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ABSTRACT: The ZnO homogeneous pn junction photo-
diode is quite difficult to fabricate due to the absence of stable
p-type ZnO. So exploring reliable p-type materials is necessary
to build a heterogeneous pn junction with n-type ZnO. Herein,
we develop a simple and low-cost solution-processed method
to obtain inorganic p-type Cul/CuSCN composite film with
compact morphology, high conductivity, and low surface state.
The improved performance of Cul/CuSCN composite film
can be confirmed based on high-rectification ratio, responsiv-
ity, and open voltage of ZnO-Cul/CuSCN photodiode UV
detectors. Moreover, photodiodes with novel top electrodes
are investigated. Compared with commonly used Au and graphene/Ag nanowire (NWs) electrode, poly(3,4-
ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) electrode prepared by Meyer rod-coating technique opens
one route to obtain a semitransparent photodiode. The photodiode with PEDOT:PSS as the top electrode under reverse
illumination has the highest photocurrent density due to higher UV transmittance of PEDOT:PSS transparent electrode
compared with ITO glass. The low-energy consumption, and high responsivity, UV to visible rejection ratio and air stability make
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this ZnO-Cul/CuSCN photodiode quite promising in the UV-A detection field.
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1. INTRODUCTION

For decades, UV photodetectors have played the crucial role in
a wide range of applications in fire monitoring, optical
communications, and UV irradiation detections.”” Nano-
structured photodetectors have two main structures: a
photoconductor and a photodiode. The photoconductor type
only conducts a single carrier type, making it unipolar, which
usually has high gain and long response and recovery times. In
contrast, the photodiode type can extract both electron and
hole through built-in potential, resulting in high responsivity
and fast response speed.” What's more, the nanostructured
photodiode detector can work at a self-powered mode, meaning
a huge current increase at 0 V employing photovoltaic property.
So the photodiode UV detector also meets the requirement of
low-energy consumption and small size.”

ZnO, an environmentally friendly material, has been widely
used in UV detection field due to its large band gap (3.35 eV),
excellent electron transporting property, and a variety of
morphologies obtained by solution-processed and magnetron
sputtering methods. Previously, ZnO-based UV photodetectors
have been widely reported based on both photoconductor and
photodiode structures. For example, we have prepared ZnO/Ag
NWs/ZnO composite films photoconductor UV detector.” But
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the response and recovery times were still not short enough.
The ZnO nanorod metal—semiconductor—metal photodetector
Su et al. fabricated also had long recovery time of 15.44 s due to
prominent persistent photoconductivity (PPC) effect.’ Thus,
the slow response and recovery speeds are the main problem
that existed in the photoconductor detector. However, the ZnO
NWs/CuSCN photodiode Hatch et al. prepared’ and ZnO
NWs/Spiro-MeOTAD Game et al. prepared” had only 6.7 ps
and 0.95 ms recovery time, respectively, indicating very fast
operation speed of the photodiode detector. Later in the paper,
their photoresponse parameters and test conditions are
compared with our photodiodes made here.

P-type ZnO is necessary to build a homogeneous pn junction
photodiode. However, it still remains a challenge to obtain
stable p-type ZnO by incorporating acceptor defects
effectively.” So a variety of p-type materials are used to build
heterogeneous pn junction with n-type ZnO, including Spiro-
MeOTAD," P3HT,'” PEDOT:PSS,"" NiO,"” CuO," Si,'" etc.
Recently, copper iodide (Cul) and copper thiocyanate
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(CuSCN) as cheap and solution-processed inorganic p-type
materials have attracted people’s interest because they could be
used as hole transporting layer to obtain remarkable efficiency
in perovskite solar cells'>™"® compared with their organic
counterparts. Besides, they are quite stable in air and not
affected by moisture, which is the main reason to make organic
p-type material degradation. y-Phase Cul film with a band gap
of 3.1 eV has high hole concentration and mobility of 2 cm?
V™! 57! at least,” resulting in higher conductivity than Spiro-
MeOTAD and P3HT. However, it usually has a surface trap
coming from excess iodine. Christians et al. reported that
perovskite solar cells employing Cul as a hole transporting layer
had low open-voltage (V,.) due to this surface recombination. '’
In contrast, #-CuSCN film with a wider band gap of 3.9 eV has
low hole mobility of 0.01 cm?> V7' s71°%*" The dye-
sensitized””** and perovskite'® solar cells employing CuSCN
have stable V, indicating no severe surface trap problem. So an
ideal inorganic p-type film is expected combining high
conductivity of Cul and low surface trap of CuSCN. Moreover,
the intrinsic polymeric structures of Cul and CuSCN enable
them to dissolve into suitable solvents, thus rendering them
solution-processed property. The spherical aggregates often
appear for solution-processed Cul due to the rapid crystals
growth and subsequent random agglomeration.”* These
aggregates can develop to be crack or rough surface, which is
quite harmful in planar heterojunction device application. The
previous research indicated that SCN™ had strong adsorption
onto the Cul surface via binding of sulfur to copper sites, which
could act as Cul crystal growth inhibitor.”* So there is reason to
believe that smooth and compact composite films can be
obtained by mixing Cul and CuSCN, and composite films may
have high conductivity and low surface trap density.

Finally, a top electrode (TE) is required to achieve the whole
photodiode. Typical laboratory TE is various metal films such
as Au, Ag, and Al by thermal evaporation. The Ag and Al TEs
with hundreds of nanometers thickness can not exist stably in
air for several months, and Au TE can not meet the low-cost
requirement, limiting their potential in commercial manufac-
ture. Recently, graphene/Ag NWs (G/AgNWs) composites
have been widely used as transparent conductive electrode
(TCE),**** flexible electrode,” and conductive paper.*
PEDOT:PSS and its composite are also widely used as TCE
in many devices.” However, most of these TCEs are used as
bottom electrodes replacing ITO. Snaith’s group proposed
semitransparent solar cells with PEDOT:PSS TE applied to
smart windows combining light transmission and energy
gene1‘ation.32’33 Our semitransparent UV detectors can increase
visible light transmission but will not decrease UV light
capturing, thus improving UV to visible rejection ratio greatly.
More important is that our semitransparent UV detectors do
not have the compromise between visible light capturing and
transmission for solar cells due to the different region between
UV light capturing and visible light transmission. So this ZnO-
Cul/CuSCN photodiode UV detector with PEDOT:PSS TE
has narrow-band UV photoresponse, reducing false alarm
probability. In this paper, ZnO film with suitable thickness and
low surface defect density was employed as UV light absorption
layer and excellent visible transmittance was obtained. Next, the
composite films with different proportion of Cul and CuSCN
were investigated from morphology and band to surface state.
Then the G/AgNWs conductive paper was employed as TE to
fabricate ZnO-Cul/CuSCN photodiode due to its high
conductive and flexible properties. Au TE was used as

reference, and PEDOT:PSS TE opened one door to obtain
semitransparent photodiode. Ag TE was not used to contact
Cul and three kinds of composite films directly because it was
active enough to form silver halide with Cul,** resulting in
gradually disappearing photoresponse, and we could find Ag
TE color change from the original silvery white to a final yellow
brown in just a few days. However, novel G/AgNWs TE could
be used to contact halide films, and the photodiode showed
good photoresponse stability for two months, indicating
graphene plays a role in avoiding direct contact between halide
film and Ag NWs. Finally, the photoresponse performances of
photodiode with three TEs were compared.

2. EXPERIMENTAL DETAILS

Fabrication of ZnO Layer. The patterned ITO glasses were
obtained by wet etching process. In detail, several 3 M tape strips with
fixed size were pasted on original ITO glass (produced by Foshan
Raching Glass Technology Co., Ltd. The glass thickness is 1.1 mm and
sheet resistance is 20 Q/[]) firmly as mask, and then Zn powder and
ethanol mixture mash was smeared on above substrate. Next, dilute
HCI was dropped, and severe chemical reaction happened to remove
ITO. Then the patterned ITO glasses were cleaned by deionized water
and acetone and exposed to argon plasma for 2 min to remove organic
contaminants. Next, ZnO layer was prepared by magnetron sputtering
procedure at 60 °C with ZnO target at a constant ac power of 150 W,
and Ar flow of 20 cc. The different thickness of 45, 120, and 250 nm
were obtained under 15, 30, and 60 min, respectively. Finally, the ZnO
films were treated at 350 °C in air for 60 min. The sputtering method
was adopted based on lower surface defect density compared with
sol—gel method according to the Ghosh et al. report.*®

Fabrication of ZnO-Cul/CuSCN Heterojunction Photodiodes.
Cul and CuSCN powders were dissolved into di-n-propyl sulfide by
stirring for 24 h to form 95 and 19 mg/mL solution, respectively. For
CuSCN solution, 19 mg/mL is the saturation concentration at room
temperature. The concentration of Cul was chosen as S times that of
CuSCN because we mainly wanted to use high conductivity of Cul
and the addition of CuSCN could be confirmed to overcome the
surface problem of Cul partly based on the next discussion. In order to
study the impact of the surface and band properties of p-type material
on device performance, three different mass ratios of 20:1, 10:1, and
S:1 for Cul and CuSCN solution were obtained by mixing original
concentration solution. Next, five different p-type films were prepared
on ZnO film by spin-coating corresponding solution at 3000 rpm for
60 s. Then they were pretreated at 60 °C for S min to evaporate
solvent slowly and transferred to 120 °C for 30 min to ensure good
crystallization. The whole procedure was carried out in air. Three
kinds of TEs including Au, G/AgNWs, and PEDOT:PSS were
employed to investigate the charge transfer ability. Au electrode was
fabricated on p-type film by thermal evaporation. G/AgNWs
composite conductive paper was collected with a polytetrafluoro-
ethylene (PTFE) membrane filter (pore size of 0.2 ym) by vacuum
filtration. The mechanical exfoliation graphene in N-methyl
pyrrolidone with 0.5 mg/mL and AgNWs in ethanol with 10 mg/
mL were dropped on PTFE membrane separately one-by-one to
obtain multilayer G/AgNWs composite paper. After drying at 100 °C,
the G/AgNWs composite electrode with suitable size was fixed on p-
type film using 3 M tape adhesive. This G/AgNWs TE has a sheet
resistance of 2 Q/[], which is similar to other’s report,36 and the SEM
images in Figure S1 show the uniform mixing characteristics.
PEDOT:PSS electrode was fabricated on p-type film by Meyer rod
coating technique. Briefly, a Meyer rod pulled over the mixed
PEDOT:PSS (Clevios FE T) and methanol solution (1:1 volume),
leaving a uniform and thin layer of PEDOT:PSS. This PEDOT:PSS
TE has a sheet resistance of 200 Q/[].

Characterization. Surface morphologies and energy dispersive
spectrometer (EDS) were measured by FEI Quatan 250 FEG scanning
electron microscope (SEM) and Vecco Innova atomic force
microscope (AFM). X-ray diffraction (XRD) measurement was carried
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Figure 1. (a) Procedure schematic of preparing photodiode UV detectors, three TEs are employed to compare the performance. A slice of ITO is
reserved to connect with TEs. This design can protect novel TEs from damage of electrical clamps. (b) Photographs of devices without and with
TEs, (c) the optical transmittance spectra, and (d) cross-section SEM of typical device.

out with a Rigaku D/max 2400 using Cu Ka radiation. Optical
absorption and transmittance data were acquired with a Jasco V-570
UV/Visible/NIR spectrophotometer, which had a wavelength range
from 190 to 2500 nm. Photoluminescence (PL) spectra were taken
with Gilden Photonic Sens-9000 with xenon lamp as the excitation
source, and the measurement was conducted in air at room
temperature. We chose 350 nm as the excitation wavelength, and
integration time was 500 ms. The change of PL spectra could be
observed for five kinds of p-type films. X-ray photoelectron
spectroscopy (XPS) was measured by Kratos Axis Ultra DLD, using
mono Al Ka operated at 150 W. The spectroscopic data were
processed using CasaXPS software to obtain the surface chemical
composition of different films. IV and time-dependent photoresponse
measurements were recorded by Keithley 2400 source meter, and
delay time between two test points was 0.1 s. The samples were
illuminated under 150 W xenon lamp. The measured spectral
irradiance and standard AM 1.5 spectra are shown in Figure S2, and
UV irradiances used in the experiment can be estimated as 5.5 mW/
cm?. For time-dependent photoresponse measurement, dark and light
states were switched by opening and shielding light source manually.
The incident photon-to-current conversion efficiency (IPCE) was
measured by the solar cell quantum efficiency measurement system (7-
SCSpec II system, NewPort), and step was S nm. The wavelength-
dependent responsivity spectra was obtained from the expression R =
IPCE X A/1240. Electrochemical impedance spectroscopy (EIS) was
recorded using an electrochemical workstation (CHI660D, Chenhua,
Shanghai). The measured frequency ranged from 1 Hz to 100 kHz,
and the amplitude was set at 1 mV. The spectra were fitted by Zview
software.

3. RESULTS AND DISCUSSION

3.1. Structure, Chemical, and Surface Properties of
ZnO-Cul/CuSCN Photodiode. Figure la describes the
procedure of preparing photodiode UV detectors. Compared
with commonly used patterned TE structure, we use patterned
ITO with fixed size as the bottom electrode, which is quite
convenient to study the impact of different TEs on device
performance, and the photosensitive areas for all devices are 0.1
cm® Compared with opaque Au and G/AgNWs TEs,
PEDOT:PSS TE has higher transmittance, making the whole
device semitransparent. The photographs of devices in Figure
Ib show transparency of the light-absorbing layer, semi-

transparency of device with PEDOT:PSS TE, and opaque
with Au and G/AgNWs TEs. From the transmittance spectra
shown in Figure lc, we can see transmittance around 80% in
the visible region (450—800 nm) for ZnO and ZnO-Cul/
CuSCN layers, and the oscillation property comes from optical
interference of the very flat film. The decreased transmittance
around 400 nm for ZnO-Cul/CuSCN layer derives from the
absorption of Cul. For device with PEDOT:PSS TE, the
transmittance decreases to 50% in the visible region, indicating
semitransparency of the photodiode UV detector. The
thickness of each layer can be obtained from cross-section
SEM images in Figure 1d and Figure S3. The ZnO thickness of
250 nm can ensure a large amount of UV absorption and not
thick enough to decrease the visible transmittance due to
optical scattering. However, the thickness of p-type films can be
different due to different solution concentration. The thickest
Cul film has a thickness of 150 nm, the thinnest CuSCN film
has a thickness of 55 nm, and all composite films have
thicknesses around 100 nm. Here, we estimate the thickness of
depletion layer between ZnO and the p-type film based on
reported carrier concentration. The undoped ZnO film by
magnetron sputtering method has a very high resistivity of 10°
Q cm, and electron concentration is smaller than 102
em™.%*® However, the solution-processed p-type Cul film
has a low resistivity of 1  cm, and hole concentration is 10'®
em™.* The solution-processed CuSCN film has a relatively
high resistivity of 333  cm, and hole concentration is 7 X 10"
cm™.** For Cul/CuSCN composite films, hole concentration
should be closer to Cul film due to its high proportion. So
depletion layer almost all falls into the n-type ZnO side based
on ideal pn junction model, and the p-type side has little
contribution to the photogenerated carriers. So the perform-
ance difference of photodiode with five kinds of p-type films
can be mainly attributed to photogenerated carriers transport
process in pn junction interface and p-type film, which has little
relationship with the generation process of photogenerated
carrier. This conclusion is quite important to analyze
performance difference of five photodiodes, and this spec-
ulation can be partially supported by final EIS analysis. Besides,
the morphology of sputtered ZnO layer is shown in Figure S4.
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Figure 2. XPS spectra of five p-type films on glass: (a) survey spectra and binding energy spectra of (b) Cu 2p, (c) 13d, (d) S 2p, (e) C Is,and (f) N

Is. All peaks are calibrated using C 1s (284.6 eV).
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Figure 3. (a) XRD patterns of five p-type films on glass treated at 120 °C, and the standard patterns of bulk cubic Cul and rhombohedral CuSCN
are presented as references. Cul film mainly has (111) crystal plane, and CuSCN film mainly has (101) crystal plane. (b) Optical absorbance spectra
of five p-type films on glass, the glass absorption is deducted. The featured peak at 406 nm is from Cul, and the peak at 300 nm appears for all films,
which may be caused by substrate deduction. The peak from CuSCN can not be identified obviously due to increased short-wavelength absorption
for composite films. The absorption intensity difference for five films is attributed to different thickness and different absorption efficiency between
Cul and CuSCN. (c) Tauc plot obtained from optical absorbance spectra in (b). (d) PL spectra.

The uniform, smooth, and compact ZnO film in a large area is
very beneficial to build planar pn junction photodiode devices.

In order to study the effect of Cul and CuSCN mixed
proportion on the film morphology, band, and surface state of
p-type hole transporting layer, three different composite films
were prepared on Si or glass substrates from different mass
ratios of 20:1, 10:1, and 5:1 for Cul and CuSCN mixed

21238

solution. The Cul and CuSCN films were also prepared as
comparison. For SEM and AFM measurements, five p-type
films were obtained by spin-coating solution on Si substrate at
3000 rpm. For XPS, XRD, absorption, and PL measurements,
they were obtained by spin-coating solution on glass substrate
at 1000 rpm. This solution deposition process can be described
as follows. Nucleation occurs with solvent evaporation at the
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Figure 4. Left parts are J—V curves obtained under dark and light conditions for (a) ZnO-Cul, (b) ZnO-CuSCN, (c) ZnO-Cul/CuSCN (20:1), (d)
ZnO-Cul/CuSCN (10:1), and (e) ZnO-Cul/CuSCN (5:1), and the right parts are corresponding magnified J—V curves in semilogarithmic scale

near 0 V. G/AgNWs TE is used for all five kinds of photodiodes.

initial deposition stage. Then is the rapid self-aggregation
growth process of inorganic crystal. Their orientation is favored
on smooth surfaces, and they tend to grow along existing
crystals to develop a minimum free-energy configuration.*’ So
crystal size, continuity, and roughness of film are determined by
evaporation rate, substrate surface, and intrinsic growth
tendency of the material itself. Before films were made,
substrates were treated with argon plasma to produce the
hydrophilic and clean surface. The final surface morphologies
are shown in Figure SS. From SEM images, Cul film has many
obvious cracks, and relatively large average roughness of 6 nm
can be seen from the AFM image. In comparison, CuSCN film
has the smallest roughness of 1.4 nm. So Cul film has larger
crystalline size than CuSCN film, resulting in larger roughness.
The crack of Cul film maybe comes from too fast crystal
growth rate or large inner stress. For composite films, the
roughness decreases with increasing ratio of CuSCN, resulting
from the inhibiting growth speed of Cul from SCN~
mentioned above or stress relaxation during this solution-
processed procedure. In particular, there exist two kinds of
different morphology domains from the SEM image of Cul/
CuSCN (20:1) in Figure SSe. The EDS of two different
selected areas are used to analyze the element distribution, as
shown in Figure S6. The rough domain with the atom ratio of
1:1 between Cu and I elements is pure Cul, while the smooth
domain with the atom ratio of 2:1 must be the composite film.
This may be caused by inadequate amount of SCN™ inhibiting
growth, because we have not found existing the two phase for
another two composite films including more CuSCN
proportion. Next, the XPS measurement was conducted to
analyze the elemental composition of p-type films. The general
scan spectra in Figure 2a shows the presence of Cu 2p, I 3d, S
2p, C 1s, and N 1s. For single Cul, Cu 2p5,, and I 3ds,, have
the binding energies of 932.3 and 619.5 eV, respectively, which
quite match the pure Cul material in literature.* No other
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byproduct like CuO is found from Cu 2p spectra. The
emerging C 1s arises from the adventitious carbon. For single
CuSCN, the major peaks in C 1s at 286 eV and N 1s at 398.3
eV are assigned to C=N bond.”" The other peak in C Is at
284.6 eV also comes from the adventitious carbon. Compared
with the previous report,”’ there are no peaks of C=N bond,
indicating no oxidation happens. For composite films, all peaks
of the S—C=N bond are weak, resulting from a very small
amount of CuSCN in composite films, and their intensities are
proportional to the amount of CuSCN. The element ratios of
five p-type films are summarized in Table S1. We can know the
element ratios are very close to the stoichiometric ratios, other
than high C content from adventitious carbon. The real
proportions of Cul and CuSCN in composite films are also
obtained, which are about half of the preset mass ratios.
Moreover, the crystallinity of composite films annealed at both
120 and 80 °C are confirmed by XRD in Figure 3a and Figure
S7. The diffraction peaks of the CuSCN film can not been seen
due to the thinnest thickness. Composite films have both Cul
(111) and CuSCN (101) diffraction peaks only at 120 °C, and
the intensity is proportional to their amount. The lack of
CuSCN diffraction peak at 80 °C may be attributed to
increased crystallinity temperature due to the competitive
crystal growth between Cul and CuSCN for composite film.
The peak at 12° appeared under both 120 and 80 °C treatment
belongs to neither Cul or CuSCN, but the reason is not clear.
In all, composite films with different ratios of Cul and CuSCN
have been confirmed by morphology, element composition
analysis, and crystallinity.

Next, we will discuss the impact of different composition on
band gap and surface state of composite films. From Figure 3b,
the Cul absorbance peaks intensity at 406 nm increase with the
increased amount of Cul, while CuSCN absorbance peaks
intensity are not quite obvious due to the small amount. All
films with low absorbance in the visible region (longer than 450
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nm) are quite helpful to obtain high UV to the visible rejection
ratio. Furthermore, the band gap values of Cul and CuSCN
films can be obtained from the Tauc plot in Figure 3c. The
results in Figure S8 show that the band gaps are almost not
changed with the thickness for both Cul and CuSCN films,
indicating that band gaps change for composite films are not
caused by film thickness. However, band gap concept may be
inaccurate to describe the absorbance change for composite
films. The difference of Tauc plot for composite film must
come from the different proportion between Cul and CuSCN.
The reason may be the redistribution of electrons due to the
electronegativity difference between I and SCN7, indicating
the strong interaction of two anions in composite films. This
phenomenon is similar to the Tauc plot change for ZnO/CdS
NWs with different CdS content in quantum dot-sensitized
solar cells.*” However, it may be different with band gap
variation caused by altering component stoichiometric
ratios.*”** The proportions of composite films also have an
effect on PL spectra. From Figure 3d, Cul film has two PL
peaks at 403 and 422 nm, which are ascribed to band-edge
emission (~3.1 eV) and surface trap recombination emission
(~2.9 eV), respectively.*” This surface trap comes from excess
iodine diffused to the surface from the bulk, acting as an
acceptor of electrons to induce p-type conductivity.” Zheng et
al. thought this surface trap mainly existed in Cul films with the
(111) crystal plane.*" This crystal orientation is in accordance
with our XRD results. Besides, the iodine slightly higher than
stoichiometric ratio can be confirmed by our XPS surface
chemical composition analysis. In contrary, the stoichiometric
excess SCN™ can not be obtained easily for CuSCN without
any halogen treatment. Perera et al. reported the PL peak at
350 and 460 nm of untreated CuSCN film originated from the
recombination of electrons in the conduction band with holes
in the valence band and SCN™ acceptor, respectively. However,
the trap PL peak intensity is very small due to low excess SCN™
density.*® We also find the PL peak at 470 nm for CuSCN film,
which is quite close to the above report, but low trap PL
intensity is in accordance with no severe surface trap problem
for the CuSCN film. For composite films, the PL intensity at
422 and 470 nm decrease gradually with increasing proportion
of CuSCN. The decreased PL intensity at 422 nm is thought to
be associated with the Cul passivation from SCN~, while the
decreased PL intensity at 470 nm attributed to that
stoichiometric excess SCN™ is used to passivate Cul surface,
resulting in a more accurate stoichiometric ratio of the CuSCN
film. In all, the impact of mixed ratios on absorbance threshold
and surface state of composite films has been confirmed by
absorbance and PL spectra, respectively.

3.2. Photoresponse Properties of ZnO-Cul/CuSCN
Photodiode. Current density—voltage (J—V) characteristics
of ZnO-Cul/CuSCN photodiode with G/AgNWs TE are
shown in Figure 4. The related photoresponse parameters
under 0 V are summarized in Table 1. So the photocurrent
density is short-current density (J,.). We can obtain low
rectification ratio, on/off ratio, and V. for ZnO-Cul/CuSCN
(20:1) photodiode, which is quite close to the performance of
ZnO-Cul. In particular, the dark current in negative bias voltage
is far higher than Schein et al.’s ZnO-Cul diode prepared by all
physical method,”” making our diode rectifying property far
worse than them. On the one hand, the crack and rough
morphology of Cul film by solution-processed method, we are
convinced, is responsible for high dark current, and on the
other hand, the surface trap of Cul increases the recombination

Table 1. Photoresponse Parameters of Five Photodiode UV
Detectors with G/AgNWs TE

on/off
Ja I ratio at Voo rectification
devices (uA/cm?®)  (uA/cm?) oV (V) ratioat +1 V

ZnO-Cul 0.24 9.8 41 0.02 9.5
ZnO-CuSCN 0.01 0.28 25 0.06 92.3
ZnO-Cul/ 0.13 4.4 34 0.03 4.3

CuSCN

(20:1)
ZnO-Cul/ 0.017 8.7 512 0.09 10

CuSCN

(10:1)
ZnO-Cul/ 0.013 3.9 300 0.17 103

CuSCN

(5:1)

of photogenerated carriers, limiting the V. Besides, the
performance of this ZnO-Cul planar hybrid photodiode is
quite close to our recent report on ZnO NWs-Cul photo-
diode,” indicating the consistency of the solution-processed
device. ZnO-CuSCN photodiode has the lowest J,. and on/off
ratio due to low hole mobility of the CuSCN film. The high-
rectification ratio can be attributed to compact CuSCN film,
which is close to Garnier et al’s report on the ZnO NWs/
CuSCN heterojunction.*” The high V, provides the evidence
of low surface trap density of CuSCN, which is higher than
Hatch et al.’s report.” Even though J. is lower than theirs due
to thinner thickness of the whole device. In particular, with
increasing proportion of CuSCN in composite films, the higher
rectification ratio and V. can be obtained. Besides, decreased
dark current causes increased on/off ratio for ZnO-Cul/
CuSCN (10:1) and ZnO-Cul/CuSCN (S:1) photodiodes.
Thus, improving performance can be obtained using composite
p-type film with suitable proportion, resulting from high
conductivity of Cul and effectively passivated surface trap from
SCN™. All these photoresponse parameters can be well-
explained based on the above morphology and surface state
analysis for several p-type films. The photoresponse of
photodiodes with Au TE are shown in Figure S9. The
performance comparison for ZnO-Cul/CuSCN using Au TE is
in accordance with G/AgNWs TE.

Figure 5 compares the photoresponse of ZnO-Cul/CuSCN
(10:1) photodiode with three TEs. The device with
PEDOT:PSS TE can be illuminated from two sides. Device
illuminated through the conventional ITO glass direction is
called to be forward illuminated (Fwd) and the device
illuminated from the TE side, reverse illuminated (Rev). The
parameters obtained from J—V characteristics in Figure 5
(panels a and b) are summarized in Table 2. Under the Fwd,
the highest J,. and V_ are from the photodiode using Au TE,
G/AgNWs TE takes the second place, and PEDOT:PSS TE is
the lowest. In order to explain this difference, the EIS results
shown in Figure S (panels c and d) are used to investigate the
interfacial charge transfer process. The high-frequency arc in
the Nyquist plots is attributed to charge-transfer resistance
(R.) at the TE/p-type film interface, while the low-frequency
arc is attributed to recombination resistance (R,) at the pn
junction, and R; is the sheet resistances of the bottom and top
electrodes.”>" Thus, low R, and high R, can be separately
beneficial to carriers extraction and separation. From Table 2,
we can see decreased R, and R, under light compared with dark
state, indicating more carriers separation and extraction. The
lowest R, with PEDOT:PSS TE is beneficial to hole extraction
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Figure S. ZnO-Cul/CuSCN (10:1) photodiode with three kinds of TEs: (a) J—V curves under dark and light conditions, (b) corresponding
magnified J—V curves in semilogarithmic scale near 0 V, (c) Nyquist plots, and (d) bode phase plots of corresponding devices, the peak frequencies
for photodiodes using G/AgNWs, PEDOT:PSS, and Au TEs are 50, 1000, and 20000 Hz, respectively. The inset in (c) shows magnified Nyquist
plots of devices with PEDOT:PSS TE. The inset in (d) is equivalent circuit for fitting EIS to obtain the value of resistance and capacitance.

Table 2. Photoresponse Parameters, Resistance, and Capacitance Values in Equivalent Circuit of Three ZnO-Cul/CuSCN

(10:1) Photodiode UV Detectors with Different TEs

TEs Ji (uA/cm®) on/off ratio V,. (V) Ry (Q) R, (kQ) C, (nF) R, (kQ) C, (nF)

Au (dark) 0.084 119 1282 287 12.3 9.5
Au (light) 10.35 123 0.1 118 40.5 39.4 54 20.6
G/AgNWs (dark) 0.017 87 330.6 29.9 30.8 4.2
G/AgNWs (light) 8.7 512 0.09 84.4 98 36.6 72 193
PEDOT:PSS (dark) 0.1 112 27.5 464 033 83

PEDOT:PSS(Fwd) 8.2 82 0.078 88 7.8 91.6 0.23 244.1
PEDOT:PSS(Rev) 13 130 0.08 89 7.6 95.7 0.25 228.7

Under 0V (b) * —e— GIAgNWs Fwd

GIAgNWs Fwd

Au Fwd

PEDOT:PSS Fwd
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PEDOT:PSS Rev
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Figure 6. (a) Time-dependent photoresponse, (b) wavelength-dependent responsivity spectra of ZnO-Cul/CuSCN (10:1) photodiodes with
different TEs. For device with PEDOT:PSS TE, the Fwd and Rev were conducted to compare the performance.

due to its close work function with Au,”” but the lowest R, can
increase the recombination, decreasing both the J,. and V.
High R, with G/AgNWs TE is not in favor of hole extraction,
which may come from the nonclose contact using paste
technique, but high R, is beneficial to charge separation,
resulting in high J;. and V.. The suitable R and R, with Au TE
are responsible for the largest . and V. At the same time,
lower R, and R, for Au TE compared with G/AgNWs TE
under light can lead to larger photocurrent density in Figure S9.
However, under the Rev, the photodiode using PEDOT:PSS
TE has the highest ], compared with those devices worked
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under the Fwd. This can not be explained by EIS analysis, and
we can find the clue from wavelength-dependent responsivity.

Furthermore, the peak frequency response in the Bode phase
plots (Figure 5d) signifies the electron transfer rate at the TE/
p-type film interface,” which can be reflected in photoresponse
speed in Figure 6a. Due to the limitation of the manual switch
for the on—off state, the accurate response and recovery time
can not been obtained. We can observe the photodiode using
G/AgNWs TE, which has the longest response time about 2 s,
while response times of photodiodes using Au and
PEDOT:PSS TEs are shorter than the test time interval (0.1
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Table 3. Photoresponse Parameters and Test Conditions Comparison of Different ZnO-Based UV Detectors

UV detector structure Ji (uA/cm?)
ZnO/AgNWs/ ZnO°® photoconductor 225
ZnO NWs® photoconductor 1000
ZnO NWs-CuSCN’ photodiode 45
ZnO NWs-CuSCN*’ photodiode S1
ZnO —Spiro—MeOTAD8 photodiode N
ZnO-Cul/CuSCN photodiode 13

on/off ratio

2787
3000
1000
34
300
130

recovery time (s) voltage (V) light intensity (mW/cm?)

3.67 1 mercury lamp/4.9
15.44 S xenon lamp/18
6.7 X 107¢ 0 LED 380 nm/6
— 0 sunlight/100

9.5 x 107* 0 LED 390 nm/3
< 0.1 0 xenon lamp/100

s). So response speed is in accordance with the frequency
response in Figure 5d. The wavelength-dependent responsivity
spectra are shown in Figure 6b. The highest responsivity for
three TEs under Fwd locates at 380 nm, but the highest
responsivity for PEDOT:PSS under Rev locates at 365 nm,
which is closer to the band gap position of ZnO. Moreover, we
measured the transmittance of several substrates in Figure S10.
The results show that the transmittance of ITO glass decreases
greatly with decreasing wavelength after 380 nm, and it has
already decreased to 70% at 370 nm, which is equal to that of
the PEDOT:PSS film on glass or quartz substrates. But the
actual transmittance of the PEDOT:PSS film can be higher,
which is around 77% from 300—800 nm, because the
transmission loss of glass or quartz substrates are deducted.
Thus, it is convinced that the low transmittance of ITO glass
has greatly limited the short-wavelength UV absorption of
ZnO, obtaining lower ], under Fwd than Rev. The photo-
response of ZnO-based photodiode UV detector can be further
improved by increasing short-wavelength UV transmittance of a
transparent electrode. On the one hand, this can be achieved by
replacing common ITO glass to PEDOT:PSS on quartz or
sapphire substrates in accordance with Nakano et al’s and Xu
et al’s reports;' ** on the other hand, the photodiode can work
under Rev by using PEDOT:PSS TE in our case because the
UV transmittance loss of glass or quartz can be avoided.

Besides, the highest UV (365 nm) to visible (450 nm)
rejection ratio is 179 for ZnO-Cul/CuSCN (10:1) photodiode
with PEDOT:PSS TE under Rev, illustrating large responsivity
at UV-A region (320—400 nm) due to high UV transmittance
of PEDOT:PSS TE, and the narrow-band (60 nm) UV
photoresponse resulted from the semitransparent property of
photodiode with PEDOT:PSS TE. Moreover, from Table 3,
our ZnO-Cul/CuSCN photodiode has faster recovery speed
than comparable photoconductors and at least recovery times
faster than 0.1 s, indicating the ability applying to high-speed
photodetection. Finally, the stability of photodiode with three
TEs is shown in Figure S11. The devices with both Au and
PEDOT:PSS TEs have excellent stability in air for two months.
The dark and light current of device with G/AgNWs TE
decrease a little, which may be caused from an insufficient
contact problem using the paste technique. The high air
stability makes our ZnO-Cul/CuSCN photodiode UV detector
quite promising for the future.

4. CONCLUSION

In summary, ZnO-Cul/CuSCN photodiode UV detectors with
three different TEs have been fabricated. We have found that
the morphology and surface state problems of Cul film could
be effectively overcome by adding a suitable amount of
CuSCN. On the basis of this inorganic p-type composite film, it
can be observed that ZnO-Cul/CuSCN (10:1) photodiode has
the largest on/off ratio of 512 and J,. of 8.7 uA/cm?, and the
ZnO-Cul/CuSCN (5:1) photodiode has the largest rectifica-
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tion ratio of 103 at +1 V and V,_of 0.17 V using the G/AgNWs
TE. Compared with photodiode using Cul or CuSCN film, the
improved performance using p-type composite films can be
obtained, resulting from p-type composite films combining high
conductivity of Cul and low surface trap density of CuSCN,
providing one strategy to improve photovoltaic performance
using inorganic p-type materials. This explanation is supported
by the XPS, XRD, and PL analysis of composite film. We also
find that the ZnO-Cul/CuSCN (10:1) photodiode with Au TE
has the largest ] and V. for Fwd, because low R, and high R,
can be the most beneficial to carriers extraction and separation.
However, the photodiode with PEDOT:PSS TE under Rev has
the highest J,. of 13 #A/cm?” and UV to visible rejection ratio of
179, resulting from larger responsivity at the UV region due to
higher UV transmittance of PEDOT:PSS TE compared with
ITO glass. Finally, the photodiode with PEDOT:PSS TE has
narrow-band UV photoresponse (60 nm), reducing false alarm
probability and high air stability, which is a promising candidate
in the UV-A detection field.
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