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This paper describes inverted bulk heterojunction organic solar cells featuring solution-processed zinc
oxide nanoparticles (ZnO NPs) as an electron extraction layer, prepared at relatively low annealing
temperatures ( r150 1C). A solution of ZnO NPs (average size: 25 nm) was prepared using a wet
grinding method. When the ZnO interlayer was present in the solar cell, the vertical phase separation of
the active layers prepared with and without solvent annealing exhibited similar gradient concentrations and, therefore, similar photocurrent generation, both of which were superior to those of
conventional devices incorporating a poly(3,4-ethylenedioxythiophene):poly(styrene sulfonic acid)
(PEDOT:PSS) hole extraction layer. We attribute this vertical phase separation to the similar surface
energies of the fullerene derivative and the ZnO interlayer. Under simulated air mass (AM) 1.5 G
illumination at 100 mW cm  2, the power conversion efﬁciency of the optimized device was approximately 4%.
& 2012 Elsevier B.V. All rights reserved.
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1. Introduction
Over the past decades, much effort has been exerted in the
quest to improve energy efﬁciency, to develop renewable energy
and clean fuel sources, and to decrease overall greenhouse gas
emissions. In particular, the abundance of clean energy from the
sun has drawn much attention [1]. Recently, organic solar cells
have attracted considerable interest as potential next-generation
solar cells because they can be prepared at low cost, with low
environmental load and ﬂexibility, and as lightweight alternatives
to currently used silicon solar cells [2]. Conducting organic
compounds are at the heart of bulk-heterojunction (BHJ) solar
cells, which feature an interpenetrating blend of optically active
polymers and electron-accepting molecules. The combination of
poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) in organic blends exhibits particularly
promising photovoltaic performance [3]. The traditional BHJ
architecture has limited device stability because it features an
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air-sensitive, low-work-function metal cathode (e.g., calcium), at
which oxygen can diffuse into the active layer through pinholes
and grain boundaries, leading to its degradation [4]. Furthermore,
the traditional BHJ architecture assembles into an undesirable
component distribution, with the P3HT-rich region partitioning to
the top (air) surface and the PCBM-rich region remaining at the
bottom (substrate) surface, as a result of the different surface
energies of the photoactive components [5,6]. To improve charge
collection, the architecture of BHJ devices can be modiﬁed with
functional layers inserted at the interfaces between the active
layers and the electrodes [7]. Such so-called ‘‘inverted’’ structures
can overcomes problems with both the interface instability and
the degradation of the indium tin oxide (ITO)-poly(3,4-ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS) interface an inevitability because of the strongly acidic nature of
PEDOT:PSS [8]. Further improvements in the performance of the
inverted architecture can be expected by reducing the resistivity
of the functional buffer layer and optimizing the energy alignment at the acceptor–buffer layer interfaces [9].
Inverted architectures featuring various electron-selective
layers, including cesium carbonate (Cs2O3) [10], titanium dioxide
(TiOx) [11,12], calcium (Ca) [7], titanium chelate (TIPD) [13],
rhenium oxide [14], and ZnO [15–19], have been prepared to
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improve electron transport and extraction. Applying the same
interlayer concept to the opposite electrode, several transition
metal oxides, including vanadium oxide (V2O5) [20–22] and
molybdenum oxide (MoO3) [23,24], have been exploited as
interfacial hole extraction layers between the positive electrode
and the photoactive layer in organic photovoltaic (OPVs). Among
the transition metal oxides, ZnO is a promising candidate because
of its relatively high electron mobility, environmental stability,
and optical transmittance in the visible range [25], its wide and
direct band gap (3.37 eV), and its large exciton binding energy
(60 meV) [26]. Moreover, thin ﬁlms of ZnO are readily prepared
through deposition using solution processing and subsequent
thermal annealing treatment.
Although many fabrication methods can be employed to prepare
ZnO nanoparticles (NPs), including sol–gel processes [11,27,28], vapor
phase synthesis [29], simple solution combusting [26], and spray
pyrolysis [30], these methods generally require complex equipment
and complicated operational procedures; therefore, the challenge
remains to develop simple routes for the synthesis of metal oxide
NPs in high yield. In this paper, we report a wet grinding method for
the preparation of ZnO NPs, using ethylene glycol (EG) as the solvent.
Unlike the approaches mentioned above, this solution-based method
is relatively simple and convenient; very cheap and facile; environmentally friendly; and provides the resulting NP solutions in a pure
and well-dispersed form (stable for hundreds of hours without
precipitation) without the need for surfactants. These clean NP
solutions are processable through spin coating at low temperature
(150 1C) to form high-quality, continuous ﬁlms free from cracks and
pinholes. In addition, layers of P3HT:PCBM deposited through spincoating on top of ZnO interlayers prepared with and without solvent
annealing exhibit similar phase separation morphologies determined
from X-ray photoelectron spectroscopy (XPS) depth proﬁles of the
concentration gradients of the donor and acceptor moieties in the
vertical direction while maintaining very smooth surfaces. Notably,
the performance of inverted-structure devices featuring ZnO interfacial layers prepared with or without solvent annealing was better
than that of conventional devices featuring a PEDOT:PSS buffer layer.
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synthesized ZnO NPs using a simple solution-combusting method
employing a mixture of EtOH and EG as starting solvents [26];
and Krebs stabilized ZnO NP ink with methoxyethoxyacetic acid
(MEA) in WS-1 solvent and chlorobenzene with o-xylene and WS1 [32]. In this study, ZnO powder (UniRegion Bio-Tech) was
dispersed in pure EG (J.T. Baker) at a concentration of 5 wt%,
without any surfactant or modiﬁcation, for use as the starting
material for grinding. High-energy ball milling was performed at
room temperature using a batch-type grinder (JBM-B035) operated at a rate of 2000 rpm. The milling duration was typically in
the range 60–420 min. The resultant solution could be diluted to a
lower concentration without any precipitation. Prior to spincoating with thin ZnO ﬁlms, ITO-coated glass substrates
( o10 O sq  1, RiTdisplay) were cleaned through ultrasonication
in detergent-containing water and twice with deionized (DI)
water (15 min each), dried in an oven, and then treated with
ultraviolet (UV)/ozone for 15 min. The ZnO NP solution was
coated on top of the ITO glass through spin-coating at 4000 rpm
for 60 s and then thermally annealed at 150 1C for 60 min,
providing a thin ﬁlm having a thickness of approximately 40 nm.
2.2. ZnO thin ﬁlm characterization
The average particle size was measured using a particle size
analyzer (Brookhaven 90 plus Sn11408). The absorption and
transmittance spectra of the ZnO thin ﬁlms were recorded using
a Jasco V-670 UV–vis–NIR spectrophotometer. The surface
morphologies of the thin ﬁlms were measured through scanning
electron microscopy (SEM; FEI Nova200) and atomic force microscopy (AFM; Veeco di Innova). The thickness of the thin ﬁlm was
measured using a Veeco Dektak 150 alpha step surface proﬁler.
The valence band maximum (VBM) of the ZnO ﬁlm was measured
using ultraviolet photoelectron spectroscopy (UPS; PHI 5000
Versa Probe scanning ESCA microprobe); the band gap (Eg) was
obtained from the UV absorption edge. Contact angles and surface
energies were measured using a Slideaway instrument.
2.3. PSC fabrication and characterization

2. Experimental methods
2.1. ZnO NPs and thin ﬁlm preparation
Different types of surfactant have been used to stabilize ZnO
NPs prepared using various methods. Huang et al. stabilized ZnO
NPs in EG solvent by adding a silane coupling agent [31]; Ni et al.

Devices featuring a ZnO interfacial layer in an inverted structure
(ITO/ZnO/P3HT:PCBM/V2O5/AL; displayed in Fig. 1 along with a basic
energy level diagram of the component materials) were fabricated
using different mechanisms for solidiﬁcation of the active layer.
Device A was prepared with ‘‘slow-growth’’ deposition of the active
layer, spin-coated from a solution containing P3HT:PCBM (1:1, w/w)
in 1,2-dichlorobenzene on top of the ZnO ﬁlm, and then it was dried

Fig. 1. (a) Device structure. (b) Energy level diagram of the component materials used for device fabrication.
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for 30 min in a covered Petri glass dish for solvent evaporation;
subsequently, the ﬁlms were annealed at 130 1C for 30 min. Device B,
featuring the ‘‘fast-grown’’ active layer, was directly thermally

annealed at 130 1C for 30 min without solvent evaporation. The active
layer of device C was prepared without solvent or thermal annealing,
while the active layer of device D was prepared as in the case of
device A, but on the ITO surface (i.e., without a ZnO interlayer). For
the regular device E (ITO/PEDOT:PSS/P3HT:PCBM/V2O5/AL), the active
layer was prepared in manner similar to that of device A. The
thickness of the active layer in each device was approximately
200 nm. Layers of V2O5 (99.6% Alfa Aesar; 10 nm) and Al (100 nm)
were sequentially thermally evaporated through a shadow mask
under vacuum (pressure: o6  10  6 Torr). The active area of each
device was 10 mm2; its performance was tested inside a glove box
under simulated AM 1.5 G irradiation conditions (100 mW cm  2)
using a Xenon (Xe) lamp-based solar simulator (Thermal
Oriel1000W). The external incident photon-to-current efﬁciency
(IPCE) spectra were recorded under short-circuit conditions. The
devices were encapsulated in UV gel and transparent glass before
they were removed from the glove box. The light source was a 450 W
Xe lamp (Oriel Instruments, Model 6123NS). The light output from
the monochromator (Oriel Instruments, Model 74100) was focused
on the photovoltaic cell being tested.

3. Results and discussion
Fig. 2. Particle sizes in ZnO powders obtained after different grinding times. Inset:
Sedimentation from ZnO solutions before and after grinding for 420 min.

The ZnO NPs exhibited size-dependent dissolution behavior,
with the smallest ZnO NPs exhibiting the greatest tendency for

Fig. 3. (a) and (b) SEM images of thin ﬁlms formed through spin-coating (4000 rpm) and annealing (150 1C, 60 min) of (a) the non-ground powder and (b) the ground
3 wt% ZnO solution. (c) Corresponding XRD patterns of ZnO powders prepared with and without grinding for 420 min.
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Fig. 4. (a) J–V characteristics and (b) IPCE spectra of the inverted solar cell devices A (‘‘fast growth’’), B (‘‘slow growth’’ of active layer), C (fast grown without thermal
annealing), and D (without ZnO layer).

dispersion, while the aggregated NPs displayed decreased propensity for dispersion, attributable to differences in surface
tension, which is size- and shape-dependent [33,34]. To obtain
much smaller, more uniformly shaped, and better-dispersed NPs,
longer grinding times were required. The particle size decreased
upon increasing the grinding time, with the initially non-uniform
particles ( 4250 nm) reaching approximately 25 nm after
420 min of grinding (Fig. 2). We performed sedimentation tests
by storing ZnO solutions (prepared with and without grinding) in
EG for more than six months. The ZnO NPs prepared without
grinding precipitated completely after a few hours, but the ZnO
NPs prepared with grinding were highly stable without any
precipitation (see inset to Fig. 2). Thus, the grinding process
increased the compatibility between the ZnO NPs and the organic
solvent, increased the repulsive forces among the particles, and
prevented the ZnO NPs from aggregating. We obtained a discontinuous ﬁlm with very large grains (5 mm) from the nonground ZnO solution (Fig. 3a); in contrast, a uniform continuous
ﬁlm without pinholes or cracks was formed from the ground ZnO
NP solution (Fig. 3b). Thus, the uniform and smaller particles
formed more-compact and denser ﬁlms, without pinholes or
cracks, thereby presumably decreasing the potential barrier and,
accordingly, increasing the degree of electron extraction from the
interface with the polymer blend ﬁlm. The X-ray diffraction (XRD)
patterns in Fig. 3(c) reveal the stoichiometries of the ZnO powders
prepared with and without grinding. The nearly identical values
of 2y the XRD peaks imply the same crystallinity, with the
decreased intensity and broadening of the peaks after grinding
being consistent with decreased grain and lattice sizes.
Thermal and solvent annealing are currently the most popular
methods for controlling the morphologies of polymeric active
layers, particularly to increase a material’s crystallinity and to
develop suitably phase-separated domains for efﬁcient carrier
transport. It was not until 2005 that the combination of thermal
and solvent annealing was demonstrated to signiﬁcantly enhance
PSC efﬁciency [35]. Rapid solidiﬁcation of the BHJ generally
produces devices exhibiting poor power conversion efﬁciencies

Table 1
Device performance parameters of inverted P3HT:PCBM solar cells fabricated with
a ZnO ﬁlm as the electron extraction layer.
Device

A
B
C
D
E

Voc (volt)

0.617 0.012
0.67 0.011
0.597 0.023
0.257 0.027
0.67 0.015
a

Jsc (mA cm  2)

10.657 0.23
10.47 0.2
7.797 0.4
8.667 0.5
9.247 0.18

FF (%)

61.26 7 0.5
61.22 7 0.6
48.15 7 0.8
377 0.67
65.87 0.5

Best

PCE (%)
Averagea

3.98
3.8
2.2
0.8
3.65

3.74
3.58
2.04
0.72
3.5

PCEs were averaged over 12 solar cells.

(PCEs). The challenge remains to develop simple methods, without the need for solvent annealing, to obtain high efﬁciencies. In
this study, we observed comparable PCEs both with and without
solvent annealing when using the ZnO NPs as interlayer ﬁlms in
the inverted device structure. Fig. 4(a) displays the current
density–voltage (J–V) characteristics of the devices; Table 1
summarizes their extracted device parameters. The variations in
device performance were not signiﬁcant in terms of open-circuit
voltage (Voc), short-current density (Jsc), or ﬁll factor (FF)between
device A (‘‘slow grown’’; PCE¼3.98%) and device B (‘‘fast grown
without solvent annealing’’; PCE ¼3.8%); these comparable performance parameters resulted from vertical phase segregation of
the P3HT:PCBM blend ﬁlm after insertion of ZnO as an electron
extraction layer. In contrast, device C (‘‘fast grown without
solvent and thermal annealing’’; PCE ¼2.2%) and the conventional
device E (‘‘slow grown’’ with PEDOT:PSS buffer layer; PCE¼3.65%)
exhibited comparable values of Voc, but lower values of Jsc and FF,
relative to devices A and B. Because device C, with and without
solvent annealing of the active layer given a similar performances
PCEo2.2%, annealing of the active layer (at 130 1C for 30 min)
enhanced the phase separation and crystallinity of the P3HT
chains, leading to signiﬁcant improvement in the values of Jsc
and FF and, therefore, the device performance. Device D (‘‘slow
grown without ZnO interlayer’’; PCE¼0.8%) exhibited tremendous
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decreases in Voc, FF, and performance, revealing the important
role that the ZnO interlayer played in the device performance. The
IPCE spectra in Fig. 4(b) reveal that the maximum IPCE (63%) was
that for device A, indicative of efﬁcient photon-to-electron conversion with a higher value of Jsc. The improvement in shortcircuit current density is consistent with the greater incident
photon-to-current conversion efﬁciency, and of a device featuring
a more highly transparent ZnO ﬁlm near the absorption spectrum
of P3HT:PCBM providing a higher photocurrent. A sharp drop in
IPCE at wavelengths below 400 nm is clearly evident, with small
increases in the UV region, for all devices incorporating a ZnO
layer, due to the strong absorption of the ﬁlm near the band edge
of ZnO. This observation suggests that the blend layer morphologies and charge carrier percolation networks were affected by
the choice of processing method [36]. The advantages of vertical
segregation and of the inverted structure over the regular structure are apparent under the same spin-coating parameters.
It is believed that the surface morphology of a ZnO ﬁlm, in
term of its wettability and adhesion with the polymer layer, will
affect the performance of the corresponding device. Small contact
angles generally indicate hydrophilic properties, with good wetting and adhesion [37]. Therefore, we measured surface morphologies, roughnesses, and contact angles to investigate the surface
qualities of our ZnO ﬁlms at the blend interface (with and without
solvent annealing). In a ﬂuid medium, P3HT molecules will move

Table 2
Surface energies and contact angles of ZnO thin ﬁlms and the components of the
active layer blend.
Film

H2O contact angle EG contact angle
(degree)
(degree)

Surface energy
(mN cm  2)

ZnO
Pure PCBM
Pure P3HT
P3HT:PCBM
ZnO þ P3HT:PCBM
slow growth
ZnO þ P3HT:PCBM
fast growth

86.1
73.05
95.87
96.7
87.88

55
60.3
70.1
87.4
78.75

38.24
37.87
25.53
30.43
26.32

90.92

79.65

26.95

toward the relatively hydrophobic side, causing the top surface
air-blend interface region to be P3HT-rich and the bottom surface
ITO-blend interface region to be PCBM-rich [38]. Table 2 summarizes the average surface energies and contact angles of blend
ﬁlms featuring a ZnO interlayer and pure P3HT and PCBM layers.
The surface energy of the ZnO ﬁlm was higher than those of the
pure P3HT layer and of the reference blend ﬁlm without a ZnO
layer, but it was similar to that of the pure PCBM layer. The
surface energies of the blend ﬁlms featuring ZnO layers grown
with and without solvent annealing were similar, and they were
closer to that of pure P3HT than they were to that of PCBM. Based
on contact angle measurements, we conclude that the ZnO
interlayer induced the diffusion of PCBM toward the bottom
surface, rather than to the top surface, with either mechanism
for growing the blend ﬁlm, producing similar degrees of vertical
phase separation.
To further investigate the vertical phase separation, we measured the depth proﬁles of the blend P3HT:PCBM active layer on
top of the ZnO/ITO surface (Fig. 5). Here, sulfur (S) atoms represent
the relative amount of P3HT within the photoactive layer, zinc (Zn)
atoms represent ZnO, and indium (In) atoms represent ITO. The
vertical gradients of P3HT in the blend ﬁlms with and without
solvent annealing exhibited similar behavior, with the concentration distribution (P3HT-rich on the surface; PCBM-rich near the
ZnO adjacent to the cathode) indicating vertical segregation on the
ZnO-coated ITO side. A small difference appeared, however, in the
gradients of the two curves, namely of the P3HT gradients in the
blend ﬁlms prepared using the two growing methods. The atomic
concentration of S atoms in the case of the slowly grown ﬁlm was
lower than that of the rapidly grown ﬁlm, indicating a higher
concentration of PCBM; in contrast, the P3HT:PCBM blend ﬁlm
prepared without a ZnO interlayer did not reveal such a clear
concentration gradient. We conclude that a slow rate of solvent
evaporation facilitates the growth of highly crystalline P3HT; under
such conditions, a portion of the PCBM molecules, with a faster rate
of crystallization than that of the polymer, were gradually expelled
from the P3HT domains, resulting in the formation of P3HT- and
PCBM-rich domains. These results are consistent with the surface
energies and contact angles listed in Table 2. Because P3HT is a
hole-conducting p-type semiconductor and PCBM is an electron-

Fig. 5. Depth proﬁles of In, Zn, and S atoms (representing ITO, ZnO, and P3HT, respectively) in the P3HT:PCBM blend ﬁlms of inverted-structure BHJ solar cells.
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conducting n-type semiconductor, this vertical inhomogeneous
distribution is more congruous in the inverted device structure
than in the regular one.
We further investigated the effect of the inserted ZnO interlayer on the device performance as well as the morphology by
varying concentration of the ZnO solution from 1 to 5 wt%.
Fig. 6(a) displays the J–V characteristics of inverted devices
prepared with different concentrations of ZnO in the ﬁlms. The
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highest PCE (3.98%) was that obtained from the 3 wt% solution,
with values of Jsc, Voc, and FF of 10.65 mA cm  2, 0.61 V, and
61.26%, respectively; the other concentrations provided lower
device performance parameters. We believe that this behavior is
related to the transparency of the 3 wt% ﬁlm near the absorption
spectrum of P3HT:PCBM being higher than those of the ﬁlms
prepared at the other concentrations (Fig. 6b). The transparency
of the ﬁlms changed as a result of variations in ﬁlm morphology

Fig. 6. (a) J–V characteristics and (b) transmittance spectra of inverted-structure solar cells incorporating ZnO ﬁlms prepared through spin-coating (4000 rpm) of ZnO NP
solutions of various concentrations and subsequent annealing (150 1C, 60 min).

Fig. 7. Tapping-mode AFM topographic images of (a) bare ITO and (b–f) ZnO ﬁlms prepared through spin-coating (4000 rpm) onto ITO glass from ZnO NP solutions of
various concentrations [(b) 1, (c) 2, (d) 3, (e) 4, and (f) 5 wt%] and subsequent thermal annealing (150 1C, 60 min).
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when prepared at the different concentrations. To investigate the
changes in morphology and surface roughness, we recorded AFM
images of the ZnO ﬁlms deposited from solutions at different
concentrations. Fig. 7 reveals that the grain size increased upon
increasing the concentration of the ZnO solution, presumably
because a greater amount of solute increased the probability of
solute clustering to form larger grains. The grain sizes revealed in
SEM images (not shown) were consistent with the measured
surface roughnesses, with larger grain sizes resulting in rougher
ﬁlms. The surface roughnesses (root-mean-square values) of the
ﬁlms prepared from ZnO NP solutions at concentrations of 1, 2, 3,
4, and 5 wt% were 10.02, 10.93, 12.33, 14.23, and 15.48 nm,
respectively. These small variations in surface roughness and
grain size of the ZnO ﬁlms cannot be correlated with the
variations in device performance, suggesting that the vertical
phase separation in the blend ﬁlm was maintained because the
surface properties remained unchanged. We conclude that the
concentration of ZnO solutes in the ﬁlm should be controlled to
maximize PCE.

4. Conclusion
We have successfully synthesized ZnO NPs through a simple,
cheap, and clean wet-grinding method. Corresponding solutionprocessed ZnO interlayers effectively block holes and collect
electrons from PCBM. This fabrication approach requires no
vacuum processing, a relatively low annealing temperature
(150 1C), and removes the need for PEDOT:PSS. Furthermore, the
degree of vertical phase separation in the rapidly grown active
layer was independent of the surface morphology of the ZnO layer
and provided a device with efﬁciency comparable to that of slow
growth, thereby decreasing the fabrication time and the cost of the
resulting solar cell. Thus, our method for preparing NPs is a very
promising one that might contribute to decreasing the cost of PV
technologies.
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