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ABSTRACT: We report alternative visible and ultraviolet light response spectra in a p-Cu2ZnSnS4 (p-CZTS)/n-GaN
heterojunction photodiode. A CZTS film was deposited on an n-GaN/sapphire substrate using a magnetron sputtering method.
Current−voltage characteristic of the p-CZTS/n-GaN heterojunction photodiode showed a good rectifying behavior. The
spectral response measurements indicate that the response wavelength of the photodiode can be tuned from ultraviolet to visible
regions via applying zero and reverse bias. A band alignment at the interface of the p-CZTS/n-GaN heterojunction was proposed
to interpret the spectral response of the device.
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■ INTRODUCTION
Solar energy is considered to be the most economic and
effective available renewable energy resources.1−3 Photovoltaic
(PV) cells including thin film solar cells,4 dye-sensitized solar
cells,5 organic bulk junction solar cells,6 and hybrid perovskite
solar cells7,8 have been widely investigated because they can
convert sunlight directly into electricity. In recent years, the
kesterite Cu2ZnSnS4 (CZTS) emerged as a potential p-type
material used in thin film photovoltaic applications.9−12 It has
an ideal direct bandgap of about 1.5 eV and a large absorption
coefficient (>104 cm−1).13,14 The use of only nontoxic and
abundant elements makes it to be more environmental friendly
and economical compared with CdTe and Cu(In1−xGax)-
Se2.

15,16 Recently, various deposition techniques including
vacuum and nonvacuum methods were applied to fabricate
CZTS solar cells, and the power conversion efficiency (PCE)
record has been updated rapidly.17−19

A typical structure of CZTS solar cells is Mo/CZTS/CdS/
ZnO/ZnO:Al/Al.11 The n-type CdS buffer layer is fabricated
on the p-type CZTS absorption layer to form a p−n junction,
where carriers are separated as light irradiates. The wide
bandgap semiconductors including an intrinsic ZnO and a
heavily n-doped ZnO:Al were usually used as the window layer,
which reduces the series resistance of solar cells.20 Recently,

researches also focused on direct deposition of n-type wide-
bandgap ZnO on p-type CZTS to form Cd-free p-CZTS/n-
ZnO heterojunction devices.21,22 Htay et al. reported the higher
open circuit voltage (Voc) and relative quantum efficiency at the
short wavelength regions in the p-CZTS/n-ZnO heterojunction
solar cells than those using CdS as the buffer layer.23 They
ascribed these to the higher built-in potential induced by the
wider bandgap ZnO and the increase of transparency. In
addition, the proposed type-I band alignment of CZTS/ZnO
heterojunction (i.e., the conduction band of CZTS is lower
than that of ZnO) can reduce the recombination rate greatly.
Among lots of wide-bandgap semiconductors, gallium nitride
(GaN) has the same wurtzite structure with ZnO and similar
wide direct bandgap (3.4 eV).24,25 But few reports were
available for the CZTS/GaN heterojunction. Due to the
advantages of high saturation velocity (2.7 × 107 cm/s),
radiation hardness, tolerability of aggressive environments, and
a more mature processing technique, GaN was widely used for
fabricating photodetectors.26−28 More importantly, the type-I
band alignment of the CZTS/GaN interface with a small
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conduction band offset benefits to carrier separation and
transport at the interface, so a p-CZTS/n-GaN heterojunction
photodetector is expected to be a promising device with high
performance.
In this work, we adopted the radio frequency (rf) magnetron

sputtering method to fabricate a p-CZTS/n-GaN hetero-
junction photodiode and different biases were applied on the
heterojunction to research the photoresponse. Interestingly, the
device can alter spectral photoresponse by modulating applied
voltage. The band diagrams of the heterojunction and the
carrier diffusion process were used to explain this phenomenon.

■ EXPERIMENTAL SECTION
A p-type CZTS layer was deposited on a commercial available n-type
GaN/sapphire substrate using radio frequency (rf) magnetron
sputtering method to form a p-CZTS/n-GaN heterojunction. The
electron concentration and the mobility of GaN are 4.54 × 1018 cm−3

and 233 cm2V−1 s−1, respectively, which are comparable with the
properties of GaN in high performance devices. Finely mixed Cu2S,
ZnS, and SnS2 powders with a molar ratio of 1:1:1 were pressed under
28 MPa at 700 °C for 30 min to form a ceramic CZTS target. In the
whole sputtering process, the substrate temperature was fixed at 500
°C and Ar was used as the working gas with a pressure of 0.1 Pa. The
base pressure of the sputtering chamber was 7.5 × 10−4 Pa, and the
substrate to target distance was 60 mm. The sputtering power and
time were 60 W and 60 min, respectively. The sample was annealed to
improve the crystallinity and the stability of the electrical properties,
after the deposition of CZTS on the GaN. The sample was located in a
graphite box with 60 mg S powders and then transported into a rapid
thermal processing furnace with nitrogen gas flow at normal pressure.
The furnace was heated to 560 °C with a heating rate of 5 °C/s and
finally maintained at this temperature for 15 min. After sulfuration, the
sample was cooling down to room temperature naturally. A schematic
diagram of heterojunction photodetector based on p-CZTS/n-GaN is
shown in Figure 1a. Molybdenum (Mo) was deposited on the CZTS
layer by the magnetron sputtering method for ohmic contact because
it is usually used as the back contact in the CZTS-based solar cells and
shows good ohmic contact with CZTS. Indium (In) metal was used as
the n-type contact to n-GaN layer; it was pasted on the surface of GaN
film, and then heated on a hot plate, whose temperature was fixed at

280 °C and lasted for 3 min. The process was operated in a glovebox
in order to avoid the oxidation of the sample. A Xe lamp with a power
of 150 W was used as the light source. First, the light passes through a
chopper, and then enters into a spectrograph for obtaining
monochromatic light with wavelength from 300 to 1100 nm, and
the photodiode is illuminated from the n-GaN side, as shown in Figure
1a. The ultraviolet (UV) light can be absorbed by the GaN layer, and
the visible light will pass through the GaN layer and be absorbed in p-
CZTS.

Crystalline structures of the films were characterized using Rigaku
D/Max-RA X-ray diffractometer (XRD) with Cu Kα radiation (λ =
1.5406 Å). Surface morphology of the films was detected by field
emission scanning electron microscopy (FESEM). Optical absorption
spectra of the films were taken using an UV−visible spectropho-
tometer of UV-3101PC (Shimadzu, Kyoto, Japan). The current−
voltage curves were measured at room temperature to further verify
the formation of the p-n heterojunction. A standard lock-in amplifier
technique was employed for the spectral response measurements.

■ RESULTS AND DISCUSSION
Figure 1b shows a typical SEM image of the CZTS film. It is
found that the grain sizes are above 1 μm after annealing, and
the surface is smooth; no pinholes or cracks were observed.
Large grain sizes obtained by a rapid annealing processing can
reduce the grain boundaries and the carrier recombination.
Figure 1c shows a cross-sectional SEM picture of a typical
CZTS/GaN heterojunction, the thickness of the CZTS layer is
about 1.5 μm, and the CZTS layer is adhered well with the n-
type GaN/sapphire substrate.
Figure 2 shows the XRD patterns of the CZTS thin film

grown on the soda-lime glass (SLG) substrate, GaN substrate,

and CZTS thin film directly grown on the GaN substrate. For
the CZTS layer grown on the SLG substrate, three diffraction
peaks located at 28.38°, 47.51°, and 58.56° are indexed as
(112), (220), and (312), which belong to the kesterite structure
of CZTS (JCPDS26-0575) with polycrystalline nature.29 For
the GaN substrate, only the (002) and (004) diffraction peaks
are observed, indicating that the films have single wurtzite
phase with obviously preferred orientation. For the CZTS thin
films directly grown on GaN, no second phases were observed
except the characteristic diffraction peaks for CZTS and GaN.
Compared with the CZTS film grown on SLG substrate, the
(220) diffraction peak at about 47.51° vanished, which is due to
the different substrates used. It should be noted that no
secondary phases are observed, implying that these thin films
are single phase.

Figure 1. (a) Schematic illustration of the p-CZTS/n-GaN
heterojunction photodiode. (b) Surface and (c) cross-sectional SEM
images of the CZTS film fabricated on the GaN/sapphire substrate.

Figure 2. XRD patterns of (a) p-type CZTS grown on SLG substrate,
(b) n-type GaN substrate, and (c) p-type CZTS thin films grown on
the n-type GaN substrate.
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The current−voltage (I−V) characteristics of the photodiode
were measured at room temperature. As shown in Figure 3.

The p-CZTS/n-GaN heterojunction shows an obvious
rectifying behavior with rectification ratio (Iforward/Ireverse) of
about 1.8 × 102 at 5 V in the dark, indicating the formation of a
p−n junction diode. The turn-on voltage and the reverse
leakage current are found to be 3.75 V and 1.95 × 10−6 A at −5
V, respectively. On the basis of a thermionic-emission (TE)
model, the electrical characteristics of a diode can be calculated
(for qV > 3kT) with the aid of the following equation:

= −
⎡
⎣⎢

⎤
⎦⎥I I

q
nkT

V IRexp ( )0 s

where I0 is saturation current, V is applied voltage, Rs is series
resistance, n is the ideality factor, T is experiment temperature
in Kelvin, q is the electronic charge, and k is the Boltzmann
constant. The series resistance (Rs) and the ideality factor (n)
are very important parameters which impact the electrical
characteristics of the diodes. These two values can be calculated
using the equation (dV)/[d(InI)] = [(nkT)/q] + IRs. In
accordance with the data in the I−V characteristics, the
obtained values were 1.5 × 104 Ω and 4.13, respectively. The
large series resistance was attributed to the physics contact
between the two layers, and the high density structural defects
which serve as the recombination centers,30 such as bulk defects
in p-CZTS which are derived from the deviation of
stoichiometric ratio and formed during growth of the film
and surface defects derived from large lattice parameter
mismatch between CZTS and GaN. In addition, large series
resistance is responsible for the high turn-on voltage which is
related to the large ideality factor. An optimization of the
growth condition and some surface treatment should be used to
improve the device performance in the future work. The inset
of Figure 3 shows the I−V plots from the In-n-GaN and Mo-p-
CZTS contact. The linear trend indicated that all the electrodes
exhibited good ohmic contact, implying that the rectifying
behavior originates from the p-CZTS/n-GaN junction instead
of the Schottky contacts.
The room temperature optical absorption spectra of the

CZTS grown on SLG substrate and GaN substrate are shown
in Figure 4a. For the n-GaN substrate, a steep absorption edge
at 365 nm is observed, which is in accordance with the previous
reports.31 The absorption spectrum of the CZTS film presents

an absorption edge at about 800 nm, which is consistent with
the bandgap of CZTS. The bandgaps (Eg) of the CZTS and
GaN films were determined to be 1.50 and 3.36 eV,
respectively, as shown in the inset of (i) of Figure 4a. The
room temperature photoluminescence (PL) spectra of the n-
GaN is shown in the inset of (ii); only a dominant sharp near
band edge emission peak at 356 nm is observed, which
indicates the high quality of n-GaN.
To investigate the photoresponse properties of the p-CZTS/

n-GaN heterojunction, spectral responses at zero and the
reverse bias of 4 V were measured at room temperature. Figure
4b shows the photoresponse spectra of the heterojunction
irradiated from the n-type GaN side when applying zero bias
(black curve) and reverse bias (blue curve). When the applied
bias is zero, a low responsivity is observed, and the peak
responsivity is determined to be about 7.5 × 10−5A/W at 340
nm, which is consistent with the absorption edge of the GaN
substrate. The low responsivity is ascribed to the flow of the
minority carriers (holes) dominating the photocurrent and the
interface defects leading to carrier recombination. No photo-
response properties were observed at the forward bias, which is
due to a narrower space charge region as applied forward bias.
When the reverse bias of 4 V was applied on this device, the
peak responsivity of the photodetector reaches about 3 × 10−4

A/W with a wide response range from 400 to 1000 nm.
Therefore, the device exhibits applied voltage modulating
alternative UV and visible photoresponse. The 350 nm
responsivity at −4 V are approximately the same as the peak
value at zero bias, which was ascribed to the high probability of
electron−hole recombination between the narrow “interface”
bandgap, though the reverse applied voltage can expel the
generated holes. It should be noted that the peak appears
around 500 nm and shows a weak response in the long
wavelength portion of the spectrum, indicating a very low

Figure 3. Current−voltage curve of the p-CZTS/n-GaN hetero-
junction. The inset shows the I−V characteristics of indium contacts
on the n-GaN substrate and Mo contacts on p-CZTS.

Figure 4. (a) Optical absorption spectra obtained at room temperature
of the CZTS film (red) and GaN film (black). The insets show (i) the
calculated bandgap of the CZTS and GaN films, and (ii) the room
temperature PL spectra of n-GaN. (b) Spectral response of the p-
CZTS/n-GaN photodiode at reverse biases of 0 and 4 V. The inset in
(b) shows the time-dependent response of the device at zero bias.
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collection efficiency in this range,32 which can be attributed to
the light with longer wavelength was mainly absorbed in the
bulk CZTS; the light-generated carriers were easily recombined
in the bulk during the transport process.33 Time-dependent
response of the device was measured under zero bias with
turning on and off as 370 nm light irradiated on the device. As
shown in the inset of Figure 4b, upon illumination, the
photocurrent increased to a value of 1.8 μA. As turn the light
off, it decreased to initial value dramatically, indicating that the
device has good reproducible characteristics.
The alternative UV and visible photoresponse mechanism of

the p-CZTS/n-GaN heterojunction detector can be understood
in terms of the energy band diagram based on Anderson’s
model and the carrier diffusion process, as shown in Figure 5.

The bandgap values of 1.5 and 3.36 eV for the CZTS and GaN
are adopted here, respectively, which are calculated from the
optical absorption spectra. The electron affinity values are 4.58
eV for CZTS34 and 4.20 eV for GaN.35 As the p-type CZTS
and n-type GaN are contacted, the model shows a small
conduction-band offset of 0.38 eV and a large valence-band
offset of 1.48 eV. The energy band diagram of the
heterojunction at zero bias is shown in Figure 5a. When the
heterojunction is irradiated by the UV light, the photons with
energy larger than the bandgap of GaN will be absorbed by the
GaN layer. Then electron−hole pairs are photoinduced. The
built-in electric field drives the photogenerated holes near or in
the junction region toward the CZTS side. In other words, the
UV photogenerated holes and electrons were separated, so
photocurrent signals can be obtained. When the heterojunction
is irradiated by visible light, photons will pass through the GaN
layer and be absorbed by the CZTS layer to generate carriers.
However, the electrons are confined in the CZTS layer and
cannot transfer to the GaN side due to the crack barrier at the
interface induced by the positive conduction-band offset. The
generated holes cannot drift toward the GaN side to form
current for the effect of the electric field and its low mobility

and short lifetime. As a result, no photocurrent signals can be
detected in this case.
Figure 5b shows the energy diagram of the heterojunction

applied with a reverse bias. The visible light arriving at the
junction will pass through the GaN layer and be absorbed in
the p-CZTS to generate electron−hole pairs. It is noted that
the conduction band of the CZTS is higher than that of the
GaN. Hence, the visible light-generated electrons in the CZTS
layer can tunnel toward the GaN side, and the holes are
confined in the CZTS layer due to the larger barrier height.
Therefore, there is a wide photoresponse signal range in the
visible band. When UV light shines on the junction, the GaN
layer will absorb the light and generate electrons and holes. The
electric field caused by reverse bias in the depletion region is
consistent with the built-in electric field. The photogenerated
holes drift easier toward the CZTS layer compared with the
zero bias by the strong electric field. However, the smaller
“interface” bandgap at the interface, which is defined as the
difference between conduction-band minimum (CBM) of the
GaN layer and valence-band maximum (VBM) of the CZTS
layer, results in the increase of probability of electron−hole
recombination. In the CZTS-based solar cells, it is known that
the CBM of the CdS buffer located below that of the CZTS and
this is equivalent to an “interface” bandgap reduction which
favors the interface recombination processes, especially for the
recombination between electrons in the conduction band of the
buffer layer and holes in the valence band, and influence the Voc
of the CZTS/CdS solar cells.36,37 In our case, the reverse biases
applied also induce an “interface” bandgap reduction which will
enhance the electron−hole recombination between the “inter-
face” bandgap, so the decrease of efficiency of photon-
generated carrier separation causes a weak UV response
under reverse biases.

■ CONCLUSIONS
In summary, we fabricated a p-CZTS/n-GaN heterojunction
photodetector and investigated its performance. The hetero-
junction photodetector shows obvious rectifying behavior. An
alternative UV and visible photoresponse was observed via
modulating applied bias. Although the intensity of photo-
response is low, our results suggest the p-CZTS/n-GaN
heterojunction can be effectively applied in the field of UV/
visible photodetector if the quality of the device is further
improved.
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