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ABSTRACT: We formed p−i−n heterojunctions based on a
thin film of BiFeO3 nanoparticles. The perovskite acting as an
intrinsic semiconductor was sandwiched between a p-type and
an n-type oxide semiconductor as hole- and electron-collecting
layer, respectively, making the heterojunction act as an all-
inorganic oxide p−i−n device. We have characterized the
perovskite and carrier collecting materials, such as NiO and
MoO3 nanoparticles as p-type materials and ZnO nano-
particles as the n-type material, with scanning tunneling
spectroscopy; from the spectrum of the density of states, we
could locate the band edges to infer the nature of the active semiconductor materials. The energy level diagram of p−i−n
heterojunctions showed that type-II band alignment formed at the p−i and i−n interfaces, favoring carrier separation at both of
them. We have compared the photovoltaic properties of the perovskite in p−i−n heterojunctions and also in p−i and i−n
junctions. From current−voltage characteristics and impedance spectroscopy, we have observed that two depletion regions were
formed at the p−i and i−n interfaces of a p−i−n heterojunction. The two depletion regions operative at p−i−n heterojunctions
have yielded better photovoltaic properties as compared to devices having one depletion region in the p−i or the i−n junction.
The results evidenced photovoltaic devices based on all-inorganic oxide, nontoxic, and perovskite materials.

KEYWORDS: BiFeO3 nanoparticles, perovskites, NiO, MoO3 and ZnO nanoparticles, p−i−n heterojunctions,
photovoltaic properties of all oxide p−i−n heterojunctions

■ INTRODUCTION

In research beyond silicon solar cells, a range of direct band gap
materials has been considered in recent years.1−3 One of the
most important advantages of using direct band gap semi-
conductors is that the thickness of the active materials could be
minimized to reduce the internal resistance of the cells. Ideally,
in a bilayer structure, the total thickness of the active layer
should be the sum of the width of the depletion region and the
diffusion length of carriers at the two sides of the region, so that
all the photogenerated excitations can contribute to photo-
current.4−7 The device architectures that have been considered
in this direction are p−n and p−i−n junctions apart from the
conventional Schottky devices as an example of single layer
device structure.6−10 In p−i−n junctions, an intrinsic semi-
conductor acting as an absorber layer is sandwiched between p-
and n-type layers, so that the depletion regions at the p−i and
i−n are added up and an internal field is formed across the
entire layer of the intrinsic semiconductor material. An open-
circuit voltage (VOC) and a short-circuit current (ISC) are
generated due to a separation of photogenerated charge carriers
by the internal depolarization electric field.
The class of intrinsic semiconductors that is being considered

as an absorber material is perovskites having a A2+B4+X3
2−

structure.11−14 A similar perovskite material based on organic
and inorganic hybrid moieties, namely, methylammonium lead
iodide [(CH3NH3)

+Pb2+I3
−], has further expedited research in

this direction due to the increased power conversion efficiency
of such solar cells.15−17 TiO2 as an electron-transport layer and
a suitable hole-transport layer (mostly a derivative of
spirobifluorene) are commonly used as n- and p-type materials,
respectively; indium tin oxide (ITO) and gold acted as the
electron- and hole-collecting electrodes, respectively. The n−i−
p heterojunctions have been termed as an inverted device
structure.
The success of (CH3NH3)

+Pb2+I3
−, which is a hybrid

perovskite containing organic groups, has however not deterred
the quest for inorganic perovskite oxides. Inorganic perovskites,
which are highly stable, can furthermore be based on nontoxic
elements, the use of which is a prerequisite for device
applications. In this direction, bismuth ferrite (BiFeO3) is one
of the few multiferroics that has its both Curie and Neél
temperatures above room temperature.18 With a direct band
gap of 2.2−2.8 eV, this material can respond well to photons to
generate a steady-state photocurrent under the effect of an
internal electric field.18,19 In this direction, the photovoltage in
BiFeO3 appeared due to its domain-wall boundaries, loss of
inversion symmetry in the distribution of defects, impurities,
space charges, and a higher saturation polarization ef-
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fect.18,20−22 In BiFeO3 thin films, domain walls ranging between
10 and 100 in number are electrically connected in series; an
electric field generated in the domains drives the photo-
generated charge carriers opposite to the domain boundaries,
thereby providing a drift current. These carriers recombine with
charge carriers of the neighboring domain-walls and hence
reduce the concentration of opposite charge carriers and
thereby in turn decrease the photocurrent. A reduction in the
recombination rate at the adjacent domain walls will hence lead
to an increased diffusion current. While most of the
photovoltaic studies of BiFeO3 are based on its thin-film
form,23−26 a singular work accounted for nanoparticles of the
perovskite in a conjugated polymer matrix in forming hybrid
bulk-heterojunction solar cells.27

In this work, we have used BiFeO3 nanoparticles as an
absorber. Inorganic oxides, such as either NiO or MoO3 as a p-
type hole-collecting layer and n-type ZnO as an electron-
collecting layer, have been used along with the perovskite to
form an all-inorganic p−i−n direct device structure based on
oxides of nontoxic elements to study the photovoltaic
properties.

■ EXPERIMENTAL SECTION
Growth of BiFeO3 Nanoparticles. Bismuth(III) nitrate pentahy-

drate [Bi(NO3)3·5H2O] and iron(III) nitrate nonahydrate [Fe(NO3)3·
9H2O] purchased from Sigma-Aldrich Co. were used for the growth of
BiFeO3 nanoparticles. To do so, we have followed a reported sol−gel
reaction route in which equimolar amounts (0.01 M) of the nitrates
were added to 12 mL of ethylene glycol in succession.28 The contents
were stirred until a clear reddish solution was formed. The solution
was then warmed to 80 °C until the entire fluid evaporated to leave a
light-yellow gel. The temperature of the content was further raised to
300 °C at a rate of 5 °C/min to remove the excess hydrocarbon- and
nitrogen-based impurities. The as-obtained solid was calcinated at 320

°C for 30 min to obtain a reddish-brown and strongly magnetic
BiFeO3 powder, which was ground in a mortar for a while. The
nanoparticles were dissolved in HPLC-grade methanol, sifted through
a syringe filter, and redissolved for further use.

Growth of MoO3 and ZnO Nanoparticles and NiO Layer. The
commonly used nanoparticles were grown through reported colloidal
synthesis routes,29,30 the details of which are described in the
Supporting Information. The reported method31 followed to form the
NiO layer is also described in the Supporting Information.

Characterization of the Nanoparticles. The as-prepared
nanoparticles were characterized by optical absorption spectroscopy,
Raman spectroscopy, X-ray diffraction (XRD) patterns, scanning
electron microscopy (SEM), atomic force microscopy (AFM), energy-
dispersive X-ray (EDX) analysis, transmission electron microscopy
(TEM), and high-resolution TEM (HR-TEM). The measurements
were carried out with a Shimadzu UV-2550 spectrophotometer, a
Horiba Jobin-Yvon Raman triple grating spectrometer system (model
number T64000) using 514 nm excitation of a Spectra Physics laser
source (model number Stabilite 2017), a Bruker D8 Advanced X-ray
powder diffractometer, a JEOL JSM 6700F field emission SEM, a
Nanosurf Easyscan2 AFM, and a JEM 2100F JEOL TEM, respectively.
To locate the conduction and valence band edges of BiFeO3

nanoparticles, the tunneling current of an ultrathin film of the
nanocrystals was recorded with a Nanosurf Easyscan2 scanning
tunneling microscope (STM) under ambient conditions. The density
of states (DOS) of the nanocrystals enabled us to locate the band
edges of the semiconductors with respect to the Fermi energy.32 For
STM measurements, voltage was applied with respect to the substrate
electrode.

Device Fabrication. All-inorganic p−i−n direct device structures
were fabricated on patterned indium tin oxide (ITO)-coated glass
substrates (width = 2 mm) having a surface resistance of 15 Ω/square.
The ITO substrates were cleaned following a usual protocol. They
were further treated with ozone to achieve a better contact with the
active layer by reducing the contact resistance. To fabricate the
devices, a layer of either NiO or MoO3 nanoparticles as p-type hole-

Figure 1. Characteristics of BiFeO3 nanoparticles: (a) optical absorption spectrum; (b) a plot of (αhν)2 versus energy, with the broken line being
used to determine the band gap of the nanoparticles; (c) XRD analysis; and (d) Raman spectrum with peaks fitting to individual Lorentzian
components.
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collecting material, a layer of BiFeO3 nanoparticles as an absorber, and
another layer of n-type ZnO as an electron-collecting material were
formed in sequence. To obtain a layer of NiO, Ni(OH)2 solution was
spun at 3000 rpm for 30 s followed by annealing of the film at 425 °C
for 10 min in an oxygen environment. For devices with MoO3
nanoparticles in the hole-transport layer, a dispersed solution of
MoO3 nanoparticles in chloroform (15 mg/mL) was spun at 2000 rpm
for 30 s followed by annealing at 130 °C for 15 min also in the
presence of oxygen. Either of the processes was repeated to obtain a
desired thickness of the hole-transport layer (∼20 nm). A thin film of
sensitizing BiFeO3 nanoparticles was then spun on the hole-transport
layer at 2500 rpm for 30 s from a 20 mg/mL methanol solution of the
perovskite. The thin film of BiFeO3 nanoparticles was annealed at 150
°C for 20 min in an oxygen environment. The process of film
formation was repeated about eight times to obtain a desired thickness
of ∼600 nm. An electron-transport layer in the form of a layer of ZnO
nanoparticles was then spun at 3000 rpm for 30 s from a 6 mg/mL
solution of the nanoparticles followed by annealing of the film at 100
°C for 10 min. The deposition of ZnO layer was also repeated to
obtain a suitable thickness of the electron-transport layer (∼50 nm).
As for the top electrode, aluminum was thermally evaporated under
vacuum in the form of 2 mm wide strips orthogonal to the ITO ones.
Metal deposition was carried out at a rate of 1 Å/s at a pressure lower
than 5 × 10−6 Torr until a film thickness of 100 nm was achieved. This
completed the device fabrication process with the active area of each
cell being 4 mm2.
Characterization of the Devices. To characterize the photo-

voltaic devices, they were kept in a shielded vacuum chamber fitted
with a quartz window. Current−voltage (I−V) characteristics under a
dark and an illuminated condition were recorded with a Keithley 2636
Electrometer using LabTracer software. A 150 W Newport-Stratfort
Solar Simulator (model 76500), attached with an AM1.5G filter, acted
as the source for illumination. The intensity of the simulated solar light
was 100 mW/cm2. To record the external quantum efficiency (EQE)
spectrum of the devices, a Jobin-Yvon H20 monochromator was used
to disperse the solar illumination.
Impedance spectroscopy of the sandwiched structures was recorded

with a Solartron 1260A impedance analyzer with 10 mV rms as the test
ac voltage. The real and imaginary components of complex impedance
without any dc bias were recorded by varying the frequency of the ac
test voltage in the 0.1 Hz to 10 MHz region (10 points/decade). The
impedance analyzer was operated with SMaRT software via a general-
purpose interface bus (GPIB).

■ RESULT AND DISCUSSION

Characterization of the Nanoparticles. The character-
istics of MoO3 nanoparticles, thin films of NiO, and ZnO
nanoparticles, as presented in Figures S1−S3 in the Supporting
Information, confirmed their formation. Optical absorption,
XRD spectra, TEM images, and EDX analyses that matched the
reported results are shown as figures.
We have characterized the BiFeO3 nanoparticles in depth.

The optical absorption spectrum of the nanoparticles in
dispersed solution, as presented in Figure 1a, shows bands at
333 and 439 nm with a continuum extending to the long-
wavelength region. The spectrum, which matched the reported
results, has also been shown as a plot of (αhν)2 versus energy to
obtain the optical band gap of the nanoparticles. From the
slope of the Tauc plot, as presented in Figure 1b, the band gap
could be estimated to 2.5 ± 0.05 eV. The value matches well
with the literature;33 we may also state that the band gap of
BiFeO3 is known to depend on the fabrication procedure.21

XRD analysis of the nanocrystals is presented in Figure 1c. The
peaks corresponding to the rhombohedral phase of the
perovskite match well with the JCPDS File #20-0169. For
further characterization, we have recorded Raman spectrum of
the nanomaterial in the form of a pressed palette. The Raman

peaks, as shown in Figure 1d, corresponding to A1 and E modes
of the rhombohedral phase with R3c structure, match well with
the reported results.34 The spectrum moreover shows that most
of the 13 Raman modes (4A1 + 9E) predicted by group theory
of the structure could be fitted to individual Lorentzian
components.35

A TEM and a HR-TEM image of the nanocrystals are shown
in Figure 2. In the TEM image, hexagonal-shaped BiFeO3

nanoparticles having a diameter of 20−25 nm are visible. A HR-
TEM image, presented in Figure 2b, shows a typical crystalline
domain with an interplanar spacing of 3.72 and 2.58 Å, which
match well with the spacing of {101} and {012} planes,
respectively, of the rhombohedral phase of BiFeO3 crystal
(JCPDS File #20-0169). The composition of the BiFeO3
nanoparticles has been analyzed by EDX; the table presented
with Figure 2c shows the atomic percentage of the elements,
confirming the composition of the nanocrystals.
Valence state information and elemental composition of

BiFeO3 nanocrystals were studied by XPS analysis. A full scan
spectrum of the nanocrystals is shown in Figure 3. The
spectrum shows the presence of Bi 4d, Bi 4f, Fe 2p, and O 1s
peaks, confirming occurrence of the elements in the nanoma-
terial. We have also recorded a high-resolution spectrum in
small energy regions around each of the peaks. As can be
observed in Figure 3b, the spectrum resolved the Bi 4d state
into 4d3/2 and 4d5/2 peaks at 475.5 and 452.0 eV. The Bi 4f
similarly resolved into 4f5/2 and 4f7/2 peaks at 164.8 and 159.8
eV, respectively. Figure 3c shows that the spectrum for Fe 2p
resolved into 711.6 and 724.8 eV peaks that corresponded to
2p3/2 and 2p1/2 states, respectively. These energy positions are
in concurrence with the reported XPS spectrum of Bi3+ and of
Fe3+, respectively.36 Figure 3d shows that the spectrum
corresponding to oxygen appeared at 531.3 eV, indicating the
existence of the O 1s state of O2−. The spectrum of the O 1s
state could be fitted to a symmetric Gaussian distribution with
peaks at 529.1 and 532.4 eV.37,38 The peak at the lower binding

Figure 2. (a) TEM and (b) HR-TEM images and (c) EDX patterns of
BiFeO3 nanocrystals along with the atomic percentages of the
elements in the material. The inset of part a shows a closeup TEM
image of one particle.
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energy corresponded to the core spectrum of O 1s; the higher
energy one appeared due to an oxygen-deficient region of the
perovskite nanocrystals. The results hence inferred that
Bi3+Fe3+O3

2− formed in the nanocrystals.
Optical Absorption of the p−i−n Heterojunction. As

we stated, we formed layers of p-type, intrinsic, and n-type
semiconductors in sequence to form p−i−n direct structures.
While either NiO or MoO3 nanoparticles were used in forming
a p-type layer, BiFeO3 and ZnO nanoparticles formed the
intrinsic and n-type semiconductor layer, respectively. To know
the spectral window of such a device (NiO−BiFeO3−ZnO), we
show optical absorption spectra of the thin films during the
stages of the film-deposition process (Figure 4). Absorbance at
wavelength regions relevant to each material grew as the layers
were deposited. The p−i−n layer absorbed most of the solar
spectrum. Uniformity and transparency of the thin film that
contained layers of NiO, BiFeO3, and ZnO nanoparticles were
of superior quality with few scattering centers (inset of Figure
4). Such films were hence appropriate to study photovoltaic
properties. The MoO3−BiFeO3−ZnO p−i−n thin films
returned similar results. The thickness of the layers in the p−
i−n heterojunction was measured by recording SEM images in
a cross-sectional mode (Figure S4 in the Supporting
Information). The thickness of NiO, BiFeO3, and ZnO layers
turned out to be 20, 600, and 50 nm, respectively. In addition,
the surface profile of p−i−n thin films was imaged with an
AFM. Such a topography, along with another for a thin film of

BiFeO3 nanoparticles, as presented in Figure S5 in the
Supporting Information, shows that the thin films were
uniform to fabricate sandwiched structures.

Scanning Tunneling Spectroscopy (STS). To know if
NiO−BiFeO3−ZnO and MoO3−BiFeO3−ZnO truly formed a
p−i−n configuration with type-II band alignment at the two
interfaces, we aimed to locate the conduction and valence band
edge of the individual materials. To do so, we recorded
tunneling current versus tip voltage characteristics of ultrathin
films of the materials formed separately. From the tunneling
current, which were nonlinear in nature, we calculated the
density of states (DOS) of NiO thin films and MoO3, BiFeO3,
and ZnO nanoparticles (Figure 5). For each of the semi-
conductors, we recorded the tunneling current at many
different points on the ultrathin film. With the tip voltage
being applied with respect to the substrate, the peaks in the
DOS spectra enabled us to locate the conduction and valence
band edges of the semiconductors with the work function of
the substrate being aligned to the Fermi energy of the
semiconductor. At a positive voltage, the tip withdrew electrons
from the semiconductor; similarly, electrons were injected at
negative voltages. The peaks (in the DOS spectrum) in the
positive and in the negative voltages denoted the location of the
valence and conduction bands, respectively, of the semi-
conductor. The DOS spectra show that the Fermi energy was
closer to the valence band edge of NiO and MoO3, implying
the p-type nature of the materials. Similarly, the ZnO
nanocrystals acted as an n-type semiconductor. The DOS
spectrum of BiFeO3 nanoparticles, as presented in Figure 5c,
shows that the perovskite behaved as an intrinsic semi-
conductor with its Fermi energy being located midway between
the band edges.
The results show that the transport gap of BiFeO3

nanocrystals was 1.8 eV, which is expectedly lower than the
optical gap of the material, since trap states also contribute to
tunneling current and hence appear in the DOS spectrum. The
values of band edges of NiO, MoO3, BiFeO3, and ZnO
nanoparticles moreover show that both NiO−BiFeO3−ZnO
and MoO3−BiFeO3−ZnO heterojunctions would form p−i−n
structures with type-II band alignment at both the interfaces. In
parts e and f of Figure 5, we show the energy band diagram of
the two heterojunctions with ITO and aluminum acting as a
hole- and an electron-collecting electrode, respectively. The
energy levels of the p−i−n structures show that a depletion
region would form at the p−i and i−n interfaces of both the

Figure 3. (a) Full-range XPS spectrum of BiFeO3 nanocrystals. High-
resolution XPS spectra of (b) Bi 4d, (c) Bi 4f, (d) Fe 2p, and (e) O 1s
are shown.

Figure 4. Optical absorption spectra of NiO layer and NiO−BiFeO3
and NiO−BiFeO3−ZnO heterojunctions. A photograph of a NiO−
BiFeO3−ZnO heterojunction is shown in the inset.
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heterojunctions. The electrodes’ work functions would allow
seamless extraction of holes and electrodes without any
barriers.
Current−Voltage Characteristics. Current−voltage char-

acteristics of the two p−i−n devices under a dark and an
illuminated condition are shown in Figure 6. Both the dark
characteristics are rectifying in nature, implying that the device
would exhibit photovoltaic properties under illumination.
Indeed, under white light illumination, the I−V characteristics
showed photovoltaic characteristics typical of a direct structure.
The open-circuit voltage (VOC), short-circuit current (ISC), fill
factor, and power conversion efficiency (η) of the devices are
listed in Table 1. The device with NiO in forming a p-type layer
yielded a better ISC and η as compared to the other device that
had MoO3 nanoparticles as the hole-transport layer.

We varied the intensity of illumination while recording
photovoltaic properties. Characteristics of NiO−BiFeO3−ZnO
heterojunction under white light illumination of different
intensities are summed up in Figure 6b. While the ISC
expectedly increased with the intensity, the change in VOC

was marginal. The power conversion efficiency, on the other
hand, showed a higher value at a low illumination intensity,
primarily due to a favorable fill factor at a lower illumination
condition. The value of η was higher that the reported results
from devices based on BiFeO3 thin films or bilayer structures of
BiFeO3 with other materials, such as conjugated polymers,
graphenes, or other semiconductors.27,39,40

It is imperative to compare the p−i−n devices with p−i and
i−n devices apart from a single layer device with only the
perovskite layer. I−V characteristics of such devices under

Figure 5. Current−voltage and density of states (dI/dV) plots of (a) NiO thin film and (b) MoO3, (c) BiFeO3, and (d) ZnO nanoparticles. STM
topography of the active layer is shown in the inset of each figure. Schematic descriptions of the energy level diagram of (e) NiO−BiFeO3−ZnO and
(f) MoO3−BiFeO3−ZnO heterojunctions are shown.
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illumination are shown in Figure 7. Results from both the hole-
transport layers have been included in the figure. A comparison
of Figures 6 and 7 shows that the photovoltaic properties of p−
i−n devices were superior to the those of other devices. The
parameters of p−i, i−n, and the single layer devices have been
appended in Table 1. The photovoltaic parameters of p−i−n
devices, as also shown in Table 1, are far better than those
based on the components of p−i−n devices. The results hence
infer that two depletion regions of the p−i−n heterostructure
(operative at the p−i and i−n interfaces) together might have
brought out favorable photovoltaic properties in the BiFeO3
nanocrystals. It may be stated here that the superiority of the
p−i−n device over p−i and i−n ones cannot be solely due to
additional photoabsorption in the n- or in the p-layer in the
respective device, as evidenced from optical absorption spectra
of the layers (Figure 4).
To know if excitons generated in all the layers of p−i−n

heterojunction contributed to photocurrent, we recorded the

external quantum efficiency (EQE) spectrum of the devices.
The EQE spectrum of a sandwich structure with NiO−
BiFeO3−ZnO heterojunction as the active material is shown in
Figure 8. For comparison, we have added the optical absorption

spectrum of the heterojunction. The spectral response of EQE
and optical absorption matched well, implying that the excitons
generated in the NiO, BiFeO3, and ZnO layers contributed to
photocurrent. The EQE spectrum of MoO3−BiFeO3−ZnO
heterojunction similarly matched the optical absorption
spectrum of the active layer (Figure S6 in the Supporting
Information). The results hence infer that depletion regions
must have formed at both p−i and i−n junctions, so that all
three layers of the p−i−n heterojunction could contribute to

Figure 6. (a) Current−voltage characteristics of NiO−BiFeO3−ZnO
and MoO3−BiFeO3−ZnO heterojunctions under dark and white light
illuminated conditions. (b) Plots of ISC, VOC, fill factor, and power
conversation efficiency of a device based on NiO−BiFeO3−ZnO
heterojunction as a function of the intensity of while light.

Table 1. Photovoltaic Properties of Different Heterojunctions (p−i, i−n, and p−i−n) and BiFeO3 Layer Sandwiched between
ITO and Al Electrodes, As Derived from Figures 6 and 7

active layer abbrev VOC (V) ISC (mA/cm2) fill factor (%) % power conversion efficiency (η) at 1 sun

BiFeO3 i 0.24 0.17 31.8 1.3 × 10−2

MoO3−BiFeO3 p−i 0.33 0.18 36.8 2.2 × 10−2

NiO−BiFeO3 0.34 0.21 40.3 2.9 × 10−2

BiFeO3−ZnO i−n 0.32 0.23 33.5 2.5 × 10−2

MoO3−BiFeO3−ZnO p−i−n 0.42 0.38 35.7 5.7 × 10−2

NiO−BiFeO3−ZnO 0.41 0.57 41.8 9.8 × 10−2

Figure 7. Current−voltage characteristics of different layers or
heterojunctions of the p−i−n device, as stated in the legend, under
100 mW/cm2 white light illumination. ITO and Al electrodes were
used to sandwich the active layer(s) of the devices.

Figure 8. External quantum efficiency (EQE) of NiO−BiFeO3−ZnO
(p−i−n) heterojunction sandwiched between ITO and aluminum
electrodes and an optical absorption spectrum of the p−i−n
heterojunction.
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yield photocurrent through diffusion of carriers through the
depletion regions.
Impedance Spectroscopy. To obtain further insights on

the depletion regions in p−i−n devices that would form a
capacitive component of complex impedance of the sandwiched
structure, we have recorded impedance spectroscopy of the
devices under a dark and an illuminated condition. Nyquist
plots of a NiO−BiFeO3−ZnO (p−i−n) device in the dark and
with illumination are shown in Figure 9. No dc bias was applied

during the measurements. The plots are semicircular in nature,
suggesting that the devices could be modeled to a combination
of a resistor and a capacitor in parallel configuration (CP−RP).
The diameter of the semicircle with the abscissa represents the
bulk resistance (RP) of the device. The plots show that the bulk
resistance decreased upon illumination. The sharp decrease in
device resistance under illumination has occurred due to
generation of free carriers upon exciton dissociation in the
device. Since the frequency at the apex of a Nyquist plot
represents a characteristic angular frequency (ω) that can be
equated to 1/RPCP, we could also determine the capacitance
(CP) of the CP−RP network (inset of Figure 9).
We also compared the Nyquist plots of devices based on

sections of the p−i−n heterojunction, that is, p−i and i−n
layers. From the semicircular plots, we found that the bulk
resistance (RP) of the p−i−n device was expectedly higher than
that of both p−i and i−n devices. Since the p−i−n
heterojunction contained two depletion regions at the p−i
and i−n interfaces and the p−i and i−n heterojunctions
contained only one such region each, we compared the
capacitive component of the complex impedance of the devices.
From the frequency at the apex of Nyquist plots, we
determined the capacitance of the CP−RP combination. We
have observed that the capacitance of the p−i−n heterojunction
was lower than that of p−i and i−n devices (inset of Figure 9).
This implied that in the p−i−n device, the capacitors
originating due to the depletion regions at p−i and i−n
interfaces were indeed in series combination. In other words,
the impedance spectroscopy also inferred that two depletion
regions were formed in the p−i−n heterostructure.

■ CONCLUSION

In conclusion, we have studied photovoltaic properties of
BiFeO3 nanoparticles sandwiched between p- and n-type layers
forming a p−i−n heterojunction. A thin film of NiO or MoO3
nanoparticles as a p-type layer and a layer of n-type ZnO
nanoparticles were used to form the double-interfaced
heterojunction based on all-inorganic oxide, nontoxic, and
perovskite materials. From STM measurements and corre-
sponding DOS spectra, we determined conduction and valence
band edges of the materials in order to draw an energy level
diagram of the p−i−n heterojunction. The energy levels with
type-II band alignment at the two junctions favored carrier
separation at the p−i and i−n interfaces of the p−i−n
heterojunction. Current−voltage characteristics of the p−i−n
heterojunction, along with that of single interfaces in the form
of p−i and i−n junctions, sandwiched between two electrodes,
were recorded under dark and white light illuminated
conditions. Results showed that the photovoltaic properties
improved due to two depletion regions formed at the p−i and
i−n interfaces of p−i−n heterojunctions.
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