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a b s t r a c t

Copper–zinc–tin–sulfide (Cu2ZnSnS4 or CZTS) is an important p-type semiconductor material for solar
cell applications. A unique architecture for liquid junction solar cell made of ZnO/Al:ZnO/ZnS or ZnSe/
CZTS core/shell vertically aligned nanorods array is reported. Over fluorine-doped tin oxide (FTO) coated
glass, vertically aligned Al-doped zinc oxide nanorods (VANR) were grown over ZnO seed layer. It was
followed by surface transformation of ZnO nanorods to ZnS or ZnSe through solubility constant (Ksp)
difference induced anion exchange in a S2� or Se2� solution to produce ZnO/ZnS and ZnO/ZnSe core–
shell (CS) structures. Separately, CZTS nanoparticles were synthesized from high temperature arrested
precipitation and subsequently used for sensitization of ZnO/ZnS CS-VANR nanostructures. Cu2S and
polysulfide were employed as counter-electrode and electrolyte respectively for fabrication of liquid
junction solar cells. FE-SEM, HRTEM, X-ray diffraction and Raman spectroscopy techniques were
employed for microstructural, morphological and compositional characterization of different component
materials. The J–V measurements of the solar cell correspond to a several fold higher power conversion
efficiency than similar device with thin film multilayer planar configuration involving same amount of
materials. The aligned core/shell nanorods configuration offers an increase in the interfacial area by
several folds, shorter pathway for charge transport and efficient photon absorption.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Chalcogenide solar cells based on Cu(In1�xGax)Se2 (CIGS) or
CdTe have crossed the bench mark of 20% power conversion effi-
ciency [1–3], resulting in widespread commercialization of these
technologies. However, to meet the ever-growing energy needs of
the world, issues related to scarcity and cost of precursors: In, Ga
and Te cast doubts over long-term sustainability of these tech-
nologies. It is estimated that if all the In resources in the world
would be used in fabricating commercial photovoltaic modules, it
will account for only 70 GW of power generation [4,5]. The toxicity
of Cd is also another hindrance in the pursuit of CdTe based thin
film solar cells [6,7].

As a replacement for CIGS based compounds, exploratory
research for alternative compositions involving environment-
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friendly, earth-abundant and inexpensive precursor elements has
led to the development of Cu2ZnSnS4 (CZTS) p-type absorber
semiconductor material. CZTS has high light absorption coefficient
of the order 4104 cm�1 [8,9], and direct band gap energy value of
�1.5 eV [10,11]. The highest values of power conversion efficiency
(PCE) reported for CZTS and CZTSe based solar cells are 8.4 [12]
and 12.6% [13], respectively. Despite a high efficiency and other
advantages associated with vacuum processing, drawbacks
including high production cost of vacuum equipment, elevated
synthesis temperatures, use of toxic gases (H2Se or Se) and
material waste [14–16], research focus has shifted to devise facile,
solution based processing routes for CZTS nanocrystals and films.
One of the approaches to overcome these issues involves using
colloidal nanoinks of CZTS for subsequent absorber layer applica-
tion under ambient or less severe processing conditions [17–21].
This heterojunction configuration, however, lowers the power
conversion efficiency mainly by poor p–n junction due to small
grain size and high series resistance arising from large number of
grain boundaries in the path of current flow.

Solar cells with enhanced efficiencies maybe fabricated
through incorporation of one-dimensional (1-D) nanostructures
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including nanowires, nanotubes, and nanorods. These offer great
potential to improve conversion efficiency by expediting photon
absorption, increasing electron mobility, and enhancing electron
collection efficiency in solar cells [22–24]. Nanowire morphology
of I–III–VI chalcopyrite materials can offer pathways for con-
tinuous charge carrier transport without dead ends, which is an
advantage over random p–n junctions. In such devices, however,
the charge carriers have to move long distances, on the order of
absorber and buffer layers thicknesses, to reach the counter elec-
trodes. This problem can be overcome through application of the
absorber, buffer and window layers via facile solution synthesis in
the 1-D core/shell structure configuration [25]. In this case the
only disadvantage would be limited light absorption capabilities
due to difficulty in producing absorber shells with greater thick-
ness values [24].

Solar cells fabrication by employing solution processing tech-
niques for all component layers, eliminating any needs of vacuum
processing, is thus an attractive research domain to reduce
extensive equipment costs. Recently, results from fabrication and
testing of superstrate solar cell configurations based on vertically
aligned nanorod arrays of ZnO/CdS core/shell structures coated
with CZTS nanoparticles have been reported [26,27]. Although CdS
is the most commonly used composition as buffer layer and has
been an integral part of solar cells with record conversion effi-
ciency, its drawbacks include inability to transmit full solar spec-
trum due to a relatively low band gap value (�2.4 eV), greater
electron affinity as compared to CZTS or CIGS, enhanced carrier
recombination rate at the relatively wider band gap absorber/CdS
interface and serious environmental problems associated with CdS
layer [28].

Among alternative cadmium-free buffer layer compositions,
zinc sulfide (ZnS) and zinc selenide (ZnSe) have been extensively
explored for CIGSSe based solar cells. ZnS is a high band gap
energy material (Eg 3.8 eV) with high transmittance in the visible
range [29], higher quantum efficiency of the device at short
wavelengths with an associated increase in the short-circuit cur-
rent (JSC) of the device and a large band offset between CIGS and
ZnS [30]. A power conversion efficiency of 18.6% was reported for
CIGS solar cell incorporating ZnS(S, O, OH) buffer layer [31],
whereas ZnS has already found its use as a standard buffer layer in
commercial CIGS modules [32]. When conduction band alignment
is considered for buffer-absorber interface, ZnS has been found to
cause current blocking owing to a high barrier formation towards
CZTS, both theoretically [33] and experimentally [34], in CZTS
based solar cells. The device quality is explained in terms of the
buffer/absorber heterojunction interface through critical para-
meters namely valence band offset (VBO) and conduction band
offset (CBO) values that strongly affect charge transfer across the
buffer/absorber interface. It is noteworthy that CdS/CZTS hetero-
junction interface has a CBO of �0.30 to 0.35 eV with a negative
value indicative of cliff-like behavior [35]. Due to smaller CBO
values for selenides than sulfides, ZnSe is anticipated to promote
better performance attributes in solar cells incorporating ZnSe
buffer layer.

In this paper, we propose and present preliminary data from
fabrication and testing of solar cells with superstrate configuration
employing core/shell vertically-aligned nanorod arrays (CS-VANR),
polysulfide electrolyte and Cu2S counter-electrode. Using fluorine-
doped tin oxide (FTO) glass substrates, vertically aligned arrays of
Al:ZnO were grown with subsequent encapsulation of individual
nanorods via step-by-step application of different component
layers with certain functionalities using low temperature, liquid
processing routes. The solar cell configuration reported in this
study is anticipated to reduce the extent of charge carrier
recombination through reduction in the length of charge flow path
and enhancement in light absorption due to a greater number of
grain boundaries in the direction of incident photons. The incor-
poration of mesoporous CZTS absorber layer is an addition to the
benefits of the 1-D assembly and is specialty of the present report.
Using ZnS and ZnSe as the buffer layers and exploiting two dif-
ferent buffer/absorber interfaces in the cell structure, the effect of
buffer layer composition on the J–V characteristics of the solar cells
was also investigated.
2. Experimental work

2.1. Materials

Fluorine-doped tin oxide (FTO) coated glass slides were used as
substrates for this work. All the precursor chemicals and organic
solvents were procured from Sigma-Aldrich and were used as-
received without any further treatment.

2.2. Solar cell fabrication

Following thorough cleaning of the FTO substrates, the initial
zinc oxide (ZnO) blocking layer was applied via spin coating a sol
containing 200 mM zinc acetate in 20 mL methanol and 0.41 mL
acetyleacetone after it was magnetically stirred at 60 °C for 2 h and
aged for 24 h at room temperature. Afterwards, the samples were
heat treated at 400 °C for 0.5 h. To produce aligned arrays of
aluminum-doped zinc oxide (Al:ZnO) nanorods, the FTO/i-ZnO
samples were then immersed into an equimolar aqueous solution
(25 mM each) of zinc nitrate and hexa-methylene-tetra-amine
along with an uncoated aluminum foil at 90 °C for 3 h. After
cleaning, the samples were exposed to the ultraviolet (UV) radia-
tion for �30 min in order to induce oxygen vacancies for
increased electrical conductivity [36]. Subsequent layer of ZnSe or
ZnS to obtain FTO/i-ZnO /Al:ZnO/buffer configuration was
obtained via ion exchange method [24,37]. The samples were then
washed with deionized water and absolute ethanol and finally
dried with air blow.

Nanocrystals of the composition Cu2ZnSnS4 (CZTS) were syn-
thesized from high temperature arrested precipitation in oleyla-
mine. For this purpose, halides of copper, zinc and tin were dis-
solved in oleylamine in molar ratios of 2:1:1 and heated to 170 °C
for 30 min to obtain a clear solution. Separately, another solution
was prepared by adding S powder to oleylamine. Both solutions
were mixed with Cu:Zn:Sn:S molar ratio of 2:1:1:4 and the
resulting mixture was heated to 230 °C for 1.5 h to ensure com-
plete chemical reaction between precursors. The solution was later
cooled and further purified by pouring into cold methanol. The
nanocrytals so obtained were washed several times and separated
in a centrifuge followed by overnight vacuum drying at 40 °C and
annealing in inert atmosphere at 500 °C for 1 h. The annealed
nanoparticles were dispersed in ethanol and spin coated at
1500 rpm to obtain FTO/i-ZnO /Al:ZnO/buffer/CZTS in the form of
aligned arrays of core/shell nanorods, where buffer is either ZnS or
ZnSe. Eventually, the nanostructured configuration was annealed
at 400 °C for 1 h under N2 gas flow and used as photoanode in the
solar cell. To make the counter-electrode, a copper strip was
immersed in a polysulfide aqueous solution containing one molar
S and Na2S along with 100 mM NaOH for 5 min [38], causing Cu2S
formation at the surface. The solar cell was fabricated by joining
and bonding the Cu2S counter electrode surface with VANR array
assembly with the inter-electrode spacing filled with the poly-
sulfide electrolyte of the same composition as that used to make
the Cu2S counter-electrode from copper.
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2.2.1. Device characterization and testing
Morphological studies of the Al:ZnO nanorods, CZTS nano-

particles and core/shell nanostructures were performed by scan-
ning electron microscope (SEM), using a field-emission SEM from
Philips (XL30) or thermionic emission SEM of JEOL (JSM 6490A),
and transmission electron microscope (TEM) using a field-
emission (TEM; Philips CM 20). For SEM examination, the values
of operating voltage and working distance were maintained at
5 kV and 15 mm for XL30 and 20 kV and 10 mm respectively for
JSM 6490A, whereas TEM examination was carried out at 200 kV
accelerating voltage. The phase/composition analysis was done
using X-ray diffraction (XRD) machine (STOE Stadi MP) in the 2θ
range of 20–70° keeping 0.04° step size and 2 s dwell time. The
Raman spectra were obtained from a Renishaw 2000 laser Raman
Spectroscope at 514 nm excitation wavelength for Arþ laser.

The performance of the individual solar cells was assessed in
terms of output current density versus voltage (J–V) characteristics
using a potentiostat (Biologic VSP) under 1 sun illumination
(100 mW/cm2).
Fig. 2. (a) Three-dimensional schematic depiction of the fabricated device: (a) The
photoanode showing CS-VANR coated with CZTS nanoparticles over FTO-glass
substrate and (b) Individual solar cell with polysulfide electrolyte and Cu2S coun-
ter-electrode. Components are not to scale.
3. Results and discussion

The complete scheme of solar cell fabrication is depicted in
Fig. 1. A thin film of intrinsic zinc oxide (i-ZnO) acts as a seed layer
for subsequent growth of aligned nanorod arrays besides isolation
of the conductive FTO on glass substrate. From previous studies
[39], the thickness of this layer is not anticipated to exceed beyond
few tens of nanometers. An array of vertically aligned ZnO
nanorods (VANR) can be produced via low temperature hydro-
thermal method. The length and diameter of the nanorods, area
density and Al-doping level can be tailored from careful selection
of processing parameters [40,41]. During treatment with solution
containing S2- ions, the large difference in the values of solubility
product constant (Ksp) for Zn(OH)2 and ZnS, reported to be on the
order of 10�17 and 10�25, respectively [25,42], causes spontaneous
transformation of ZnO to ZnS at the Al:ZnO surface, thus changing
their composition to ZnO/ZnS core/shell nanorods. Arrays of ZnO/
ZnSe core/shell nanocables were synthesized by immersing the
ZnO nanorod arrays in the Se2� source solution obtained by dis-
solving Se in water in the presence of reducing NaBH4 at 50 °C for
5 h. The surface as well as the space between modified VANR array
Fig. 1. Process flow diagram for fabrication of CZTS sensitized ZnO/ZnSe core/shell
is filled with an ethanol based nanoink, containing separately
prepared CZTS nanocrystals, that is spin coated over ZnO/buffer
core/shell nanostructures. The heterojunction configuration of
FTO/ZnO/Al:ZnO/ZnS/CZTS (CS-VANR-1) or FTO/ZnO/Al:ZnO/ZnSe/
CZTS (CS-VANR-2) constitutes the photoanodes. The counter
electrode is made of Cu2S, and the inter-electrode space is filled
with polysulfide electrolyte to complete the fabrication of an
nanorods arrays and their subsequent application in liquid junction solar cells.



Fig. 3. FE-SEM and HR-TEM examination of (a and c) Al:ZnO nanorods and (b and d) Al:ZnO/ZnS core/shell nanostructures. The insets in b and d are FFT patterns. (e) HRTEM
image of Al:ZnO/ZnSe core/shell nanorod, inset is TEM of ZnSe shell after dissolving core in acetic acid solution. (f) EDS spectrum of the ZnSe nanotubes deposited on a Si
wafer, revealing a Zn/Se atomic ratio of �1:1.
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individual solar cell. The electrolyte serves as a transport medium
for charge carriers generated by the CZTS nanocrystals. The
experimentation scheme offers several advantages including
(i) solution processing routes for all components, (ii) process
adaptability for flexible substrates and (iii) a relatively low max-
imum processing temperature of 400 °C.

Three-dimensional schematic illustrations of the photoanode
and a complete solar cell are given in Fig. 2. Spin coating of the
CZTS ethanol suspension results in coverage of the CS-VANRs with
CZTS nanoparticles, filling up the inter-rods spacing with sub-
sequent formation of a mesoporus photoanode. The pores are
eventually filled with the polysulfide electrolyte which acts as
charge transfer medium between the two electrodes.

Electron microscopy examination of the Al:ZnO nanorods array
as well as Al:ZnO/ZnS, Al:ZnO/ZnSe was performed using both FE-
SEM and HR-TEM, as shown in Fig. 3. From high magnification
image (Fig. 3a), the as-grown Al:ZnO nanorods appear to be well
aligned almost vertical to the substrate surface with an average
diameter of �75 nm. The aspect ratio of the nanorods is thus
anticipated to be in the range of 15–25, considering the fact that
the average NR length is 1–2 μm. The area density of the nanorods
is estimated to be approximately 62/μm2. The HR-TEM studies,
presented in Fig. 3c, indicate that the nanorods produced are
highly crystalline with lattice fringes characteristic of ZnO (001)
planar orientation with inter-planar spacing of 0.52 nm and pre-
ferential growth along the [001] direction. Upon Na2S treatment,
the integrity of the VANR array was not affected as evident from
the large-area top-view of the sample (Fig. 3b). The transformation
of ZnO to ZnS through ion exchange is evident from HRTEM
microstructure where a 10-nm thick outer layer of ZnS is present
(Fig. 3d). The ZnS shell so formed is polycrystalline as anion
exchange process induces lattice stresses due to size difference



Fig. 4. (a and b) Electron microscopy results of the CZTS nanoparticles showing
size, morphology and phase composition and (c) top view of the CS-VANR after
spin coating with CZTS suspension and annealing.

Fig. 5. (a) Raman spectra of the ZnO nanorods and CZTS coated ZnO/ZnS core/shell
nanorods and (b) XRD patterns of the substrate surface (FTO-coated glass), spin
coated and annealed film of CZTS nanoparticles over substrate and CZTS-coated
ZnO/ZnS CS-VANR over substrate.
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between O2� (126 pm) and S2� (170 pm) ions, thus favoring
polycrystalline ZnS formation from single crystal Al:ZnO. The lat-
tice structure was indexed to be wurtzite ZnS from lattices fringes
representative of (002) and (100) planes with respective inter-
planar spacing of 0.31 and 0.32 nm. The results demonstrate that
the ion exchange treatment successfully transformed Al:ZnO
nanorods into Al:ZnO/ZnS core/shell structure. Besides indexing of
the diffraction fringes seen in the HRTEM microstructures, the
phase structure can also be confirmed from FFT patterns obtained
for the Al:ZnO core and ZnS shell of the nanorod. HRTEM image of
Al:ZnO/ZnSe core/shell structure is shown in Fig. 3e. ZnSe shell is
again polycrystalline as its crystal structure is cubic which is dif-
ferent than hexagonal structure of ZnO so it will form its own
crystallites and the shell thickness is around 10 nm as revealed by
TEM image of hollow ZnSe tube obtained after dissolving ZnO core
in acetic acid (inset Fig. 3e). The EDS spectrum from ZnSe hollow
tube is given in Fig. 3f revealing Zn/Se atomic ratio of about 1:1.

The morphology and phase composition of the CZTS nano-
particles are presented in Fig. 4. The as-produced nanoparticles are
of spherical shape with an average size of �20 nm. The
nanoparticles size is ideal for the device fabrication since it will
not only enable uniform surface coverage of the CS-VANRs, but
also lead to mesoporous structure formation with fine pore size.
HRTEM image of CZTS nanocrystal is given in Fig. 3(d), (112) planes
are clearly visible and have been marked for lattice fringe distance
of 0.31 nm. The SEM microstructure of the post-annealed CZTS
coated CS-VANR shown in Fig. 4c where the vertically aligned
array is completely covered by the CZTS nanoparticles at the top
along with porous structure with pore size of the order of few tens
of nanometers. The mesoporous structure is formed presumably
due to inefficient packing of the CZTS nanoparticles, ethanol eva-
poration during annealing as well as thermal decomposition of
any volatile organic species remaining from nanoparticles synth-
esis step and is beneficial from the point of view of liquid elec-
trolyte uptake during fabrication of liquid junction solar cells.

The ZnS formation was also confirmed by performing Raman
spectroscopy of the samples after ion exchange treatment, as
presented in Fig. 5a. The lines to indicate peak position are drawn
as a guide to the eye. The E2h peak positioned at 437 cm�1 is due
to nonpolar Raman active mode and is characteristic of bare ZnO
nanorods. Upon CZTS nanoparticles' deposition over ZnO/ZnS core/
shell nanostructures, additional peaks appear at 333 and
353 cm�1 whereas intensity of the peak at 437 cm�1 is reduced.
The peak at 333 cm�1 is attributed to A1 symmetry of kesterite
CZTS which is purely anion mode and is due to vibration of S
atoms surrounded by motionless neighboring atoms [43,44]. The
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presence of the other peak (at 353 cm�1) is due to strong first-
order longitudinal optical (LO) scattering mode of the cubic ZnS
[45,46]. The findings corroborate the observations made during
HRTEM examination of the samples.

Fig. 5b shows the XRD patterns of the FTO-coated conducting
substrate, CZTS film produced over the substrate and CZTS nano-
particles deposited over CS-VANR array. The SnO2 film over the glass
sheet appears as peaks representing tetragonal SnO2 phase (JCPDS
01-077-0452) [47]. The XRD analysis of the CZTS-coated substrate
indicates a tetragonal crystal structure (JCPDS 00-026-0575) with
two peaks representative of (112) and (220) planes of the kesterite
phase [48]. The CZTS-coated ZnO/ZnS or ZnO/ZnSe core/shell
nanostructures shows peaks that can be indexed to be from hex-
agonal ZnO (JCPDS 00-036-1451) [39] only with preferred orienta-
tion along (002) plane or growth in [001] direction while peaks of
CZTS and FTO are also present. Although peaks characteristic of ZnS
or ZnSe phase are not visible in the XRD pattern perhaps due to
their extremely small thicknesses, the evidence for their presence is
nevertheless available from HRTEM examination.

Photovoltaic performance of the fabricated liquid junction solar
cells having a surface area of 0.2 cm2 was evaluated under 1 Sun
illumination (100 mW/cm2) and the output current density–vol-
tage (J–V) data is graphically shown in Fig. 6. The solar cell based
on CS-VANR-1 demonstrates a short-circuit current density (JSC),
open circuit voltage (VOC) and fill factor values of 4.65 mA/cm2,
470 mV and 0.4, respectively, which correspond to the power
conversion efficiency (η) of 0.85%. This lower efficiency is mainly
because of high conduction band offset between ZnS and CZTS. CS-
VANR-2 employing ZnSe as buffer layer exhibits improved JSC, VOC

and fill factor values of 10.46 mA/cm2, 0.49 V and 0.43, respec-
tively, which correspond to the power conversion efficiency (η) of
2.2%. To investigate the peculiar role of 1-D nanostructures
towards photovoltaic conversion enhancement and for compar-
ison with their thin films based counterparts, planer ZnO/ZnS thin
films configuration sensitized with CZTS nanoparticles was fabri-
cated using ZnO film on FTO as initial structure through surface
ZnO phase conversion to ZnS and subsequent CZTS nanoparticles
coating and liquid junction solar cell fabrication using the same
procedure as that adopted for 1-D structures. The planar ZnO/ZnS-
CZTS solar cell device yielded a PCE of 0.12% with associated JSC of
0.6 mA/cm2 and Voc of 0.5 V, as shown in Fig. 6.

Solar cell characteristics of all three cells are given in Table 1,
which provides insight of devices. VOC and JSC values are directly
obtained from JV curve intercepts on the x-axis and y-axis
respectively while fill factor (FF) was calculated from ratio of
Fig. 6. Comparison of current density–voltage (J–V) data for CZTS sensitized ZnO
based liquid junction solar cells with CS-VANRs configurations and planar
heterostructure.
actual maximum power output to theoretical power. While shunt
resistance was calculated from smoothed J�V curve by plotting
dV/dJ against V near JSC, series resistance (RS) was calculated by
plotting dV/dJ against (Jþ JSC�GV)�1 and using diode equation,
where G is the shunt conductance [49]. Here, it is clear that
although the planar device has reasonable shunt resistance of
1783.7 Ω cm2, the series resistance value of 83.3 Ω cm2 is also high
enough to reduce the JSC primarily due to longer charge transport
distances involving large number of grain boundaries before they
are taken-up by counter electrode. This series resistance is reduced
greatly by involving 1-D core/shell nanostructures as charge
transfer distances are smaller owing to less number of grain
boundaries in flow of charge carriers. But shunt resistance (RSH)
decreases because of larger interfacial area, chances of shunt paths
increases thereby reducing the VOC compared with planar
structure.

The superior cell performance seen in case of core/shell
vertically-aligned nanorods array structure may be attributed to
efficient light absorption and improved charge transport in 1-D
nanostructures as evident from external quantum efficiency
(EQE) plots in Fig. 7. The incident photon conversion efficiency
(IPCE) or external quantum efficiency (EQE) values for planar
structure are very low which is obvious as the film thickness is
very low to make materials quantity comparable with 1-D
nanostructure based devices. In case of CS-VANR-1 device i.e.
1-D nanostructured cell based on ZnS buffer layer, the spread of
plot is near to ideal square shape with very high IPCE values. On
the other hand, the CS-VANR-2 solar cell incorporating ZnSe
buffer layer yields even higher IPCE values since the conduction
band offset is lower between ZnSe and CZTS compared with ZnS
and CZTS, thus resulting in improved charge transport and better
EQE. Band gaps can be calculated for all three cells from their EQE
plots by plotting the [hνxln(1�EQE)]2 vs photon energy (eV) as
shown in Fig. 7, almost all compositions have similar band gap of
1.5 eV as all of them have same CZTS nanocrystals as absorber
layer. The nanocrystalline nature of CZTS enables effective light
harvesting via scattering from very large grain boundary area in
the direction of light propagation owing to nanoscale size of the
CZTS particles. For charge transport, the electrons will need to
migrate from CZTS nanocrystals to the Al:ZnO nanorods at the
core through thin buffer shell. The transport distance for charge
carriers, therefore, is very small before these can be accom-
modated by the respective electrodes, thus drastically reducing
any chances of carrier recombination. Thus, efficient light har-
vesting combined with improved charge separation and trans-
port due to nanoparticles-coated vertically aligned nanorods
architecture reflect in the form of improved short-circuit current
density (JSC) values and enhanced power conversion efficiency.

A comparison of the cell area for one-dimensional core/shell
superstrate device configuration employed in this work with thin
film planar configuration, for the same set of material composi-
tions reveals an increase in the interfacial area by a factor of �8.7.
In other words, for 1 mm2 cell area, the CS-VANR-1 made up of
nanorods with 75 nm diameter and 100 nm inter-nanorod spacing
and subsequently sensitized with CZTS nanoparticles, offers an
interfacial area of 8.7 mm2 for a Cd-free superstrate solar cell
architecture. The estimated 8.7 times increase in the interfacial
area is anticipated to cause approximately 7-fold increase in the
solar cell efficiency besides enhancement in optoelectronic
properties.

Lee et al. have recently reported CS VANR arrays based solar
cells comprising of Au/CZTS-NP/CdS/ZnO NR/ITO [26]. Here the
planar counter electrode is in contact with the CZTS particles
which completely fill the spaces between and over the nanorods.
So, the charge carriers have to pass a large number of nanocrys-
tals/boundaries to reach the collecting electrode resulting in a



Table 1
Device characteristics of solar cells calculated from J–V plots.

Composition JSC (mA/cm2) VOC (V) FF RS (ohm cm2) RSH (ohm cm2) Efficiency (%)

Planar structure FTO/ZnO/Al:ZnO/ZnS/CZTS 0.73 0.55 0.4 83.33 1783.7 0.16
CS-VANR-1 FTO/ZnO/Al:ZnO/ZnS/CZTS 4.65 0.47 0.4 10.20 227.7 0.85
CS-VANR-2 FTO/ZnO/Al:ZnO/ZnSe/CZTS 10.46 0.49 0.43 14.01 64.8 2.2

Fig. 7. External quantum efficiency plots of Planar and 1-D nanostructured solar cell and band gap calculations from EQE data.
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lower JSC value. Similarly Jiang et al. reported a Au/Spiro-MeOTAD/
CZTS-NP/CdS/ZnO-NR/ZnO/FTO configuration [27] with improved
interface between the counter electrode and the absorber layer
through incorporation of a hole transport material i.e. spiro
OMeTAD resulting in higher JSC values. However, the absorber/
electrolyte/counter electrode interfaces were smooth leaving room
for improvement by increasing the interface area. We have
increased the interfacial area between absorber/electrolyte by
adding mesoporous architecture allowing infusion of the electro-
lyte into the absorber layer to extract more charge carriers and
transporting them to the collecting electrodes. Thus, the electro-
lyte can penetrate into the porous structure and extract charge
carriers near the generation point, which also decreases the
chances of recombination and series resistance value due to
shorter travel distances and involvement of less number of grain
boundaries.

Although the reported efficiency values in current work and
related reports [26,27] based on similar nanostructures are small
compared with other well-established thin film configurations
[13], careful optimization of the nanorods array attributes
including diameter, length, aspect ratio and inter-nanorods
spacing have strong potential to greatly improve cell performance
for technology scale-up and commercialization.
4. Conclusions

A unique solar cell configuration based on core–shell vertically
aligned nanorods assembly involving solution processing routes is
proposed and presented. A superstrate liquid junction solar cell
device is fabricated over FTO coated glass via sequential growth of
vertically aligned Al:ZnO nanorods over ZnO blocking layer, a thin
ZnS or ZnSe layer formation through ion exchange, CZTS nano-
particles deposition and subsequent joining with the Cu2S
counter-electrode with inter-electrode space filled with poly-
sulfide electrolyte. The ZnS or ZnSe buffer layer formation occurs
by anion exchange method in S2� or Se2� solution at low tem-
perature to spontaneously convert ZnO nanorods surface to
respective buffer chalcogenide due to differences in Ksp values. The
J–V measurements of such solar cell (FTO/ZnO/Al:ZnO/ZnSe/CZTS)
demonstrated a conversion efficiency of 2.2% with respective
values of JSC, VOC and FF to be 10.46 mA/cm2, 0.49 V and 0.43,
respectively. The cell performance is superior to its thin film based
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counterpart, presumably due to a multifold increase in the inter-
facial area, greater degree of light harvesting and efficient charge
transport. The nanorod's length, aspect ratio and inter-rods spa-
cing needs to be optimized for further enhancement in solar cell
performance.
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