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Enhancement in the performance of
nanostructured CuO-ZnO solar cells by band

Amrit Kaphle, ©2 Elena Echeverria, 2 David N. Mcllroy®® and Parameswar Hari*®

In this study, we investigated the effect of cobalt doping on band alignment and the performance of

nanostructured ZnO/CuO heterojunction solar cells. ZnO nanorods and CuO nanostructures were

fabricated by a low-temperature and cost-effective chemical bath deposition technique. The band
offsets between Zn;_,Co,O (x = 0, 0.05, 0.10, 0.15, and 0.20) and CuO nanostructures were estimated
using X-ray photoelectron spectroscopy and it was observed that the reduction of the conduction band

offset with CuO. This also results in an enhancement in the open-circuit voltage. It was demonstrated

that an optimal amount of cobalt doping could effectively passivate the ZnO related defects, resulting in

a suitable conduction band offset, suppressing interface recombination, and enhancing conductivity and

mobility. The capacitance—voltage analysis demonstrated the effectiveness of cobalt doping on

enhancing the depletion width and built-in potential. Through impedance spectroscopy analysis, it was

shown that recombination resistance increased up to 10% cobalt doping, thus decreased charge

recombination at the interface. Further, it was demonstrated that the insertion of a thin layer of

molybdenum oxide (MoO3s) between the active layer (CuO) and the gold electrode hinders the formation

of a Schottky junction and improved charge extraction at the interface. The ZnO/CuO solar cells with
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10% cobalt doped ZnO and 20 nm thick MoOs buffer layer achieved the best power conversion

efficiency of 2.11%. Our results demonstrate the crucial role of the band alignment on the performance
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1. Introduction

Fabrication of photovoltaic (PV) devices is critically dependent
on the availability of low-cost materials used in the fabrication.*
For third-generation solar technologies, nanostructured mate-
rials are integrated into scalable, robust, and low-cost device
structures that electronically couple the photoactive nano-
structures to an external circuit. Metal oxides are abundant in
nature and can be synthesized by inexpensive wet chemical
methods with tunable electrical properties. With its excellent
minority carrier diffusion length, high absorption coefficient,
non-toxicity, and environmental friendly deposition methods,
CuO has always been considered as a potential absorber mate-
rial for low-cost photovoltaic applications."” For a single p-n
junction solar cell, the optimum bandgap is about 1.34 eV for
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of the ZnO/CuO heterojunction solar cells and could pave the way for further progress on improving
conversion efficiency in oxide-based heterojunction solar cells.

maximum efficiency, the optical properties of CuO (bandgap 1.4
eV) serve as an excellent candidate for a semiconductor
absorber material for solar cell application.® Based on a Shock-
ley-Queisser analysis of CuO-based solar cells, it is predicted to
have a theoretical power conversion efficiency of around 30% by
considering only radiative recombination.* As there is no n-type
CuO available, solar cells must be constructed as hetero-
junctions with another material as an n-type, wide bandgap
window material.> One n-type material that can be used for
oxide-based solar cells is zinc oxide (ZnO) due to its wide
bandgap and a relatively high absorption coefficient.>® Simi-
larly, homo-junctions are challenging to form for ZnO because
the p-type conductivity is very sensitive to the synthesis and
post-treatment conditions.>® However, there are few reports of
p-type ZnO available in the literature.”® Therefore, one of the
best solutions for fabricating oxide-based solar cells will be to
study a ZnO/CuO heterojunction as a stable p-n junction.*>*°
Previously, few efforts have been focused on fabricating p-
CuO/n-ZnO heterojunctions™™** even though simple estimates
predict large valence band offsets (VBOs) and conduction band
offsets (CBOs) between the two semiconductors.** Therefore, it
is imperative to control the band alignments in CuO/ZnO for
further enhancement of power conversion efficiency by altering
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conduction and valence band offsets. A heterojunction device
based on ZnO nanowires coated with CuO nanoparticles has
been reported with a power conversion efficiency of up to
0.3%." Omayio et al.* reported a maximum efficiency of 0.23%
for Sn-doped ZnO/CuO solar cells. In another literature,"” the
maximum reported efficiency for CuO/ZnO nanocomposites-
based device is 1.1 x 10 *%. By using the pulsed laser deposi-
tion (PLD) method, Bhaumik et al.*® reported the highest power
conversion efficiency of 2.88% device of CuO nanostructure
decorated with nanoparticles. For heterojunction solar cell,
both the n-type and active absorber layer interface play a critical
role in determining their overall performance because charge
injection and recombination are directly related to the proper-
ties of the nanomaterial used.”** The optimization of the
properties of the window layer plays a critical role in the opti-
mization of the performance of the solar cells. The surface
modification and doping of various metal oxides have been
considered as approaches to improving the optical and elec-
trical properties of the n-type electron transport window layer.*
For example, metal ions such as Mg, Cs, Li, Al-doped ZnO have
been used as an efficient electron transport layer to enhance
efficiency in various perovskites,”>* polymers,” quantum
dots,?® and copper indium gallium selenide (CIGS)* based solar
cells. In transition metal-doped ZnO, cobalt has a relatively
higher solubility limit than other kinds of dopants.”® Due to this
property, cobalt is an excellent candidate as a dopant in ZnO
nanorods for tuning optical and electrical properties. Due to the
slightly smaller ionic radius of Co"" (58 pm) than Zn"" (60 pm)
under the same coordination number, as in wurtzite ZnO,
incorporation of cobalt into ZnO layer to form Zn, _,Co,O would
significantly alter the bandgap mainly due to the lifting of the
conduction band minimum (CBM) and valence band maximum
(VBM).*>** Using this composition, the Fermi level in the
Zn, ,Co,0 layer would move up, which leads to the enhanced
open-circuit voltage (Voc), which in turn will result in an
enhancement in device power conversion efficiency (PCE).
Fermi-level pinning can result in the formation of a Schottky
barrier even between CuO and gold electrode, despite the close
alignment between the Fermi level of gold and the valence band
edge of CuO.* Similar back-contact Schottky barriers have also
been observed in cadmium telluride (CdTe) thin-film solar
cells®* and can lead to a substantial reduction in the open-
circuit voltage, fill factor, and PCE. Some previous reports on
the incorporation of molybdenum oxide (MoOj3) into photovol-
taic devices have attributed an increase in efficiency due to the
reduction in series resistance resulting from improved hole
extraction from the p-type active layer through the high work
function of M00O3;,*"**> while others have credited it to a decrease
in leakage current and concomitant rise in shunt resistance,
identifying electron-blocking property as the primary contri-
bution of M00,.**** Our approach in this study is to employ
a low-resistance contact to p-CuO using molybdenum oxide
(MoO3) as the back-contact buffer layer for improving solar cell
performance. To understand the effect of MoO; thickness on
ZnO/CuO heterojunction, layers of various thicknesses of MoO;
were deposited onto a CuO layer by a spin coating method. We
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found that the thickness of the MoO; layers had a significant
effect on the overall performance of the ZnO/CuO solar cells.

In this work, we report a shift in band offset extracted from
X-ray photoelectron spectroscopy (XPS) with cobalt doping in
ZnO nanorods on the performance of ZnO/CuO heterojunction
solar cells. The performance of the heterojunction PV cells is
correlated to the conduction band offsets with various levels of
cobalt doping. Besides, it is verified that the insertion of a thin
layer of molybdenum oxide (MoOj3) between the CuO absorber
and the gold electrode hinders the formation of a back contact
Schottky junction. We also present a detailed analysis of the
influence of MoO; buffer layer thickness on the current-voltage
(I-V) characteristics of devices.

2. Experimental details and
characterization techniques

The detailed process of fabricating ZnO and cobalt doped ZnO
nanorods using chemical bath deposition (CBD) was discussed
in detail in our previous studies.*>*' For CuO nanostructures,
the growth mechanism was a modified chemical bath deposi-
tion (CBD) method in which equimolar 0.1 M of copper nitrate
trihydrate (Cu(NO);-3H,0) and hexamethylenetetramine
(C¢H1,N4) was dissolved in deionized water under constant
stirring. Few drops of ammonium hydroxide solution (30-33%
NH; in H,0) was added to the resulting precursor solution until
the pH reached 8. The seeded substrate was submerged in the
precursor solution and heated at 90 °C for 4-8 hours in
a convection oven. Finally, samples were rinsed with deionized
(DI) water, dried in the air, and annealed at 300 °C for an hour
in the air.

For the buffer layer, MoO; solutions were synthesized by
a thermal decomposition method using ammonium heptamo-
lybdate (NH4)¢Mo0,0,,-4H,0 as a precursor.”> (NH,)e
Mo,0,,-4H,0 was dissolved in deionized water (20 ml) and
heated at 80 °C for 1 hour in the air. The precursor decomposed
into three components, MoO;, NH; and H,O, among which
NH; evaporated into the air, and MoO; is expected to be the
significant solute in the solution (a small amount of NH; can
remain in the solution). The product is considered to be
a layered structure MoOj3, which forms a long molecular chain.*
The resulting precursor solution was diluted by DI water to
various concentrations (0.2 wt%, 0.5 wt%, 1 wt%, and 2 wt%)
and was used to form MoO; films by spin coating techniques.
For >1 wt%, the layer was very thick and acted as an insulator.
0.2 wt% did not produce improvements in solar cell properties
as well. We have found efficiency enhancement only with
a 0.5 wt% solution. Finally, 0.5 wt% precursor solution was
spin-coated on the top of the CuO layer at different rpm and
different deposition time to form 20-40 nm thick MoO; films
(Fig. S17).

For electrical measurements, DC sputtering technique was
used to deposit high-quality gold electrodes. The thicknesses of
the ZnO seed layer, ZnO nanorods, CuO nanostructures, MoO;
buffer layer, and gold electrodes were approximately 50 nm,
450 nm, 1.6 pm, 20-40 nm, and 100 nm respectively. The active

This journal is © The Royal Society of Chemistry 2020
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device area was 0.16 cm® The schematic design of the fabri-
cated solar cell is shown in Fig. 1.

Morphological characterization of prepared ZnO nanorods,
CuO nanostructures, and MoO; layer was performed using by
FEI Inspect S50 scanning electron microscope (SEM). Crystal
structures were analyzed by the X-ray diffraction (XRD) tech-
nique using the Rigaku SmartLab X-ray diffractometer (CuKa
radiation, A = 1.54056 A). Rietveld refinement was performed
using the Rigaku PDXL-XRD analysis software. The absorption
spectra were calculated by a VARIAN Cary 50 Scan UV-Vis
spectrometer. The thickness of different nanostructured layers
was measured using the n&k 1200 Analyzer. XPS spectra were
acquired using a dual anode X-ray source, XR 04-548 (Physical
Electronics), and an Omicron EA 125 hemispherical energy
analyzer with a resolution of 0.02 eV in an ultra-high vacuum
(UHV) chamber with a base pressure <10 '° torr. The X-ray
source used was the Al-Ka source operated at 400 W and an X-
rays incident angle of 54.7° and normal emission. Hall
measurements were performed using MMR H-50 Hall, van der
Pauw controller. The current-voltage (/-V) characteristics of the
solar cells were measured by a Keithley 2450 source meter with
AM 1.5 Global spectrum source for illumination. External
quantum efficiency (EQE) spectra were measured using Oriel
IQE 200 instruments. Capacitance measurements were per-
formed using Agilent/HP 4274A multi-frequency LCR meter
with external biasing. Impedance spectra were analyzed in the
frequency range of 1 Hz to 10 MHz with 20 mV ac voltage using
Omicron Bode 100 analyzer. EIS spectrum analyzer 1.0 ** soft-
ware was used to model the Cole-Cole plots obtained from the
impedance measurements.

3. Result and discussion
3.1 Structural analysis

The crystal structure of ZnO nanorods was analyzed using X-ray
diffraction (XRD) technique. Fig. 2(a-e) shows the XRD spectra
of 0-20% cobalt-doped ZnO nanorods and corresponding

Au

Fig.1 Schematic design of ZnO/CuO/MoO3 heterojunction solar cell.

This journal is © The Royal Society of Chemistry 2020
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Rietveld analysis (see Table S1t). All the peaks on X-ray
diffraction patterns were well matched to the ZnO wurtzite-
phase structure (JCPDS no. 36-1451).*> All the undoped and
cobalt doped ZnO are highly c-axis oriented, and (002) diffrac-
tion peak position gradually shifted toward lower diffraction
angle with higher cobalt doping. This indicates that the Co""
ions were well-substituted during doping into Zn sites without
the creation of the secondary phase (within the detection
limits). For 10%, 15%, and 20% cobalt doping, we observe an
additional spinel ZnCo,0, phase, which is a typically found
spinel structure with Zn™* ions in the tetrahedral sites and Co®*
occupying the octahedral sites. In our previous studies,* we
have discussed the detail Rietveld analysis of these nano-
materials and found that the percentage of the wurtzite ZnO
phase in samples decreases and the secondary phase of
ZnCo,0, increases with excessive cobalt concentration.
However, for 10% cobalt doped samples, the existence of the
ZnCo,0, secondary phase is low (<5%) in comparison to other
higher doped samples. Also, we observed that the crystallite size
increases from 50.01 nm to 73.24 nm as cobalt doping is
increased from 0 to 20%. The increase in crystallite size reveals
the presence of cobalt in the ZnO lattice. During cobalt doping,
distortion is produced by dopant atoms due to a mismatch
between ionic radii of Zn™" and Co"". This mismatch created
distortions at various locations across the ZnO lattice, and at
higher cobalt concentrations, the distortion centers increase,
which increases the average crystallite size.*® Fig. 2(f) displays
the XRD spectra of the fabricated ZnO/CuO/MoO; hetero-
junction solar cell. Diffraction peaks matching to the hexagonal
wurtzite structure of ZnO (JCPDS no.36-1451)* can be identified
from the XRD plot. The intense (002) peak points out the crys-
talline nature of the ZnO nanorods, and it grows along the c-
axis. Fig. 2(f) also shows the presence of the diffraction peaks,
which belong to the monoclinic tenorite structure of CuO
(JCPDS no. 48-1548).*” Previous reports*®*® have shown that CuO
film deposited on ZnO film has peaks corresponding to (111),
(111), and (202), which is consistent with our XRD results. XRD
results confirm that there is no other secondary impurity crys-
talline phase (Cu or Cu,O or Cu(OH),) in our device. Further-
more, the XRD patterns also show sharp diffraction peaks,
which is consistent with the standard values of the ortho-
rhombic MoOj crystal structure (JCPDS card no. 76-1003).5%*
Fig. 3 shows a typical SEM image of ZnO nanorods, CuO
nanostructures, and MoOj; thin film layers. From SEM images,
we infer that ZnO has hexagonal shaped perpendicular aligned
nanorods, and CuO has a unique cone-like nanostructure
measuring less than 37 + 5 nm. The average diameter of the
undoped ZnO nanorods is about 94 + 4 nm, and the length is
about 453 = 9 nm. The morphology and size of the prepared
ZnO nanorods are well suited to act as a conducting path for
electron and CuO nanostructures as light trapping centers,
which can increase the rate of charge carrier generation.

3.2 XPS analysis and band offsets

X-ray photoelectron spectroscopy (XPS) was performed to
investigate the incorporation of cobalt in ZnO nanostructures.

RSC Adv, 2020, 10, 7839-7854 | 7841
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Fig. 2 XRD spectra and (a—e) Rietveld analysis of 0-20% cobalt doped ZnO nanorods (f) ZnO/CuO/MoOs3 heterojunction solar cell.

Fig. S21 shows the complete scan survey spectra of 10% cobalt
doped ZnO/CuO heterojunction sample, which confirms the
presence of Zn, Cu, Co, O, and C atoms in ZnO/CuO hetero-
structure. Also, a trace of the Sn atom is observed due to the FTO
substrate. Fig. 4(a and b) displays the high resolution XPS core-
level spectra of ZnO nanorods (Zn 2p and Co 2p) films with 0%,
5%, 10%, 15%, and 20% doping concentration. Characteristic
binding energy peaks at 1022.43 eV and 1045.51 eV, assigned to
Zn 2p;;, and 2pq,, were observed in all cobalt-doped ZnO
spectra, as shown in Fig. 4(a), confirming the existence of
divalent zinc ions in all samples.** Spectra of the Co 2p core-

level states as a function of cobalt concentration are displayed
in Fig. 4(b), where Co 2p is observed at 780 eV and 795 eV with
enhanced intensity and area, suggesting the incorporation of
cobalt into the ZnO lattice. To investigate the incorporation of
cobalt atoms into the ZnO host lattice structure, we deconvo-
luted the O 1s XPS spectra for all undoped and doped ZnO
nanostructures into three different near Gaussian subpeaks
shown in Fig. 5. The O 1s spectra of both the undoped and
cobalt doped ZnO show the main peak (O 1s-Peak A), and two
shoulder peaks (O 1s-Peak B and Peak C) centered at around
530.31 eV, 531.19 eV, and 532.52 eV respectively. The dominant

Fig. 3 SEM images of (a) undoped ZnO nanorods (b) CuO nanostructures (c) MoOs thin film.
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Fig. 4 High-resolution core-level XPS spectra of (a) Zn 2p and (b) Co 2p state in 0—20% cobalt ZnO nanorods.

peak at 530.31 eV (Peak-A) is attributed to O~ ions or oxygen
atoms bonded with nearest neighbor metal ion species (Zn-O or
Co-0) in a wurtzite structure and shows a very minor shift
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Co-O complexes are formed, thereby reducing oxygen-related
defects, which in turn results in the selective passivation of
deep level defects up to a certain doping level (in our case, 10%
doping). This type of passivation of native defects of ZnO was
observed in the previous study using Mg doping (up to 4%).*
Therefore, we can say that cobalt dopant can play a role in
suppressing the formation of oxygen vacancies. Also, the weight
(%) of the Peak-C in the O 1s spectrum in 10% cobalt doped ZnO
is slightly smaller when compared to the corresponding peak
area in the spectrum of undoped ZnO, which might be associ-
ated with a reduction in the concentration of hydroxyl groups in
the ZnO due to cobalt doping.?* However, the weight (%) of the
Peak-C is slightly enhanced with higher cobalt dopant (15% and
20%) due to cobalt clustering.

Similarly, the high-resolution XPS spectra of Cu 2p states are
shown in Fig. 6. The core-level spectra were fitted with Pseudo-
Voigt (mixed Lorentzian-Gaussian) function by employing
a Shirley background correction. Peaks around at 933.98 eV and
953.86 eV were observed, which are assigned to the Cu 2p;/, and
Cu 2p,, state in CuO.” In addition to the main peak, the strong
shake-up satellite peaks are also detected at the higher binding
energy (BE) side, at 941.28 eV, 943.67 eV, and 962.33 eV, which
are characteristics of partially filled d-block (3d°) of Cu™" ions.*
The peak positions and presence of the shake-up satellites
indicate the formation of pure CuO, which is supported by our
XRD results. Also, the position of the Cu 2p peaks in ZnO/CuO
heterojunction samples shifts to higher binding energy
compared to pure CuO nanostructures. The shift of Cu 2p peaks
to higher binding energy can be explained by the strong inter-
action between ZnO and CuO nanostructures in our hetero-
junction.” Similar results have been reported earlier by the
researcher while performing XPS studies of ZnO/CuO nano-
structures by different (RF sputtering, hydrothermal, electro-
spinning) routes.****°

The critical parameters leading restrictions for the perfor-
mance of the photovoltaic cells is band offsets at the hetero-
junction interface. Depending on the band offsets present at
any heterojunction solar cells, the charge transport across the
junction interface is affected.** To determine band offsets and
to explain the structure of ZnO/CuO heterojunction, valence
band offset (VBO) was measured by calculating the binding

. /Strong Cu** satellite Cu 2p,,

= Cu2

= U 2Py, \

>

o)

—_

S

2

‘© CuO

5 ZnO/CuO

© | —Baseline

- | —Fit . . . ;
970 960 950 940 930
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Fig. 6 High-resolution XPS spectra of Cu 2p state in pure CuO
nanostructures (black) and ZnO/CuO heterojunction (green).
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energy difference between valence band maximum (VBM) and
the core level (CL) using XPS analysis.® Fig. S31 shows the
valence band (VB) spectrum of undoped and cobalt doped ZnO
along with CuO nanostructures, and the valence band
maximum (VBM) value of 2.64 eV-1.80 eV and 0.57 eV are
extrapolated by linear fitting for 0-20% cobalt doped ZnO and
CuO, respectively. For the calculation of VBO, we use the core-
level measurement technique, as proposed by Kraut et al.>* In
this method, the VBO of ZnO/CuO interface can be calculated
using the following equation:

ZnO/CuO ZnO/CuO ZnO ZnO
AEypo = [EZn 2p — EGy 2p ] - {[EZn 2p — £VBM

— [ECSS — EVEUI): (1)

where Ef denotes the binding energy of the core level i for the
sample s while Eygy denotes the VBM for the sample s. Further,
conduction band offset (CBO) was calculated by using bandgap
values of ZnO, CuO, and the VBO by the following relation:**

AEcpo = EZ"™© — ES'© — AEvgo; (2)

where EZ"® and EG" are the bandgap of ZnO and CuO calcu-
lated by the Tauc plot using absorption spectra (see Fig. S47).
The calculated values for VBO and CBO are shown in Table 1.
Similar results (VBO = 2.83 eV and CBO = —0.73 eV) were ob-
tained by Hussain et al*® for undoped ZnO/CuO nano-
composite. As the cobalt doping level was below 10%, the
conduction band of ZnO was lower than that of the CuO
nanostructures; ie., the value of CBO was negative, thus form-
ing a cliff structure at the interface with type-II band align-
ment.”** When the cobalt doping concentration was above
10%, the conduction band of ZnO was higher than that of the
CuO; i.e., the CBO was positive, thus forming a spike structure
with type-I band alignment. Many previous studies®***>®
showed that a large negative CBO increases the probability of
recombination at the interface, and large positive CBO produces
a barrier, which hinders the collection of photogenerated
carriers. Accordingly, a small positive CBO with a notch like
structure at the junction is necessary for stronger band bending
to prevent the injected electrons from going to the junction and
decrease the chances of recombination. We calculated a posi-
tive CBO of 0.07 eV for a 10% cobalt doped ZnO/CuO device
(Fig. 7). For 15% and 20% cobalt doped ZnO heterojunctions,
where the CBO spike is higher (0.4 eV), and as a result, the
recombination became faster again. This consequence might be
due to the increase in the trap density because of excessive

Table 1 Bandgap, VBO, and CBO of 0-20% cobalt doped ZnO/CuO
heterojunction solar cells

Co% Bandgap ZnO (eV) Bandgap CuO (eV) AEy (eV) AE¢ (eV)
0 3.31 1.46 2.06 —-0.21
5 3.28 1.93 —-0.11
10 3.22 1.69 0.07
15 3.20 1.31 0.43
20 3.17 1.23 0.48

This journal is © The Royal Society of Chemistry 2020
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heterojunction. VBM and CBM values are from the Fermi level.

cobalt doping, and this creates the negative effect of the trap
states on the recombination mechanism despite the positive
effect of the notch or spike-like structure.

3.3 Conductivity and Hall measurements

It is well known that the electrical properties of the interfacial
layers are essential for the performance of the solar cell devices
because they will affect charge transport at the interface.>
Fig. 8(a) shows the conductivity of 0-20% cobalt doped ZnO
nanostructures. The electrical conductivity increases with
increasing cobalt concentration and shows a maximum value of
20.55 Q' em ' at a 10% cobalt doping level, but beyond this
doping concentration, the conductivity was found to decrease
again. At relatively lower doping concentrations (=10%), elec-
trons from the dopant play a dominant role in the film and as
less oxygen vacancy scattering occurs, the conductivity
increases.”*® At a higher cobalt doping concentration of above
10%, the disorder produced in the lattice (due to cobalt clus-
tering) increases the efficiency of scattering mechanisms such
as phonon scattering and ionized impurity scattering which, in
turn, causes a decrease in conductivity.®* ZnO with higher
conductivity is beneficial for reducing the ohmic voltage loss
when electron transport within the layer, resulting in the
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enhancement in Vo and FF of the solar cell which will be dis-
cussed later. Hall measurement shows the n-type conductivity
in all undoped and doped ZnO samples. We observed that the
carrier concentration and mobility of cobalt doped ZnO films
increases to 3.18 x 10'® em > and 40.41 cm® V' s, a peak
value for the 10% cobalt doped sample. However, after 10%
cobalt doping level, mobility starts to decrease, whereas carrier
concentration becomes saturated. This can be explained as due
to excessive cobalt doping; more defects will be formed and acts
as scattering centers, which results in the formation of sites
capable of trapping carriers. After trapping the charge carriers,
the traps became electrically charged, creating a potential
energy barrier, which hindered the transport of photogenerated
carriers from one crystallite site to another, thereby reducing
their mobility and conductivity.®>** A similar result was ob-
tained by Wu et al.® for 0-10% cobalt doped ZnO and proposed
that the substitution of Co™* could improve the elec-
trical conductivity and mobility up to certain limit due to the
increase in carrier concentration. The increased mobility
resulting from increasing the cobalt doping also ensures that
electrons can quickly transport to the FTO electrode. Hall
measurement on CuO films shows p-type conductivity with
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a carrier concentration of 2.93 x 10'® cm*, mobility of 0.74
em” V™' s7', and conductivity of 3.46 x 1072 Q"' em™.

3.4 I-V and EQE analysis

Typical current density-voltage (J-V) characteristics of cobalt
doped ZnO/CuO heterojunction solar cell (champion cell) under
standard AM1.5G illumination are displayed in Fig. 9(a). To
assure credible device performance, the statistical parameter
distribution of eight devices were plotted in Fig. 10. Since
statistical deviations are relatively small; thus, the device
improvement is reliable. The CBOs were varied in the range
from —0.21 to 0.48 eV with cobalt doping. As expected,
a significant improvement in open-circuit voltage was observed
when a spike structure was formed at the junction interface
corresponding to 10% cobalt doping. When the positive CBO
was very high (0.4 eV), the Vi is slightly reduced. Likewise, the
short-circuit current density (Jsc) and the fill factor (FF) of the
heterojunction solar cell first increase with changing CBO (from
—0.21 eV to 0.07 eV) and then decrease when the CBO is large
enough (0.4 eV). The solar cell with 10% cobalt-doped ZnO
exhibited the best performance, with an average power
conversion efficiency of 1.87%, Voc of 0.45 V, Jsc of 9.17 mA
cm 2, and FF of 48.22% (Table S21). All these values are higher
than those solar cells based on undoped ZnO and CuO.
However, a decrease in photocurrent is observed due to the
large spike for a conduction band offset greater than 0.11 eV
(15% and 20% cobalt doped). The current-voltage results
revealed that the performances of ZnO/CuO heterojunction
extremely depend on the doping concentration of cobalt in ZnO
nanorods and their band alignments.

To find out the effect of cobalt doping in ZnO/CuO hetero-
junction on charge recombination mechanism, the diode
formation of the solar cells was studied by examining the dark
J-V characteristics. The diode parameters in the solar cells, such
as the ideality factor (n) and reverse saturation current density
(Jo), are important indicators of the dominant recombination
mechanism. The dark J-V plot (Fig. 9(b)) reassures that the ZnO/
CuO heterojunction display rectifying performance, which
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Fig. 9
(b) show one diode model fit of 0% ZnO/CuO solar cell.
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proves the p—n junction formation. Fig. 9(b) shows the semi-log
J-V plot, and the inset shows experimental dark -V data (0%
cobalt) fitted with a generalized single diode Shockley
equation.*

RSH q(V*JRs) V
- 5" A VR | .
7= Rt R {Jo [eXp( nky T TR [

where Jo, 1, Rsu, Rs, q, ks, and T are the reverse saturation
current density, the diode ideality factor, the shunt resistance,
the series resistance, the electronic charge, the Boltzmann
constant, and the temperature of the device, respectively. Fitted
parameters extracted from the single diode Shockley equation
are displayed in Fig. 11 (see Table S3t for average value). For
undoped ZnO, average reverse saturation current density, series
resistance, shunt resistance, and diode ideality factor of 8.38 x
10~* mA cm™?, 30.88 Q cm?, 736.4 Q em?, and 3.39 respectively,
were obtained. This high reverse leakage current is the indica-
tion of the existence of significant interface defects and non-
radiative recombination at the ZnO/CuO junction. Also, the
high value of leakage current is responsible for the limitation of
open-circuit voltage®®® as well as the fill factor of the device,
which can be seen on our device performances. As seen in
Fig. 11, the dark reverse leakage current of the ZnO/CuO het-
erojunction decreased with increasing cobalt doping level-up to
10%, indicating a suppressed recombination. The continuous
decrease in the dark current of the solar cells may be due to the
increased built-in potential (explained later in C-V analysis) in
the cobalt doped ZnO layer, attributed to the increased Femi
level of cobalt-doped ZnO.% In our case, the ideality factor is
higher than 2, and it is reported that if the ideality factor is
higher than 2, the defect activities are supposed to be domi-
nated by a recombination process with traps distributed at the
interface and surface.®®®® Besides, the inhomogeneous thick-
ness of ZnO nanorods and non-uniformity of interfacial charges
could contribute to the high ideality factor. Since the existence
of vacancies and mid-gap trap states associated with non-
idealities in both ZnO and CuO surface also forms a substantial
number of interfacial states at the ZnO/CuO junction.*® These
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(a) I-V characteristics under light and (b) dark /V characteristics of 0-20% cobalt doped ZnO/CuO heterojunction solar cells. The insets of
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nonidealities might be responsible for defect-mediated
tunneling,®”® which stimulate photogenerated carrier in the
reverse direction. The tunneling process mediated by defect
densities could cause shunting of the device and result in
a lower reverse breakdown voltage.** This type of behavior can
be seen in Fig. 9 with sizeable reverse leakage current and low
photocurrent. The average value of the ideality factor first
reduced from 3.39 to 2.98 as the cobalt content was increased to
10% and then increased to 3.84, with a further increase in
cobalt concentration. The 10% cobalt-doped device exhibits the
smallest diode ideality factor, indicating that this device shows
the best suppression of interfacial recombination, which might
be due to a small positive CBO, increased built-in potential and
suitable structural properties such as lesser defect density.
However, even for the 10% cobalt doped cells, the ideality factor
is still high. This substantial value indicates that the space-
charge recombination still the device loss
mechanism.

Fig. 12 shows the external quantum efficiency (EQE) of
typical ZnO/CuO heterojunction solar cells with the best PCE at
each cobalt content (0-20%). By integrating EQE spectra with
the standard solar spectrum, we found the calculated Jsc values
of around 8.52, 8.96, 9.12, 7.96, and 6.68 mA cm >, respectively,
for 0-20% cobalt doped ZnO. These Jsc values from EQE agrees
with those obtained from the j-V analysis. We can observe poor
EQE in the long-wavelength region (>550 nm), meaning a poor

dominates

carrier collection in this region, which explains its lower short

This journal is © The Royal Society of Chemistry 2020

circuit current density (Jsc). This indicates the loss of deeply
absorbed photons due to recombination in the bulk and
depletion regions of the device.®® In the wavelength range cor-
responding to the ZnO layer absorption, the EQE of the doped
cell is slightly inferior to the cell with the un-doped absorber
layer. Also, the EQE results show slight band tailing, which is
attributed to defect complexes present in the CuO layer.”"”*
However, the increase in EQE (from 38% to 43%) with 10%
cobalt doped ZnO likely results from the factors such as
improvement in conduction band offsets and hence better
charge collection efficiency due to the reduction in interface
recombination. Thus, further improvement in solar cells should
focus on the enhancement of the heterojunction interface and
conduction band alignment to improve the V¢ by doping of the
CuO absorber layer as well.

3.5 Impedance and capacitance-voltage (CV) analysis

To gain information about the carrier recombination process,
we investigated ZnO/CuO devices using impedance spectros-
copy. Fig. 13 displays the impedance spectrum of devices in
dark conditions. The impedance patterns of different undoped
and cobalt doped samples analyzed were fitted using an
equivalent circuit model shown in the inset of Fig. 13(a). The
Cole-Cole plot reveals two distinct features, that is, a small arc
at high frequency and a large arc at low frequency. Here, the
high-frequency feature (Fig. 13(b)) is ascribed to charge transfer
process, while the lower frequency element contains the

RSC Adv, 2020, 10, 7839-7854 | 7847
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Fig. 12 The external quantum efficiency of 0-20% cobalt-doped
ZnO/CuO heterojunction solar cells.

information about carrier recombination process.”?”® In addi-
tion, the value of the starting point at the real part of the Cole-
Cole plot corresponds to the series resistance Rs.*”> In our
devices; the Ry is related to the resistance, including that arising
from external wires or the substrates. In the equivalent circuit,
the resistance, R., known as charge transfer resistance, is
associated with the ZnO/CuO interface or the CuO/Au contact
and the selective contact capacitance (CPE.) owing to the

7848 | RSC Adv, 2020, 10, 7839-7854

charge buildup at the interfaces. Whereas, the element R, and
CPE,, are associated with recombination resistance and chem-
ical capacitance of the system. The fitted parameters based on
the equivalent circuit are listed in Table 2. In the equivalent
circuit, the constant phase element (CPE) accounts for the
deviation of the capacitance from an ideal capacitor since
several theories such as leaky-capacitor and non-uniform
current distribution have been proposed to account for the
non-ideal behavior of capacitance such as surface roughness,
porosity, and various surface states.”””® We also observed that
CPE_; is lowest for 10% cobalt-doped sample, which implies less
charge accumulation and efficient charge transport by 10%
cobalt doped ZnO layer. Since CPE. is related to charge
collection at the interfaces, having a small value is favorable for
increased device performance.** We observed that the 10%
cobalt-doped ZnO based device gives the lowest R value (573.09
Q), indicating that charge extraction is most efficient at the
interface of this sample compared to all the investigated
samples, a result that is consistent with the conductivity and
electron mobility values. The lower R, values must contribute to
the highest jsc value of a 10% cobalt-doped device.””*' In
contrast, when various cobalt concentrations were introduced
into ZnO nanostructures, the R, is significantly increased from
6582 Q for the cell with pristine ZnO to 7973 Q corresponding to
the cells with 10% Co-doped ZnO, respectively. The much larger
Riec for the device with Co:ZnO prepared with the cobalt
concentration of 10% originates from fewer defect-assisted

This journal is © The Royal Society of Chemistry 2020
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Magnified view of Cole-Cole plots in the high-frequency region.

traps, indicating effective suppression of the charge recombi-
nation and leakage current.” Furthermore, due to the more
favorable band alignments between the 10% cobalt doped ZnO
and CuO, previously discussed in XPS analysis, the extraction of
charge carrier is energetically favored and thus decreased
interfacial charge accumulation occurs, resulting in a decrease
in carrier recombination in the ZnO/CuO interface. This is
consistent with the increase in R observed in all (8 samples
for each doping level) 0-20% cobalt doped devices, which
denotes less frequent recombination events. Higher recombi-
nation resistance value (Rye) of 10% cobalt doped sample from
impedance analysis also confirms its more substantial shunt
resistance (Rgy) from J-V measurement, suggesting that the
charge recombination is unfavorable between the interface of
ZnO and CuO layer. This result shows a clear correlation
between a higher R... (lower recombination rate) and a higher
Voc of the device. In other words, the samples with cobalt
doping (up to 10%) reveals that the presence of cobalt in ZnO
lattice induces a decrease in the recombination rate, thus
enhancing the Vo¢ of the devices and solar cell performances.
This effect is reversed when the cobalt doping increases beyond
10%. This consequence might be due to the increase in the deep
level trap density and higher conduction band offsets because
of excessive cobalt doping.

From the complex impedance spectrum, the effective carrier
lifetime can be estimated since the peak of the large semicircle
in the Cole-Cole plot corresponds to a frequency whose recip-
rocal is the effective carrier lifetime.*** Carrier lifetime

calculated from the peak of the large semicircle in a Cole-Cole
plot and RC time constant (7 = R.C,) using equivalent circuit
fit is within 4% (Table 2). For the undoped device, the effective
carrier lifetime is determined to be 44.2 ps, and the corre-
sponding values for doped samples (5-20%) are 51.6, 60.2, 37.9,
and 32.5 ps, respectively. The longer carrier lifetime of the
device indicates that photogenerated carriers have more time to
move toward, and ultimately be collected by the electrode
without suffering recombination.®> We can say that the device
with 10% cobalt doped samples undergoes less recombination
since it has a long carrier lifetime of 60.21 ps. This is consistent
with the more considerable recombination resistance of the
device (the diameter of the large semicircle), which indicates
less carrier recombination inside the device. The longer carrier
lifetime and larger recombination resistance should be induced
by the reduction of defects as well as the improved band
alignment between ZnO and CuO layers by cobalt doping.

To investigate more into the recombination phenomena, we
have characterized the capacitive spectra. Mott-Schottky anal-
ysis is commonly used to determine a semiconductor's doping
density and the built-in bias potential.** Depletion width and
the capacitance-voltage behavior is then expressed according to
the Mott-Schottky equation as

1 2(Vs—7)

=2 /. 4
C? qeegA2N, ° (4)

2880(Vbi — V)
= _— 5
W=/ N (5)

Table 2 Parameters extracted from impedance circuit fitting of 0-20% cobalt doped ZnO/CuO heterojunction devices

Cobalt%  Rs(Q) Ry (kQ)  Reec (Q) CPEy (nF) 1y CPE, (nF) n, Cy (nF) C,(nF) 7 =RyC,(uS) 1(Cole-Cole) (1S)
0 18.2 1.24 6.58 13.1 0.910 24.1 0.87 4.39 6.52 42.9 44.2
5 17.8 0.885 7.34 14.6 0.890 20.5 0.89 3.63 6.91 50.7 51.6
10 17.4 0.573 7.97 14.5 0.870 19.3 0.90 2.52 7.28 58.0 60.2
15 17.0 1.31 6.38 19.2 0.890 20.9 0.88 5.19 6.19 39.5 37.9
20 17.9 1.59 5.68 19.8 0.890 22.7 0.87 5.50 5.95 33.8 32.5

This journal is © The Royal Society of Chemistry 2020
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where C represents the depletion capacitance, V;,; is the built-in
potential, V is the applied bias, 4 is the device area (0.16 cm?), &
is the active layer's dielectric constant (dielectric constant of
18.1 was assumed for CuO®), ¢, is the permittivity of free space,
q is the electronic charge, w is the depletion width, and N, is the
background doping concentration. The built-in potential and
doping density are then found by fitting eqn (4) to the linear
portion of the C~> versus bias voltage plot, where the slope gave
the background doping density and extrapolated intersection
with the voltage axis gives the built-in potential (Fig. 14).%
Modulating frequency of 1 kHz is used for C-V measurements
because, at high frequency, not all of the defect states can
respond to the modulating signal and hence no longer
contribute to the junction capacitance.*® Therefore, low-
frequency measurements provide a more reliable description
of the carrier dynamics in the system, despite the role of traps
and defects.

The effect of cobalt doping on built-in potential, depletion
width, and background doping concentration are shown in Fig.
14(b-d). In the case of the undoped sample, a narrow depletion
width of 174 nm, a built-in potential of 0.514 V, and a back-
ground doping concentration of 3.41 x 10" cm™® was
observed. This value of background concentration in ZnO/CuO
heterojunction is comparable to the result (3x 10" cm™?) ob-
tained by Chabane et al™ This result shows that the high
background doping concentration in our sample is consistent
with small depletion width, which will increase the probability
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of recombination. As the cobalt concentration is increased to
10%, the corresponding depletion width and built-in potential
become 227 nm and 0.611 V, respectively, and the background
doping concentration reduces to 2.37 x 10'® cm >, This result
indicates that the solar cell is not still fully depleted and could
be the reason for low device performance arising from low
carrier collection. However, this study demonstrates the effec-
tiveness of cobalt doping on enhancing the depletion width and
built-in potential. This improved performance can be seen in
the EQE and J-V plot due to the broader depletion width
provided by the low background doping density. Here, the net
effect of these processes is also directly observed in the prop-
erties of the built-in voltage. The high initial background
doping level evident in solar cells is due to defects forming from
the low-temperature growth conditions because there exist
many defects (oxygen vacancies or interstitials) in the nano-
structured films grown by a chemical bath deposition process.
By the cobalt doping process, strong and stable Co-O complexes
are formed, thereby reducing oxygen-related defects (can be
seen in O 1s spectra in XPS analysis); this results in the selective
passivation of deep level defects up to certain doping level (in
our case 10% doping).*

3.6 Effect of MoO; buffer layer

Fig. 15 shows IV characteristics of 10% cobalt doped ZnO/CuO/
Mo0O; heterojunction solar cells for a 0-40 nm thick MoOj; layer.
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A cross-over in the forward-bias (V> 0.5 V) region is observed for
the device without any MoO; buffer layer. This type of cross-over
is an indication of the presence of a Schottky barrier at the CuO/
Au contact in opposition to the junction formed at the ZnO/CuO
interface.®” Such a Schottky barrier would obstruct the extrac-
tion of holes from the CuO layer, regulating both the dark and
the photocurrent, and dropping the open-circuit voltage,* as is
observed in Fig. 15(a). The incorporation of MoO; between the
CuO and Au electrode reduces this cross-over effect, concur-
rently increasing all the parameters. It is to be noted that the
PCE increases firstly and then decreases with the increase of
MoO; thickness and achieves its highest value of 2.11% when
the MoOj; thickness equals to 20 nm (Table 3). Further increase
in the thickness of MoO; deteriorates the performance of solar
cells. It is evident that the thickness of the MoO; buffer layer can
significantly affect the solar cell parameters of Jsc, Voc, and FF
and then lead to the variation of power conversion efficiency.
The increase of Jsc and FF might be attributed to smaller series
resistances and lower recombination rates as the MoOj; thick-
ness increases from 0 to 20 nm; while the decrease of Jsc and FF
as the MoQO; thickness further increases to 30 nm and 40 nm
should be due to more significant series resistances and higher
recombination rates induced by thick MoO; layers. It is worth
pointing out that V¢ keeps increasing when the MoOj; thick-
ness is varied from 0 to 20 nm (Table 3). If MoOj; thickness
increases beyond 20 nm, the Vo decreased gradually due to
electron-hole recombination induced by charge accumulation
emerging at the interface between MoO; and CuO layer.*® This
hypothesis is verified by our impedance analysis results (Table

S4t), where we observed charge transfer resistance is decreased,
and recombination resistance is slightly increased by 20 nm
thick MoOj layers. Furthermore, a decrease in charge transfer
capacitance is observed, which again confirms the reduced
charge accumulation and increased charge extraction by opti-
mized MoO; thickness.

The effect of the MoO; buffer layer is also evident in dark J-V
characteristics (Fig. 15(b)). A reduction in diode ideality factor
to 2.50 is observed with a 20 nm thick MoOj layer, which means
electron-hole recombination is reduced due to better ohmic
contact. Besides, smaller ideality factor (2.50) achieved for
MoO;-based devices also proves the better hole-selectivity,
which results in decreased charge recombination loss at the
CuO/Au interface. Subsequently, with MoO; thickness' contin-
uous increasing from 20 nm to 40 nm, the ideality factor rises
from 2.50 to 3.09 attributed to charge accumulation, which
leads to enhanced recombination. The optimum efficiency can
be obtained for the device with a 20 nm MoO; layer and
a minimum ideality factor (2.50), which indicates that the
carrier recombination decreased to the minimum. Therefore,
the variation of circuit parameters could be attributed to charge
accumulation at the CuO/Au Schottky type contact or CuO/
thick-MoOy; interface. The lower J, (9.39 x 10> mA cm ™ ?) of the
20 nm thick MoO; device compared to the current density
without MoO; device affirms that reduced recombination is
achieved in the former device. This is an indication that an
increased hole extraction efficiency is due to the decrease in the
height of the Schottky barrier.*® The dark j-V characteristics
show that the MoO;-based device possesses better diode

Table 3 Average photovoltaic parameters of 10% cobalt doped ZnO/CuO/MoOs heterojunction devices for 0-40 nm thick MoOs buffer layer

MoO; (nm) Voc (V) Jsc (mA ecm™2) FF (%) n (%) Rs (Q cm?) Ry (Qcem?) n Jo x 107" (mA cm?)
0 0.4544 + 0.0075 9.174 £ 0.2060 48.22 £ 0.2446 1.870 £ 0.0246 37.69 + 0.5012 641.0 &+ 7.212 2.986 £ 0.0657 4.754 £ 0.3038
20 0.4680 £ 0.0067 9.495 £ 0.1784 48.43 £ 0.2823 2.112 £ 0.0527 35.28 £+ 0.6762 717.6 + 8.859 2.497 £ 0.0528 0.939 £ 0.2984
30 0.4573 £ 0.0084 9.234 £ 0.2153 48.27 £ 0.2308 1.897 £ 0.0259 37.18 + 0.5539 663.4 + 9.703 2.751 £ 0.0726 4.613 £ 0.3274
40 0.4531 £ 0.0078 8.050 £ 0.3889 47.36 £ 0.3185 1.569 £ 0.0402 38.57 £ 0.5527 593.9 £ 10.01 3.094 £ 0.0688 8.372 £ 0.3106

This journal is © The Royal Society of Chemistry 2020
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Fig. 16 EQE spectra of ZnO/CuO/MoO3 heterojunction solar cells.

behavior with lower leakage current density and higher rectifi-
cation ratio than that of the device without MoOj3. This implies
that the MoOj;-based PV cells maintain smaller reverse satura-
tion current (J,) and ideality factor (n), which are the significant
parameters contributing to the suppression of electron-hole
recombination. While the MoO; buffer layer is thick >20 nm,
the charge extraction will be hindered; the photo-generated
charges would be recombined in the buffer layer and degrade
the solar cell performance. This type of effect is also discussed
with reports of enhanced hole injection into organic hole-
transport layers upon the insertion of a MoO; buffer layer.*
Previous reports on the use of MoOj; layer into solar cell devices
have attributed an increase in power conversion efficiency is
due to the reduction in series resistance resulting from
improved hole extraction from the p-type layer through the
high-work-function of MoO3;,*>** while others have ascribed it to
a decrease in leakage current and simultaneous increase in
shunt resistance, categorizing an electron-blocking character-
istics as the vital contribution of M0o0O3.°>%* In our present study,
both effects are noticed; however, the enhancement in hole
extraction due to the reduction of the back contact Schottky
barrier of CuO/Au interface might play a dominant role.

Fig. 16 shows the EQE spectra of the heterojunction PV cell
with structures of FTO/ZnO/CuO/Mo0Os/Au. Fig. 16 also shows
that the EQE was enhanced by the insertion of the MoO; layer,
particularly in A > 550 nm. In this study, the cell with a 20 nm
thick MoO; layer revealed the highest EQE, and the maximum
peak of EQE was 44% at 510 nm wavelength. The peak in EQE
with the MoO; layer is improved to 44% from 43% without the
MoO; buffer layer, indicating that the charge collection efficiency
is enhanced. This may be an indication of the enhancement in
EQE due to better charge collection from the removal of back
Schottky barrier with CuO/Au interface, which can be demon-
strated by a significant improvement in EQE for 4 > 550 nm.

4. Conclusion

We investigated band alignments in nanostructured ZnO/CuO
heterojunction solar cells based on XPS measurements and
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observed an enhancement in power conversion efficiency by
altering conduction and valence band offsets with cobalt doped
ZnO. We found that doping of cobalt into the ZnO layer will
result in Zn, ,Co,O, which resulted in lowering the bandgap
because of the shifting of the conduction band minimum
(CBM) and valence band maximum (VBM). We also observed
that when the cobalt doping level was below 10%, a cliff struc-
ture is formed at the interface with type-II band alignments.
When the cobalt concentration was above 10%, a spike struc-
ture is formed with type-I band alignment. We were able to
control the CBOs in the range from —0.21 to 0.48 eV with cobalt
doping in ZnO/CuO heterostructures. The photovoltaic device
with 10% cobalt-doped ZnO exhibited the best performance,
with a PCE of 1.87%. This increased efficiency originated from
improved optical properties, proper band offsets, excellent
charge extraction efficiency, and suppressed charge recombi-
nation between the interface of CuO and 10% cobalt doped
ZnO, as revealed by optical, electrical, and impedance spec-
troscopy measurements. Further, we employed a low-resistance
contact to p-CuO using molybdenum oxide (MoOj3) as the back-
contact buffer layer for the enhancement of PV cell perfor-
mance. We observed that the thickness of the MoO; layers had
a significant impact on the performance of the ZnO/CuO solar
cells. We were able to increase the efficiency of the solar cell up
to 2.11% with a MoOj; buffer layer thickness of 20 nm. Our study
demonstrates the importance of optimizing the band alignment
to enhance the optical and electrical properties of the ZnO layer
resulting in the overall performance of oxide-based photovoltaic
cells.
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