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ABSTRACT: The role of cathode buffer layer (CBL) is
crucial in determining the power conversion efficiency (PCE)
of inverted organic solar cells (IOSCs). The hallmarks of a
promising CBL include high transparency, ideal energy levels,
and tendency to offer good interfacial contact with the organic
bulk-heterojunction (BHJ) layers. Zinc oxide (ZnO), with its
ability to form numerous morphologies in juxtaposition to its
excellent electron affinity, solution processability, and good
transparency is an ideal CBL material for IOSCs. Technically,
when CBL is sandwiched between the BHJ active layer and the indium−tin-oxide (ITO) cathode, it performs two functions,
namely, electron collection from the photoactive layer that is effectively carried out by morphologies like nanoparticles or
nanoridges obtained by ZnO sol−gel (ZnO SG) method through an accumulation of individual nanoparticles and, second,
transport of collected electrons toward the cathode, which is more effectively manifested by one-dimensional (1D)
nanostructures like ZnO nanorods (ZnO NRs). This work presents the use of bilayered ZnO CBL in IOSCs of poly(3-
hexylthiophene) (P3HT)/[6, 6]-phenyl-C60-butyric acid methyl ester (PCBM) to overcome the limitations offered by a
conventionally used single layer CBL. We found that the PCE of IOSCs with an appropriate bilayer CBL comprising of ZnO
NRs/ZnO SG is ∼18.21% higher than those containing ZnO SG/ZnO NRs. We believe that, in bilayer ZnO NRs/ZnO SG, ZnO
SG collects electrons effectively from photoactive layer while ZnO NRs transport them further to ITO resulting significant
increase in the photocurrent to achieve highest PCE of 3.70%. The enhancement in performance was obtained through improved
interfacial engineering, enhanced electrical properties, and reduced surface/bulk defects in bilayer ZnO NRs/ZnO SG. This study
demonstrates that the novel bilayer ZnO CBL approach of electron collection/transport would overcome crucial interfacial
recombination issues and contribute in enhancing PCE of IOSCs.
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■ INTRODUCTION

Organic solar cells (OSCs) have attracted immense interest
globally owing to their ease of fabrication, low-temperature
solution processability, mechanical flexibility using plastic
substrates, light weight, and importantly low cost.1−5 Bulk
heterojunction (BHJ) solar cells that comprise a photoactive
blend of electron donor/acceptor (P3HT:PCBM) by forming a
bicontinuous network between cathode and anode have
recently received great attention due to their relatively low
production cost and high PCE up to 10%.6−10 The structure of
conventional OSCs typically consists of a transparent
conductive anode (e.g., ITO), an anode buffer layer of acidic
poly(3,4-ethyl-enedioxythiophene)/poly(styrenesulfonate)
(PEDOT: PSS), a low work function metal cathode (e.g., Al,
Ca), and a blended BHJ conjugated polymer/fullerene
derivative photoactive layer sandwiched between these two
electrodes. However, the strong acidic, corrosive and
hygroscopic nature of the PEDOT:PSS layer is unfavorable to
ITO, and the low work function of the metallic cathode that is

susceptible to oxidation upon exposure to oxygen and water
vapor leads to the degradation and poor stability of OSCs.11

Moreover, it has been demonstrated recently that vertical phase
separation spontaneously occurs in polymer active layer with
the fullerene derivative rich adjacent to the substrate interface.12

To overcome these challenges in the regular device structure,
inverted organic solar cells (IOSCs) have been developed as a
promising alternative for obtaining high device performance, in
which ITO is used as the bottom cathode to collect electrons
instead of the top metal electrode and high work function metal
(Ag, Au, etc.) as anode to collect holes.13−15 The real key to
success for enhancement in PCE of OSCs is the use of
inorganic materials (metal oxides) as CBLs.16,17 As a primary
requirement, a CBL should be stable, have good transparency
in the visible spectral region, should collect and effectively
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transport negatively charged carriers (electrons), should
provide an ohmic contact with the acceptor, and offer
minimum series resistance.17−20 Numerous metal oxides such
as ZnO,21,22 titanium oxide (TiOx),

23 cesium carbonate
(Cs2CO3),

24 and so forth have been explored to improve
electron extraction. These metal oxides are coated on ITO to
tune its work function either by thermal evaporation or solution
process. Solution processed metal oxides are mostly favored for
large area fabrication such as roll-to-roll printing.17 Among
various metal-oxides, ZnO in particular has attracted major
attention as CBL because of its high electron mobility, high
environmental stability, high transmittance and possibility to
form various nanostructures by solution processes, making it
fully compatible for roll-to-roll fabrication onto flexible
substrates.16,21,22 Various methods such as sol−gel (SG),22

hydrothermal,25 nanoimprint lithography,26 atomic layer
deposition,27 electrodeposition,28 and so forth have been
explored to prepare different nanostructures of ZnO.
Yang et al. proposed an interesting nanoridge morphology of

ZnO for efficient CBL that is obtained using the SG method,
owing to its high transparency, ease of synthesis, and excellent
electron collection capability.29 As an additional advantage,
nanoridges of ZnO SG are beneficial in improving the
interfacial contacts, necessary for charge separation at the
interfaces of the photoactive BHJ layers, which simply makes
ZnO SG as a promising electron extracting layer. Despite good
electron selectivity, the charge transportation in ZnO SG is
limited.30 This is attributed to the complexity in developing a
compact layer in between the ITO and the photoactive layer as
nanoridges of ZnO SG are typically formed by piling up of gel
particles that are structurally relaxed as a result of gradual
solvent evaporation caused by slow heating.29 Recently, we
reported that high electron transportation is achieved by using
transparent one-dimensional (1D) planar ZnO NRs since they
act as well-defined, robust charge transport paths with high
carrier mobilities.25 This is also in accordance with a study by
Takanezawa et al., who observed that high performance in
IOSCs can be achieved even with very thick photoactive layers
of over 450 nm, leading to the maximum utilization of the
incident photons.31

Inspired by these concepts based on effective electron
extraction offered by ZnO SG and faster electron transport
provided by 1D ZnO NRs, we designed a novel strategy of
forming a bilayer CBL with two distinct nanostructures which
play two roles, namely, electron extraction and efficient
transportation. Moreover, the bilayer CBL configuration of
ZnO NRs/ZnO SG improves the interfacial contact area
between photoactive and CBL, beneficial to suppress the
recombinations, ultimately resulting in enhancement in PCE,
short circuit current density (Jsc), and open circuit voltage (Voc)
of the device.
This work presents detailed investigations to demonstrate

the outstanding effect of bilayer ZnO nanostructures in IOSCs.
Two ZnO bilayers of different morphologies, that is, ZnO SG/
ZnO NRs (i.e., ZnO NRs coated over ZnO SG) and ZnO
NRs/ZnO SG (i.e., ZnO SG coated over ZnO NRs), are
systematically engineered. For reference, IOSCs of single ZnO
SG and ZnO NRs CBLs are also compared. It is found that the
photovoltaic performances of IOSCs are strongly dependent on
the bilayer CBL layering sequence which is attributed to the
resulting geometry of nanostructure and the interfacial contact
that the upper nanostructure forms with the photoactive layer.
A maximum PCE of 3.70% is obtained for the IOSCs

comprising a bilayer CBL of ZnO NRs/ZnO SG that is
∼18.21% higher than those comprising an inverse bilayer
configuration (i.e., ZnO SG/ZnO NRs). Moreover, the PCE in
IOSCs of bilayer CBL (ZnO NRs/ZnO SG) is higher as well by
∼14% for IOSCs comprising a single layer CBL (i.e., ZnO SG
or ZnO NRs).

■ RESULTS AND DISCUSSION
Figure 1 depicts architectures of IOSC devices with different
bilayer ZnO CBLs used in this work. To observe the influence

of bilayer ZnO on the device performance in IOSCs, the
surface morphologies of ZnO layers were examined using field-
emission scanning electron microscopy (FE-SEM) digital
photoimages (Figure 2). The optimized morphologies of all

the ZnO CBLs used in this work are shown in Figure 2. The
morphology of ZnO (Figure 2a) obtained by SG method and
annealed at a low temperature of 170 °C for 30 min revealed
∼150 nm thick nanoridges that were separated by a uniform
planar surface that was ∼50 nm thick. The distance between
two subsequent nanoridges was ∼1 μm. It is interesting to note
that the annealing temperature had a major influence on the
morphology. With increase in annealing temperature to 270 °C,
nanoridges collapse and form nanoparticulate-type morphology
(see Figure S1b in the Supporting Information, SI, for more
details). Figure 2b presents the morphology of spin- coated 1D
planar ZnO NRs that were obtained by a low temperature
hydrothermal seedless method according to our previous

Figure 1. Device architecture of inverted organic solar cells: (a) bilayer
ZnO SG/ZnO NRs and (b) bilayer ZnO NRs/ZnO SG.

Figure 2. FE-SEM top view images of ZnO CBLs: (a) ZnO SG, (b)
ZnO NRs, (c) bilayer ZnO SG/ZnO NRs, and (d) bilayer ZnO NRs/
ZnO SG.
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report.25 Spin-coated ZnO NRs are advantageous in controlling
the roughness as well as transparency in comparison to
vertically grown seeded ZnO NRs. On spin-coating, the whole
ITO substrate surface was uniformly covered with dense arrays
of ZnO NRs each of ∼25 nm diameter and ∼100 nm in length.
The desired crystallinity of ZnO NRs was obtained by
annealing them to 270 °C (Figure 2b) while annealing at 170
°C resulted in amorphous morphology (SI Figure S1d). The
morphologies of bilayer ZnO nanostructures used for a
sequence of ZnO SG/ZnO NRs and ZnO NRs/ZnO SG are
shown in Figure 2c and d. It is clear that the morphology of
bilayer CBL is completely distinct from that of single layered
ZnO NRs CBL. This is attributed to the difference in the
bottom layer on which the ZnO NRs are spin-coated. For the
bilayer CBL, the wavy nanoridge structure of ZnO SG in the
bottom layer offer a nonuniform surface for the ZnO NRs to
coat on them (Figure 2c). Additionally, dual step annealing
further distorts the morphology of ZnO NRs. This distortion is
attributed to the collapse in nanoridge structure of the bottom
layer (ZnO SG) to nanoparticulates as it undergoes dual
annealing, once at 170 °C and second when the top layer of
ZnO NRs is annealed at 270 °C. To confirm the effect of dual
annealing on ZnO SG, ZnO SG was annealed doubly, first at
170 °C, and then at 270 °C which resulted in fine nanoparticles
(SI Figure S4a and b). Second, for a much higher annealing
condition (270−270 °C), a greater distortion is observed (SI
Figure S1i). However, the shape and morphology of ZnO NRs
is best maintained for the annealing condition of 170−270 °C
(Figure 2c). A high temperature annealing of 270 °C increases
the crystallinity of ZnO NRs, which keeps the nanostructure
intact over the possibly formed particulates of ZnO SG.
The morphology of second type of bilayer with ZnO NRs/

ZnO SG sequence is illustrated in Figure 2d where the presence
of homogeneous and comparatively denser nanoridges of ZnO
SG compared to single layer of ZnO SG is observed. The width
of the nanoridges is reduced to ∼0.54 μm (from ∼1 μm in
single layer ZnO SG). Such dense and homogeneous bilayer
ZnO CBL results in improved contact between the CBL and
the photoactive layer, which ultimately can lead to enhance-
ment in overall PCE of IOSCs (discussed later).
The crystallinity of bilayer ZnO CBLs was analyzed using X-

ray diffraction (XRD; Figure 3). As seen in Figure 3, several
sharp peaks relating to hexagonal wurtzite structure are
observed. The sharp diffraction peaks, especially the (002)
peak shown in Figure 3, for the aligned ZnO NRs/ZnO SG
reveal good crystallinity. It is clear that the favorable growth

direction of ZnO crystals is (002).32,33 A minor shift in the
(002) diffraction for ZnO NRs/ZnO SG (∼0.18°) as compared
to ZnO SG/ZnO NRs is indicative of the presence of residual
stress and associated strain, which ultimately affects the overall
structural properties.34 For ZnO SG/ZnO NRs, (002)
diffraction has a comparatively larger full-width at half-
maximum (fwhm) of ∼0.29° compared to ZnO NRs/ZnO
SG with a lower fwhm value of 0.22° (Figure 3b). This shows
that better structural properties can be obtained for ZnO NRs/
ZnO SG because of improved mobilities of precursor molecules
on the surface resulting from adequate thermal energy. These
results are in good agreement with the FE-SEM data as shown
in Figure 2c and d. The use of higher boiling point solvents
such as 2-methoxyethanol and ethanolamine for ZnO SG,
resulted in a strongly preferred orientation of ZnO grain
crystals.35 It is to be noted that the bilayer ZnO NRs/ZnO SG
showed sharp (100) peak that arise from perfectly oriented
ZnO SG on the uniformly coated ZnO NRs. The absence of
(100) peak for ZnO SG/ZnO NRs is attributed to the
distortion of SG nanoridges to nanoparticles due to dual
annealing of bottom layer ZnO SG that is further coated by
ZnO NRs.
Transmittance spectra of bilayer ZnO CBLs formed on a

glass substrate (Figure 4) show high transmittance (>95%) in

the visible spectral range for both the films. From the inset of
Figure 4, it is clear that the transmittance of ZnO NRs/ZnO SG
is higher as compared to ZnO SG/ZnO NRs. This is probably
due to lower optical scattering caused by the densification of
grains followed by grain growth and diminution of grain
boundary density.36

The chemical elemental analysis on both bilayer ZnO CBLs
was investigated by X-ray photoelectron spectroscopy (XPS)
analysis. The calibration of binding energies was done by taking
carbon (C 1s peak at 284.6 eV) as a reference. Figure 5 shows
Zn 2p3/2, Zn 2p1/2, and O 1s core level XPS spectra of both the
bilayer ZnO CBLs with different morphologies. The difference
between Zn 2p3/2 and Zn 2p1/2 binding energies of ZnO bilayer
CBLs is ∼23.02 eV, which is in good agreement with the
standard value of ∼22.97 eV for Zn2+.37 Figure 5a shows that
the Zn 2p3/2 peak for bilayer ZnO NRs/ZnO SG shifts toward
lower binding energy by 0.05 eV due to its dense morphology
signifying that more Zn atoms are compelled to O atoms as
compared to that in ZnO SG/ZnO NRs that typically has a
distorted morphology.
The O 1s XPS spectra as shown in Figure 5c and d

demonstrate asymmetric shapes indicating that oxygen species
are present in the nearby areas. Deconvolution of peaks was

Figure 3. XRD patterns of bilayer ZnO CBLs: (a) ZnO SG/ZnO NRs
and (b) ZnO NRs/ZnO SG.

Figure 4. Transmittance spectra of bilayer ZnO CBLs.
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carried out using a Gaussian distribution. The O 1s core level
spectra show three deconvoluted binding energy peaks between
529−532 eV for both the bilayer ZnO CBLs.38−40 The lower
binding energy (529.48 eV) peak that is attributed to O atoms
in the wurtzite ZnO structure of the hexagonal Zn2+ ions for
bilayer ZnO NRs/ZnO SG shifts toward lower energy by 0.13
eV in comparison to that in ZnO SG/ZnO NRs.39 Moreover,
the intensity of lower binding energy O 1s peak is lower for
ZnO NRs/ZnO SG compared to ZnO SG/ZnO NRs CBL.

The second peak centered at 531.08 eV for ZnO NRs/ZnO SG

corresponds to the loosely bounded oxygen ions on the surface,

namely, OH− groups or O2− ions in oxygen vacancies in the

ZnO matrix shifts toward the lower binding energy and has

higher intensity than that in ZnO SG/ZnO NRs.40,41 The

above result shows that bilayer ZnO NRs/ZnO SG is more

oxygen deficient or Zn rich which helps to form a stable ZnO

film. Additionally, it is well-known that oxygen deficient films

Figure 5. XPS spectra of bilayer ZnO CBLs: (a) Zn 2p3/2, (b) Zn 2p1/2, and (c, d) O 1s.

Figure 6. Photovoltaic performance, that is, (a) J−V and (b) EQE measurements of bilayer ZnO CBLs at optimized annealing temperatures in
IOSC.

Table 1. PCE Performance Parameters of the Devices Based on P3HT:PC60BM Blends with Bilayer ZnO SG/ZnO NRs and
ZnO NRs/ZnO SG CBLs as Electron Transporting/Collecting Layers at Different Annealing Temperatures

bilayer ZnO CBL Jsc (mA/cm
2) Voc (V) FF (%) PCE (%) best (avg)

ZnO SG 170 °C/ZnO NRs 270 °C 9.48 (9.45) 0.58 (0.58) 57 (57) 3.13 (3.11)
ZnO NRs 270 °C/ZnO SG 170 °C 10.66 (10.58) 0.61 (0.609) 57 (57) 3.70 (3.68)

*PCE data averaged for 40 devices.
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possess high conductivity, which is further confirmed in the
Hall analysis (explained below).
Another peak centered at 532.61, ascribed to chemisorbed

ions (OH− or O2−) on the surface of ZnO in the oxygen
deficient region is found to be shifted toward higher binding
energy in ZnO NRs/ZnO SG.38 This binding energy shift may
be a consequence of changes in the Fermi level within the band
gap, caused by the transfer of electrons within the bilayer ZnO
or band bending.42 This result indicates that the structure and
stoichiometry of bilayer ZnO NRs/ZnO SG is better than that
of ZnO SG/ZnO NRs.
Current density−voltage (J−V) measurements of IOSCs

incorporating bilayer ZnO CBL with optimized annealing
temperatures are shown in Figure 6. Table 1 summarizes the
device parameters of bilayer CBL IOSCs. The photovoltaic
performance is found to be dependent on the morphology and
annealing temperature of ZnO nanostructures. The IOSC
device comprising bilayer CBL of ZnO NRs/ZnO SG exhibited
PCE as high as 3.70% that is ∼14% higher compared to the
reference devices of single layer CBLs (data presented in SI
Table S1). The enhancement in PCE is majorly influenced by
the increased Jsc in the IOSCs of bilayer ZnO compared to
single layer CBLs, which indicates that the bilayer ZnO
nanostructured CBLs promote more favorable electron trans-
port within the device. This is attributed to the increased
interfacial contact between the photoactive layer and denser
ZnO NRs/ZnO SG CBL. For ZnO NRs/ZnO SG, an
enhanced dissociation of photogenerated excitons takes place
leading to larger number of electrons and holes. This generates
more percolation pathways leading to the improved electron
transport, and thus increased photocurrent density.
The comparison of J−V measurements (Figure 6a) for

IOSCs employing bilayer ZnO CBLs shows significant
enhancement in photovoltaic parameters in ZnO NRs/ZnO
SG device with respect to that of ZnO SG/ZnO NRs. Bilayer
device with ZnO NRs/ZnO SG presents notable increment in
Jsc from 9.48 to 10.66 (mA/cm2) and Voc from 0.58 to 0.61 V.
The increased Jsc in ZnO NRS-ZnO SG is supported by
enhancement in External quantum efficiency (EQE) (Figure
6b). It is found that the IOSCs of ZnO NRs/ZnO SG exhibited

an EQE of 66.7% in contrast to a lower EQE of 58.4% for
IOSCs comprising of ZnO SG/ZnO NRs CBLs, indicating
much efficient photon to current conversion in the devices of
ZnO NRs/ZnO SG. The increased EQE in IOSCs of ZnO
NRs/ZnO SG is due to the enhanced light absorption (as
evident from higher transmittance) and charge collection
efficiency (explained further using EIS analysis). The integrated
EQE values are all in good agreement with the enhanced Jsc.
In order to investigate the origin of enhanced Jsc, photo-

luminescence (PL) quenching study of bilayer ZnO CBLs was
carried out (SI Figure S8). The PL quenching is a useful
indication of the efficient charge transfer and exciton
dissociation between donor−acceptor materials.43 PL quench-
ing was carried out on both the samples using P3HT-only and
an organic blend of P3HT:PCBM, separately. To avoid the
effect of light scattering through the glass substrate, PL
measurements were carried out from the side of P3HT.44

The comparison of PL intensities (SI Figure S8a) for both
bilayer acceptors reveal higher quenching in the films of ZnO
NRs/ZnO SG indicating higher charge transfer efficiency from
P3HT to ZnO NRs/ZnO SG compared to that to ZnO SG/
ZnO NRs. The enhanced PL quenching in ZnO NRs/ZnO SG
is indicative of faster deactivation of the excited state by the
efficient charge transfer between P3HT and bilayer ZnO NRs/
ZnO SG and is attributed to improved heterojunction between
the acceptor and the donor.
The sandwiching of more compact ZnO SG layer between

ZnO NRs and P3HT offers a greater interfacial contact to
extract electrons more effectively after excitonic dissociation.
However, this is not the case when ZnO NRs are sandwiched
between ZnO SG and P3HT (in the case of devices of ZnO
SG/ZnO NRs) although sandwiched ZnO NRs also offer a
better contact. This is attributed to the fact that ZnO SG is
known to be a much efficient electron extractor as compared to
ZnO NRs.29 Moreover, a very strong PL quenching (SI Figure
S8b) is observed in the films of P3HT:PCBM BHJ blend
coated on ZnO NRs/ZnO SG owing to the preferential
enrichment of P3HT phase on a comparatively hydrophobic
ZnO NRs/ZnO SG (water contact angle 72.9°). It is thus
logical to believe that the presence of ZnO SG over ZnO NRs

Figure 7. Contact angle measurements before and after P3HT:PCBM photoactive coating, respectively, on (a, c) ZnO SG/ZnO NRs and (b, d)
ZnO NRs/ZnO SG CBLs surface, respectively.
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(ZnO NRs/ZnO SG) is extremely beneficial in improving the
electron extraction as compared to ZnO NRs over ZnO SG
(ZnO SG/ZnO NRs). Furthermore, a lower value of Rs found
in bilayer ZnO NRs/ZnO SG denotes decreased surface traps
that may inhibit the trap assisted recombinations by enhancing
the electron coupling with the photoactive layer followed by
efficient charge transportation. The increased contact resistance
and lower exciton dissociation efficiency of bilayer ZnO SG/
ZnO NRs results in lower photovoltaic performance.
Additionally, the enhanced electrical properties of bilayer

ZnO NRs/ZnO SG are supported by ∼22.6% higher electron
mobility and ∼23.91% higher carrier density in comparison to
ZnO SG/ZnO NRs, elucidated by Hall-effect measurements
based on Van der Pauw method (SI Table S2) at room
temperature.45 The enhancement in electron mobility is due to
the minimization of grain boundary scattering resulting from a
denser morphology of ZnO NRs/ZnO SG. On the other hand,
the decrease in charge carrier mobility in the case of ZnO SG/
ZnO NRs is associated with serious morphological distortions,
especially in the bottom layer (ZnO SG), which typically leads
to trapping of charges and retardation of flow to the cathode
(ITO). Furthermore, the electrical conductivity for bilayer ZnO
NRs/ZnO SG was found to be 46.85% higher compared to
ZnO SG/ZnO NRs. This phenomenon can be attributed to the
improvement in crystallinity of ZnO NRs/ZnO SG.46 The
electrical properties are in good agreement with the FE-SEM,
XRD, PL and device results for both the bilayer CBLs. It is thus
evident that the electrical properties are strongly influenced by
appropriate layering sequence of ZnO morphologies.

To cognize the mechanism of performance enhancement in
the IOSCs of bilayer ZnO, CBLs were investigated by
performing multiple advancing water contact angle from
different positions, before and after coating of photoactive
layers (shown in Figure 7). The lower contact angle (36°)
exhibited by ZnO SG/ZnO NRs reveals hydrophilic nature and
is attributed to its distorted morphology as well as formation of
large ZnO aggregates in the interface between ITO and CBL.
Lower hydrophilicity and formation of aggregates results in
large interfacial contact resistance as well as bulk resistance
leading to decreased photovoltaic performance in IOSCs of
ZnO SG/ZnO NRs.30,47 Meanwhile, the contact angle of ZnO
NRs/ZnO SG (Figure 7b) with a uniform, compact and dense
morphology is measured to be 72.9°. An increase in water
contact angle shows significant transition in surface properties
from hydrophilic to hydrophobic that is beneficial for the
intimate contact between bilayer ZnO and the photoactive
layer, which ultimately leads to a decrease in series resistance.
Figure 7c and d shows the digital images of contact angles
measured on photoactive layer spin-coated on bilayer CBLs.
Higher contact angle of 113.9° for ZnO NRs/ZnO SG coated
with photoactive layer is suggestive of better interfacial contact
and effective electron transport than that in photoactive
covered ZnO SG/ZnO NRs, which exhibited a lower contact
angle of only 97.1°. Thus, it is obvious to obtain higher Jsc in
the IOSCs of former than in later.
Electrical properties of bilayer ZnO were elucidated using

conductive atomic force microscopy (C-AFM) measured in
contact mode. C-AFM is recognized as one of the useful
techniques for high resolution characterization of local electrical

Figure 8. (a) AFM topography and (b) corresponding C-AFM maps at −10 V and (c) +10 V for bilayer ZnO SG/ZnO NRs CBL. (d) AFM
topograph and (e) corresponding C-AFM maps at −10 and , (f) +10 V for bilayer ZnO NRs/ZnO SG CBL. Active region in reverse bias
corresponds to hole conduction pathways, and active region in forward bias corresponds to electron conduction pathways.
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properties and morphologies.48,49 Herein, forward and reverse
biased electric fields were applied to both the bilayer CBLs. In
the forward bias, electrons are injected while in the reverse bias,
holes are injected through the conducting platinum-coated
cantilever tip. By applying −10 and +10 V bias voltages
between the AFM tip and the conducting bilayer ZnO CBL,
current and hole maps were obtained as seen in Figure 8. Active
regions in reverse bias corresponds to hole conduction
pathways and those in forward bias correspond to electron
conduction pathways.50 Comparing Figure 8b,c and e,f, it is
evident that, under the reverse bias condition, ZnO SG/ZnO
NRs is hole dominant (darker regions), while in the forward
bias ZnO NRs/ZnO SG is electron dominant (bright regions).
This result shows that electric conduction is superior in ZnO
NRs/ZnO SG compared to ZnO SG/ZnO NRs. Moreover,
average current transported through ZnO NRs/ZnO SG is
10 000 pA, while that through ZnO SG/ZnO NRs is 3000 pA
(Figure 8c−f). Thus, electrical conduction in bilayer ZnO NRs/
ZnO SG is higher by a factor of ∼3.33 than that of bilayer ZnO
SG/ZnO NRs, demonstrating an enhancement in charge
transport in the previous case than in latter. The increased
surface conductivity in bilayer ZnO NRs/ZnO SG leads to
generation of more channels for electron transport. Thus, the
emergence of higher Jsc in IOSCs of ZnO NRs/ZnO SG is
justified.
In order to verify energy level arrangement and evaluate the

enhancement of Voc using bilayer ZnO CBL, ultraviolet
photoelectron spectroscopy (UPS) measurements were carried
out. The high binding energy cut off (Ecutoff) for both the

bilayer is shown in Figure 9a. The valence band maximum
(VBM) energy levels are calculated using eq 1.51

= − −hv E EVBM ( )cutoff onset (1)

where hv = 21.22 eV is the incident photon energy and Eonset is
the onset relative to the Fermi level (EF) of Au (at 0 eV). EF is
determined from the Au substrate. From Table 2, the calculated

Ecutoff values of bilayer ZnO SG/ZnO NRs and ZnO NRs/ZnO
SG were 16.95 and 16.98 eV, respectively. The Eonset is the
highest occupied molecular orbital (HOMO) energy onset,
referred to as the binding-energy onset. The onsets for bilayer
ZnO SG/ZnO NRs and ZnO NRs/ZnO SG are 3.26 and 3.42
eV, respectively. From the VBM energies and optical gaps
obtained from the onset of absorption spectra, the estimated
conduction band minimum (CBM) positions with respect to
vacuum are −4.23 and −4.38 eV, respectively.22 The
corresponding VBM energy levels are −7.53 and −7.66 eV
(Table 2). The corresponding energy band diagram is
illustrated in Figure 9c.
The optical band gap energies (Eg) of bilayer CBLs were

estimated using the formula.

α ν ν= −h A h E( ) ( )2
g (2)

where A is the proportional constant, α is the absorption
coefficient, h is Planck’s constant, ν is frequency of vibration
light, and Eg is the band gap.52 SI Figure S10a shows (αhv)2

plotted as a function of photon energy for bilayer CBLs. The
direct optical band gap energies of bilayer CBLs were
determined by extrapolating the linear portion of the curves
near the onset of the absorption edge to the energy axis. The
optical band gap energies are 3.30 and 3.28 eV for bilayer ZnO
SG/ZnO NRs and ZnO NRs/ZnO SG, respectively. The
reduced band gap energy of ZnO NRs/ZnO SG CBL can lead
to a large built-in potential and ultimately will enhance the
charge collection efficiency. Further reduced Eg of bilayer ZnO
NRs/ZnO SG CBL is suggestive of decreased surface traps,
which would restrain the possible trap assisted interfacial charge
recombination. This confirms that the ZnO NRs/ZnO SG
could reduce the Eg and consequently enhance the light-
absorption properties, and thus improve the PCE of IOSCs.53

Furthermore, the work function of bilayer CBLs was
evaluated using AC2 photoelectron spectrometer; the UV
source was employed to measure the ionization potential in air.
SI Figure S10b plots the square root of the counting rate as a
function of photon energy and the photoemission threshold
energy also known as work function were measured from
crossing point of the background and the yield line.54 The work
functions of bilayer ZnO SG/ZnO NRs and ZnO NRs-SG
CBLs, presented in SI Table S3, are 4.23 and 4.35 eV,
respectively. These results suggest that the sequencing of
nanostructures in bilayer configuration is influential in tuning
the energy level alignment of the device.

Figure 9. UPS spectra of bilayer ZnO CBLs: (a) cutoff region, (b)
onset region, and (c) corresponding energy level diagram.

Table 2. Energy Levels of Bilayer ZnO CBLs Derived from
UPS Measurements

bilayer ZnO CBL
E cutoff
(eV)

E onset
(eV)

VBM
(eV)

CBM
(eV)

ZnO SG 170 °C/
ZnO NRs 270 °C

16.95 3.26 −7.53 −4.23

ZnO NRs 270 °C/
ZnO SG 170 °C

16.98 3.42 −7.66 −4.38
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The enhancement in the device performance is majorly from
the improvement of the heterojunction interface between the
bilayer ZnO CBL and photoactive layer. Furthermore, to
evaluate the genesis of improved electrical characteristics in
bilayer ZnO CBLs, electrochemical impedance spectroscopy
(EIS, Figure 10) and Mott−Schottky (MS, SI Figure S11b)
measurements were performed to investigate charge transfer
and flat band potential (Vfb), respectively. EIS is an effective
technique to study the interface and bulk electronic properties
of OSCs.55 Figure 10a presents Nyquist plots of the devices
measured under simulated 1 sun illumination at zero bias. The
EIS plots were fitted using an equivalent circuit as illustrated in
SI Figure S11a.56 The Nyquist plots show distinct semicircles in
high and low frequency range corresponding to different charge
transfer mechanisms in IOSCs of both the bilayer ZnO CBLs.
The semicircle in high frequency range corresponds to the
recombination of charges ascribed to electron transfer at the
interface between bilayer ZnO CBL and P3HT: PCBM BHJ.57

As seen in Figure 10a, both the semicircles for bilayer ZnO
NRs/ZnO SG show significant reduction in the charge transfer
resistance at the interface between CBL and active layer as
compared to ZnO SG/ZnO NRs. This is attributed to the
enhancement of ohmic contact between the hydrophobic
bilayer ZnO NRs/ZnO SG CBLs with the organic photoactive
BHJ layer.
Electron lifetime (τ) in IOSCs was measured from the Bode

phase plots (Figure 10b). Bode phase angle vs frequency plots
were plotted, and τ was calculated according to eq 3.

τ π= f(1/2 )max (3)

where fmax is the maximum frequency of the mid frequency
peak.58 The τ values estimated from Bode’s phase plots are 2.24
× 10−5 and 1.29 × 10−4 ms for bilayers ZnO SG/ZnO NRs and
ZnO NRs/ZnO SG, respectively. For ZnO NRs/ZnO SG CBL,
the increased electron lifetime is due to reduced charge transfer
resistance and decreased electron recombination which makes
electron transfer more efficient leading to the enhancement of
device performance. Thus, it is to be noted that photogenerated
charge carrier transport is facilitated through the incorporation
of bilayer ZnO NRs/ZnO SG between ITO and photoactive
layer. It is inferred that, in the presence of bilayer ZnO NRs/
ZnO SG, (a) electrons are effectively collected/extracted by
ZnO SG from the photoactive layer, and (b) they are further
transported effectively through ZnO NRs to the cathode (ITO)
leading to the enhancement of efficiency. Thus, this bilayer
buffer layer plays dual role in the IOSCs: one of electron

extraction ( ZnO SG)29 and second of electron transportation
(ZnO NRs).25 The above results indicate that the superior
electrical properties of bilayer ZnO NRs/ZnO SG CBL are
advantageous in facilitating the increased charge transfer
efficiency and photovoltaic performance.

■ CONCLUSIONS
In summary, we have successfully demonstrated bilayer ZnO as
CBLs in efficient IOSCs. This strategy to integrate bilayer ZnO
plays a dual role: electron extraction/collection from the
photoactive layer and its transportation to the cathode (ITO).
The hydrophobic nature of bilayer ZnO NRs/ZnO SG CBLs
with the photoactive layer has improved the interfacial contact
for efficient charge transfer. With introduction of bilayer ZnO
NRs/ZnO SG CBLs, defect levels are minimized while
retaining the native structure morphology. C-AFM inves-
tigations and other physical and optical measurements reveal
that the highly transparent bilayer ZnO NRs/ZnO SG CBL not
only forms the uniform film between the cathode and
photoactive layer but also improves the electrical properties
in addition to photovoltaic performance. When the sequence of
bilayer ZnO CBLs is reversed, the photovoltaic performance of
the device is drastically reduced because of the morphology
destruction and poor electrical properties. The annealing,
morphology and geometry of bilayer ZnO should be precisely
controlled for enhancing the device performance. The
optimization of bilayer ZnO NRs/ZnO SG CBL demonstrated
an enhanced Jsc from 9.48 to 10.66 mA cm2 and Voc from 0.58
to 0.61 V. As high as 3.70% PCE is achieved for the optimized
bilayer ZnO NRs/ZnO SG CBL in IOSCs. We believe our
findings will provide a new insight of selecting appropriate
bilayer CBL in the IOSCs that can play dual electron extraction
and electron transport functions.
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C. C.; Beling, C. D.; Fung, S.; Kwok, W. M.; Chan, W. K.; Phillips, D.
L.; Ding, L.; Ge, W. K. Defects in ZnO Nanorods Prepared by a
Hydrothermal Method. J. Phys. Chem. B 2006, 110, 20865−20871.
(43) Ruankham, P.; Sagawa, T.; Sakaguchi, H.; Yoshikawa, S.
Vertically Aligned ZnO Nanorods Doped with Lithium for Polymer
Solar Cells: Defect Related Photovoltaic Properties. J. Mater. Chem.
2011, 21, 9710−9715.
(44) Gadisa, A.; Liu, Y.; Samulski, E. T.; Lopez, R. Role of Thin n-
Type Metal-Oxide Interlayers in Inverted Organic Solar Cells. ACS
Appl. Mater. Interfaces 2012, 4, 3846−3851.
(45) Cheun, H.; Hernandez, C. F.; Shim, J.; Fang, Y.; Cai, Y.; Li, H.;
Sigdel, A. K.; Meyer, J.; Maibach, J.; Dindar, A.; Zhou, Y.; Berry, J. J.;
Bredas, J. L.; Kahn, A.; Sandhage, K. H.; Kippelen, B. Oriented Growth
of Al2O3:ZnO Nanolaminates for Use as Electron-Selective Electrodes
in Inverted Polymer Solar Cells. Adv. Funct. Mater. 2012, 22, 1531−
1538.
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