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Abstract: Optical and photoelectric properties of Mn-doped ZnS thin films
on indium-tin—oxide (ITO)/polyethylene terephthalate (PET) substrates by
pulsed laser deposition (PLD) were investigated. The XRD patterns
revealed that the thin film deposited at room temperature (RT) had a
wurtzite phase, which changed to a sphalerite phase at a substrate
temperature of approximately 100 °C. The transmittance of the films was
approximately 87% in the visible range. The optical bandgap of the film
deposited at RT was 3.29 eV, which increased to 3.361 eV with increasing
substrate temperature to 200 °C. The photoluminescence (PL) intensity at
468 nm and the photocurrent by UV irradiation increased in proportion to
the substrate temperature. The present results imply that Mn-doped ZnS
films deposited on flexible PET substrates are useful for fabricating flexible
optoelectronic devices such as flexible UV detectors.
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1. Introduction

II-IV semiconductors have recently attracted much attention as optoelectronic materials for
the development of flexible devices such as digital signage and smart window films because
they are fabricated by a cost-effective technique at low temperatures, which is especially
important when using substrates made from organic materials [1-3]. ZnS is a wide bandgap
compound semiconductor with high transmittance in the visible range, and thus it is useful in
a wide range of applications, including displays, solar cells, sensors, and photocatalysts [4—
10]. So far, a number of research groups have fabricated ZnS thin films using a variety of
techniques and have investigated their electro-optical properties [11-20]. ZnS generally
shows two stable phases: sphalerite [cubic (F43m)] and wurtzite [hexagonal (P63mc)]. The
sphalerite phase is more stable than the wurtzite phase at low temperature below 1020 °C
under the pressure of 1 bar. A study on multilayer films of ZnS/TiO,/ZnS reported that the
phase transformation of ZnS from the sphalerite to the wurtzite structure was promoted at 600
°C in ambient conditions, and the film emitted photoluminescence (PL) in the red range [21].
By Mn ion doping, in addition to the emission from the near-band-edge (NBE) in the
ultraviolet (UV) range, ZnS thin films emit visible light attributed to defects, including sulfur
vacancies and Zn interstitials generated by the dopants [12]. Cui et al. reported that the blue
emission shifted to orange by changing the deposition temperature in pulsed laser deposited
Mn-doped ZnS films [13]. A detailed understanding of the thin-film growth and optical and
photoelectrical properties of ZnS at low temperatures is necessary in order to control the
quality of flexible devices. However, so far, few systematic studies on ZnS thin films
deposited at low temperatures have been reported. In this work, we report on Mn-doped ZnS
films prepared by pulsed laser deposition (PLD) onto indium—tin—oxide (ITO)/polyethylene
terephthalate (PET) substrates at low temperatures. The results showed that the crystalline
phase of the film changed at approximately 100 °C. The optical bandgap, the photocurrent
caused by UV irradiation, and the emission intensity centered at 468 nm increased in
proportion to the substrate temperature.

2. Experimental

The ITO/PET substrates were ultrasonically cleaned first with acetone and then with alcohol
for 15 min before drying in air. After transferring the substrate to a holder block through the
load-lock chamber, the PLD chamber was pumped to a pressure of 2 x 107 Torr prior to
deposition. To promote stoichiometric reactions of the Mn-doped ZnS, Ar gas was flowed
into the chamber at a rate of 30 sccm, and the working pressure was held at 200 mTorr during
the deposition. To investigate the effects of the deposition temperature on crystal growth, we
prepared Mn-doped ZnS thin films with thicknesses of 200 nm at RT, 100, 150, and 200 °C.
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The KrF excimer laser (wavelength: 248 nm) was irradiated onto the 5 wt% Mn-doped ZnS
target surfaces 5 cm above the substrate for 10 min at a repetition rate of 5 Hz to deposit the
200-nm-thick Mn-doped ZnS film. The PL properties were evaluated at RT (excitation
wavelength: 300 nm) with a photospectrometer (JASCO FP-6500, light source: Xe lamp).
The photocurrent caused by UV radiation was estimated by a homemade dark box equipped
with a continuous-wave (CW) UV lamp (VL-4.LC, radiation wavelength: 365 nm, frequency:
50-60 Hz, and intensity: 610 pW/cm?) and sourcemeter (Keithly-2400). The Ag metal
(Sigma-Aldrich, 99.99%) strips for electrodes, with a space of 1 mm between them, were
deposited onto the ZnS films using a shadow mask by thermal evaporation. The cables were
fixed with silver paste (ELCOAT p-100, CANS, Japan) onto the Ag strips and directly
connected to the sourcemeter to read the photocurrent. The crystal and surface structures of
the films were measured with an X-ray diffractometer (Bruker, D2 PHASER, Cu Ka, A =
0.15406 nm) and atomic force microscopy (AFM, XE-100).

3. Results and discussion
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Fig. 1. Phase changes of the 5% Mn-doped ZnS thin films on ITO/PET substrates deposited by
pulsed laser deposition. (a) XRD patterns at various substrate temperatures. (b) Magnification
of the XRD patterns at small angle range. AFM images of the films at (c¢) RT, (d) 100 °C, (e)
150 °C, and (f) 200 °C.

Figure 1 shows the XRD patterns of the Mn-doped ZnS thin films deposited at various
temperatures. The PET substrate coated with ITO shows four peaks having broad widths at
23.1, 26.1, 46.7, and 53.7° [Fig. 1(a)]. The Mn-doped ZnS thin film deposited at RT shows
four peaks of (103), (104), (110), and (118) caused by the wurtzite phase of ZnS. When the
substrate temperature was increased to 100 °C, the (103) peak disappeared and a new broad
peak with a small intensity at a smaller angle began to appear. The sequence of the peak
change over the smaller angle range according to the substrate temperature is more clearly
presented in Fig. 1(b). Increasing the substrate temperature to 150 °C led to enhancement of
the peak, which was identified as (111), caused by the sphalerite phase. The peak was
predominant for the film deposited at 200 °C. All samples showed a (104) peak, but the (103)
peak drastically decreased at 100 °C, and the small, broad (111) peak caused by the sphalerite
phase appeared. The sphalerite phase is more stable than the wurtzite phase at low
temperatures under a pressure of 1 bar. In our previous work, we reported the paradoxical
result that the wurtzite phase was deposited by PLD at room temperature but the sphalerite
phase condensed at 500 °C because PLD is not an equilibrium process. The present result
indicates that the phase change of wurtzite to sphalerite starts at approximately 100 °C. The
surface mobility of the deposits increases with increasing substrate temperature, and the
stable sphalerite (111) phase forms at 100 °C. The AFM surface images shown in Figs. 1(c)-
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1(f) support this consideration. The film deposited at RT [Fig. 1(c)] has porous and rather
large grains as compared to the film at 100 °C [Fig. 1(d)]. In general, the grain size of the thin
film increases with increasing deposition temperature. However, in this study, the thin films
deposited at 100 °C had the smallest grain size, which increased with increasing deposition
temperature [Figs. 1(e), 1(f)]. This is considered to be because the nucleation and growth of
the sphalerite phase evolved at approximately 100 °C. At the initial stage of the film growth,
the energetic deposits explosively evaporated by pulsed laser could form a wurtzite phase that
is stable at high-temperature regimes over 1020 °C on the substrate. Then, at substrate
temperatures lower than 1020 °C, the deposits with the wurtzite phase preferentially
reconstruct to the sphalerite phase because it is the stable phase of ZnS at low temperatures.
To do this, the deposits have to overcome the energy barrier for the phase change. However,
RT is not high enough to promote the phase change of the deposits, and the wurtzite phase
preferentially grows at this temperature. The present results indicate that the sphalerite phase
of ZnS starts to condense on the substrate at approximately 100 °C. These structural changes
can induce variations in the electro-optical properties of ZnS. In order to investigate the
variations in the emission centers, we measured the PL properties, and the resulting spectra
are shown in Fig. 2. The thin films have emissions at 410, 468, and 557 nm. No predominant
shifts in emission centers were observed by the phase change.
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Fig. 2. Photoluminescence spectra of the 5% Mn-doped ZnS thin films on ITO/PET substrates
by pulsed laser deposition at (a) RT, (b) 100 °C, (c¢) 150 °C, and (d) 200 °C.

The emissions at 410 and 557 nm are mainly attributed to Zn and sulfur vacancies,
respectively [13]. The emission intensity centered at 468 nm, ascribed to Zn interstitials
generated by Mn ion doping of ZnS, increased with increasing substrate temperature.

The transparency of the materials is an important optical property in terms of its
applications. The Mn-doped ZnS films on ITO/PET substrate showed approximately 87%
transmittance in the visible range (400-800 nm) regardless of the deposition temperature. As
shown in Fig. 3(a), small fluctuations within the error range of + 5% in the film transmittance
were observed with increasing substrate temperature up to 200 °C [see inset in Fig. 3(a)].
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Fig. 3. Variation of the optical properties of the 5% Mn-doped ZnS thin films on ITO/PET
substrates deposited at various temperatures by pulsed laser deposition: (a) transmittance,
inset: average transmittance, (b) Tauc plot, and (c) optical bandgap

The transmittance depends on the film thickness, surface roughness, and light-scattering
sites, including voids and defects, in the sample. The surface morphology revealed by AFM
in Fig. 1 shows that the film deposited at RT has a loose packing structure, and its density
increases with increasing temperature. The results mean that the transmittance in the visible
range of the thin films deposited in this temperature range was not affected by the small
changes in the film structure. In contrast, the transmittance in the UV range (320-370 nm),
indicated by arrows in Fig. 3(a), drastically decreased as compared to the bare substrate. This
is related to the optical absorption of the Mn-doped ZnS thin films. The optical bandgap of
bulk ZnS changes from 3.54 to 3.8 eV according to its crystalline structure. The
corresponding optical absorption edge of the wurtzite and sphalerite phases of ZnS are 350
and 326 nm, respectively. The Tauc plots in Fig. 3(b) show that the optical bandgaps of the
Mn-doped ZnS thin films shift to higher values; the thin film deposited at RT has an optical
bandgap of 3.29 eV, which increases to 3.361 eV with increasing substrate temperature as
shown in Fig. 3(c).
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Fig. 4. (a) UV-photocurrent of the 5% Mn-doped ZnS thin films on ITO/PET substrates
prepared at various temperatures and (b) spectrum of UV lamp.

These are small bandgap values as compared to those of the bulk ZnS, which means that
the bandgap change in the films was not caused by the phase transition from the wurtzite to
the sphalerite phase. The defects in the thin film, including vacancies and interstitials, cause
the poor crystalline quality; as a result, the bandgap of the thin films could decrease.
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Meanwhile, from the optical bandgap, the optical absorption edge of the thin film deposited at
RT shifted to a longer wavelength of 383 nm, and it decreased to 375 nm upon increasing the
deposition temperature to 200 °C. A careful examination of the plots shows that the optical
bandgap of the higher-temperature sample is shifted to the shorter wavelength. The
photocurrent measurement irradiated with 365 nm UV light shown in Fig. 4(a) reveals clear
differences in the thin films according to the deposition temperature. The results indicate that
Mn-doped ZnS thin films on PET substrates are useful for detecting UV light. The detailed
configuration of the photocurrent measurement is shown in the inset of Fig. 4(a). The
spectrum of the UV light used in this experiment is presented in Fig. 4(b). The photocurrent
of the films increased slightly in the RT film shown in Fig. 4(a) after turning on the CW UV
lamp that has the stabilization time of 50 ms to reach maximum CW-intensity. It drastically
increased and depended on the substrate temperature in the films deposited at temperatures
over 100 °C, as shown in Fig. 4(a). The photocurrent inversely depends on the defects
because they provide traps for charge carriers. Defects in thin films such as pores or vacancies
decrease with increasing substrate temperature; therefore, the photocurrent increases in
proportion to the substrate temperature.

4. Summary

In summary, the Mn-doped ZnS thin film exhibited wurtzite-to-sphalerite phase changes at a
substrate temperature of approximately 100 °C. The PL intensity centered at 468 nm caused
by Mn-ion doping increased with increasing substrate temperature. The transmittance of the
film was approximately 87%, which fluctuated within an error range of 5% with deposition
temperature. The optical band gap of 3.29 eV of the RT film increased to 3.361 eV due to the
enhancement of crystalline quality with increasing substrate temperature. The photocurrent
increased with increasing substrate temperature, which implies that the Mn-doped ZnS thin
films on flexible PET substrate are useful for fabricating flexible optoelectronic devices such
as flexible UV detectors.
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