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Abstract: The most versatile methods for altering the properties and 
behavior of materials involve a phase transformation in the solid state. In 
this article, we report multilayered films of ZnS/TiO2/ZnS on amorphous 
SiOx/Si substrates by pulsed laser deposition (PLD). After sequential 
vacuum annealing at various temperatures, we investigated the effects of 
TiO2 on the phase transformation of ZnS films and the consequential 
changes in photoluminescence (PL) property. PL spectra of the film 
revealed red emission centered at 686 nm after annealing at 600 °C, 
however, this emission disappears, and the color shifts to blue after 
annealing at 700 °C. Detailed analysis identified that TiO2 acts as a catalytic 
agent for the phase transformation of ZnS at this temperature, and that the 
color shift to blue resulted from decreased red emissions attributed to 
oxygen in the film. The present results show that catalytic agent-mediated 
phase transformation has strong potential for the modification of material 
properties. 
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1. Introduction 

Materials that have more than two stable phases undergo phase transformations with changes 
in the ambient conditions such as temperature and pressure [1–10]. For device applications, 
this phase transformation is an important reaction that affects device performance because the 
characteristics of materials such as strength, conductivity, and bandgap are generally altered 
by the phase transformation [11–13]. For example, wide bandgap semiconductor ZnS 
generally has two stable phases: sphalerite [cubic (F43m)] and wurtzite [hexagonal (P63mc)]. 
The sphalerite phase is more stable than the wurtzite phase at low temperatures under the 
pressure of 1 bar. At 1020 °C, ZnS undergoes a massive transformation to the wurtzite phase 
under the pressure of 1 bar. Thus, the bandgap of ZnS increases from 3.54 to 3.8 eV [14]. In 
addition, structural defects generated during the phase transformation can create deep-level 
energy bands that modify the opto-electrical properties of the material. So far, many 
investigations for the phase transformation of ZnS at lower temperature than normal condition 
have been reported. A recent study has shown that the temperature for this ZnS phase 
transformation decreases with the particle size, and nanometer-sized sphalerite particles 
transform to the wurtzite phase at an annealing temperature of 400 °C [15]. The pressure as 
well as the particle size has been shown to reduce the phase transition temperature. In fact, the 
sphalerite-to-wurtzite phase transformation has been observed at a high pressure of 30 GPa at 
room temperature [16–18]. Recently, morphology-tuned high-pressure phase transformations 
have been found in nanomaterials. Wurtzite ZnS nanobelts exhibited the wurtzite-to-
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sphalerite phase transformation with the fracture of the nanobelts [19]. However, few 
investigations on the phase transformation of ZnS caused by the lattice mismatch have been 
reported. At the atomic-scale, the lattice mismatch between stacked materials with different 
lattice constants can affect the phase transformation because the lattice mismatch imposes 
extensive pressure on the interfacial atoms. In this article, by stacking and annealing TiO2 and 
ZnS, they have similar lattice constants, we investigated the phase transformation of ZnS, and 
the consequential changes in photoluminescence. The multilayered films were prepared 
through sequential pulsed laser deposition (PLD) of ZnS and TiO2 and were annealed at high 
temperatures. To suppress unwanted strain effects on the phase transformation caused by 
crystalline substrates, we used amorphous substrates. The results show that the 
recrystallization of the rutile (TiO2) phase induces a displacive phase transformation of ZnS to 
reduce the lattice mismatch. Photoluminescence (PL) spectra reveal that the amorphous phase 
formation during the phase transformation provides ZnS with oxygen ions, which results in 
red emission. 

2. Experimental 

Thin films were prepared with pulsed laser deposition (PLD) using a KrF excimer laser 
(wavelength: 248 nm). To suppress unwanted strain effects on the phase transformation 
caused by crystalline substrates, we used amorphous substrates. The thermally oxidized 
silicon substrates were ultrasonically sequentially cleaned with acetone and 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 2 × 10−7 Torr prior to deposition. To promote 
stoichiometric reactions of ZnS, Ar gas was flowed in a rate of 30 sccm, and the working 
pressure was held at 200 mTorr during the deposition. To investigate the film phases caused 
by the deposition temperature, we prepared ZnS thin films with a thickness of 200 nm on 
substrates at room temperature (RT) and at 500 °C. The multilayer films were formed on the 
substrates through the sequenced deposition of ZnS and TiO2 at room temperature (RT) and at 
500 °C. The KrF excimer laser was irradiated on target surfaces 5 cm above the substrate for 
10 and 3 min at a repetition rate of 2 Hz to deposit the 100 nm thick ZnS film and the 20 nm 
thick TiO2 film, respectively. Cylindrical pellets (4 × 20 mm2) of ZnS (Sigma-Aldrich, 
99.99%) and TiO2 (Sigma-Aldrich, 99.99%) for the PLD targets were prepared by spark 
plasma sintering at 750 °C under 30 MPa pressure. To promote crystallization of the films 
after deposition, the films were annealed for 30 min at 500, 600, and 700 °C using a tube 
furnace, while Ar gas flowed at a rate of 30 sccm to maintain the 200 mTorr pressure and to 
prevent oxidation of ZnS during annealing. The PL properties were evaluated at RT 
(excitation wavelength: 300 nm) with a photospectrometer (JASCO FP-6500, Light source: 
Xe lamp). Crystallography and cross-sectional structures of the films were measured with an 
X-ray diffractometer (Bruker, D2 PHASER, CuKα, λ = 0.15406 nm) and high resolution-
scanning transmission electron microscopy (HR-STEM; JSM-6701F). 

3. Results and discussion 

3.1 Phase transformation in sphalerite-ZnS/TiO2/sphalerite-ZnS thin films 

In order to investigate the phase transformation of ZnS, we need to prepare the sphalerite 
phase. First, we prepared ZnS thin films with a thickness of 200 nm on substrates at room 
temperature (RT) and 500 °C to examine the film phases caused by the deposition 
temperature. 
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Fig. 1. The XRD patterns of ZnS thin films on SiOx/Si substrates prepared by pulsed laser 
deposition and annealed at various temperatures for 30 min. (a) deposited at RT, (b) 500 °C. 

The ZnS film deposited at RT in Fig. 1(a) reveals two peaks of (104) and (200) caused by 
the wurtzite and sphalerite phases of ZnS, respectively. After annealing the samples at 600 
°C, the (200) peak decreases, and the (104) peak becomes dominant. When the film was 
deposited at 500 °C, the X-ray diffraction (XRD) patterns showed two peaks at similar angles 
as those of films prepared at RT. Comparing Figs. 1(a) and 1(b), the peak at smaller angle 
slightly shifted from (104), corresponding to the peak from the (111) plane of the sphalerite 
phase [20]. Paradoxically, the wurtzite phase, which is stable at high temperature, condenses 
on substrate at room temperature, while the sphalerite phase condenses at 500 °C. However, 
this paradox is not impossible because PLD is not an equilibrium process, and the surface 
mobility of the RT depositions is not high enough to reconstruct the deposits for a more stable 
phase of the sphalerite. 

 

Fig. 2. The XRD patterns of the multilayer ZnS/TiO2/ZnS films on SiOx/Si substrates prepared 
at 500 °C by pulsed laser deposition and annealed at various temperatures for 30 min. (a) as-
deposited, (b) 600 °C, (c) 700 °C. 

On the other hand, in this experiment, a sandwiched structure with a TiO2 middle layer is 
favorable for protecting TiO2 from unwanted reactions with ambient impurities during 
annealing. To satisfy these conditions, we prepared multilayer films of ZnS/TiO2/ZnS with 
thicknesses of 100/20/100 nm through sequential deposition of ZnS, TiO2, and ZnS in a 200 
mTorr Ar atmosphere at 500 °C, because ZnS predominately crystallizes the sphalerite phase 
at 500 °C, as shown in Fig. 1. Figure 2 shows the XRD patterns of the multilayered films 
annealed at various temperatures. The as-deposited film of Fig. 2(a) reveals the same peaks of 
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(111) as those shown in the ZnS film prepared at 500 °C [See Fig. 1(b)]. After annealing the 
film at 600 °C [Fig. 2(b)], no remarkable changes in the XRD patterns were observed. 
However, the sample annealed at 700 °C shows two additional peaks [Fig. 2(c)]. Besides the 
(111) peak of the sphalerite phase, the (103) and (104) peaks of the wurtzite phase were 
developed, as shown in the inset of the Fig. 2 [20]. At this temperature, no phase 
transformation has been observed in single structure films [See Fig. 1(b)]. However, this 
evolution is feasible through the TiO2-mediated phase transformation of ZnS. 

For detailed analysis, we performed TEM investigations of the films. 

 

Fig. 3. The STEM analysis of the multilayer ZnS/TiO2/ZnS films on SiOx/Si substrates 
prepared at 500 °C and annealed at various temperatures. (a) the atom mass-% profile, the 
insets represent the cross-sectional image and the mapping image for elements, (b) the HR-
TEM images for the as-deposited film, (c) after annealing at 600 °C, (d) after annealing at 700 
°C. 

Figure 3(a) shows atom mass-% profile for the elements of the film, and the insets show 
the energy dispersed spectroscopy (EDS) mapping for the elements and the cross-section of 
the film, respectively, which indicate that TiO2 was deposited between the ZnS layers as 
anticipated. The TEM images of Figs. 3(b)–3(d) present the detailed interfacial structures of 
TiO2 and ZnS in the films deposited at 500 °C without annealing and in the films annealed at 
600 and 700 °C, respectively. In the as-deposited film, the anatase phase of TiO2 makes a 
sharp interface [Fig. 3(b), arrow 1] with the sphalerite phase. In some areas of the film [Fig. 
3(b), arrow 2], the phases are mixed at the interface, which may depend on the crystalline 
orientation of the materials. However, after annealing at 600 °C, we could observe the 
amorphous phase at the interface [See Fig. 3(c)]. Further increasing the annealing temperature 
to 700 °C, we observed that the amorphous phase decreases and the rutile phase of TiO2 
crystallizes [See Fig. 3(d)]. The anatase-to-rutile phase transformation of TiO2 is 
reconstructive; the amorphous phase generally appears during the phase transformation [21–
25]. Since we annealed the sample at 200 mTorr vacuum, the formation of the amorphous 
phase at this low temperature was unexpected because the transformation temperature 
inversely depends on the working pressure [26]. 

One possible reason for the evolution of the amorphous phase is the lattice mismatch 
between the anatase phase and the sphalerite phase. The mismatch between the most 
prevailing orientations of the ZnS (111) plane and anatase (001) plane is calculated to be over 
51%. The anatase phase deposited on the ZnS (111) plane is severely strained by the lattice 
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mismatch, which could activate the phase transformation at a lower temperature than normal. 
Figure 3(d) shows that the rutile phase crystallizes from the amorphous phase at 700 °C. The 
amorphous phase was significantly decreased compared to that shown in Fig. 3(c). 
Surprisingly, the sphalerite phase transformed to the wurtzite phase at the interface with the 
rutile TiO2 (110) phase. Moreover, the twin boundaries appearing in the figure strongly 
support the occurrence of the massive ZnS phase transformation. Because our samples were 
annealed in a 200 mTorr vacuum, without the help of catalytic agents, the sphalerite phase 
cannot transform to the wurtzite phase at this temperature. In particular, no phase 
transformation occurs in the sphalerite phase at 700 °C when there are no additives such as 
TiO2 [See Fig. 1(b)], which provides evidence that TiO2 acted as a catalytic agent for the 
phase transformation of ZnS in this structure. The driving force for this phase transformation 
is the lattice mismatch of the sphalerite phase with the growing rutile phase. The rutile (110) 
plane (d110 = 0.323 nm) has a 0.3% lattice misfit with the wurtzite (104) plane (d104 = 0.324 
nm), but a 3.5% mismatch with the sphalerite (111) plane (d111 = 0.312 nm). Therefore, the 
transformation to the wurtzite phase is favorable for releasing the strain caused by the lattice 
mismatch. 

3.2 Photoluminescence in red range for sphalerite-ZnS/TiO2/sphalerite-ZnS thin films 

 

Fig. 4. The PL properties of the multilayer ZnS/TiO2/ZnS films on SiOx/Si substrates prepared 
at 500 °C and annealed at various temperatures (a) the PL spectra, (b) the emission image of 
the films obtained by digital camera after annealing at 600 °C, (c) 700 °C. 

The more interesting results of this experiment are that PL property of the film changes 
during the phase transformation. Figure 4(a) shows PL spectra of the films after annealing at 
various temperatures. The as-deposited film emits luminescence at 420, 465, and 572 nm. 
These emissions were caused by interstitial sulfur, zinc vacancy, and sulfur vacancy, 
respectively [27, 28]. Subsequently, red emission dramatically appears at 686 nm (1.81 eV) in 
the sample annealed at 600 °C; however, this emission disappears, and the color shifts to blue 
after annealing at 700 °C, as shown in Figs. 4(b) and 4(c), respectively. Metal-ion-doped ZnS 
does not have a red emission, but oxygen traps have been reported as deep acceptor levels 
that allow red emission [29, 30]. The red emission could probably be attributed to an oxygen 
trap, and the amorphous phase of TiO2 serves as a source for the oxygen ion. From Fig. 3(c), 
TiO2 forms an amorphous phase at the interface with ZnS at 600 °C, allowing oxygen ions to 
easily diffuse into ZnS. When the annealing temperature is increased to 700 °C, the oxygen 
ions trapped in ZnS are diffused and crystallize the rutile phase, and the deep acceptor levels 
for red emission are diminished as a result. 

3.3 Characterization of wurtzite-ZnS/TiO2/wurtzite-ZnS thin films 

To verify this concept, we made another combination of the wurtzite and the anatase structure 
by depositing films at RT. In Fig. 5(a), the XRD patterns of the films show that no ZnS phase 
transformation occurs due to high temperature annealing. After annealing the samples at 500 
°C, like the single layer films shown in Fig. 1(a), the (200) peak decreases, and the (104) and 
the (006) peak of wurtzite become dominant. In addition, the primary (104) peak of wurtzite 
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is prevailed after annealing at 700 °C. Figure 5(b) shows the cross-section of the film. Figures 
5(c) and 5(d) show the EDS mapping and atom mass-% profile for the elements of the film, 
respectively. The TEM images in Figs. 5(e) and 5(f) present the detailed interfacial structures 
of TiO2 and ZnS in the film deposited at RT after annealing at 500 and 600 °C, respectively. 

 

Fig. 5. Characteristics of the multilayer ZnS/TiO2/ZnS films on SiOx/Si substrates prepared at 
RT. (a) the XRD patterns of the films according to the annealing temperature, (b) the cross-
sectional TEM image of the film after annealing at 600 °C, (c) the mapping image for 
elements, (d) the atom mass-% profile, (e) the HR-TEM image for the film after annealing at 
500 °C, (f) after annealing at 600 °C. Inset images 1, 2, and 3 are the magnifications of the 
areas for the anatase phase, interfaces and the wurtzite phase, respectively, (g) the normalized 
PL spectra for the films after annealing at various temperatures. 

In Fig. 5(e), the interfaces are not clear, but this could be due to the poor crystallinity of 
the films. After annealing at 600 °C we could observe clear images for each phase [Fig. 5(f)]. 
The insets 1, 2, and 3 represent the unit cells of the anatase, mixed interface, and wurtzite 
structure, respectively. The anatase structure does not melt at 600 °C in this combination, but 
the structure mixes with the wurtzite structure at the interface. The 13.5% lattice mismatch 
with interplanar spacings of 0.37 and 0.32 nm for the anatase and wurtzite phases, 
respectively, is insufficient to promote the phase transformation of TiO2 at the interface. The 
PL spectra of Fig. 5(g) represent the common emission centers for the ZnS samples. In this 
combination, we could not observe the red emission caused by the oxygen traps in the 
induced phase transformation of TiO2 in the samples annealed at high temperatures. 

4. Conclusion 

In summary, we observed the phase transformation of ZnS from the sphalerite to the wurtzite 
phase by the catalytic activity of TiO2 deposited on the ZnS sphalerite phase. The anatase 
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phase of TiO2 has a large lattice mismatch with the sphalerite and transformed to the 
amorphous phase after annealing at 600 °C. On the other hand, the rutile phase 
reconstructively crystallized during annealing at 700 °C. Moreover, to reduce the lattice 
mismatch with the rutile phase, a massive phase transformation from the sphalerite-to-
wurtzite phase of ZnS was observed at temperatures much lower than 1020 °C under normal 
conditions. The optical properties of multilayered film were drastically changed by the phase 
transformation. In particular, red emission, which was caused by an oxygen trap, was 
observed in the sample annealed at 600 °C. 
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