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ABSTRACT: The low-cost fabrication of ZnO nanowire/
CuSCN heterojunctions is demonstrated by combining
chemical bath deposition with impregnation techniques. The
ZnO nanowire arrays are completely filled by the CuSCN layer
from their bottoms to their tops. The CuSCN layer is formed
of columnar grains that are strongly oriented along the [003]
direction owing to the polymeric form of the f-rhombohedral
crystalline phase. Importantly, an annealing step is found
essential in a fairly narrow range of low temperatures, not only
for outgassing the solvent from the CuSCN layer, but also for
reducing the density of interfacial defects. The resulting
electrical properties of annealed ZnO nanowire/CuSCN
heterojunctions are strongly improved: a maximum rectifica-
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tion ratio of 2644 at +2 V is achieved following annealing at 150 °C under air atmosphere, which is related to a strong decrease
in the reverse current density. Interestingly, the corresponding self-powered UV photodetectors exhibit a responsivity of 0.02 A/
W at zero bias and at 370 nm with a UV-to-visible (370—500 nm) rejection ratio of 100 under an irradiance of 100 mW/cm?.
The UV selectivity at 370 nm can also be readily modulated by tuning the length of ZnO nanowires. Eventually, a significant
photovoltaic effect is revealed for this type of heterojunctions, leading to an open circuit voltage of 37 mV and a short circuit
current density of S1 yA/cm?, which may be useful for the self-powering of the complete device. These findings show the
underlying physical mechanisms at work in ZnO nanowire/CuSCN heterojunctions and reveal their high potential as self-

powered UV photodetectors.
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1. INTRODUCTION

Over the past decades, zinc oxide (ZnO) has received a large
interest owing to its wide band gap energy of 3.3 eV at room
temperature, its high exciton binding energy of 60 meV, and its
high electron mobility.' Moreover, ZnO offers the possibility to
form nanowires (NWs) by a wide number of physical and
chemical deposition techniques® such as physical vapor
deposition,” thermal evaporation,* pulsed laser deposition,®
electrodeposition,6 or chemical bath cleposition.7_11 The
growth in solution benefits from the low growth temperature,
low cost and easiness to scale-up. However, a ZnO seed layer is
required to control the growth of ZnO NWs in solution. The
structural properties of ZnO NWs strongly depend on the
structural morphology of the ZnO seed layer, such as
nanoparticle size, density, orientation, polarity, and poros-
ity.'>'> The growth conditions in the chemical bath such as the
nature of chemical precursors and related concentrations, pH,
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and additives are also crucial for controlling the structural
morphology of ZnO NWs.” ™!

Owing to the expected increase in light harvesting'* and
extraction efficiency, as well as charge carrier management, the
integration of ZnO NWs has recently been achieved in
optoelectronic and photovoltaic devices such as light emitting
diodes" and nanostructured solar cells.'®'” In the case of
nanostructured solar cells, a hole transporting materials (HTM)
is required, especially in dye-sensitized solar cells (DSSCs),'®
extremely thin absorber (ETA),"” and quantum dot-sensitized
solar cells (QDSCs)" and should ensure a good pore-filling.
Electrolytes with iodide/tri-iodide redox couple have typically
been used for DSSCs, but new promising possibilities of p-type
semiconductors such as CuAlO,*® NiO,”' Cul’* or copper
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thiocyanate (CuSCN)** have further been considered for all-
inorganic solar cells. Among them, CuSCN is an inorganic p-
type semiconductor with a wide band gap energy in the range
of 3.6—3.9 €V,”** exhibiting high transparency in the visible
range but a relatively low hole conductivity of 0.01 S m™.%°
The enhancement of the hole conductivity can be achieved
through the formation of Cu vacancies (V,)>” or through the
doping of the solution with (SCN), groups.”® In this way, a
maximum hole conductivity of 1.42 S m™" has already been
reported for the structurally modified CuSCN layer.”* CuSCN
is also a promising HTM because it can be easily grown by
electrodeposition,”™ successive ionic layer adsorption and
reaction techniques,”® or impregnation techniques.”®> These
assets have led to the incorporation of CuSCN into new
optoelectronic devices,**** including thin film transistors
(TFT)* and self-powered UV photodetectors for instance.*”

The self-powered UV photodetectors involving wide band
gap semiconductors have recently attracted much attention.
They can either be integrated with an energy harvester unit,
such as piezoelectric nanogenerators or solar cells, be coupled
with an energy storage unit to power them or, more
interestingly, be self-sufficient and independent upon external
power sources by benefiting from their photovoltaic behavior.>®
The latter configuration used as a p-n photodiode does not
need constant external bias voltage and thus may reduce energy
consumption. This is in contrast to standard ZnO NW-based
UV photodetectors integrating Schottky metal—semiconductor
diodes, for which oxygen adsorption/desorption mechanisms
are involved, generally working at relatively high bias voltage in
order to prevent electron—hole pair recombinations and to
favor the detectability of the UV signal®*~* The high
responsivity above 10> A/W is typically achieved in these
standard UV photodetectors, but at the expense of the external
bias used, that is hardly compatible with self-powered
multifunctional nanodevices. Interestingly, higher sensitivity,
faster response times, and no oxygen dependency are expected
for the self-powered UV photodetectors. Additionally, the use
of ZnO NWs is essential to increase the active surface area and
enhance photovoltaic and responsivity effects. Several combi-
nations of semiconductors have already been used in self-
powered UV photodetectors such as NiO/ZnO core—shell NW
heterojunctions (responsivity Rygs nm = 0.493 mA/W under
xenon lamp),* TiO,/iodide electrolyte similar to DSSCs**
(short circuit current I, = 2.5 pA at 330 nm under light
intensity of 20 mW/cm?), TiO,/ZnO nanostructures™ (Rsgs nm
= 0.4 A/W under light intensity of 50 yW/ cm?), or ZnO/Pt
Schottky-type heterojunctions*® (I,. = 47.5 nA at 365 nm under
light intensity of 0.47 mW/cm?). ZnO NW/CuSCN
heterojunction is a very recent device that has shown great
potential: CuSCN is directly used as a p-type semiconductor
associated in a p-n heterojunction with n-type ZnO NW arrays.
The present heterojunction has already shown a good rectifier
behavior: the rectification ratio (RR) comparing the currents at
forward and reverse voltages has been reported in the ranges of
1-10**°73* for electrodeposited CuSCN and of 10°-~10° for
impregnated CuSCN at +2 V.** Recently, the heterojunction
prepared with CuSCN deposited by spray technique associated
with air heat treatment of ZnO NW arrays have even reached a
RR of 21 500.>* Eventually, a responsivity of 0.0075 A/W at
355 nm for 6 mW cm™? irradiance and a minimum UV-to-
visible rejection ratio of about 100 has been determined for self-
powered UV photodetectors based on ZnO NW/CuSCN
heterojunctions, but with a low RR of 23 at +4 V drastically
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limiting their photovoltaic effect (Voc = 1 mV, Iy < 20 pA).>
That low photovoltaic effect may be the sign of a relatively poor
interface quality, requiring the development of postgrowth
treatment. For instance, the solvent outgassing from the
CuSCN layer is well-known to improve its structural and
electro-optical properties:*>*® a 5 X 107> mbar vacuum
treatment for 2 h or a storage under nitrogen atmosphere for
several days have been shown to improve the photovoltaic
performances of TiO,/Dye/CuSCN solar cells through a
continued slow solvent outgassing.>* Similarly, the short-circuit
current density has been increased to 2 mA/cm? after this
treatment for these solar cells.*® More sophisticated heat
treatments are, however, required for further significant
improvements. Furthermore, the physical properties of the
ZnO NW/CuSCN heterojunctions are still open in addition to
their relationship with the performances of the corresponding
self-powered UV photodetectors, while their understanding is
critical for strong improvements. In this paper, the effects of
heat treatment under air and nitrogen atmospheres are
thoroughly investigated on the physical properties of ZnO
NW/CuSCN heterojunctions: both (1) the structural and
chemical properties of the CuSCN layers deposited by
impregnation technique and (2) the electrical properties of
these heterojunctions are reported. The performances of self-
powered UV photodetectors based on ZnO NW/CuSCN
heterojunctions are eventually shown.

2. EXPERIMENTAL SECTION

2.1. Deposition Techniques. Fluorine-doped tin oxide (FTO)
thin films as transparent electrodes were deposited on Corning C1737
borosilicate glass substrates by a homemade spray pyrolysis reactor.*”
The 300 nm thick standard FTO layers have a typical optical
transmittance larger than 85% in the visible range and a typical
electrical sheet resistance smaller than 10 €/sq. The layers were
cleaned in acetone and then in isopropanol solution under ultrasonic
waves for 10 min each. On top of FTO layers, a thin seed layer of ZnO
was deposited by dip coating. The seed layer favors the control of the
growth and of the structural morphology of ZnO NW arrays. A
solution of zinc acetate dihydrate (ZnAc,2H,0) from Merck and
monoethanolamine from JT Baker dissolved in absolute ethanol was
used in an equimolar ratio of 0.375M. Two postheat treatments were
performed at 300 and 540 °C to remove organic compounds and to
crystallize the seed layer, respectively. Subsequently, ZnO NWs were
grown by chemical bath deposition. The growth was performed at 90
°C for 3 h in a solution of zinc nitrate (Zn(NO,),-6H,0) and
hexamethylenetetramine HMTA (C¢H,N,) from Sigma-Aldrich
dissolved in deionized water in an equimolar ratio of 0.03M. To
remove all organic compounds, we performed a postheat treatment on
a hot plate kept at 450 °C. To fill the pores between ZnO NWs, we
deposited the CuSCN layer by impregnation technique. CuSCN (99%
Sigma-Aldrich) powder was initially dissolved in n-propylsulfide (97%
Sigma-Aldrich) above the solubility limit of 0.04 M, which is typically
reached by mixing 0.05 g of CuSCN in 10 mL of n-propylsulfide.”®
After 24 h of stirring and 12 h of settling, a yellowish color solution
was prepared. The impregnation technique subsequently consisted in
depositing the solution droplet by droplet on the sample kept at 100
°C to favor solvent evaporation. The thickness was adjusted by varying
the number of droplets. Annealing was then performed under air or
nitrogen atmospheres in a quartz tube furnace with a flow gas rate of
2L/min. A temperature ramp of 15 °C/min was fixed with the
annealing time of 1 h. The annealing temperature was varied in the
range of 125 to 300 °C with a step of 25 °C. A 0.06 cm? surface area
and 40 nm thick gold (4 N) back contact was eventually deposited on
the CuSCN layer by vacuum evaporation with an Edwards evaporator.
The gold thin layer favors an ohmic contact between the CuSCN layer
and the metallic electrode.
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Figure 1. (a) Top-view SEM image of vertically aligned ZnO NW arrays, (b) cross-sectional SEM image of as-grown ZnO NW/1.6 um thick
CuSCN heterojunctions, (c) top-view and (d) cross-sectional SEM images of as-grown ZnO NW/7 um thick CuSCN heterojunctions, with (e) a
high-magnification image showing the impregnation of the CuSCN layer into the ZnO NW arrays.

2.2. Characterization Techniques. Field-emission scanning
electron microscopy (SEM) images were recorded with a ZEISS
Ultra+ microscope. X-ray diffraction (XRD) measurements were
performed with a Bruker D8 Advance diffractometer using Cu Ko,
radiation according to the Bragg—Brentano configuration. The 6—26
XRD patterns were collected between 10 and 70° in 26 scale. The
texture analysis of the CuSCN layer was quantitatively carried out
from the Ka; component of each diffraction peak in the framework of
the Harris method:*® the texture coefficients ¢, for each [hki]
crystallographic direction and the degree of preferred orientation ¢
were, respectively, defined as follows:

ﬂ N 2
_ To i nd o= vV 2 (g —1)
=T N i * - JN
N To

in which N is the peak number, I, and I, are the intensity of the
(hkl) Bragg reflection for the studied sample and for a randomly
oriented sample, respectively. In our case, the following four diffraction
peaks were taken into account from the 00-029-0581 file of
International Center for Diffraction Data (ICDD): (003), (101),
(110), and (113). The diffraction peaks from CuSCN with a very low
intensity or located close to the diffraction peaks of ZnO were not
considered. In the case of N = 4, the texture coefficient ¢ = 1 and the
degree of preferred orientation ¢ = 0 are correlated with a randomly
oriented sample whereas ¢,y = 4 and 6 = (N — 1)/? = 1.73 indicate a
perfectly oriented sample.

Raman scattering measurements were collected using a Jobin Yvon/
Horiba Labram spectrometer equipped with a liquid nitrogen cooled
coupled charge device detector. The experiments were conducted in
the micro-Raman mode at room temperature in a backscattering
geometry. The Raman spectra were recorded from the film surface.
The 488 nm line of an Ar" laser was focused to a spot size smaller than
1 ym on the sample with a power limited to 90 4#W in order to prevent
the degradation of the CuSCN layer. Raman spectra were calibrated
using Si at room temperature. Energy dispersive X-ray (EDX) analysis
was achieved with a Bruker detector incorporated on a field-emission
SEM Quanta 250 to estimate the stoichiometry of the CuSCN layer,
which is defined as the ratio of [Cu]/[SCN]. This ratio controls the
type of semiconductor: n-type CuSCN is reached for [Cu]/[SCN] > 1
(i.e., copper-rich sample) while p-type CuSCN is reached for [Cu]/
[SCN] < 1 (i.e, copper-poor sample). However, carbon and nitrogen
are too light to allow accurate EDX measurements such that the
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stmchlometry is only assessed by the ratio of copper over sulfur
elements.* Current-density versus voltage (J—V) characteristics of the
heterojunctions were determined in dark conditions using a Keithley
2400 and controlled using Labview 8.6 software. Absorption
measurements were performed with a UV—visible—=NIR PerkinElmer
Lambda 950 spectrophotometer equipped with an integrating sphere
for determining the total transmittance and reflectance. The
photovoltaic performances were recorded under 100 mW/cm> AM
1.5G simulated sunlight with a calibrated solar simulator from Oriel
Instruments. The responsivity of the ZnO NW/CuSCN hetero-
junctions was measured at room temperature using a xenon lamp,
monochromator, chopper, and lock-in amplifier.

3. RESULTS AND DISCUSSION

3.1. Structural Properties of ZnO NW/As-Grown
CuSCN Heterojunctions. The typical structural morphologies
of ZnO NW arrays and related ZnO NW/as-grown CuSCN
heterojunctions are shown by top-view and cross-sectional SEM
images in Figure 1. The deposition of the seed layer was
optimized on top of FTO/glass substrates by taking into
account the FTO thin film roughness and texture in order to
form relatively dense ZnO NW arrays.*” ZnO NWs are fairly
well vertically aligned with a mean diameter, length, and density
of about 90 nm, 1 ym, and 70 NW/um?, respectively. ZnO
NWs with a relatively short length are formed in order to favor
the subsequent high impregnation of the CuSCN layer (ie., a
good pore-filling), as shown in the SEM image of Figure le.
ZnO NWs have a wurtzite crystalline structure and are oriented
along the polar ¢ axis,'> as revealed by the most intense ZnO
diffraction peak indexed with green circle in the XRD patterns
of Figure 2. The other minor ZnO diffraction peaks indexed
with green circles originate from the polycrystalline seed layer
composed of ZnO NPs with a large number of different
orientations although this layer is textured along the polar ¢
axis.

The 1.6 and 7 pm thick CuSCN layers were deposited by
using 5 and 1S5 droplets, respectively, as shown by cross-
sectional SEM images in Figure 1b,d. The CuSCN layer
exhibits a columnar grain structure with a typical size in the
range of 80—110 nm, resulting in a slightly rough free surface
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Figure 2. XRD patterns of as-grown ZnO NW/CuSCN hetero-
njunctions with the CuSCN layer thickness of (a) 1.6 and (b) 7 ym.
XRD patterns of ZnO NW/7 um thick CuSCN heterojunctions
annealed at (c) 150 and (d) 200 °C under air atmosphere. XRD
patterns of ZnO NW/7 um thick CuSCN heterojunctions annealed at
(e) 150 and (f) 200 °C under nitrogen atmosphere. (Green O) ZnO
diffractions peaks (wurtzite phase, 00-036-1451 file from ICDD); (%)
FTO diffractions peaks (cassiterite phase, 00-041-1445 file from
ICDD); and (red dashed lines) f-CuSCN diffraction peaks
(rhombohedral phase, 00-029-0581 file from ICDD).

that is typical of polycrystalline semiconductor thin films with a
columnar grain structure. The occurrence of cracks between
grains are clearly shown for the 7 um thick CuSCN layer in
Figure 1c and more likely arises from mud-cracking effects. The
mud-cracking is due to the slow evaporation of n-propylsulfide
from the CuSCN layer and can form cavities and voids.** The
XRD patterns of 1.6 and 7 pm thick CuSCN layers are shown
in Figure 2. Basically, the CuSCN compound can grow with the
two polymorphic crystalline structures, which are the
orthorhombic a-phase,”® and the rhombohedral p-phase
(trigonal pyramidal structure).’"** Tt is expected that the
rhombohedral f-phase is more commonly formed and more
stable. This statement holds in the present case, for which the
crystalline structure of 1.6 and 7 pm thick CuSCN layers
corresponds to the rhombohedral f-phase, as shown by the red
dashed lines in Figure 2. Interestingly, both the CuSCN layers
exhibit the same [003] strong preferential orientation. The
[003] texture coefficient cyy; is typically about 3.7 for a
maximum of 4. In contrast, the other calculated [101], [110],
and [113] texture coefficients ¢y, ¢;1o, and ;3 are smaller than
1. The degree of preferred orientation of 1.6 is also very high,
leading to a relative degree of preferred orientation larger than
90%. It has been shown that the texture of the CuSCN layer is
strongly dependent upon the deposition technique.’>*" The
preferential orientation usually occurs along the [101] and
[003] directions for low and high concentrations of chemical
precursors in electrodeposition, respectively.*> In contrast, the
preferential orientation along the [003] direction has already
been reported when deposited by impregnation techniques.”"
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The strong preferential orientation is fairly unusual for
polycrystalline semiconductor thin films, in which the
anisotropy of the crystalline phases is generally not highly
pronounced. This may originate from the columnar grain
structure in the CuSCN layer, as shown in Figure 1, combined
with the crystalline structure of the CuSCN compound.
According to the rhombohedral B-phase, the layers of SCN
ions separate the planes of Cu atoms and strong Cu—S bonds
three-dimensionally interconnect these layers. This crystalline
structure with a polymeric form®"** might account for the
formation of the strong preferential orientation along the [003]
direction, which is normal to the parallel alignment of the SCN
groups. Also, it should be noted that the XRD pattern signals
mainly come from the CuSCN bulk on top of ZnO NWs such
that the preferential orientation could also be due to standard
thickening process at very low deposition temperature. As a
consequence, it is expected that the preferential orientation of
the CuSCN layer between ZnO NWs is less pronounced.

3.2. Structural and Chemical Properties of Annealed
ZnO NW/CuSCN Heterojunctions. To assess the potential of
the simplest postgrowth treatment, we achieved an in situ
solvent outgassing from ZnO NW/as-grown CuSCN hetero-
junctions at the growth temperature of 100 °C for 1, 3, and
21.5 h. Interestingly, the significant band assigned to the v(C—
H) of n-propylsulfide® in the 2900—3000 cm™ range of the
Raman spectra is strongly decreased after 3 h of outgassing
(Supporting Information, Figure S1). The relative high boiling
point of T, = 142 °C for the n-propylsulfide solvent as
compared to the outgassing temperature of 100 °C may
account for the long duration needed for removing the solvent
from the CuSCN layer. Additionally, the long outgassing is
found to improve the electrical properties of the ZnO NW/
CuSCN heterojunctions. RR as deduced by the ratio of the
current at the forward voltage (+2 V) over the current at the
reverse voltage (—2 V) on J—V measurements (Supporting
Information, Figure S2) is relatively low (i.e, <100) for as-
grown ZnO NW/CuSCN heterojunctions and after 1 h of
outgassing, respectively. An improvement of 1 order of
magnitude has been reached after 21.5 h-long outgassing, in
which RR (£2 V) is equal to 420, but longer outgassing effects
are still limited (i.e, RR (2 V) = 652 after 30 h of outgassing).

To go further than a simple solvent outgassing, we
considered different thermal heat treatments in the following
on ZnO NW/CuSCN heterojunctions by changing both
annealing temperature and atmosphere conditions. No thermal
heat effects on the structural morphology of ZnO NW/CuSCN
heterojunctions are revealed by SEM images. The XRD
patterns of ZnO NW/CuSCN heterojunctions annealed
under air and nitrogen atmospheres at 150 and 200 °C are
shown in Figure 2. These XRD patterns are very similar to the
XRD patterns of as-grown ZnO NW/CuSCN heterojunctions.
The main texture coefficient cy; still has the same value of 3.7,
while the degree of preferred orientation is still very high and
about 1.6, regardless of the annealing temperature and
atmosphere. Neither change in the structural morphology nor
the occurrence of another crystalline phase (i.e., oxide or binary
phase) are even revealed for a relatively high annealing
temperature of 200 °C under air atmosphere. In the present
range of annealing temperature, no change of the crystalline
phase of CuSCN thus occurs under air or nitrogen
atmospheres, and the preferential orientation along the [003]
direction is still strongly pronounced.

DOI: 10.1021/am5089605
ACS Appl. Mater. Interfaces 2015, 7, 5820—5829


http://dx.doi.org/10.1021/am5089605

ACS Applied Materials & Interfaces

Research Article

The Raman spectra of ZnO NW/CuSCN heterojunctions
annealed under air and nitrogen atmospheres are shown in
Figure 3. Most of the Raman lines are attributed to the CuSCN
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Figure 3. Room-temperature Raman scattering measurements of ZnO
NW/7 um thick CuSCN heterojunctions annealed under (a) nitrogen
and (b) air atmospheres in the temperature range of 100—300 °C.

crystalline phase, and especially to the rhombohedral p-
phase.’”*® The intense line at 2174 cm™ is attributed to the
bridging thiocyanate group region v(SCN), precisely the
stretching ¥(C—N) mode. The 429.5 and 745 cm™' lines are
assigned to the 6(SCN) bending and v(C—S) stretching modes,
respectively. The broad band at 874 cm™ is an overtone of the
S8(SCN) mode. The two contributions around 200 and 242
cm™" could tentatively be assigned to Cu—N and Cu-S$
vibration modes, respectively, according to ref 55. Importantly,
no binary phases are detected as the annealing temperature is
raised to 275 °C under air atmosphere, which is in agreement
with XRD patterns. However, a copper oxide (Cu,O)
crystalline phase is formed at the highest annealing temperature
of 300 °C under air atmosphere, as shown by the occurrence of
lines at 220 and 636 cm™"' (Figure 3b) that are related to the
two major lines of Cu,0.°7°" Nevertheless, no Raman lines
related to copper sulfide occur in the spectrum at 472 and 474
em™!, for v(Cu,S) and v(CuS), respectively.’> At lower
annealing temperature, the residual solvent signature is still
observed in the CuSCN layer. Indeed, the annealing is only 1 h
long, and hence, outgassing processes are not completed, as
shown previously. Thus, the intensity of the weak band at 2900
cm ™ assigned to the v(C—H) of n-propylsulfide®® decreases as
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the annealing temperature is raised. The residual solvent is no
longer detected from the annealing temperature of 150 °C,
which is just above the boiling point of the n-propylsulfide
solvent of T, = 142 °C. As a consequence, 1 h of annealing
above the boiling point of solvent is enough to remove the
excess of solvent from the CuSCN layer. Furthermore, a weak
intensity peak lying in the region of the stretching thiocyanate
group at 2120 cm ™ is attributed to (CuSCN), aggregates.”” It
becomes more intense after annealing at 175 °C and then
decreases at higher annealing temperature. The formation of
these aggregates accounts for the decomposition process of the
CuSCN layer. Besides, a new band appears around 1600 cm™
from the annealing temperature of 175 °C, and its intensity still
increases by further raising the annealing temperature. From
the annealing temperature of 275 °C under nitrogen and air
atmospheres, this band gives rise to two very broad lines
centered at 1590 and 1404 cm™'. These lines typically reveal
the formation of amorphous carbon. The first line around
1580—1600 cm™ is called the G peak for “graphitic-like
structure”, and the second line around 1350 cm™ is called the
D peak for “diamond-like structure”.®® Additionally, a brown
coloration of the samples is systematically observed for
annealing temperatures higher than 175 °C, indicating again
that the decomposition process of the CuSCN layer proceeds at
relatively low annealing temperature. Two distinct physical
phenomena might be related: the first process could be related
to the degradation of the polycrystalline structure of CuSCN
forming (CuSCN), aggregates while the second process could
involve the decomposition of these aggregates into amorphous
carbon. Interestingly, copper oxide is detected under air
atmosphere as the annealing temperature of 300 °C is reached,
as shown by the Raman lines at 220 and 636 cm™".°*°" The
oxidation of the CuSCN layer thus begins around the annealing
temperature of 300 °C. Interestingly, the [Cu]/[S] ratio as
determined by EDX measurements starts increasing from the
annealing temperatures of 250 and 300 °C under air and
nitrogen atmosphere, respectively, and is marked by a reduction
of the sulfur content (Supporting Information, Table S1).
Additionally, nanoparticles of presumably pure copper are
formed on top of the CuSCN layer from the annealing
temperature of 250 °C under nitrogen atmosphere (Supporting
Information, Figure S3).

3.3. Electrical Properties of Annealed ZnO NW/CuSCN
Heterojunctions. J—V measurements of ZnO NW/CuSCN
heterojunctions annealed under air and nitrogen atmospheres
are shown in Figure 4. A table of RRs is reported in the inset of
Figure 4. All the diodes exhibit a clear rectifier behavior. Owing
to the high level of the diode series resistance, the current
density (J) in Figure 4 starts saturating for voltages (V) larger
than 1 V. For instance, ZnO NW/CuSCN heterojunctions
annealed at the temperature of 150 °C under air atmosphere
has a high series resistance of about 23 Q-cm?, which is more
likely due to the low conductivity of the CuSCN layer.
Additionally, the diode ideality factor in the low voltage range
of 0.05—0.4 V is found to be about 4. This large ideality factor
may be due to (1) the poor filling of ZnO NW arrays by the
CuSCN layer or (2) the occurrence of surface/interface
states.’* Nonetheless, the filling of ZnO NW arrays by the
CuSCN layer is clearly completed as shown in Figure 1. In
contrast, it has been demonstrated that the electrical properties
of ZnO NW/CuSCN heterojunctions are drastically affected by
the annealing of ZnO NWs under variable conditions.”*
Consequently, the interface quality of ZnO NW/CuSCN
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Figure 4. J—V measurements of ZnO NW/7 um thick CuSCN
heterojunctions annealed under (a) nitrogen and (b) and air
atmospheres. The values of the rectification ratio RR at +2 V are
reported in the tables in inset.

heterojunctions is expected to play a crucial role on the
electrical properties. The dependence of J—V measurements on
the annealing temperature is identical under both air and
nitrogen atmospheres. The electrical performances are initially
improved as the annealing temperature is raised to 150 °C and
subsequently deteriorated for higher annealing temperature.
The best improvement is achieved at the annealing temperature
of 150 °C, for which the RRs of 791 and 2644 at +2 V are
determined under nitrogen and air atmospheres, respectively.
The annealing under oxidizing air atmosphere is therefore more
beneficial than the annealing under neutral nitrogen atmos-
phere. Importantly, the best RR value of 2644 at +2 V, we have
determined, is the highest value reported for ZnO NW/
CuSCN heterojunctions deposited by impregnation techniques,
as presented in Table 1. It is worth noticing that the highest
value of RR up to 21500 at +3 V has been reached by changing
the surface states of ZnO NWs following an annealing under air
atmosphere prior to the CuSCN deposition.* This indicates
that one of the major effects at the annealing temperature of
150 °C is the improvement of the interface properties between
the ZnO NWs and CuSCN layer.

The evolutions of RR and J, are reported as a function of
annealing temperature in Figure S for both annealing under air
and nitrogen atmospheres. Interestingly, as regards the
annealing under air (respectively nitrogen) atmosphere, the
initial increase in the RR from 62 to 2644 (respectively 791) is
related to the decrease in the average reverse current density J,
(ie, as calculated by averaging the reverse current in the
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Table 1. Rectification Ratio (RR) of the Diodes Composed
of ZnO NW/CuSCN Heterojunctions

ref deposition technique RR
Ni et al.* electrodeposition 19 (£0.5 V)
Wu et al.*! electrodeposition 154 (2 V)
Zhang et al.** electrodeposition 3(x4V)
Gertman et al.*® pulsed electrodeposition 1070 (£2 V)
Hatch et al.® spray 3550 (£3 V)
impregnation 1240 (£3 V)
Hatch et al.>* spray, as-grown NW 3(x3V)
spray, O, annealed NW 440 (3 V)
spray, N, annealed NW 600 (+3 V)
spray, air annealed NW 21500 (+3 V)
our work (150 °C, air) impregnation 2644 (22 V)

T T T T T
125 150 175 200 225

Temperature (°C)

T
100

Figure S. Evolution of RR and J, for ZnO NW/7 um thick CuSCN
heterojunctions as a function of annealing temperature under (black ¥
and red V) air and (black B and red @) nitrogen atmospheres.

voltage range of —0.4 to —0.05 V) from 4.5 X 107> A/cm? for
as-grown ZnO NW/CuSCN heterojunctions to 3.1 X 107* A/
cm® (respectively 7.1 X 107* A/cm?) for ZnO NW/CuSCN
heterojunctions annealed at 150 °C. J, subsequently increases
for higher annealing temperature to 4.5 X 107> A/cm?
(respectively 3.6 X 107 A/cm’) and hence RR decreases
down to 12 (respectively 6). The reduction of J, at the
annealing temperature of 150 °C is thus correlated strongly
with the optimal value of RR for both annealing under air and
nitrogen atmospheres. At this temperature, the solvent is fully
removed, as previously shown by Raman scattering measure-
ments in Figure 3. A smaller density of recombination centers
correlated with a decrease in the density of defects might occur
after annealing and hence give rise to a smaller J;. Another
annealing effect is due to the variation of the diode shunt
resistance for annealing temperature higher than 125 °C. The
shunt resistance was estimated by calculating the slope of the
J—V curve close to zero bias voltage. A shunt resistance of a few
hundreds of Q-cm? is deduced for the annealing temperatures
of 125 and 150 °C. In contrast, a decrease in the shunt
resistance occurs down to a few tens of Q-cm® for annealing
temperature higher than 200 °C. Thus, the deterioration of the
electrical performances at higher annealing temperature can be
correlated with the formation of amorphous carbon and/or of
copper nanoparticles, as shown previously by Raman scattering
and EDX measurements: this may create shunted paths and, as
a consequence, decrease the shunt resistance at higher
annealing temperatures.
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3.4. Performances of Self-Powered UV Photodetec-
tors. A schematic of the self-powered UV photodetector
together with the corresponding energy band diagram are
reported in Figure 6. The UV illumination is made from the

(a)
Gold electrode
CuSCN
ZnO NWs
ZnO seed layer

(b) 0 “vacuum

N CuSCN

~ o _| _

T $

Q 4 —| 7n0 E_son =36¢eV
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i £, =33eV
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Figure 6. Schematics of (a) the self-powered UV photodetector based
on ZnO NW/CuSCN heterojunctions and (b) of the corresponding
energy band diagram. The UV illumination is made from the FTO/
glass substrate side.

FTO/glass substrate side such that the electron—hole pairs are
mainly photogenerated in the ZnO NWs through the
absorption of UV incident photons. To a lesser extent, the
CuSCN layer may also contribute to the photogeneration of
electron—hole pairs; nevertheless, this is much less likely
because the light first propagates through the FTO thin films
with a quite similar band gap energy. The electron—hole pairs
photogenerated in the ZnO NWs are then separated by the
built-in voltage in the heterojunctions. The electrons and holes
are, respectively, collected by the FTO thin film via the ZnO
NWs and by the gold contact via the CuSCN layer. The UV
photodetector is based on a p-n heterojunction, and hence, the
responsivity can arise from three distinct contributions: (1) the
n-layer of ZnO NWs, (2) the space charge region and (3) the
p-layer of CuSCN. In our case, the built-in voltage is smaller
than 0.5 V due to the difference in work function W between
CuSCN (W ~ § eV)® and ZnO (W =~ 53 eV).*® The
contribution from the space charge region may therefore be
neglected to a first approximation. As a consequence, a major
contribution from the n-layer of ZnO NWs and possibly a
minor contribution from the p-layer of CuSCN are expected to
predominantly drive the responsivity.

The effects of the structural morphology of ZnO NW/
CuSCN heterojunctions are investigated on the performances
of the UV photodetectors by varying the length of ZnO NWs.
ZnO NW/CuSCN heterojunctions involving ZnO NWs with
three different lengths (1, 1.5, and 2 um) were fabricated for a
given 7 pym thick CuSCN layer. These ZnO NW/7 um thick
CuSCN heterojunctions were annealed at 150 °C under air
atmosphere to improve their electrical performances, as
discussed previously, and eventually integrated as UV photo-
detectors. The absorption of the ZnO NW/CuSCN hetero-
junctions and the related responsivity of the full UV
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photodetectors are shown in Figure 7a. The sharp cut of
absorption around 400 nm is related to the main peak of
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Figure 7. (a) Absorption measurements of ZnO NW/7 um thick
CuSCN heterojunctions annealed at 150 °C under air atmosphere and
responsivity measurements of the corresponding self-powered UV
photodetectors with 1, 1.5, and 2.5 ym long ZnO NWs. (b) J-V
measurements of the self-powered UV photodetectors consisting of
ZnO NW/7 um thick CuSCN heterojunctions annealed at 150 °C
under air atmosphere collected under darkness and illumination
conditions.

responsivity at 370 nm, which is close to the ZnO band gap
wavelength of 375 nm (i.e, 3.3 eV) and hence ascribed to the
n-layer contribution. The UV photodetection is therefore
favored in the wavelength range smaller than 380 nm. It is
expected that the main peak is due to the efficient extraction
and collection of electron—hole pairs that are photogenerated
in the ZnO NWs covered with the CuSCN layer. The
maximum responsivity at 370 nm is Ryy ,, = 0.02 A/W for 1
um long ZnO NWs and decreases down to 0.01 A/W for 1.5
and 2 pm long ZnO NWs. Also, the related UV-to-visible
(370—500 nm) rejection ratio of the UV photodetector is about
100. It should be noted that the maximum responsivity of 0.02
A/W at zero bias is higher than that in ref 37 for an identical
rejection ratio, but the excitation conditions were distinct, that
is, Ry7g om = 0.0075 A/W for 6 mW cm™ irradiance and a
minimum UV-to-visible rejection ratio of ~100. A second
significant peak is centered (ie, 3.55 eV), for which the
maximum responsivity at 350 nm is Rj5o,, = 0.01 A/W.
Importantly, the intensity of the second peak is strongly
reduced by increasing the ZnO NW length for a given 7 yum
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thick CuSCN layer. Basically, the impregnation of the CuSCN
layer is improved for shorter ZnO NWs, as shown in Figure le,
such that the extraction and collection of photogenerated
electron—hole pairs in ZnO NWs is increased. Because the
absorption depth is decreased by reducing the wavelength, the
electron—hole pairs are predominantly photogenerated at the
bottom of the ZnO NWs in the present case. Accordingly, the
extraction and collection of the photogenerated holes are less
efficient because they must cross the entire CuSCN layer,
leading to a decrease in the responsivity as the wavelength gets
shorter. Moreover, the FTO thin films can also absorb the light
at these short wavelengths before coming into the ZnO NW/
CuSCN heterojunctions. Eventually, the second peak, although
more pronounced, is less intense for longer ZnO NWs because
the impregnation of the CuSCN layer is expected to be less
controlled: the electron hole pairs are thus mainly photo-
generated in ZnO NWs with no CuSCN layer forming the
heterojunctions, which is detrimental for their separation. As a
consequence, the wavelength selectivity of 370 nm for the UV
photodetector is reinforced by the increase in the ZnO NW
length. By changing the structural morphology of ZnO NW/
CuSCN heterojunctions, the selectivity of the UV photo-
detector can thus be readily modulated.

Furthermore, J—V measurements of ZnO NW/CuSCN
heterojunctions under dark and illumination conditions are
shown in Figure 7b. The open-circuit voltage (V) short-
circuit current density (Jsc), and fill factor (FF) are 37 mV, S1
uA/cm?, and 27.1%, respectively. The relatively high V¢ of 37
mV is determined here as compared to ref 37, in which a low
Voc of about 1 mV was reported. Owing to the beneficial
annealing process at 150 °C, it turns out that the decrease in
the reverse current density J, favors a fairly good V¢ by
decreasing the density of interfacial defects. Such a significant
photovoltaic effect with wide band gap semiconductor
heterojunctions may be useful for the self-powering of the
UV photodetector when connected with an external battery, for
instance. Eventually, ZnO NW/CuSCN heterojunctions are
fairly stable in time and still exhibit a significant photovoltaic
effect, even after 1 year when stored under atmospheric
conditions (Supporting Information, Figure S4). Such good
stability is one asset of CuSCN>****¢ and is promising for their
real-world integration as self-powered UV photodetectors.

4. CONCLUSION

The annealing effects under air and nitrogen atmospheres are
investigated in a wide range of temperature on the physical
properties of ZnO NW/CuSCN heterojunctions and the
performances of the corresponding self-powered UV photo-
detectors. The as-grown CuSCN layer as deposited by
impregnation technique is found polycrystalline with the p-
rhombohedral crystalline phase. The columnar grains have a
typical size in the range of 80—110 nm and are strongly
oriented along the [003] direction owing to the polymeric form
of the p-rhombohedral crystalline phase. Importantly, the
CuSCN layer completely fills in ZnO NW arrays from their
bottom to their top, demonstrating the homogeneous
formation of ZnO NW/CuSCN heterojunctions. No mod-
ifications in the structural properties of the CuSCN layer are
revealed by SEM images and XRD patterns after outgassing or
annealing, regardless of time, temperature, or atmosphere. The
Raman scattering measurements indicate that the solvent can
beneficially be outgased from the CuSCN from the growth
temperature of 100 °C after several tens of hours or from the
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annealing temperature of 150 °C after only 1 h. In contrast, a
strong degradation of the CuSCN layer turns out from the
higher annealing temperature of 175 °C, for which both
amorphous carbon and binary phases are formed while the
sulfur content is reduced. Concerning the J—V measurements
of the ZnO NW/CuSCN heterojunctions, it is demonstrated
that the outgassing is a necessary step to improve the electrical
performances. Three hours of outgassing is typically enough to
remove all solvent from the CuSCN layer. However, the J—V
measurements are still limited by this single step of outgassing:
RR (£2 V) = 652 after 30 h. It is further shown that the
annealing under both atmospheres can first improve the RR up
to the annealing temperature of 150 °C, which then decreases
at higher annealing temperature. This is correlated with the
CuSCN layer properties: (1) the outgassing of solvent at low
annealing temperature improves the J—V performance, (2) the
annealing around 150 °C may decrease the density of defects at
the interfaces, such that the reverse current J, is decreased,
leading to the best value of RR (+2 V) = 2644, and (3) the
degradation of the CuSCN layer creates shunt paths and so
reduces the J—V performance. Finally, we demonstrate the
efficient integration of ZnO NW/CuSCN heterojunctions as
self-powered UV photodetectors with a maximum responsivity
of 0.02 A/W at zero bias and at 370 nm under an irradiance of
100 mW/cm? The selectivity of the self-powered UV
photodetector can further by modulated by varying the length
of ZnO NWs. Eventually, a significant photovoltaic effect of the
device is measured with Vo = 37 mV and Jsc = 51 pA/cm?,
which could ensure the self-powering of the complete device.
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