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Abstract
The heterojunction photodetector between n-SrTiO3 (n-STO) and p-CuS-ZnS

(p-CZS) is prepared by a simple chemical bath deposition. The p-CZS/n-STO pho-

todetector exhibits excellent self-powered characteristics under 390-nm light illu-

mination, including high photosensitivity (on/off ratio of 300), fast response speed

(0.7/94.6 ms), and good wavelength selectivity (410-380 nm). More importantly,

the self-powered n-STO photodetectors can be regulated by varying the composi-

tion of CZS film (p-CZS, p-CuS, and n-ZnS). All devices exhibit a large open-

circuit voltage and show different self-powered behaviors because of the different

built-in electric fields. The open-circuit voltages of the CZS/STO, CuS/STO, and

ZnS/STO devices are measured to be 0.56, 0.30, and 0.35 V, respectively. This

work provides a simple and effective way to fabricate tunable self-powered photo-

detectors by varying the composition of the nanocomposite film.
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1 | INTRODUCTION

Photodetectors, which detect irradiation directly by trans-
forming light into electrical signals based on photoelectric
effect, have been extensively used in various applications,
such as environmental monitoring, biological/chemical anal-
ysis, flame detection, and communications.1-7 Recently,
many groups are dedicated to realizing photodetectors with
self-powered characteristics.8-12 The self-powered devices
can work under zero bias due to the photovoltaic effect from
p-n junctions or heterojunctions under light illumination,
and are particularly appealing for their miniaturization and
portability. Thus, construction of effective heterojunction
between different materials in demand the built-in electric
field will act as a driving force to separate photogenerated
electron-hole pairs efficiently, thereby generating stable pho-
tocurrent without consuming external power. P-n junction-

based detectors have the advantages of wide linear range,
fast response speed, low noise, and good photoelectric per-
formance.13-17 Significant progresses in p-n type photodetec-
tors have been achieved with self-powered behaviors or
enhanced performance.18-23 However, it is still extremely
important to fabricate self-powered photodetectors with
tailorable properties, and exploring their in-depth mecha-
nism for practical applications.

Strontium titanate (SrTiO3, STO), with a typical perov-
skite structure, has a wide optical bandgap of 3.2 eV, high
dielectric constant, low dielectric loss, and good thermal stabil-
ity. Therefore, STO has attracted growing attention in recent
years for the applications in the fields of electronics, machinery,
and functional ceramics.24-28 Furthermore, STO has a high
photocatalytic activity, unique electromagnetic properties and
redox activity, and therefore widely used in photocatalysis,
water splitting, and fuel cells.29-31 In addition, STO crystal film
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is a very attractive substrate for the growth of various oxide
thin films and heterointerfaces.32-34 However, few reports are
available about the STO crystal in the field of photodetectors.
Zhou et al have fabricated the STO-based high-detectivity pho-
todetectors with different metal electrodes (Pt, Ni, and Ag).35

Among them, the Ag/STO/Ag device depicted the highest res-
ponsivity and the lowest dark current because of the largest
Schottky barrier between Ag electrode and STO. Jing et al
have developed the STO/TiO2 heterostructure ultraviolet
(UV) detector with high responsivity and large on/off ratio via
a two-step in situ hydrothermal method.36 The high res-
ponsivity and large on/off ratio of the STO/TiO2 device were
attributed to the enhancement in charge separation originating
from the coupling effect of STO and TiO2 nanocomposites.
However, these efforts lack the discussion of the self-powered
characteristics of STO devices. Therefore, it is worth exploring
the self-powered behavior and developing the integrated fea-
tures based on STO crystals.

In our recent report, we have developed a p-type trans-
parent, highly conductive (CuS)X:(ZnS)1−X (CZS) film via
the facile, low-cost chemical bath deposition method, which
consists of ZnS and CuS nanocrystallites.37 We demon-
strated that the hole conductivity can be achieved as high as
1000 S cm–1, and the film transparency can be tailored by
adjusting the concentration of the complexing agents which
can reach up to 70% in the visible range of the spectrum. Xu
et al fabricated the p-CuS-ZnS (p-CZS)/n-ZnO UV photodi-
ode with a good rectifying characteristics and a self-powered
feature, which showed stable and fast photoresponse.38

Meanwhile, we demonstrated the successful fabrication of a
novel wearable self-powered p-CZS/n-TiO2 UV device with
high performance.39 The fiber-shaped device shows an out-
standing responsivity and high photocurrent. The as-
fabricated real-time wearable UV radiation sensor can read
out ambient UV power density and transmits data to smart
phones via wifi. These results indicate that p-CZS films can
act as a promising candidate for constructing heterojunction
with other semiconductor material. More importantly, the
properties of CZS nanocomposite film can be easily tuned
by adjusting the ZnS to CuS ratio in precursor solution. And
the CZS film can grow directly on various substrates. How-
ever, these works are only limited to utilize the p-CZS film.
Therefore, further research is very attractive to investigate
the photoelectric properties of STO device with the composi-
tion of CZS film (p-CZS, p-CuS, and n-ZnS).

In this work, we fabricated the p-CZS/n-STO hetero-
junction film by a facile chemical bath deposition method.
The as-fabricated CZS/STO photodetector shows an excel-
lent self-powered behavior, including high photosensitivity
(on/off ratio of 300), fast response speed (0.7/94.6 ms), and
good wavelength selectivity (410-380 nm). Moreover, we
have demonstrated that the photoelectric performance of

such CZS/STO heterojunction photodetector can be easily reg-
ulated by adjusting the composition of the nanocomposite film
(p-CZS, p-CuS, and n-ZnS). Due to the differences in built-in
electric fields, each device shows different self-powered behav-
iors with large open-circuit voltage. In addition, under symmet-
rical positive and negative bias, different devices exhibit
significantly different optoelectronic properties.

2 | RESULTS AND DISCUSSION

The CZS composite film is prepared by a simple chemical
bath deposition method. Scanning electron microscopy
(SEM) was employed to study the morphology of the as-
prepared p-type transparent conducting CZS nanocomposite
film, and the images are displayed in Figure 1. For comparison,
the SEM images of ZnS and CuS films are also displayed in
Figure 1. The SEM images clearly show that the CZS film
(Figure 1A,D) consists of small crystal domains (less than
10 nm) of CuS and ZnS, and this morphology favors the
homogeneity and smoothness of the nanocomposite film. The
CuS film (Figure 1B,E) shows the protruding, granular crystals
with an average size of ~80 nm, which results the larger rough-
ness of the CuS film. The ZnS film (Figure 1C,F) consists of
tiny nanocrystals with numerous larger aggregates, leading to
an island-like morphology. Compared with the deposition of
pristine ZnS and CuS films via solution method, the mutual
nucleation and growth of ZnS and CuS nanocrystals on the
same substrate in the reaction solution might have affected the
growth and hence the morphology of the composite CZS films.
Herein, complexing agent was utilized to balance the free ion
concentration of Zn2+ and Cu2+ which slowed down their
release rate in the chemical bath, thereby promoting the simul-
taneous nucleation of ZnS and CuS nanocrystals within one
film. Once the Zn2+ and Cu2+ ions meet S2− ions, the growth
of the homogeneous film is initiated at the surface of the sub-
strate. The simultaneous growth of the both ZnS and CuS
nanocrystal within one film might confine the size of the crystal
domain and contribute to the development of the smooth film.
Comparing the three films, the CuS film with large crystal
domains shows good compactness while the ZnS thin film with
small crystal domains shows discontinuous morphology. The
CZS composite film composed of small CuS and ZnS
nanoparticles resulting in a compact and uniform film. In addi-
tion, this CZS composite film can be grown in situ on
various substrates (quartz, silicon, etc.) or other semiconductor
materials to construct heterojunctions via facile solution
process.37-39

Figure 2A demonstrates the X-ray diffraction (XRD) pat-
tern of the STO crystal film. The diffraction peak for the
STO crystal appearing at 22.8�and 46.5� are assigned to
(100) and (200) crystal planes of cubic strontium titanate
(JCPDF no. 35-0734), respectively. All the peak positions
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and their relative intensities are in good agreement with the
lattice parameters of a = b = c = 3.905 Å. Note that the
linewidth of the peak is very small, which implies the
single-crystal properties of STO film. Wide-angle X-ray
scattering spectroscopy (WAXS) patterns are used to study
the crystal structure of CZS films. As seen in Figure 2B,
CuS film has a covellite CuS phase, and ZnS owns a sphal-
erite structure. The CZS film demonstrates a mixed phase of
both ZnS and CuS, indicating the successful formation of
the nanocomposite film. The hole conductivity of the

nanocomposite film comes from the conducting network of
CuS nanocrystals while the transparency is resulted from the
small size of ZnS and CuS (less than 5 nm) nanocrystal
domains. Furthermore, X-ray photoelectron spectroscopy
(XPS) patterns were recorded to analyze the surface chemi-
cal compositions and the chemical state of each element.
Figure S1a displays the full survey spectrum of the CZS
film, and reveals the dominant existence of Cu, Zn, and S
elements. Figure S1b,c display the full survey spectrum of
the CuS and ZnS, respectively. The spectra reveal the

FIGURE 1 The SEM images of the different samples in different magnification. A,D CuS-ZnS, B,E CuS, and C,F ZnS. SEM, scanning
electron microscopy
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dominant existence of Cu and S elements in CuS samples,
and Zn and S elements in ZnS film. The binding energy
peaks located at 952.2 and 932.4 eV are related to Cu 2p1/2
and Cu 2p3/2 (Figure S1d), respectively, and the splitting
peaks located at 1046.5 and 1022.6 eV are assigned to Zn
2p1/2 and Zn 2p3/2 (Figure S1e), respectively. The binding
energy peak located at 163.4 eV can be ascribed to S 2p3/2
(Figure S1f). These results confirm the existence of Cu, Zn,
and S in CZS film. In addition, the absorption spectrum of
STO film was measured to study its optical properties. As
shown in Figure S2a, the sharp absorption edge of STO is at
390 nm. The optical band gap could be estimated by the
Tauc plots calculated from the UV-vis absorbance spectra.
As shown in Figure S2b, the band gap of STO crystal is esti-
mated to be 3.08 eV. The optical transmittance and the band
gap of CZS nanocomposite films is consistent with our pre-
vious report. ZnS film depicts a band gap of 3.6 eV, and
CuS film shows an optical band gap of 2.1 eV, and <40%
transmission in the visible region. The CZS film shows a
peak transparency of 75% at 600 nm, and the band gaps can
be tuned in the range of 2.1 to 3.6 eV by controlling the Cu
composition.

In order to explore self-powered characteristics, the
p-CZS composite film was integrated with n-STO crystal to
construct heterojunction. Herein, half of the STO crystal film
was covered with adhesive tape and immersed in precursor
solution of CZS. Then the CZS film was grown on the other
half of STO film (exposed part) to form a heterojunction at
room temperature. The device consists of p-CZS/n-STO het-
erojunction with two small indium pastes as the electrodes,
as illustrated in Figure 3A. The I-V characteristics of the
CZS/STO and pure STO device in dark and under light illu-
mination are shown in Figure 3B. The nonsymmetrical I-V
curve of CZS/STO device in dark indicates the rectifying
behavior from the p-n junction. Under 390-nm illumination
(power density of 1.46 mW cm−2), a great enhancement in
current is observed and the photocurrent reaches 3 nA. To
be more specific, the photocurrent of the device is about

three orders of magnitude higher than that in dark at the bias
of 3 V, which is slightly lower under the reverse bias. More
importantly, a noticeable shift of I-V curve under 390-nm
light illumination suggests the generation of a large open-
circuit voltage (0.56 V) from the p-CZS/n-STO hetero-
junction. In other words, this device exhibits great potential
to work in a self-powered mode, and its photocurrent can
reach ~1 nA at zero bias. To understand the origin of the
photovoltaic effect, I-V characteristics of the pure STO sam-
ple were measured and displayed in Figure 3B. A remark-
able enhancement in the current under the light illumination
(390 nm) is observed for pure STO. At the bias of 3 V, its
photocurrent approaches to 1 nA, which is nearly two orders
of magnitude higher than that in dark. Besides, the I-V curve
shows a negligible shift between dark and illuminating con-
ditions, indicating that it is a photoconductive-type photode-
tector. The symmetric I-V characteristic indicated the ohmic
contact of n-STO and indium electrode. Therefore, the built-
in electric field is believed to come from the p-n junction of
p-CZS/n-STO. Compared with the optoelectronic perfor-
mance of plain STO, the photocurrent of the CZS/STO
device is greatly increased while the dark current is signifi-
cantly decreased. There are mainly two reasons: firstly, the
UV light absorption is increased from the p-CZS layer due
to the presence of ZnS and CuS nanocrystal phases. Sec-
ondly, effective charge separation might have occurred at
the interface of p-n junction and favored for an increased
carrier lifetime resulting in the overall higher photocurrent.
As a result, the ratio of photo current to dark current is
greatly improved with the construction of the p-n junction.
These results demonstrate that the p-CZS/n-STO device not
only shows enhanced photoelectric properties, but also has
self-powered characteristics.

The stability and response speed are important parameters
in the characterization of photodetectors. As shown in
Figure 3C, the current-time (I-t) characteristics of the
p-CZS/n-STO device demonstrates a fast photoresponse and
good repeatability without notable photocurrent decay at zero

FIGURE 2 A, XRD pattern of SrTiO3. B, WAXS patterns of CuS-ZnS, CuS, and ZnS films. XRD, X-ray diffraction; WAXS, wide-angle
X-ray scattering spectroscopy
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bias under 390-nm light illumination. The photocurrent of the
device rapidly increases to a steady state and quickly decreases
when the light irradiation is switched on and off without an
external power supply. This indicates that the electron-hole pairs
were effectively separated through the built-in electric field at
the interface. The photocurrent of the composite device is
achieved as high as 0.6 nA, and the dark current is as low as
2 pA. The on/off ratio, defined as the ratio of photocurrent to
dark current (Iph/Id) of the photodetector, is calculated to be
about 300 at zero bias. Moreover, the accurate time of the
CZS/STO device under zero bias was recorded through a quick
photoresponse measurement system. Figure 3D shows the nor-
malized curve of the device as a function of time. The rise time
(from 10% to 90%) and the decay time (from 90% to 10%) of the
device are estimated to be 0.7 and 94.6 ms at zero bias, respec-
tively. Rough preparation of the electrode and surface state of
CZS film may hinder the carrier transport and recombination,
thus leading to a long decay time. The corresponding optical
power density of the different wavelengths of the light

illumination is shown in Figure S3. The spectral responsivity
(Rλ) and detectivity (D*) are also key parameters to evaluate the
performance of a photodetector. The responsivity is defined as
the photocurrent flowing through the electrodes per incident
optical power which indicates the sensitivity of a device to
respond to the incident light signals. The detectivity (D*, typi-
cally quoted in Jones) reflects the ability of a detector to detect
weak signals from the noise environment. The responsivity and
the detectivity of a device can be calculated as follows:

Rλ =
Iph− Id
PλS

, ð1Þ

D* =
Rλ

2eId=Sð Þ1=2
, ð2Þ

where Iph-Id is the difference between the photo and dark
current, Pλ is the incident irradiation power density, e is the
electronic charge, λ is the excitation wavelength, and S is the

FIGURE 3 A, Schematic illustration of the CuS-ZnS/SrTiO3 device structure. B, I-V characteristics and C, I-t characteristics of the device in
the dark and under 390-nm light illumination. D, The normalized I-t curve of pulse response, E, the responsivity, and F, detectivity characteristics of
the device with irradiance wavelength ranging from 600 to 300 nm under zero bias

546 ZHANG ET AL.



effective area under light illumination, which is measured to
be about 0.05 cm2. As displayed in Figure 3E,F, the res-
ponsivity and detectivity of CZS/STO photodetector were cal-
culated using incident wavelength in the ranges of 600-300 nm
under 390-nm light illumination at zero bias. This device shows
maximum responsivity of 5.4 μA W−1 at 390 nm at zero bias,
which is close to the band gap of STO (3.08 eV). In general,
the narrowband photoresponse is related to the light penetration
length and charge diffusion length.40,41 The charge diffusion
length is influenced by the thickness of crystals and the applied
bias. Thanks to the thickness (0.5 mm) and single-crystalline
properties of the STO film, the device exhibits a fast speed and
narrowband response around at 390 nm as demonstrated in
Figure S4. The composite photodetector retains such a feature
with a narrowband response as the p-CZS film does not show
any photoresponse. The responsivity of the device increases
quickly from 420 nm (1.0 μA W−1) to 390 nm (5.4 μA W−1)
and then decreases rapidly to 370 nm (0.45 μA W−1) in the
range of 600 to 300 nm. The cutoff wavelengths, defined as
the ratio between the maximum and the natural constant
(e ≈ 2.718), are located at 410 and 380 nm (Figure 3E). The
trend of the detectivity is similar to that of the responsivity with
a maximum value of 1.6 × 109 Jones. The detectivity also
exhibits a narrow detection band between 410 and 380 nm.
These results suggest that the CZS/STO photodetector has
excellent self-powered features with a large on/off ratio (300)
and fast response speed (0.7/94.6 ms). It also has a good spec-
tral selectivity. The STO single crystal has an excellent stabil-
ity, and the CZS film has also shown a good stability
(<300�C).38 Therefore, the p-CZS/n-STO photodetector with

high performance can be maintained for several months in
the surrounding environment. As compared with two-
dimensional materials (black phosphorus and InSe
nanosheets), the p-CZS/n-STO device show better stability
and simpler preparation.42-44

To have a better understanding of the large open-circuit
voltage, a thorough study on the I-V characteristics of the
p-CZS/n-STO, p-CuS/STO, and n-ZnS/STO were per-
formed, and displayed in Figure 4A. The dark current of
CZS/STO device is almost the same as that of CuS/STO but
much lower than that of ZnS/STO. The three devices depict
the obvious difference in photocurrents. Among them, the
CZS/STO device exhibits the highest photocurrent while the
ZnS/STO device exhibits the lowest photocurrent. Both
the CZS/STO and CuS/STO devices show much higher pho-
tocurrent and much lower dark current than that of plain
STO device. By contrary, the photocurrent of the ZnS/STO
device is slightly lower than that of STO device, and the
dark current is slightly higher than that of STO device. All
films show negligible change between the dark and photo-
current (Figure S5). The CZS and CuS films are highly con-
ductive p-type semiconductors while the ZnS film is n-type
semiconductor with poor conductivity. The high conductiv-
ity of the CZS and CuS films is favorable for improving the
photocurrent of the devices. The successful formation of p-n
heterojunctions markedly reduces the dark current of the
devices. Note that all the photodetectors show self-powered
characteristics and large voltage offset under 390-nm illumi-
nation and are photodiode/photovoltaic devices. The open-
circuit voltages of the CZS/STO, CuS/STO, and ZnS/STO

FIGURE 4 A, I-V characteristics, B, I-t characteristics, C, the responsivities of CuZnS/SrTiO3 (STO), CuS/STO, and CuS/STO photodetectors
under 390-nm light illumination at zero bias. D, Schematic illustration showing the energy levels of CuZnS/STO device
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devices are measured to be 0.56, 0.30, and 0.35 V, respec-
tively. Among the three devices, CuS is a p-type semicon-
ductor and shows a small bandgap of ~1.55 eV, which is
primary cause for low-voltage offset. ZnS is expected to
have good absorption around 340 nm because of its gap
around 3.6 eV. However, it exhibits lower photocurrent
which is attributed to the loss of carriers, an indicative of
poor ZnS-STO interface. The CZS-STO device shows excel-
lent photovoltaic effect, and maximum offset (560 mV)
among all three devices, equivalent to Voc of a photovoltaic
device. The dark current of the CZS-STO device is as low as
~1 pA at 1 V, nearly independent of film composition
(ZnS/CuS/CZS). However, the light current for CZS-STO
device is almost double with respect to ZnS/STO and
CuS/STO at 3 V, which is attributed to the lesser surface
traps/defect levels at CZS-STO interface.

In order to investigate the self-powered properties, the
current-time and response characteristics of the CZS/STO,
CuS/STO, and ZnS/STO devices were measured under
390-nm light illumination at zero bias, and displayed in
Figure 4B,C. All devices exhibit a stable and reproducible
response under 390-nm light illumination at zero bias. The cur-
rent quickly rises and then falls with the light on and off for all
devices. The CZS/STO device shows high sensitivity to the
incident light with an on/off ratio (300) at zero bias. The
CuS/STO and ZnS/STO devices both exhibit on/off ratio about
100. High on/off ratio indicates that the electron-hole pairs has
been effectively generated and separated in the heterojunctions
for all three devices. The responsivities under zero bias with
incident wavelength ranging from 600 to 300 nm are shown in
Figure 4C. The higher responsivity of the CZS/STO device
than that of CuS/STO and ZnS/STO devices is attributed to its
enhanced photocurrent. Furthermore, each device shows excel-
lent spectral selectivity (380-410 nm). The responsivity peaks
are appeared at 390 nm under zero bias, and the responsivity
are measured to be 5.4, 1.5, and 1.0 μA W−1 for CZS/STO,
CuS/STO, and ZnS/STO devices, respectively, suggesting that
STO plays a primary role in the photodetection performance
for all devices. In addition, the ZnS film also contributes to the
photoresponse in UV light illumination. The responsivity peak
of the ZnS/STO device is centered at 340 nm which corre-
sponds to the optical band gap of ZnS film. The pure STO film
device exhibits narrow photoresponse (380-410 nm), and pro-
vides an excellent platform to integrate with other semi-
conductors, thereby forming the double-color self-powered
photodetectors. These results demonstrate that self-powered
characteristics of devices can be regulated by integrating STO
film with CZS nanocomposite film of different compositions
(p-CZS, p-CuS, and n-ZnS).

From UV-vis data, the bandgap of CZS film is estimated
to be 2.85 eV. Room temperature Hall measurements of
CZS film deposited on quartz show very high carrier

concentration of the order of ~1022 cm−3. At this carrier con-
centration, the CZS film can be regarded as degenerate. Hall
data reveals that the CZS film is p-type, and therefore the
Fermi level lies within the valence band as shown in
Figure 4D. The equilibrium band diagrams of CZS/STO
interface show the conduction band and valence band offsets
of about 1.47 and 1.58 eV, respectively. These offsets offer
large barriers for diffusion-induced transport of electrons
and holes. This explains a very low (~pA) forward current in
the dark as shown in Figure 4A. At low-to-moderate forward
bias in the dark, the barrier or built-in potential reduces from
its equilibrium value (1.38 V). However, the conduction and
valence band offsets are still large (~1 eV), which prevent
the significant flow of minority carriers by diffusion. Thus,
the dark current remains limited to a few pA range. In the
reverse bias under dark, the Fermi level on the CZS side is
pushed up with higher and higher reverse bias, it will level
with the conduction band on the STO side, making high
probability of electron tunneling from valence band of CZS
to conduction band of STO. Effects of traps or defects at the
CZS/STO interface are not considered in this band diagram.
The higher current in the reverse bias for CZS-STO device
in dark is very likely due to electron tunneling from valence
band of CZS to conduction band of STO. Similar behavior
was observed in CuS/STO device but not in ZnS/STO
device. Under illumination, the wavelength of incident radia-
tion (390 nm) is sufficient to generate excess electron-hole
pairs in the CZS film (band gap ~2.85 eV) resulting an
observed offset of around 500 mV. Both, CuS and CZS
show similar characteristics under dark and light illumina-
tion. However, owning to larger bandgap of CZS, the
CZS/STO device possesses higher open-circuit voltage than
CuS-STO device. ZnS makes the film n-type resulting in an
n-n + junction at higher bandgap.

To gain more insight into the photoelectric properties of
the as-fabricated devices, we further investigated their
photoresponses under 390-nm light illumination at the sym-
metric forward and reverse biases. Different biases are
adopted according to the open-circuit voltage of the different
devices. The binary response I-t characteristics of the
CZS/STO, CuS/STO, and CuS/STO devices are measured at
−0.55 and 0.55 V, −0.3 and 0.3 V, and −0.35 and 0.35 V
under 390-nm light illumination, respectively, and displayed
in Figure 5. All the devices show the stable and fast
photoresponse with markedly different responses for differ-
ent light at their symmetrical biases. The ratio of the photo-
current under positive bias to photocurrent under negative
bias for CZS/STO, CuS/STO, and ZnS/STO devices are cal-
culated to be 25, 30, and 20, respectively, indicating that all
devices have the excellent binary responses. The on/off
ratios for CZS/STO, CuS/STO, and ZnS/STO devices are
measured to be 200/50, 120/20, and 2/25, respectively, at
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different biases. Due to higher carrier concentration, the
CZS/STO device shows higher photocurrent and larger
on/off ratio than that of CuS/STO and ZnS/STO devices.
Interestingly, as displayed in Figure 5E,F, the photocurrent
of the ZnS/STO is lower than the dark current under
−0.35 V while higher than dark current under +0.35 V. The
photocurrent increases when the light is turned off and
decreases when the light is turned on at −0.35 V bias, show-
ing the different trend from that of at +0.35 V. These results
provide us promising candidates to design tunable self-
powered photodetectors for wide practical applications based
on p-CZS, p-CuS, and n-ZnS films.

3 | CONCLUSIONS

In summary, the p-CZS/n-STO heterojunction is prepared by
a facile chemical bath deposition method. The as-fabricated
CZS/STO photodetector exhibits excellent self-powered
characteristics under 390-nm light illumination, including

high photosensitivity (on/off ratio of 300), fast response
speed (0.7/94.6 ms), and good wavelength selectivity
(410-380 nm) due to photovoltaic effect. The self-powered
n-STO photodetectors can be regulated by varying the com-
position of CZS nanocomposite film (p-CZS, p-CuS, and
n-ZnS). All the devices exhibit a large open-circuit voltage
and show excellent self-powered characteristics of the differ-
ence and relation. In addition, each device exhibits signifi-
cantly different optoelectronic properties under symmetrical
positive and negative biases because of different built-in
electric fields. This work provides a simple and effective
approach to fabricate tunable high-performance self-powered
photodetectors.

4 | EXPERIMENTAL SECTION

4.1 | Preparation of CZS/STO heterojunction

The STO single-crystal films were purchased from Hefei
Kejing Materials Technology Co., Ltd, and other chemicals

FIGURE 5 I-t curves of different photodetectors under 390-nm light irradiation at theirs forward and reverse biases, respectively. A,B CuZnS,
C,D CuS, and E,F ZnS
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were purchased from Aladdin. The STO film has a cubic struc-
ture with (100) orientation, and a size of 10 × 10 × 0.5 mm.
All the chemicals were used as received without further purifi-
cation. Blend solution of 50 mL of CuSO4 and Zn(CH3COO)2
was prepared by dissolving in deionized water (DIW). Simi-
larly, Na2EDTA (C10H14N2Na2O8) (0.48 g, 25 mL) and
C2H5NS (0.3 g, 25 mL) were separately prepared by dissolving
in DIW. Later, 25 mL of Na2EDTA solution was added to the
50 mL blend solution of copper sulfate and zinc acetate, and
mixed in ultrasonic bath for 10 minutes. Then, C2H5NS solution
was added to the mixture solution. The STO film was directly
used without any treatment. Half of the STO film is covered
with high temperature tape and was immediately immersed in
the solution. The beaker was sealed and placed on a hot plate
under slow stirring at 75�C for 1 hour. Later, the STO film was
removed from the solution, washed with DIW, and dried by
nitrogen. Different (ZnS)x:(CuS)1 – x nanocomposite films were
achieved simply by adjusting the ZnS to CuS ratio in precursor
solution. The CuS/STO and ZnS/STO heterojunction films
were prepared by adjusting the solution only with CuSO4 or
Zn(CH3COO)2, respectively. Other experimental steps are simi-
lar to the preparation of CuZnS/STO film. Two small pieces of
indium grains were doctoral bladed onto the composite film
as electrodes to construct CZS/STO photodetectors. The diame-
ter of electrodes and the channel length are about 0.17 and
0.3 cm, respectively. The active area is about 0.05 cm2.

4.2 | Material characterization and
photoelectric measurements

Sample morphologies were examined using the field-emitting-
SEM (Zeiss Sigma). XRD patterns were collected on a Bruker
D8-A25 diffractometer using Cu Kα radiation (λ = 1.5405 Å)
in the 2θ range from 10� to 70�. XPS (E Perkin Elmer PHI
5000 C ESCA system equipped with a hemispherical electron
energy analyzer) was utilized to investigate the composition
and chemical state of each element in the samples. The binding
energy for C 1s peak at 284.6 eV was used as reference for cal-
ibration. The optical properties were characterized by a UV-vis
spectrophotometer (Hitachi U-3900H). The photoelectric per-
formance was characterized with a program-controlled semi-
conductor characterization system (Keithley 4200). The light
intensity was measured with a NOVA II power meter (OPHIR
Photonics). Time-resolved responses of the device were mea-
sured via a Nd:YAG 355-nm pulsed laser (a duration of
3-5 ns) and a digital oscilloscope. All the measurements were
performed in ambient conditions.
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