emitting
red with small photoluminescence energy was obtained as
the deposition rate decreased. On the other hand, the large
photoluminescence energy with blue emission was obtained
with increase of the deposition rate. The changes in optical
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properties are potentially attributable to the lattice defects of
ZnS crystals such as Schottky defect and the replacement
sulfur atoms with oxygen atoms.

The color of light emission was obtained by controlling the
deposition rate of ZnS. We believe that the thermal
evaporation with controlling the deposition rate for ZnS thin
films is one of the candidates to obtain the emitting thin films
for applying to a display and solid state lighting.
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