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Facile, convenient and low-cost processes, including a chemical hydrothermal method and impregnation
technique, were demonstrated to fabricate a self-powered ZnO nanorod array/CuSCN/reduced graphene
oxide (rGO) ultraviolet photodetector. ZnO nanorods (NRs) were fully filled and encased by the CuSCN
layer, in which CuSCN acts as the primary hole-transport layer and an electron reflection layer, blocking
the electron transfer towards the Au electrode and reducing the electron—hole pair recombination. After
annealing, this encapsulated structure further reduces the surface state defects of ZnO NRs, which can
isolate the electron exchange with oxygen in the air, dramatically reducing the rise and fall time; it also
forms a p—n junction, providing a built-in electric field to improve the photoresponse without applying
external power. The rGO layer was coated on the surface of CuSCN as the secondary hole-transport
layer and then annealed, which could effectively block Au from entering CuSCN and contacting ZnO
along cracks and holes during vapor deposition, avoiding the formation of leakage channels.
Furthermore, due to the ultra-high carrier mobility and the increase in work function after Au doping, the
functionalized graphene could reduce the valence band shift, which is beneficial to enhance hole

transport. Meanwhile, rGO obstructs the undesired barrier formed by electrical potential-induced
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Accepted 14th January 2021 reaction of Au with thiocyanate anions. Finally, the ZnO NR/CuSCN/rGO ultraviolet photodetector

exhibits a significant enhancement in device performance (responsivity: 18.65 mA W™ at 375 nm under
65 mW cm~2 illumination, rectification ratio: 5690 at 41 V), which is better that of than ZnO NR/CuSCN
structure (10.88 mA W1, 10.22 at £1 V) and maintains the 100 ms response time.
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1. Introduction

Wide-bandgap semiconductor materials are suitable candidates
for ultraviolet photodetectors (UV PDs), including diamond,
ZnS, Sn0O,, GaN, SiC, ZnO, and TiO,."! UV PDs show wide
applications in fire monitoring, biological analysis, environ-
mental sensors, missile plume detection, space exploration,
and UV irradiation detection.> Because few p-type wide band
semiconductors exist, most UV PDs are based on n-type semi-
conductors, of which ZnO, a non-toxic and abundant semi-
conductor, has a band gap of 3.37 eV at room temperature,
a large excitation binding energy of 60 meV, and a carrier
mobility of 200 em® V™" s> Recently, research interest has
focused on the utilization of one-dimensional (1D) ZnO nano-
structures to fabricate advanced UV PDs via various processes.
1D nanostructures, including nanorods, nanowires, nanotubes
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and nanobelts, with various compositions and morphologies
have been deposited by many methods. 1D ZnO PDs exhibit
excellent sensitivity and conductivity as well as a fast response
rate due to the quantum confinement effect, surface effect,
nonlinear optical effect, and dielectric confinement effect.”*
Compared with ZnO PDs based on traditional thin-film and
bulk materials, 1D ZnO PDs usually have high surface-area-to-
volume ratios (SVRs) and reduced dimensions of the effective
conductive channel; this can confine the active area of charge
carriers, shorten the transit time and prolong the photocarrier
lifetime, leading to large responsivity and photoconductive gain
in nanoscale photodetectors.>*

Furthermore, various device configurations, such as photo-
conductor,” metal-semiconductor-metal (MSM),® Schottky
barrier® and p-n (or p-i-n),"*** have been adopted for preparing
UV PDs, in which the p-n junction and Schottky barrier UV PDs
can be operated without external power supply, i.e., self-pow-
ered.”>* Due to high SVRs, trapping at surface states drastically
affects the transport and photoconduction properties of NRs. In
the dark, when ZnO NRs are exposed to air, O,(g) is adsorbed on
the ZnO NRs surface and captures free electrons present in the
n-type oxide semiconductor [0,(g) + e~ — 0® (ad)], and a low-
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conductivity depletion layer is formed near the surface. Upon
illumination, electron-hole pairs are photogenerated [Av — e~
+h'] when the photon energy is above the band gap (E,). Holes
migrate to the surface along the potential slope produced by
band bending and discharge the negatively charged adsorbed
oxygen ions [h™ + 0> (ad) — 0,(g)]. Consequently, oxygen is
photodesorbed from the surface. The unpaired electrons are
either collected at the anode or recombine with holes generated
when oxygen molecules are reabsorbed and ionized at the
surface. This hole-trapping mechanism through oxygen
adsorption and desorption in ZnO NRs augments the high
density of trap states usually found in NRs due to the dangling
bonds at the surface and thus enhances the NW photo-
response.>'**> However, a high bias voltage must be applied in
order to obtain a high responsivity, which results in a long
response time. ZnO-based p-n photodiodes have the advan-
tages of fast response times, no applied fields, and no oxygen
dependency. Self-powered ZnO UV PDs have previously been
reported, including homojunctions and heterojunctions.*** p-
Type ZnO is necessary to fabricate a homogeneous p-n junction
photodiode. However, owing to the low solubility of the chosen
dopant, strong lattice relaxation and self-compensation effect, it
remains a challenge to obtain stable p-type ZnO by incorpo-
rating acceptor defects effectively.”* Hence, a variety of p-type
materials are used to prepare p-n heterojunctions of UV PDs
with n-type ZnO, including inorganic semiconductors (Cul,
CuSCN, CuAlO,, GaN, etc.). Among them, CuSCN is a p-type
semiconductor with a wide band gap of 3.6 eV, exhibiting
high transparency in the visible range."** It is also a promising
hole transport material (HTM) due to its reasonable hole
conductivity (=5 x 107* S em™"),?? and it can be easily grown by
electrodeposition, successive ionic layer adsorption and reac-
tion techniques.”>* Additionally, CuSCN can be deposited via
solution processes (impregnation techniques or spin-coating
methods). Steve Dunn et al. firstly utilized spin-coating
methods to construct a ZnO-nanorod/CuSCN UV photode-
tector that obtained a responsivity of 7.5 mA W' (@0.1 mV)
with 6 mW c¢m ™ irradiance at 355 nm and a rise time of =500
ns, while the decay time was =6.7 ps.’? Then, Jérome Garnier
et al. successfully used impregnation techniques to fabricate
ZnO nanowire/CuSCN heterojunctions which achieved
a maximum rectification ratio of 2644 at £2 V and a responsivity
of 20 mA W' (@370 nm, 100 mW cm™?) after annealing at
150 °C under air atmosphere (the response time was not
given)." The CuSCN layer can be used as a hole transport layer
and an electron reflection layer, rapidly transferring the holes
and blocking the electron transfer towards the Au electrode so
as to reduce the electron-hole pair recombination.>*** However,
the CuSCN film has low hole mobility of 0.01 cm® V™" s~ (ref.
27 and 28) and will readily form an undesired barrier due to the
electrical potential-induced reaction of gold with the thiocya-
nate anions.”® In order to enhance the ability of carriers to
transport the interface and eliminate the barrier, rGO prepared
by a modified Hummers method was incorporated between
CuSCN and Au in this work.

Graphene or chemically modified graphene (CMG) is
a potential material for use in perovskite solar cells,** CdTe

© 2021 The Author(s). Published by the Royal Society of Chemistry
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solar cells,* organic solar cells,** photodetectors,*® lithium
batteries®* and gas sensors®® because its carrier mobility is
extraordinary high even at room temperature.*® rGO, a kind of
functionalized graphene, has residual oxygenated groups,
which provide the foundation for its modified graphene
properties®” and also do not affect carrier transport.®® Li
et al®*® and Yun et al.*® have utilized GO and rGO as hole
transport layers, and they obtained efficient and stable
perovskite solar cells. Their results show that oxygen con-
taining groups do not affect hole injection or transport. This
is because carriers (both holes and electrons) can be injected
and transported via the isolated lateral sp? clusters which are
in contact with the electrodes in a sandwich metal/GO/metal
structure. Furthermore, it has been found that cells with rGO
manifested much longer lifetimes than cells with
PEDOT:PSS.

In order to improve the compatibility of graphene with
various solvents and materials, functionalization of graphene is
required, such as the introduction of modified molecules or
ions based on intermolecular interactions or ionic bonds.**
Gong and Giovannetti et al. have calculated that the conduc-
tivity type and work function of graphene can be adjusted by
doping different kinds of metals by first principles.**** Among
these metals, Au can shift the Fermi level of graphene from the
Dirac point into the valence band, which forms the p-type layer
and improves the work function from 4.6 eV to 5.1 eV. This is
more suitable for collecting holes and reducing the valence
band shifts for hole transfer.***”

In our work, a layer of CuSCN uniformly encapsulating ZnO
nanorods was prepared using the drop-coating impregnation
technique; then, rGO was drop-coated to prepare ZnO NR/
CuSCN/rGO (ZCR) heterojunctions. A series of characteriza-
tions has revealed that functionalized graphene can reduce
interface defects and enhance carrier transport, thus signifi-
cantly improving device performance.

2. Experimental details
2.1 Synthesis of ZnO nanorods

ZnO NRs were grown on FTO glass substrate (10 Q per square)
by hydrothermal methods. The detailed experimental process
has been reported elsewhere.*® First, zinc acetate dihydrate (0.01
M) and diethanolamine (0.02 M) were dissolved in 50 ml iso-
propanol by sustained heating and stirring at 65 °C for 1 h to
achieve a transparent precursor solution. Afterwards, a thin
ZnO nanoparticle seed layer was deposited on FTO substrate by
spin-coating at a speed of 2000 rpm for 20 s repeated three
times; then, it was annealed for 1 h at 300 °C under air atmo-
sphere. Subsequently, ZnO-seeded substrates were dipped face-
down inside a hydrothermal reactor, containing an equimolar
solution (0.05 M) of zinc nitrate hexahydrate and hexamethy-
lenetetramine (HMTA). The temperature of the solution was
maintained at 80 °C for 4 h. The as-grown nanorods were
washed thoroughly with deionized (DI) water, followed by
annealing at 300 °C in ambient atmosphere for 1 h to improve
the crystallinity of the ZnO NRs.
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Fig. 1 The process flow diagram of the CuSCN/rGO bilayer.

2.2 Fabrication of ZnO NR/CuSCN/rGO heterostructures

ZnO NR/CuSCN/rGO heterostructures were formed by depos-
iting a CuSCN layer on the ZnO nanorod arrays using drop-
coating impregnation techniques, and the process flow
diagram of the bilayer is shown in Fig. 1."** 0.1 g of CuSCN
powder was initially dissolved in 10 ml propyl-sulfide, which is
above the solubility of 0.4 M, to obtain a CuSCN suspension.
After 24 h of stirring and 12 h of settling, a clear and lucid
yellowish solution was achieved. In order to investigate the
coverage of CuSCN on ZnO nanorods, we titrated 15-35 droplets
of CuSCN solution with a pipette on 2 cm x 2 cm ZnO NRs, as
shown in Fig. 2. Obviously, the thickness of the film became
thicker with increasing number of droplets. 15 and 20 droplets
did not cover the nanorods well. It should be noted that the
CuSCN thin films were too thick after titrating >30 droplets,
after which the carrier mobility was very low for carrier trans-
portation. Therefore, 25 droplets of as-prepared solution were
deposited on the sample and maintained at 100 °C to favor
solvent evaporation and preferentially fill the pores between the
ZnO NRs, followed by annealing at 150 °C in air for 1 h to
improve the interface properties between the ZnO NRs and

(a) 15D
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CuSCN layer."* After cooling to room temperature, the rGO film
was prepared on the surface of CuSCN layer from a 1 mg ml™*
DMF solution by applying the dip-coating process and annealed
at 100 °C for 60 min to form a hole-transport bilayer along with
a CuSCN membrane. Finally, 80 nm Au films were deposited on
the surface of the rGO layer by vacuum evaporation, and the
photodetectors were scribed to 0.09 cm?® by laser pulse scribing
equipment. For comparison, the device of the ZnO NR/CuSCN
(ZC) structure was also prepared.

2.3 Characterization

Scanning electron microscopy (Zeiss Sigma 300) was used to
evaluate the surface morphologies of the samples, and energy-
dispersive X-ray (EDAX Inc. SMART EDX) was applied to
analyze the ratio of Cu and S atoms. The structures of the ob-
tained films were measured from X-ray photoelectron diffrac-
tion (XRD, DX-2600, Dandong, China) using Cu K,; (A =
1.540598 A) radiation. The quality of the samples was deter-
mined by Raman spectroscopy (RM, LabRAM HR). Trans-
mittance measurements (PerkinElmer Lambda 950 ultraviolet-
visible spectrometer) were used to study the optical properties
of the samples in the wavelength range from 250 to 800 nm. The
work function was measured with a Thermo Fisher ESCALAB
250Xi. The excitation light source is He I (the energy is 21.22 eV)
and the Fermi level position is calibrated by Au under the
applied voltage of —5 V. Electrochemical impedance spectros-
copy (EIS) was recorded using an electrochemical workstation
(CHI660D, Chenhua, Shanghai) under dark conditions. The
measured frequency ranged from 10™" Hz to 10° Hz, and the
amplitude was set at 5 mV. The spectra were fitted by ZsimDemo
software. The external quantum efficiency (EQE) was measured

(b) 20D

Fig. 2 The cross-sectional SEM images of the CuSCN thickness with different droplets: (a) 15 droplets, (b) 20 droplets, (c) 25 droplets, (d) 30

droplets and (e) 35 droplets.
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by QEX10 (PV Measurements, Inc.) and calibrated by standard
Si photodiodes under monochromatic light irradiation at
a power intensity of 65 mW cm ™ with a wavelength range from
300 to 450 nm. The data of dark I-V, light I-V and time-response
were collected through a Keithley 2400 digital source meter. A
mask (5 x 5 cm?), leaving only a circular hole 2 mm in diameter
(#2) in the middle, was used in the photoresponse tests of the
photodetector at room temperature. Under illumination, the
mask was fitted closely to the glass surface, where light was
incident from the hole to the device.

3. Results and discussion

Fig. 3 shows the SEM images of typical cross-sectional
morphologies of ZnO NRs arrays, ZnO NR/CuSCN hetero-
junctions and the top-view of ZnO NR/CuSCN/rGO. The ZnO
nanorods were grown nearly vertically to the FTO substrate,
above 1.1 pm in length and about 100 nm in diameter, similar
to a trap structure which can enhance absorption of ultraviolet
light, as shown in Fig. 3a. The gap between the nanorods is
favorable for the impregnation and coverage of CuSCN, so that
the nanorods can be completely encapsulated by CuSCN, as
illustrated in Fig. 3b. With the large surface-area-to-volume
ratios of the nanorods, the formed p-n junctions can rapidly
separate the photogenerated carriers. After annealing, a rough
surface with many porosities and many cracks forms for the

View Article Online
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deposited CuSCN layer (Fig. 3¢) due to the rapid re-evaporation
of internal propyl-sulfide. Once the rGO layer is added, the
surface roughness decreases and the cracks diminish remark-
ably (Fig. 3d). The reason could be that during titration of rGO
dispersions, DMF solvent penetrates into the cracks of CuSCN
to generate a re-dissolution process, and the subsequent low
temperature annealing at 100 °C does not cause the formation
of cracks due to slow evaporation of the solvent; thus, the
majority of cracks are mostly eliminated. Energy dispersive X-ray
(EDX) analysis (Fig. 4a) was utilized to evaluate the stoichiometry
of the CuSCN layer. Because of the interference of residual carbon
and nitrogen in the specimen chamber, only the ratio of Cu and S is
used to determine the conductivity type. The atom ratio of [Cu]/
[SCN] is less than 1, indicating that the CuSCN obtained by the
impregnation technique is a p-type layer.”

The XRD patterns of the as-prepared samples on FTO
substrate are shown in Fig. 4b. The intensity of the X-ray
diffraction is logarithmic to distinguish the weak peaks from
the other phases. ZnO nanorods prepared by the hydrothermal
method show a very sharp diffraction peak at 34.42°, suggesting
a highly preferential orientation of (001) with high crystallinity.
The other weak peaks at 36.25°, 47.53° and 62.86° can be
attributed to diffraction from the (101), (102), and (103) planes,
respectively (JCPDS 36-1451). After subtracting the diffraction
peak from the FTO substrate, all the diffraction peaks can be
well indexed to the trigonal-phase f-CuSCN*® (JCPDS 29-0581)

I 250 nm

Fig. 3 The cross-sectional SEM images of (a) ZnO NRs and (b) ZnO NR/CuSCN and top-views of (c) ZnO NR/CuSCN and (d) ZnO NR/CuSCN/

rGO.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (a) EDX spectrum of ZnO NR/CuSCN and elemental atomic ratio of [Cul/[S], (b) XRD patterns of the FTO, FTO based ZnO NRs, CuSCN and

rGO, (c) Raman spectra of FTO, FTO based ZnO NRs, CuSCN and rGO, (d) UV-visible transmittance of FTO, FTO/ZnO NRs, FTO/ZnO NR/CuSCN
and FTO/ZnO NR/CuSCN/rGO, (e) the variation of (ahv)? versus the photon energy (hv) for ZnO NRs.

and hexagonal wurtzite structure of ZnO with a predominant
(001) growth orientation, where no characteristic peaks from
other phases of CuSCN or impurity phases can be observed,
indicating high purity and crystallinity of the CuSCN deposited
using the drop-coating impregnation technique. The charac-
teristic peak of the coated rGO at 25° is not observed because of
the peak of the FTO substrate. In addition, the rGO does not
result in the phase transformation of CuSCN and/or the
formation of intermediate products.

Fig. 4c shows the Raman spectra of all samples excited by
2.33 eV radiation in vacuum environments. Based on the re-
ported zone-center optical phonon frequencies in ZnO,* the
peaks at 188, 393, 440, and 609 cm ™' can be assigned to the
second order Raman spectrum arising from zone-boundary
phonons 2-TA (M), A; transverse-optic (TO) phonons, E,
modes and E; longitudinal-optic (LO) phonons, respectively.
These are typical phonons confined in the nanostructure (i.e.,
ZnO nanorods).”> From the figure, the Raman characteristic
peaks of CuSCN are all B-phase.*® The intense line can be
assigned to Cu-N and Cu-S vibration modes at 201 and
246 cm™ ', 6 (SCN) bending modes at 431 and 875 cm™ ', and the
bridging thiocyanate group region v (SCN) (stretching v (C-N)
mode) at 2176 cm ™', respectively.!* No shifting of the Raman
peaks of CuSCN or other hetero peaks can be seen after the
addition of rGO; this indicates that rGO has not changed its
properties, showing only a faint lift of the D and G peaks.**

7686 | RSC Adv, 2021, N, 7682-7692

As shown in Fig. 4d, the FTO substrate has an excellent
transmittance in the UV-A band, and the light before 390 nm is
completely absorbed by 1.1 um ZnO NRs (3.37 eV). This is
because the vertical structure (FTO/ZnO NR/CuSCN/rGO/Au,
where light enters from the backside of FTO substrate) is used
in this experiment, and the UV light is completely absorbed by
the ZnO NRs before reaching CuSCN (3.6 eV).?> Therefore, the p-
type CuSCN does not generate carriers, but serves as a hole
transport layer, forming a built-in electric field with n-type ZnO
NRs to become self-powered photodetectors. After adding
a layer of rGO, the response range to the UV band is not
changed, and the effect on the visible light transmittance is also
minimal. The ZnO nanorods act as the active layer in the device,
and the band gap (E,) conculcated by the Tauc formula is
3.24 eV (Fig. 4e), which is lower than pure ZnO (3.37 eV) at room
temperature, and the reason is that the defect density increases
with the increasing specific surface area, leading to the forma-
tion of defect levels in the band gap of ZnO.*

In order to fabricate high-performance, low-cost and self-
powered photodetectors and avoid the electrical potential-
induced reaction of gold with the thiocyanate anions,” rGO
was then drop-coated on the CuSCN layer. The adsorption
energy of the molecular adsorbates on the CuSCN surfaces is
dependent on the film orientation. This is attributed to the large
number of dangling bonds available in the CuSCN surface,
which leads to stronger interactions between the CuSCN (001)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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surface and the molecules.*® Therefore, the oxygen-containing
groups of rGO readily adsorb and homogeneously cover the
CuSCN (001) surface, both inhibiting the reaction between Au
and SCN™ and allowing carrier transport via the isolated lateral
sp” clusters. However, the intrinsic work function of graphene is
4.6 eV,* which does not align favorably with the band energy of
CuSCN and Au. Fortunately, some studies show that the work
function and conductivity type of graphene will change after
metal doping.***” After graphene contacts metal atoms, its work
function will change (i.e., functionalized graphene).”** The
results from theoretical calculations by G. Giovannetti et al.
show that when graphene is adsorbed on Au film, the unique
energy band structure of graphene does not change; however,
this interaction leads to charge transfer, so that the Fermi level
of graphene can be shifted down by up to 0.5 eV with respect to
the Dirac point, which was also verified by the experimental
results of M. M. Giangregori et al. In order to calculate the work
function of rGO after contacting the Au film in this experiment,
a 5 nm Au film was deposited on a clean Si/SiO, (300 nm)
substrate (Fig. 5a); then, the rGO film was prepared on the Si/
Si0,(300 nm)/Au substrate (Fig. 5b and d). As a comparison, the
work function of rGO was also tested on Si/SiO,(300 nm)
substrate (Fig. 5c¢). The work function @ of rGO using UPS
measurements can be calculated based on the Einstein
equation:*

o = /’W - (Ecutoff - EF) (1)

where Av (21.22 eV) is the energy of the incident photon, Ecyeofr is
the secondary electron cutoff edge, and E is the Fermi level
(calibrated by Au); “AE” is the distance between the Fermi level
and the cut-off edge (AE = Ecyiort — Ex)- A bias voltage of —5V

(a) SiO2 (¢) Si02/rGO

10 pm

(b) SiO2/Au

(d) SiO2/Au/rGO
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can reduce the interference of the spectrometer threshold and
make the secondary electron cut-off edge clearer. From the
Fig. 5e, the AE of rGO is 16.35 €V, and the work function is
calculated to be 4.87 eV, which is larger than the intrinsic work
function. It also illustrates that the Fermi energy level shifts
from the Dirac point in rGO, resulting in the formation of a p-
type conductive material. Moreover, the AE of rGO/Au is
reduced to 16.19 eV, as shown in Fig. 5f; then, the work function
rises to 5.03 eV, which approaches the work function of Au and
enhances the p-type conductivity. Therefore, the inserted rGO
layer increases its work function after gold doping to be almost
equal to that of CuSCN and Au, which can eliminate the hole
transfer barrier, and the high carrier mobility of rGO facilitates
carrier transport.

A schematic of a UV photodetector with the ZnO NR/CuSCN/
rGO heterojunction on FTO-coated glass substrate is shown in
Fig. 6a. The surface and interstices of the ZnO NRs are
completely encapsulated and filled with CuSCN, and the
nanorods exhibit an embedded structure in the thin film.
Fig. 6b shows the energy band diagram of the device. The
bandgap of ZnO is about 3.37 eV, and the position of the
conduction band is 4.2 eV under vacuum.” The bandgap of
CuSCN is about 3.6 eV, and the position of the conduction band
is 1.5 eV;** therefore, the electron-hole pairs are mainly pho-
togenerated in the ZnO NRs through the absorption of UV-A
incident photons." Under UV irradiation, the electron-hole
pairs generated from the ZnO NRs are separated by the p-n
junction formed with CuSCN; then, the electrons are reflected
by CuSCN and collected by FTO, and the holes are collected by
rGO/Au, respectively. Simultaneously, due to the different work
functions of ZnO NRs (4.33 eV),** CuSCN (5 eV)" and rGO/Au
(5.1 eV)** and the large junction area, the electron-hole

~
(¢
~—'

- rGO
D=4.87 eV

E cutoff
1635 ¢V

"5 10 15 20 2
Binding energy (eV)

Intensity (a.u.)

c

Au/rGO
®=5.03eV

5 16.19 eV

0 s 10 15 20 2
Binding energy (eV)

Intensity (a.u.)

Fig. 5 Optical images of (a) Si/SiO, substrate, (b) Si/SiO,/Au substrate, (c) Si/SiO,/rGO, and (d) Si/SiO,/Au/rGO, and the UPS spectrum of (e) rGO

and (f) Au/rGO.
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Fig. 6

pairs are rapidly separated to inhibit carrier recombination and
achieve a self-powered device.

J-V measurements of the ZC and ZCR heterojunctions are
shown in Fig. 7a. The two types of diodes exhibit significant
rectifier behavior. Due to the favorable interfacial contact
formed by CuSCN filling and wrapping between the ZnO
nanorods and lack of reverse junctions, the ZC and ZCR devices
have no roll-over phenomenon, even at high bias voltage (>1 V).
Furthermore, owing to the blocking of the formation of leakage
channels and elimination of undesired barriers by rGO, the
performance of the ZCR device is improved, with enhanced
diode behavior, reduced leakage current and a high rectification
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(a) Schematic and (b) energy band of the FTO/Zn NR/CuSCN/rGO/Au junction.

ratio (~5690 at £1 V). Meanwhile, the reverse saturation current
density (J,) and diode ideality factor (n) can be calculated by the
Shockley equation:*

()] e

where J is the current density, V is the applied voltage, g is the
elementary charge, T is the absolute temperature, and k is the
Boltzmann constant. The diode ideality factor and reverse
saturation current density were calculated according to eqn (2)
(as shown in the insert figure). The J, and 7 of ZC are 3.02 mA
em 2 and 5.11, respectively. During evaporation of the back
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Fig. 7 (a) Dark and 365 nm light /-V curves, (b) EIS spectra of the ZC and ZCR junctions, (c) wavelength-dependent responsivity spectra of ZC

and ZCR under 65 mW cm™2 with 0 V, (d) time-dependent photoresponse of ZC and ZCR at 365 nm under the illumination of 17.7 mW cm™~2, (e)
the rise and fall times of the ZC and ZCR photodetectors at —1 pV, (f) photocurrent measured at —1 pV bias under UV irradiances of 1.9, 2.8, 5.4

and 17.7 mW cm™2.
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electrode, Au will enter the interior of CuSCN along the cracks
and holes and even contact the ZnO nanorods, forming an FTO/
ZnO NRs/Au structure similar to the MSM structure. The
structure will affect the formation quality of the ZnO NR/CuSCN
heterojunction, reducing the strength of the built-in electric
field and slowing the separation of photogenerated carriers.
Subsequently, it causes photogenerated carrier recombination
again and forms the leakage channel, which is partly respon-
sible for the excessive dark saturation current density of ZC. In
addition, the undesired barrier formed by gold with the thio-
cyanate anions inhibits the transport activity of the holes.
Eventually, this results in a large dark saturation current density
and diode ideality factor."** After coating the rGO, the J, and 7
of ZCR become 5.46 x 107> mA cm™ > and 1.66, respectively,
which can be ascribed to the reduction of carrier recombination
centers and prevention of an unwanted reaction between Au
and SCN™. Moreover, with the ultra-high carrier mobility and
favorable hole transport of rGO/Au,* ZCR devices exhibit better
device behavior than ZC under 365 nm illumination at both
forward and reverse bias (Fig. 7a).

Fig. 7b shows the Nyquist plots of the ZCR and ZC devices
and the corresponding equivalent circuit. Note that R, is the
recombination resistance at the p-n junction at the low-
frequency arc, R is a parallel resistor representing the level
of difficulty of the charge transfer process at the high-frequency
arc, and for the constant phase element (CPE), the non-ideal
frequency-dependent capacitor, it is generally assumed that
the non-ideal behavior originates from a distribution in the
current density due to the material inhomogeneity. R, and CPE,
are related to the ZnO NR/CuSCN main junction, and R.; and
CPE,, are connected with the two electrical contacts between
FTO/ZnO and CuSCN/Au.>”*® By the analysis of ZsimDemo
software, the R, increases from 2.5 x 10* Q (ZC) to 2.8 x 10° Q
(ZCR). The high R, can be beneficial for carrier separation and
demonstrates fewer cracks between the ZnO NRs and CuSCN
interface. Moreover, the R, decreases from 1.2 x 10° Q (ZC) to 1
x 10" Q (ZCR), illustrating that rGO facilitates carrier transport
and reduces interface recombination.

The wavelength-dependent responsivity spectra are shown in
Fig. 7c. The responsivity was calculated from the external
quantum efficiency (EQE):">*

q“;?E x 100% 3)

R, =

where A is the wavelength of incident light, & is the Planck
constant, and c is the speed of light. The highest responsivities
of ZC and ZCR are both located at 375 nm, which is closer to the
band gap position of the ZnO NRs. Even as the wavelength of
incident light becomes longer, the depth of penetration will
increase;* thus, the photo-induced carriers are rapidly sepa-
rated by the built-in electric field in the one-dimensional
nanorods. The responsivity of the ZCR device is higher than
that of the ZC device throughout the UV-A band from 320 to
400 nm, indicating that the cracks of the p-type CuSCN layer are
effectively eliminated and the built-in electric field is greatly
enhanced by the addition of the rGO layer. Finally, the
maximum responsivity was calculated to be 18.65 mA W™ (at

© 2021 The Author(s). Published by the Royal Society of Chemistry
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375 nm under 65 mW cm 2 illumination). Moreover, the noise
equivalent power (NEP) and the specific detectivity (D;) repre-
sent the ability of photodetectors to detect weak light signals.
The NEP is given by*

In
NEP = — 4
R, (4)
where 7, is the dark current noise spectral density and R; is the
responsivity. The specific detectivity D; can be obtained
fr0m33,48

D= VAdbf (5)

g NEP

where Ag is the effective illumination area in cm® and Afis the
bandwidth in Hz. Considering that the dark current noise
spectral density is mainly due to the dark current density (Jgari),
the detectivity D} can be written as®

* R/l
D, = ——— 6
& V2qJ gark ©)

Therefore, from Fig. 7a and c, the detectivity at 375 nm under
65 mW cm > increases from 2.2 x 10" (for ZC) to 3.7 x 10"" cm
Hz'? W! (for ZCR). Additionally, the responsivity of the two
devices is close to 1 mA W' at wavelengths above 400 nm,
indicating that they are highly transparent to the visible band.
With the secondary hole transport layer rGO, the highest UV
(375 nm) to visible (450 nm) rejection ratio increases from 8.24
to 16.95 for ZnO nanorod-based detectors, thereby enhancing
the anti-noise capability of the device.

Fig. 7d shows the stability and the response speed of the ZC
and ZCR devices at a small reverse bias of =—1 pV under UV
irradiance (365 nm) of 17.7 mW cm 2 switched on and off for
five repeat cycles. The photocurrent was observed to be
consistent and repeatable. The ZCR device has a significantly
higher responsive current than the ZC device. The signal-to-
noise ratio (i.e., SNR = (I, — I4)/lg, where I, is the photocur-
rent under 365 nm light illumination and I, is the dark current
given above)® also increases from 2.2 x 10* (ZC) to 3.6 x 10°
(ZCR), which is consistent with the calculation of the detectivity.
Moreover, the response time is another important indicator for
photodetector performance, including the rise time 7, and the
fall time 7¢,”® as shown in Fig. 7e. Coincidentally, the rise and
fall times of the ZC and ZCR devices are nearly identical, about
105 ms (z,) and 100 ms (z¢), respectively. In other words, in
addition to enhancing the responsivity, rGO can maintain the
fast response time of the device.>”* Meanwhile, the photosen-
sitivities of the ZnO/CuSCN/rGO device under 365 nm UV irra-
diance of 1.9-17.7 mW cm™ > were tested (Fig. 7f), which shows
that the photocurrent response increases with the irradiation
intensity and that the photodetector is remarkably stable and
repeatable. Table 1 compares the performance of self-powered
ZnO NR/CuSCN/rGO photodetectors with previous research of
similarly constructed devices based on ZnO nanomaterials. Our
ZCR photodetectors, fabricated by facile, convenient and low-
cost processes, exhibit excellent rectification ratio properties
and millisecond response times.
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Table 1 Characteristic parameters of relevant photodetectors reported recently and this work

Rectification  Responsivity Detectivity
Structure Wavelength/intensity ~ ratio (bias voltage) Rise time/fall time (Jones) Ref.
ZnO NRs 365 nm/0.1 mW cm > — 0.445 AW ' (2V) — 6.27 x 10'" 55
CuSCN 280 nm/0.22 mW cm > — 79AW ' (2V) 1-50 s — 72
GQD-ZnO nanorods/PEDOT:PSS 340 nm/80 mW cm >  — 36 AW ' (-1V) — 1.3 x 10" 48
RGO/ZnO nanowires UV/3.26 mW cm > — 16.46 AW (1V) 28.46 $/9.76 s 1.14 x 10" 18
Graphene/ZnO NR array 365 nm/100 pW cm™ > — 113AW ' (-1V) 0.7 ms/3.6 ms — 71
GQDs/ZnO-NRs/GaN-NTs 325 nm/3.2 mW cm > 3.2 x 10° (=6 V) 159 ms/68.7 ms 7.0 x 10" 14
ZnO-Cul/CuSCN 370 nm/5.5 mW em > 103 (£1 V) 13mAW ' (0V) <0.1s — 27
ZnO-nanorod/CuSCN 355 nm/6 mW cm > — 7.5 mAW ™ (0.1 mV) 500 ns/6.7 us — 12

ZnO nanowire/CuSCN
ZnO NR/CuSCN/rGO

370 nm/100 mW cm > 2644 (£2 V)
375 nm/65 mW cm > 5690 (+1 V)

4. Conclusions

The CuSCN/rGO hole-transport bilayers were applied in nano-
rod ZnO-based heterojunctions by using a simple, convenient,
and low-cost drop coating method to obtain enhanced perfor-
mance of self-powered photodetectors with high responsivity,
fast response, and excellent repeatability and stability. The
CuSCN completely fills and encapsulates the ZnO nanorods to
form a stable p-n junction, and it acts as the primary hole-
transport layer and an electron reflection layer to effectively
separate carriers and reduce carrier recombination. On the
other hand, rGO as the secondary hole-transport layer signifi-
cantly reduces the cracks of CuSCN and effectively inhibits the
reaction between gold and SCN™. With the increase of the work
function of rGO by Au doping, the barrier of carrier transport is
decreased. As a result, the rectification ratio of 5690 (at £1 V)
and a responsivity of 18.65 mA W ! were obtained at 375 nm
under 65 mW c¢cm 2 illumination.
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