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A B S T R A C T   

We applied zinc oxysulfide (ZnO1-xSx) as a single active layer in a phototransistor by adjusting the S-to-O ratio. 
The electrical properties and photoresponsivity of the phototransistors were investigated as a function of the S 
content, x, of the ZnO1-xSx active layer. The incorporation of S atoms in the ZnO1-xSx layer induced a change in 
the electrical properties and photoresponsivity, especially in the ultraviolet (UV) and visible regions, compared 
with a ZnO film. The phototransistor with ZnO0.9S0.1 showed the highest performance; for 450 nm light, the 
photoresponsivity was 8.0 × 102 A/W, and the maximum photosensitivity was 1.7 × 104. By analyzing the 
chemical states of ZnO1-xSx in the phototransistor, we realized that the origin of the improvement of the pho
toresponsivity is due to the increase of the number of oxygen vacancies formed by the incorporation of S atoms. 
Based on the above results, we suggested the mechanism of electron transport in phototransistors with a ZnO1-xSx 
active layer as a function of S content using band alignment. Consequently, we successfully demonstrated the 
feasibility of the ZnO1-xSx film as a single active layer in a phototransistor to enhance the photoresponsivity in the 
UV and visible regions.   

1. Introduction 

In the advent of the Internet of Things era, users can instantly receive 
information through electronic devices from anywhere [1–3]. As pho
tosensors recognize objects and allow users to communicate with elec
tronic devices, the importance of photosensors has continuously 
increased [4,5]. Photosensors are already being used in various fields, 
such as healthcare, optoelectronics, and information technology [6,7]. 
Among them, thin-film transistors (TFTs) using oxide semiconductors 
are considered promising photosensors because of their high field-effect 
mobility, stability, transparency, low leakage current, and their avail
ability in large-scale devices [8–10]. 

Zinc oxide (ZnO) is a conventional material used in oxide semi
conductor TFTs [11,12]. Advanced studies have been conducted on 
oxide phototransistors with ZnO as the active layer, including for 
stretchable devices and higher photoresponsivity [13,14]. Photo
transistors with a ZnO active layer show poor photoresponsivity in the 

visible light region because of its wide band gap [15]. To improve the 
photoresponsivity in the visible light region, heterostructures with small 
band gap materials, such as two-dimensional semiconductors, metal 
nanoparticles, and organic semiconductors, have been used [16–18]. 
However, these heterostructures led to the formation of interfacial traps 
and an increase in the off-current in the phototransistor [19,20]. These 
factors resulted in poor performance and instability of the device 
[21–23]. Ultimately, heterostructures with other materials required 
additional processing [24]. Thus, it is necessary to form a single active 
layer in phototransistors, satisfying both high photoresponsivity in the 
visible light region and good performance as a phototransistor. 

Zinc oxysulfide (ZnO1-xSx) is often used in photovoltaic devices 
because of its stability, wide band gap, and nontoxicity [25–27]. In 
addition, ZnO1-xSx has tunable electronic properties, achieved by 
adjusting the S-to-O ratio [28,29]. There are several deposition tech
niques for the formation of ZnO1-xSx films, such as reactive sputtering, 
atomic layer deposition, and chemical bath deposition [30,31]. In the 
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reactive sputtering method, using a ZnS single target, the S-to-O ratio in 
ZnO1-xSx can be easily adjusted by controlling the O2/Ar mixed gas flux 
[32–34]. Variation in the energy level and band gap bowing behavior of 
ZnO1-xSx typically occur [35,36]. When S/(S + O) is less than 0.5, the 
band gap of ZnO1-xSx decreases as S/(S + O) increases [37,38]. 

In this study, we applied ZnO1-xSx with × contents of 0, 0.1, and 0.2 
as the single active layer of a phototransistor to verify the feasibility of 
the ZnO1-xSx film. The band gap of ZnO1-xSx decreased as the amount of S 
increased. Phototransistors with ZnO0.9S0.1 exhibited the best perfor
mance with respect to the threshold voltage and subthreshold swing. 
The presence of S atoms (x ~ 0.1) improved the photoresponsivity under 
illumination in both the ultraviolet (UV) and visible regions. The pho
toresponsivity and maximum photosensitivity were 8.0 × 102 A/W and 
1.7 × 104 under 450 nm light illumination. From the X-ray photoelec
tron spectroscopy (XPS) results, we discovered that the number of ox
ygen vacancies increased with increasing S content in the ZnO1-xSx film, 
resulting in an improvement in the photoresponsivity. Moreover, the 
mechanism of electron transport was suggested through energy band 
alignment in phototransistors with ZnO1-xSx as a function of S content. 
The incorporation of S atoms in ZnO1-xSx induced a decrease in the band 
gap and the formation of sub-gaps within the band gap, which allows the 
formation of oxygen vacancies simultaneously. When light in the UV and 
visible regions is injected into the phototransistor, the probability of 
electron excitation is increased in proportion to the S content, resulting 
in the improvement of photoresponsivity. However, the incorporation of 
S atoms in ZnO1-xSx deteriorated the mobility of electrons, reducing the 
number of electrons that could contribute to the current. Thus, the 
photoresponsivity of the phototransistor was the best in the case of 
ZnO0.9S0.1. Consequently, we confirmed that we successfully applied a 
ZnO1-xSx single active layer to a phototransistor with improved photo
responsivity in the UV and visible regions. 

2. Experimental section 

2.1. Device fabrication 

Si/SiO2 wafer (thickness of SiO2 = 100 nm) was cleaned by soni
cation using acetone, isopropyl alcohol, and deionized water. A ZnO1-xSx 
layer was deposited by reactive sputtering with a single ZnO or ZnS 
sputter target, adjusting the working pressure and the O2 pure gas flux or 
O2/Ar (10 %) mixed gas flux at a substrate temperature of 300 ◦C, 
respectively [29,30]. The thickness of the ZnO1-xSx was approximately 
20 nm. The working pressure of ZnO was 30 mTorr, and O2/(O2 + Ar) 
was 25.0 %. In the case of ZnO0.9S0.1, the working pressure was 5 mTorr, 
and O2/(O2 + Ar) was 3.0 %. For ZnO0.8S0.2, the working pressure was 5 
mTorr, and O2/(O2 + Ar) was 1.8 % [32–34]. Finally, an Al electrode 
was deposited at 100 nm through e-beam evaporation. 

2.2. Characterization 

The transfer curves of the phototransistors were characterized using 
a semiconductor parameter analyzer (HP 4145B, HP, USA) and a probe 
station. The optoelectrical characteristics under dark condition and 
various illumination with the wavelengths (λ) of 405, 450, 535, and 650 
nm were investigated with an illumination power of approximately 4.5 
mW/cm2 (CPS520, Thorlabs, USA) [14,39–41]. The optical trans
mittance was measured using an ultraviolet–visible (UV–vis) spectro
photometer (Lambda 1050, PerkinElmer, USA). XPS measurements (PHI 
5000 VersaProbe, Ulvac-PHI, Japan) were performed to analyze the 
interfacial chemical properties of the phototransistors with an Al Kα 
(1486.6 eV) source. 

2.3. Composition of ZnO1-xSx film 

The composition of the ZnO1-xSx film was determined by the ratio of 
S to O, derived from the XPS atomic concentration results. 

3. Results and discussion 

Fig. 1a shows the optical transmittance of the ZnO1-xSx film with the 
varied S content. The average transmittance between 400 and 700 nm 
was measured of 99.1 % for ZnO, 97.0 % for ZnO0.9S0.1, and 95.0 % for 
ZnO0.8S0.2. All cases showed high transparency in the visible region. 
Fig. 1b shows the tauc plot of ZnO1-xSx as a function of S content ob
tained from optical transmittance by calculating the absorption coeffi
cient [36,37]. 
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The extrapolation technique was used to confirm the band gap of 
ZnO1-xSx [29,32,33]. The band gap was measured of 3.24 eV for ZnO, 
3.15 eV for ZnO0.9S0.1, and 2.96 eV for ZnO0.8S0.2. As the amount of S 
increased, the band gap values of ZnO1-xSx decreased, which implies that 
the ZnO1-xSx film can be used as a replacement for ZnO in photo
transistors in terms of optical properties. 

We therefore fabricated phototransistors with a ZnO1-xSx single 
active layer as a function of S content. Fig. 2a shows the phototransistor 
structure. A 100 nm-thick SiO2 layer was formed on a p++ Si wafer 
through the oxidation process. When a voltage higher than the threshold 
voltage is applied to the Si gate, an accumulation region is formed in the 
ZnO1-xSx active layer, and a channel is created. The current can flow 
between the Al source and drain through this channel [42,43]. Photo
transistors exhibited various photoelectric properties according to the 
wavelength of the incident light. The transfer curves of the photo
transistors with the ZnO1-xSx active layer under dark conditions are 
shown in Fig. 2b. The drain voltage (VD) was 20 V, and the gate voltage 
(VG) was varied from − 30 V to 30 V. As the amount of S increased, the 
maximum value of the on-current decreased. Additionally, the shape of 
the transfer curve became unstable as the amount of S increased, which 
indicates the deterioration of the electrical properties of the photo
transistor. Four parameters were calculated for the dark transfer curves, 
as summarized in Table 1. μ(sat) is electron saturation mobility. Vth is 
threshold voltage, which is the voltage required to create a conductive 
path in the active layer. Subthreshold swing is the voltage required to 
increase the current 10 times. Ion/Ioff is the on–off ratio, which is the on- 
current divided by the off-current. Interestingly, we observed that the 
threshold voltage and subthreshold swing were the best in the photo
transistor with ZnO0.9S0.1, whereas a hump-like shape appeared in the 
case of ZnO0.8S0.2, as indicated by the black arrow in Fig. 2b, which 
indicates a significant deterioration of the electrical properties. When 
the S content was more than half of the composition of ZnO1-xSx, the 
phototransistor did not operate (Supporting Fig. S1). Electrical proper
ties such as electron saturation mobility and on–off ratio significantly 
deteriorated with increasing S content. It is explained by the change in 
the atomic lattice derived from the incorporation of S into the ZnO 
lattice, which interferes with the movement of electrons and leads to the 
scattering of electrons [36]. Thus, it resulted in poor performance of 
phototransistors with a ZnO1-xSx (x > 0.2) active layer. 

The transfer curves of the phototransistors with the ZnO1-xSx active 
layer were measured to evaluate the characteristics of photoresponsivity 
according to the wavelength. Fig. 3 shows the photoelectrical properties 
of the phototransistors with the ZnO1-xSx active layer under various 
illumination (λ = 635 nm, 535 nm, 450 nm, and 405 nm; power density 
= 4.5 mW/cm2). The VD was 20 V, and the VG was set from − 30 V to 30 
V. Transfer curves of the phototransistors with ZnO can be confirmed by 
Fig. 3a. Because the band gap of ZnO was 3.24 eV, the phototransistor 
with the ZnO active layer responds to UV light of 405 nm, and the 
photocurrent is generated by the migration of electrons from the valence 
band to the conduction band of ZnO. However, increased photocurrent 
and negative shifts of the threshold voltage were found in light of 450 
nm and 535 nm, which may be due to the existence of oxygen vacancies 
formed at the sub-gaps within ZnO [44–46]. Ionized oxygen vacancies 
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by an electric field or illumination acts as a donor to generate a photo
current, even for light with low energy [47,48]. Fig. 3b shows the 
transfer curves of the phototransistor with ZnO0.9S0.1. The photo
responsivity improved in both the UV and visible light regions. The 
improvement was significantly greater for the light of 405 nm and 450 
nm. The band gap of ZnO0.9S0.1 was 3.15 eV, smaller than that of ZnO. 
Additionally, the incorporation of S into the ZnO lattice induces the 
formation of oxygen vacancies [49,50]. We deduced that these factors 
contribute to the improved photoresponsivity of the phototransistor 
with ZnO0.9S0.1 in both the UV and visible light regions. When the 
transfer curves of the phototransistor with ZnO0.8S0.2 are investigated, 
as shown in Fig. 3c, the photoresponsivity was higher than that of ZnO, 
but not higher than that of ZnO0.9S0.1. Moreover, the transfer curves in 

Fig. 3c are entirely unstable. The band gap of ZnO0.8S0.2 was 2.96 eV, 
smaller than that of ZnO0.9S0.1, and ZnO0.8S0.2 has more oxygen va
cancies because of the increased amount of S. Then the phototransistor 
with ZnO0.8S0.2 was expected to have a higher photoresponsivity than 
that with ZnO0.9S0.1, but it was not. We could affirm that an excessive 
amount of S in the ZnO lattice significantly scatters electrons, inducing 
the deterioration of the electrical properties of the phototransistor. And 
it led to a weakened photoresponsivity than that of ZnO0.9S0.1 [36]. In 
the case of ZnO0.9S0.1, the photoresponsivity was significantly improved 
than that of ZnO because of the decrease in the band gap and the in
crease in the number of oxygen vacancies, but the electrical properties 
deteriorated than that of ZnO. It can be also confirmed by the values 
shown in Table 1. The incorporation of S into ZnO led to an improve
ment of the photoresponsivity of the phototransistor, as well as the 
deterioration of the electrical properties. 

To confirm the degree of enhancement of the photoresponsivity, the 
photoresponsivity and photosensitivity are calculated from the transfer 
curves, as shown in Fig. 4. The photoresponsivity of the phototransistors 
with the ZnO1-xSx active layer was calculated by the below equation 
according to the wavelengths (Fig. 4a). The VD was 20 V, and the VG was 
− 15 V. 

Photoresponsivity =
(Ilight-Idark)/Apt

P/Apd  

where Ilight is the current of the phototransistors under illumination, Idark 
is the dark current, Apt is the product of the channel width and thickness, 
P is the power of the incident light, and Apd is the spot size of the laser 
source. The phototransistor with ZnO showed a photoresponsivity of 4.9 

Fig. 1. (Color online) (a) Transmittance of ZnO1-xSx film. (b) Tauc plot of ZnO1-xSx film.  

Fig. 2. (Color online) (a) Schematic design of the phototransistors with ZnO1-xSx single active layer. (b) Transfer curves of the phototransistors with ZnO1-xSx single 
active layer without illumination. 

Table 1 
Four electrical parameters calculated from the dark transfer curves of ZnO1-xSx 
in Fig. 2b. μ(sat) is electron saturation mobility. Vth is threshold voltage, which is 
the voltage required to create a conductive path in the active layer. Subthreshold 
swing is the voltage required to increase the current 10 times. Ion/Ioff is the 
on–off ratio, which is the on-current divided by the off-current.   

μ(sat) (cm2/ 
V⋅s) 

Vth 

(V) 
Subthreshold Swing 
(V− 1) 

Ion/Ioff 

ZnO  0.189  12.9  1.455 3.133 ×
105 

ZnO0.9S0.1  0.054  10.1  0.917 1.468 ×
105 

ZnO0.8S0.2  0.035  14.7  1.503 0.866 ×
105  
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× 10 A/W at a wavelength of 405 nm and 1.1 × 10 A/W at a wavelength 
of 450 nm. In addition, it had a very low photoresponsivity for the 
wavelength of 535 nm and 635 nm. In the case of ZnO0.9S0.1, the pho
toresponsivity was calculated as 6.5 × 103 A/W and 8.0 × 102 A/W for 
the wavelength of 405 nm and 450 nm, respectively. The photo
responsivity was significantly improved compared to the case of ZnO for 
the wavelength of 405 nm and 450 nm. Moreover, the photoresponsivity 
for the wavelength of 535 nm and 635 nm was also improved than that 
of ZnO. In the case of ZnO0.8S0.2, the photoresponsivity for the wave
length of 405 nm and 450 nm decreased to 4.7 × 102 A/W and 6.7 × 10 
A/W compared to the case of ZnO0.9S0.1. However, the improved pho
toresponsivity was confirmed for all wavelengths of light as compared to 
the ZnO. The photosensitivity of the phototransistors with the ZnO1-xSx 
active layer was calculated by the below equation according to the 

wavelengths (Fig. 4b). The photosensitivity is a unitless ratio of current. 
The VD was 20 V, and the wavelength of the light was 450 nm. The light 
of 450 nm was selected to confirm the degree of the enhancement of the 
photosensitivity in the visible region. 

Photosensitivity =
(Ilight-Idark)

Idark  

where Ilight is the current of the phototransistors under illumination and 
Idark is the dark current. In the case of ZnO, the maximum photosensi
tivity was 5.9 × 102, whereas it considerably increased up to 1.7 × 104 

in the case of ZnO0.9S0.1. In addition, photosensitivity increased in all 
ranges of VG. Similar to the photoresponsivity trend, the photosensitivity 
of ZnO0.8S0.2 was calculated to be the middle value between ZnO0.9S0.1 
and ZnO in the negative VG region. The maximum photosensitivity was 

Fig. 3. (Color online) Transfer curves with the illumination of various wavelengths for (a) the phototransistor with ZnO, (b) the phototransistor with ZnO0.9S0.1, and 
(c) the phototransistor with ZnO0.8S0.2. 

Fig. 4. (Color online) (a) Photoresponsivity of the phototransistors with ZnO1-xSx single active layer. (b) Photosensitivity of the phototransistors with ZnO1-xSx single 
active layer. 
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9.2 × 102. In the positive VG region, the photosensitivity was lower than 
that of ZnO. It is because Ilight significantly decreased due to the dete
rioration of the phototransistor with ZnO0.8S0.2, which can be confirmed 
in the positive VG region of Fig. 3c. Thus, the composition of ZnO1-xSx for 
the performance of the phototransistor was optimized for ZnO0.9S0.1. 

To identify the differences in the characteristics of photoresponsivity 
and photosensitivity according to the wavelength, the chemical state of 
ZnO1-xSx as a function of S content was analyzed by measuring XPS. In 
the S 2p spectra, as the amount of S increased, the intensity of the S 2p 
peak increased at 161.9 eV, which did not exist in the case of ZnO. In the 
Zn 2p3/2 spectra, as the amount of S increased, a peak shift was observed 
from 1021.6 eV to 1021.8 eV, which is due to the increase of Zn-S 
bonding with higher binding energy than Zn-O bonding in proportion 
to the S content in the film (refer to Supporting Fig. S2) [51,52]. To 
extract the chemical states related to oxygen vacancies in the ZnO1-xSx 
film, the O 1s spectra is deconvoluted, as shown in Fig. 5. There were 
three phases, with peak positions of 530.4 eV, 531.7 eV, and 532.6 eV, 
marked as OI, OII, and OIII. OI is ascribed to Zn-O bonding, OII corre
sponds to the oxygen vacancy, and OIII reflects the hydroxyl group of 
ZnO1-xSx [32,53]. The relative area ratio is obtained from each O 1s peak 
depending on the S content in the ZnO1-xSx film, as indicated in Fig. 5b. 
It was clear that when the amount of S increased, the OI corresponding to 
the Zn-O bonding decreased and the OII corresponding to the oxygen 
vacancy increased. However, there was no significant difference in OIII 
corresponding to the hydroxyl group. The trend of oxygen vacancies in 
ZnO1-xSx was the same as the device performance. Oxygen vacancies 
formed at sub-gaps leads to the flow of photocurrent even with the light 
of low energy, which allows the improvement of the photoresponsivity, 
as shown in Fig. 3. However, too much S in the ZnO lattice significantly 
scatters electrons. It led to the deteriorated electrical properties and 
poor performance of the phototransistor with ZnO0.8S0.2. 

To understand the mechanism of the movement of electrons in the 
phototransistor with the ZnO1-xSx active layer in terms of photo
responsivity, we attempted to depict the band diagram of ZnO1-xSx in 
contact with a SiO2 gate oxide by measuring XPS. The extrapolation 
technique was used for the valence band spectra of ZnO1-xSx as a func
tion of S content. From the results, each ΔEV (ΔEV = EF - EV) was 
characterized by 2.79 eV, 2.55 eV, and 1.99 eV for ZnO, ZnO0.9S0.1, and 

ZnO0.8S0.2, respectively (refer to Supporting Fig. S3). Based on the band 
gap obtained from the tauc plot (Fig. 1b), each ΔEC (ΔEC = EC - EF) was 
calculated by 0.45 eV, 0.60 eV, and 0.97 eV for ZnO, ZnO0.9S0.1, and 
ZnO0.8S0.2, respectively. The energy band diagrams of the photo
transistors with the ZnO1-xSx active layer were obtained by synthesizing 
the above factors. As the amount of S increased, the conduction band 
minimum (CBM) was further away from the Fermi level (EF) in the ZnO1- 

xSx layer. It means that the electrical conductivity decreased as the 
amount of S increased in the ZnO1-xSx film, which influenced the elec
trical properties of the phototransistors. It is revealed that the transfer 
curve become unstable as the amount of S increases, as shown in Fig. 2b. 
In ZnO, higher defect density generally means higher carrier concen
tration, which increases the electrical conductivity of the film. It means 
the narrowing between the EF and the CBM. However, as the composi
tion of S increased, the electron mobility of the film decreased signifi
cantly due to the interference of the S atom with electron movement. 
The electrical conductivity is affected by both carrier concentration and 
electron mobility. As a result, according to the increase of S content, the 
electrical conductivity of the film decreased due to the deteriorated 
electron mobility. It means a wider gap between the EF and the CBM. We 
observe that the difference in the photoresponsivity gets larger when the 
VG is negative in the phototransistor, as shown in Fig. 3, which induces 
upward band bending of the ZnO1-xSx layer [20,23]. 

Based on the chemical states and energy band diagram, we propose a 
mechanism for the movement of electrons in the phototransistors with a 
ZnO1-xSx active layer, as described in Fig. 6 [14,20,23,39–41]. The 
photoresponsivity showed the highest value with irradiation at a 
wavelength of 405 nm (Fig. 4a). According to the literature, oxygen 
vacancies exist as sub-gap states [44–46]. And ionized oxygen vacancies 
act as donors to donate electrons in the ZnO1-xSx film when light with 
sufficiently high energy is irradiated [47,48]. These oxygen vacancies 
become larger at the sub-gap of the ZnO1-xSx film with increasing S 
content [49,50]. When light with sufficiently high energy is injected into 
the ZnO1-xSx film, the number of electrons excited to the conduction 
band increases in proportion to the S content because of the reduced 
band gap of the ZnO1-xSx film and the increased number of oxygen va
cancies. At negative VG, electrons migrate to the surface and then flow 
between the Al source and drain. However, even though the number of 

Fig. 5. (Color online) (a) Deconvoluted result of XPS O 1s spectra of ZnO1-xSx. (b) Ratio of the three peaks (OI, OII, and OIII) area in the deconvoluted result of XPS O 
1s spectra of ZnO1-xSx. 
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excited electrons is larger, if the electron mobility is too low, the number 
of electrons contributing to the current becomes small. Thus, the current 
flow is determined by the effective electrons governed by both the 
number of electrons and the mobility. Because the photoresponsivity is 
determined by the effective electrons, it is reasonable that photo
responsivity showed the best performance in the case of ZnO0.9S0.1. 

4. Conclusions 

We applied ZnO1-xSx with electrical tunability to a phototransistor as 
a single active layer. As the amount of S increased, the band gap of ZnO1- 

xSx decreased, and the electrical characteristics of the transistor, such as 
electron saturation mobility and on–off ratio, deteriorated. However, 
the incorporation of S enhanced the photoresponsivity of the photo
transistor in the UV and visible regions, especially for the wavelength of 
405 nm and 450 nm. The phototransistor with ZnO0.9S0.1 showed pho
toresponsivity and maximum photosensitivity of 8.0 × 102 A/W and 1.7 
× 104, for the wavelength of 450 nm. Through XPS measurements, it was 
confirmed that the cause of the improvement of the photoresponsivity 
was originated from the increase of the number of oxygen vacancies. In 
addition, the mechanism of electron transport in the phototransistors 
with the ZnO1-xSx single active layer was demonstrated by the energy 
band diagrams derived from XPS analysis. Consequently, our results 
suggest that the ZnO1-xSx single active layer successfully improved the 
photoresponsivity of the phototransistors in the UV and visible regions. 
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