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ABSTRACT: ZnO nanofilm as a cathode buffer layer has
surface defects due to the aggregations of ZnO nanoparticles,
leading to poor device performance of organic solar cells. In
this paper, we report the ZnO nanoparticles aggregations in
solution can be controlled by adjusting the solvents ratios
(chloroform vs methanol). These aggregations could influence
the morphology of ZnO film. Therefore, compact and
homogeneous ZnO film can be obtained to help achieve a
preferable power conversion efficiency of 8.54% in inverted
organic solar cells. This improvement is attributed to the
decreased leakage current and the increased electron-collecting efficiency as well as the improved interface contact with the active
layer. In addition, we find the enhanced maximum exciton generation rate and exciton dissociation probability lead to the
improvement of device performance due to the preferable ZnO dispersion. Compared to other methods of ZnO nanofilm
fabrication, it is the more convenient, moderate, and effective to get a preferable ZnO buffer layer for high-efficiency organic solar
cells.
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1. INTRODUCTION

Organic solar cells (OSCs) have been receiving considerable
attention in recent years due to their advantages such as low-
cost, flexibility and lightweight.1−3 In the past few years, a
remarkable improvement in the power conversion efficiencies
(PCEs) up to 10% has been achieved.4−8 However, the acidic
nature of poly(3 ,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) used as a hole-transport
layer in forward OSCs always corrodes the indium tin oxide
(ITO) anode, together with the easy oxidization of low-work-
function metal cathode, resulting in degradation of the
device.9−12 One approach to alleviate the problems is to use
inverted device architecture. In the inverted structure, the n-
type metal oxides (ZnO, TiOx) prepared by different methods
are employed as the cathode buffer layer between ITO and the
active layer.13,14 The inorganic materials present apparent
surface defects, leading to poor interfacial contact with the
active layer and severe back charge recombination.15,16 Thus,
enormous efforts have been dedicated to the interfacial
modification and fabrication for improving electron-collecting
efficiency.
Different methods have been applied to fabricate an n-type

metal oxides (ZnO, TiO2, TiOx) buffer layer, such as doping
metals nanoparticles to n-type metal oxides films,17−19 adding
the polymers or organic small molecules on the n-type metal
oxides to prepare bilayer film,20,21 organic−inorganic hybrid

film,22−30 and inorganic n-type metal oxides hybrid film.31,32

Moreover, the sol−gel method of metal oxides with block
copolymer assist also provides various structural films for
organic photovoltaic devices.33−36 By the means, in addition to
fill the surface defects of n-type metal oxide films, they help
improve the charge carrier mobility and interfacial contact with
the active layer. However, the above methods of interface
modification increase process steps or introduce more
operating parameters, which are not beneficial to large-scale
preparation and industrialization of devices. So, the simple and
convenient methods based on sole n-type metal oxides should
be exploited.
In the studies of pursuing high performance photovoltaic

devices, the solvent effect has been found to optimize the
morphology of active layer, which results in the improvement
of exciton dissociation efficiency and transportation efficiency
of charge carrier in the active layer.37−39 However, few studies
have been done to improve the morphology of the n-type metal
oxides based cathode buffer layer.
In this study, we found that the aggregations of ZnO

nanoparticles (NPs) could be controlled by simply adjusting
the volume ratio of binary solvents (chloroform (CF) vs
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methanol (MeOH)). This method supports a simple but
effective way to fabricate the favorable buffer layer in
photoelectric devices including organic solar cells. In this way,
the morphology of ZnO film is highly relevant to the solution
aggregations, and controllable. Therefore, the compact and
homogeneous ZnO nanofilm is obtained to support a PCE of
8.54% by interfacial modification of inverted OSCs with open-
circuit voltage (Voc) of 0.756 V, a short-circuit current (Jsc) of
15.85 mA/cm2, and a fill factor (FF) of 71.3%, under AM 1.5G
100 mW·cm−2 simulated solar light. The device performance is
much better than those based on the sole ZnO buffer layer
before optimization. The effects of solvent ratios on the
solution properties, film morphology and the device parameters
as well as exciton generation and dissociation rate are discussed
in details.

2. EXPERIMENTAL SECTION
Materials and Characterization. Indium tin oxide (ITO)-coated

glass substrates were purchased from CSG HOLDING Co., LTD
(China) (Rs ≤ 10 Ω/□ Tr ≥ 83%). Electron-donor material PTB7
and electron-acceptor material PC71BM were purchased from 1-
material Chemscitech and Nano-C, respectively. MoO3 was obtained
from Alfa Aesar. Chlorobenzene and 1,8-diiodoctane were provided by
Sigma-Aldrich. The zinc acetate dihydrate (Zn(Ac)2·2H2O), potassium
hydroxide (KOH), methanol, and chloroform were bought from
Sinopharm Chemical Reagent Co. and used as received.
The current−voltage (J−V) characterization was taken using a

Keithley 2400 source measure unit under AM 1.5G simulated solar
light. The external quantum efficiency (EQE) was performed by the
IQE200TM data acquisition system. The particle size and distribution
of samples were analyzed using dynamic light scattering equipment
(Zetasizer Nano ZS, Malvern, U.K.). Surface morphology and film
roughness of the specimens were obtained using scanning electron
microscopy (SEM) (S-4800) operated at an acceleration voltage of 4
kV and atomic force microscopy (AFM). AFM measurements were
operated in tapping mode using a Veeco dimension V atomic

microscope. Film thickness measurement was carried on profile meter
(Dektak150).

Preparation of the ZnO NPs solution. ZnO nanoparticles were
prepared according to the procedures.40,41 The mixed solvents with
different ratios are used to dissolve the nanoparticles to obtain a sol
with, on average, 15 mg·mL−1 ZnO solutions.

Device Fabrication and Characterization. The devices were
fabricated on ITO-coated glass substrates and the ITO-coated glasses
were cleaned by a sequence of detergent, deionized water, acetone, and
isopropyl alcohol for 15 min inside an ultrasonic bath, dried with
nitrogen stream, and subsequently treated with UV-ozone for 30 min.
The obtained ZnO solutions were spin-coated onto the precleaned
ITO substrates at 1500 rpm (about 65 nm) and then were annealed at
80 °C for 10 min. The chlorobenzene blend solution (3 vol % 1,8-
diiodoctane) of PTB7:PC71BM (10:15 mg·mL−1) was then spin-
coated at 2000 rpm for 120 s on top of the ZnO nanofilm. Finally,
device fabrication was achieved by thermal evaporation of 10 nm of
MoO3 and 100 nm of Al as the anode under the vacuum of about 1 ×
10−6 mbar, and the device area was 0.04 cm2.

3. RESULTS AND DISCUSSION
Figure 1a presents the structure of the inverted OSCs used in
this study: ITO/ZnO nanofilm/active blends/MoO3/Al. The
ZnO cathode buffer layer is deposited from the solution of ZnO
NPs dispersed in co-solvent mixture (CF and MeOH). The
active layer is composed of the blend of poly[[4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl][3-flu-
oro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]
(PTB7) as the electron donor and (6,6)-phenyl C71-butyric
acid methyl ester (PC71BM) as the electron acceptor. To get
the energy level alignment of various device components, the
cyclic voltammetry (CV) was carried out to investigate the
electrochemical properties of PC71BM.42 The energy levels of
ZnO NPs were determined by ultraviolet photoelectron
spectroscopy (UPS) and the UV absorption edge.31 The
electronic energy levels of PTB7 and MoO3 were taken from
the literatures.43,44 Consequently, the energy level diagram of

Figure 1. (a) Device architecture of the inverted OSCs with ZnO film as cathode buffer layer; (b) energy level diagram of the various device
components.

Figure 2. (a) Illuminated and (b) dark J−V characteristics of ITO/ZnO/PTB7:PC71BM/MoO3/Al architecture with buffer layers deposited from
the ZnO NPs solution with different ratios mixture of binary solvents.
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various device components is shown in Figure 1b. It is clear
that the conduction band (CB) of ZnO (−4.2 eV) is slightly
lower than the lowest unoccupied molecular orbital (LUMO)
of PC71BM (−4.04 eV), which builds the preferable energy
level cascade to facilitate electron transfer from PC71BM to the
ITO electrode. In addition, the ZnO nanofilm can prohibit the
hole transport from PTB7 to the ITO electrode because the
valence band (VB) of ZnO (−7.6 eV) is lower than those of
PTB7 (−5.15 eV) and PC71BM (−5.74 eV). Therefore, from
the viewpoint of energy levels, the ZnO nanofilm is beneficial
for electron collection and diminishing carrier recombination.
Moreover, the LUMO (−2.3 eV) of MoO3 inhibits the electron
transport from PC71BM to the Al electrode. Meanwhile, the VB
(−5.3 eV) of MoO3 is close to the HOMO of PTB7 (−5.15
eV). According to the previous reports,45,46 the MoO3/
polymer Fermi level alignment likely equilibrate to ≈0.3 eV
above the HOMO level. Thus, the holes can be efficiently
transported to Al electrode through MoO3 without obvious
energy loss.
Figure 2a displays the illuminated current−voltage (J−V)

characteristics of PTB7:PC71BM devices using ZnO buffer
layers. Table 1 summarizes the detailed device parameters. It
can be observed that the device based on ZnO NPs dispersed in

pure CF exhibits the lowest PCE of 4.52%. With the volume
ratio changing from 9:1 to 2:1, the Voc, Jsc, and FF of devices
increase gradually, so the PCEs increase from 7.49% to 8.39%.
When the volume ratio reaches 1:1, the device achieves a Voc of
0.756 V, a Jsc of 15.8 mA/cm2, and a FF of 71.3%, giving the
highest PCE of 8.54%. However, when the volume ratios are
under 1:1 and eventually change into pure MeOH, it leads to
decreased Jsc and FF. The Voc remains almost unchanged.
Consequently, the PCE decreases from 8.54% to 7.67%. So, the
optimized volume ratio of binary solvents is 1:1, which gives
the best average PCE of 8.46%. The influence of solvents ratios
to the device performance should be investigated in more
depth.
Figure S2 (Supporting Information) clearly presents different

aggregations depending on solvents ratios. The ZnO solution in
the 1:1 volume ratio displays a transparent solution. In contrast,
the solution with the high ratio is cloudy, implying the
formation of ZnO NPs aggregation. To probe the relationship
between the aggregation of ZnO NPs and the mixed volume
ratios, Zetasizer Nano ZS equipment is applied to measure the
particle size distributions (by volume) and the results are
revealed in Figure 3.47 Under the pure CF condition, the severe
aggregation is clearly shown due to strong net attraction among

Table 1. Summary of the Photovoltaic Parameters of PTB7:PC71BM Devices Using Buffer Layers Deposited from ZnO NPs
Solution with Different CF/MeOH Volume Ratiosa

solvents ratios (CF: MeOH) Voc (V) Jsc (mA/cm
2) FF (%) PCE (%) best/averageb Rs (Ω·cm2) Rp (kΩ·cm2) RR (103dark)

1:0 0.693 13.27 49.1 4.52/3.74 9.04 0.40 0.60
9:1 0.752 14.74 67.6 7.49/7.28 4.76 0.83 1.82
2:1 0.754 15.44 72.1 8.39/8.10 4.00 1.17 2.37
1:1 0.756 15.85 71.3 8.54/8.46 4.36 1.26 11.2
1:2 0.759 15.26 72.6 8.41/8.26 3.92 1.15 2.72
1:9 0.754 14.88 70.2 7.88/7.73 4.24 0.85 2.03
0:1 0.753 14.91 68.3 7.67/7.45 5.76 0.87 1.56

aThe rectification ratio (RR, defined as the ratio of forward-to-reverse bias current density at a bias voltage of ±2 V) was obtained from dark J−V
characteristics. The Rs and the Rp are the series resistance and the shunt resistance of PTB7:PC71BM devices, respectively. bThe average PCE values
are averaged by eight devices. The device parameter distribution maps are presented in Figure S1 in the Supporting Information.

Figure 3. Particle-size distributions of ZnO NPs dispersed in mixed solvents with different volume ratios (CF and MeOH). (a) pure CF, pure
MeOH, and 1:1 (v/v); (b) 1:2 (v/v), 2:1 (v/v); (c) 1:9 (v/v), 9:1 (v/v); (d) Z-average size of ZnO NPs.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5051789 | ACS Appl. Mater. Interfaces 2014, 6, 18172−1817918174



small ZnO NPs. And yet the aggregation is obviously reduced
at the condition of 9:1 (CF:MeOH (v/v)). This indicates that
the aggregation of ZnO NPs is very sensitive to the relative
concentration of MeOH.
Because the dispersion of NPs is usually dominated by

interaction between the surface ligands and the solvents, the
hydroxyl groups of MeOH here covering the surface of ZnO
NPs are expected to contribute to dispersion in such solvents
system. Then, the relative energy difference provides evaluation
of dispersibility of the ZnO NPs in various solvents such as CF
and MeOH in this work. Here, adding MeOH to CF improves
the dispersion of ZnO NPs, as shown from the transparency
change of colloidal ZnO solution presented in Figure S2
(Supporting Information) by changing the relative energy
difference due to modification of hydrogen bonding interaction
in solvents.48 When the appropriate mixing volume ratios (2:1,
1:1, 1:2) are prepared, the preferable size distributions of ZnO
NPs are obtained. However, the size distributions shift toward
larger size ranges again with further increase of the MeOH
ratio. To further study the aggregation variations of ZnO NPs,
the Z-average size of ZnO NPs that increases as the particle size
increases is as a function of solvents ratios of ZnO NPs
solution. The result, presented in Figure 3d, is in good

agreement with that of particles-size analysis. Meanwhile, the
optimized volume ratio of binary solvents is concluded as 1:1,
in which the smallest Z-average size is achieved, indicating that
the ZnO NPs possess the best dispersion in the mixed solvents
system and the dispersity of ZnO NPs is affected by the
molecular interactions from polar solvents.48

To figure out the effect of aggregation variation on the
surface morphology of ZnO nanofilm, the SEM and AFM are
employed to investigate the surface morphology of ZnO
nanofilm.49 As shown in Figures 4 and 5, the root-mean-square
(RMS) roughness value of ZnO nanofilm made from the pure
CF condition is 19.0 nm. The increased pore size and the
aggregation of ZnO NPs can be apparently found in the film,
indicating that the film is an uncontinuous film with large
roughness. When the MeOH is added and the mixed volume
ratios are changed into 9:1 and 2:1, the RMS roughness and the
void size of ZnO nanofilms decrease dramatically and the dense
films were formed. With the solvents ratios changed to 1:1, the
ZnO nanofilm is smoothest with a lowest RMS roughness of
2.06 nm. Thus, the dense and homogeneous ZnO nanofilm is
obtained. However, further change of solvent ratios to 1:2, 1:9,
and pure MeOH results in increased roughness and void size.
As a result, the RMS variations from AFM measurements are

Figure 4. SEM images of ZnO buffer layers derived from ZnO NPs solutions with different solvent volume ratios (CF:MeOH), (a) 1:0 (pure CF),
(b) 9:1, (c) 2:1, (d) 1:1, (e) 1:2, (f) 1:9, (g) 0:1 (pure MeOH).

Figure 5. AFM images of ZnO buffer layers derived from ZnO NPs solutions with different CF/MeOH ratios (v/v), (a) 1:0 (pure CF), (b) 9:1, (c)
2:1, (d) 1:1, (e) 1:2, (f) 1:9, (g) 0:1 (pure MeOH). (h) Comparative analysis images between aggregation variation of ZnO NPs and RMS
roughness variation of ZnO nanofilm.
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consistent with morphology differences revealed from the SEM
images.
Through comparative analysis between the aggregation

variation of ZnO NPs and the RMS roughness variation of
ZnO nanofilm (Figures 3 and 5a−g), it is clear that the quality
of ZnO nanofilm is dependent on the particle-size distributions
of ZnO NPs. As shown in Figure 5h, the particle-size variation
tendency to solvent ratios is similar to the roughness variation
tendency. In other words, the ZnO NPs solution with high
aggregation degree has numerous large clusters, which lead to
incomplete coating on the ITO electrode and eventually form
an uncontinuous film. The decrement of ZnO NPs aggregation
indicates good ZnO NPs dispersion with narrow particle-size
distribution, which results in the smooth and dense nanofilm.
Therefore, we conclude that the morphology of ZnO nanofilm
can be controlled by tuning CF/MeOH volume ratios.
The influences of the morphology of the ZnO buffer layer on

the performance of inverted OSCs has been extensively
studied.49,50 The preferable morphology of the ZnO buffer
layer is favorable for photovoltaic devices. Moreover, the above
discussions of the size distributions effect on morphology of
ZnO nanofilm are taken into consideration. So, the relationship
between the particle-size distributions and the device
parameters of inverted OSCs can be figured out, and the
results are shown in Figure 6. When the volume ratio changed
from pure CF to 9:1, Voc is improved from 0.693 to 0.752 V.
The Z-average size of ZnO NPs is sharply reduced with the
MeOH increasing. The morphology of ZnO nanofilm is
substantially improved shown in the SEM and AFM
images.51,52 And then Voc keeps similar values with further
changes of solvent ratios, which indicates that the Voc value is
insensitive to the morphology variation of the ZnO nanofilm.
As observed from Figure 6b,c, the variations of Jsc and FF are
negatively correlated with the Z-average size variation.
Meanwhile, the surface morphology of the ZnO nanofilm is
improved, which results in lower leakage current and a superior
rectification ratio (see Figure 2b and Table 1). Therefore, Jsc
and FF correspondingly increase in inverted OSCs.53 With the
increase of Z-average size, the Jsc and the FF are reduced. The

results demonstrate that the particle size distributions strongly
influence the Jsc and FF of the device by changing morphology
of ZnO buffer layer. The PCE variation tendency is also
opposite to the Z-average size variation, as observed in Figure
6d. And the best PCE (8.54%) is obtained in the lowest Z-
average size when optimized solvent ratio (1:1) is applied. To
summarize, the preferable particle size distributions is beneficial
for the surface morphology of buffer layer as well as device
performance.
To further analyze the effect of ZnO NPs aggregation on

device performance, the maximum exciton generation rate
(Gmax) and exciton dissociation probability (P) for ZnO buffer
layers based devices has been investigated. Figure 7 depicts the

photocurrent density (Jph) in a double-logarithmic plot as a
function of effective applied voltage Veff = V0 − V, where V is
the applied voltage and V0 is the compensation voltage
(determined at which Jph = 0). The Jph is obtained by the
equation Jph = JL − JD, JL and JD are the current densities under
illumination and in dark condition, respectively. With the
enhancement of Veff, the Jph increases sharply in the lower Veff

Figure 6. Z-Average size of ZnO NPs and photovoltaic parameters (a) Voc, (b) Jsc, (c) FF, and (d) PCE of the devices as a function of different CF/
MeOH ratios.

Figure 7. Plots of photocurrent density (Jph) with respect to effective
applied voltage (Veff) for the devices based on ZnO buffer layers
deposited from the ZnO NPs solution with different ratios.
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range and gradually saturates in the higher Veff range.54,55

Meanwhile, the saturation photocurrent (Jsat) in the devices are
reached earlier when the dispersity of ZnO NPs solution is
getting better. In general, the Jsat correlates with the value of
Gmax, which is mainly governed by light absorption and is given
by Jsat = qGmaxL, where q is the electronic charge and L is the
thickness of active layer (110 nm).56,57 As a result, the values of
Jsat (i.e., Veff = 1.5 V) and corresponding Gmax for the devices are
shown in Table S1 (Supporting Information). The Gmax
changes with solvents volume ratios of ZnO solution, which
suggests that the morphology of the ZnO buffer layer influences
the exciton generation rate. So, the superior ZnO nanofilm
results in the maximum values of Gmax (10.01 × 1027 m−3 s−1,
Jsat = 160 A·m−2). In addition, Figure S3 (Supporting
Information) shows the normalized photocurrent (Jph/Jsat).
Under the short-circuit condition, the P values obtained from
the ratio of Jph/Jsat are improved by reducing ZnO NPs
aggregation, which will decrease the exciton recombination rate.
Consequently, the enhanced values in maximum exciton
generation rate and exciton dissociation lead to the improve-
ment of the device performance.58

4. CONCLUSION
In conclusion, a new and simple method to obtain a high
quality ZnO buffer layer has been exploited. With adjusting
solvent volume ratios of ZnO solution, the aggregations of ZnO
NPs are controllably tuned and the superior dispersity of ZnO
NPs is obtained (CF:MeOH = 1:1, v/v). This clearly exhibits
the relationship between nanoparticles aggregation and solvent
volume ratios. Similar change tendency of surface morphology
of ZnO nanofilms have been shown. Due to the same reason,
the exciton generation rate (Gmax) and the exciton dissociation
probability (P) of ZnO buffer layers are enhanced in
photovoltaic device when the optimized solvents ratio is
applied to disperse the ZnO nanoparticles. Therefore, the
optimized ZnO dispersion results in the reduction of
aggregation of ZnO NPs, which supports the morphology
improvement of ZnO buffer layer. The device performance will
be optimized consequently. The results put forward a facile
method for the interfacial modification engineering in the
fabrication of high-performance inverted OSCs.
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