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Effects of annealing rate and morphology of sol–gel derived ZnO on
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The effects of annealing rate and morphology of sol–gel derived zinc oxide (ZnO) thin films on the performance
of inverted polymer solar cells (IPSCs) are investigated. ZnO films with different morphologies are prepared at different
annealing rates and used as the electron transport layers in IPSCs. The undulating morphologies of ZnO films fabricated
at annealing rates of 10 ◦C/min and 3 ◦C/min each possess a rougher surface than that of the ZnO film fabricated at a fast
annealing rate of 50 ◦C/min. The ZnO films are characterized by atomic force microscopy (AFM), optical transmittance
measurements, and simulation. The results indicate that the ZnO film formed at 3 ◦C /min possesses a good-quality contact
area with the active layer. Combined with a moderate light-scattering, the resulting device shows a 16% improvement in
power conversion efficiency compared with that of the rapidly annealed ZnO film device.
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1. Introduction
In recent years, much attention has been paid to the poly-

mer bulk-heterojunction (BHJ) solar cells (PSCs) due to their
low manufacturing cost and potential application in flexible
and large-area solar cells.[1–7] The inverted polymer solar cells
(IPSCs) exhibit competitive performances and offer better sta-
bilities compared with the traditional BHJ solar cells.[8–12]

In an IPSC, a thin film of N-type metal oxide, such as ti-
tanium oxide (TiOx),[13] cesium carbonate (Cs2CO3),[14] or
ZnO,[15–17] is used as a cathode buffer layer to lower the work
function of the indium tin oxide (ITO) substrate. ZnO is an
attractive material due to its non-toxicity, low cost, excellent
stability, high electron mobility, and high transparency in the
visible wavelength range.[18] There are many techniques that
can be used to prepare ZnO films;[19–22] the sol–gel process
is believed to hold the greatest potential for large-scale com-
mercial fabrication due to no need of a vacuum process. Var-
ious nano-structures of ZnO films have been prepared by so-
lution processing to enable efficient charge transport,[18,23] in-
dicating that the ZnO film morphology plays a very impor-
tant role in determining the performance of IPSCs.[20,24] The
temperature at which ZnO is annealed is a significant factor
in determining the morphology,[21,25,26] structural and optical
properties[27] of the thin films. However, the effects of the an-
nealing rate and the morphology of the ZnO thin film on the
performance of IPSC are still not clear. In order to investi-
gate the relevance between ZnO annealing rate and morphol-

ogy and the resulting influence on the device performance, we
study IPSCs using ZnO thin films prepared from a zinc acetate
dihydrate solution as the electron transport layers (ETLs). It is
shown that the morphology of the ZnO thin film can be con-
trolled by adjusting the heating process, and the device per-
formance can be effectively improved correspondingly. The
effects of the ZnO film morphology on the characteristics of
IPSC are discussed in detail.

2. Experiments
2.1. Materials and device manufacture

In this study, the ZnO sol–gel solution consisted of zinc
acetate dihydrate (Zn(CH3COO)2·2H2O) and ethanolamine
(C2H7NO) in ethanol (C2H5OH),[25] the solution became ho-
mogeneous and transparent after stirring at 60 ◦C for 3 h. Hav-
ing aged at room temperature for 24 h, the ZnO sol–gel so-
lution was spin-coated on cleaned ITO-glass substrates at a
speed of 2000 rpm for 40 s. The samples were then annealed
on a hot plate from room temperature (22 ◦C) to 270 ◦C at
three different rates (50 ◦C/min, 10 ◦C/min, 3 ◦C/min). An ac-
tive layer was spin-coated onto the ZnO layer using a solution
consisting of a poly (3-hexylthiophene) (P3HT): [6, 6]-phenyl
C61 butyric acid methyl ester (PCBM) blend with a weight ra-
tio of 1:0.8 in chlorobenzene. A combination of spin-coating
rates, 250 rpm (3 s) and 1000 rpm (10 s), was used. The thick-
ness of the active layer was ∼ 180 nm. The substrates were
placed in covered Petri dishes and solvent annealed for 2 h.
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MoO3 (∼ 3 nm) and Ag (∼ 70 nm) were thermally evaporated
successively on the active layer under a pressure 10−4 Pa and
then thermally annealed at 120 ◦C for 10 min in an oven un-
der atmospheric pressure. The active area of the devices was
0.08 cm2 determined by the shade mask. The structure of the
IPSC is shown in Fig. 1.
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Fig. 1. (color online) Schematic diagram of inverted polymer solar cell
with ZnO film.

2.2. Measurement

The surface of the ZnO thin film was observed by optical
microscopy (Nikon ECLIPSE Ti-u). The surface morphology
of the thin film was characterized by atomic force microscopy
(AFM) (Seiko SPA-400 SPM UNIT). The transmittance spec-
tra of the ZnO-coated substrates were measured by a Cary

spectrophotometer (Cary 5000UV–VIS). The current density–
voltage (J–V ) characteristics of the film was measured with a
Keithley 4200 sourcemeter under the illumination of an AM
1.5 G (100 mW/cm2) solar simulator.

3. Results and discussion
3.1. Surface morphology

The only difference among all of the IPSCs investigated
in this study was the annealing process of the ZnO thin films;
all other parameters were kept constant. Optical microscopy
was used to evaluate the surface quality of the ZnO thin film.
Some fissures and small holes were observed on the surfaces
of the ZnO films heated at 50 ◦C/min (Fig. 2(a)) and 10 ◦C/min
(Fig. 2(b)), respectively. With a high heating rate, the stress
force could not be released during the crystallization of the
ZnO thin film. In addition, as is well known, the ZnO crys-
tal growth is disturbed by the solvent when the solvent is not
vaporized entirely. If the heating rate is slow enough, there
is sufficient time for the solvent to evaporate and the structure
to relax before crystallization to form a denser film.[25] The
3 ◦C/min film presents a more homogeneous (see Fig. 2(c))
coverage on the ITO substrate compared with the other films,
preventing the formation of a current leakage pathway, which
typically arises from the direct contact between an uncovered
ITO substrate and the active layer.

10.00 mm 10.00 mm 10.00 mm
(a) (b) (c)

Fig. 2. (color online) Optical microscopy images of ZnO films deposited on ITO substrates at heating rates of (a) 50 ◦C/min, (b) 10 ◦C/min,
and (c) 3 ◦C/min. The scale bar represents 10 µm.

The AFM images of the ZnO films are shown in Fig. 3.
The 50 ◦C/min film shows ZnO nanoparticles with a sur-
face root-mean-square roughness (RMS) of 8 nm, which be-
comes smoother after coating with the active layer (Fig. 3(g)).
The 10 ◦C/min film shows a much coarser texture with sharp
hill-like features with mean height of ∼70 nm and width of
∼ 200 nm; the distance from one ridge to its adjacent ridge is
∼ 600 nm. Ridges on the rough surface of the film can still be
observed (Fig. 3(b)) even though it is covered with an active

layer (Fig. 3(h)). The surface roughness of ZnO has a direct
influence on the active layer, and it can transfer the rough-
ness from the anode to the interface between the ZnO thin film
and the active layer.[19] The 3 ◦C/min film shows ridges with
height of ∼ 45 nm and width of ∼ 450 nm and appears as a
great pile of thick ropes, between which the distance is very
small. We find that the ridge on the surface of the ZnO thin
film annealed at a slow rate is lower in height and wider in
width.
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Fig. 3. (color online) (a)–(c) AFM images of the flat surfaces and (d)–(f) the corresponding stereoscopic views of ZnO thin films
annealed at rates of 50 ◦C/min, 10 ◦C/min, and 3 ◦C/min from room temperature to 270 ◦C, respectively. The films in panels (g)–(i)
each are covered with a P3HT: PCBM layer.

3.2. Optical properties

The transmittance of the ZnO film is very important for

the performance of IPSC. We measured the total and spectral

transmittances of the ZnO films. The three ZnO thin films

show good optical transmittances of over 80% at wavelengths

ranging from 400 nm to 1000 nm (Fig. 4(a)). We also cal-
culated the haze ((Ttotal − Tspectral)/Ttotal) of all the ZnO lay-
ers, which qualitatively describe the light-scattering properties
of textured films.[28] The results are displayed in the inset of
Fig. 4(a), suggesting that film B presents better light-scattering
properties under the same conditions.
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Fig. 4. (color online) (a) Transmittance spectra and variations in haze (inset) for the ZnO thin films, (b) calculated ARS and L results
for ZnO thin films at 520 nm.
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To further study the scattering properties of the three ZnO
films, the phase model reported in Refs. [29] and [30] was used
to calculate the angular dependence of the scattered light. The
calculated radiance L and angular resolved scattering (ARS)
of the textured interfaces are shown in Fig. 4(b). It is apparent
that the range and amplitude of radiance L(θ > 0) increase as
the morphology becomes more textured, and simultaneously,
the L(θ = 0) drops sharply (see the inserted table in Fig. 4(b)).
These results indicate that the amount of light scattered at dif-
ferent angles increases as the morphology changes in the order
of A, C, B. Film B is determined to have the largest amplitudes
over the entire range of radiance, which is consistent with the
haze results.

3.3. Application in IPSCs

The current–voltage (J–V ) characteristics of the IPSCs
based on the ZnO thin films fabricated in this study are shown
in Fig. 5(a). The external quantum efficiencies (EQEs) of the
cells are shown in Fig. 5(b), and the device performances are
summarized in Table 1. Device C, whose ZnO thin film is
annealed at 3 ◦C/min, clearly shows better performance than
the other devices. It displays a short-circuit current (Jsc) of
8.32 mA/cm2, an open-circuit voltage (Voc) of 0.55 V, and a
filling factor (FF) of 52.3% for an overall power conversion
efficiency (PCE) of 2.42%. Meanwhile, the devices featuring
films A and B processed at faster annealing rates show the ef-

ficiencies of 2.09% and 2.03%, respectively.
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Fig. 5. (color online) (a) Current density–voltage (J–V ) characteristics
under the illumination of AM 1.5 G (100 mW/cm2) solar simulator, (b)
the EQE curves for devices A, B, and C.

Table 1. Detailed performance parameters of the IPSCs.

Device
RMS of RMS of ZnO with

Jsc/mA·cm−2 Voc/V FF/% PCE/% Rsh/Ω·cm2 Rs/Ω·cm2
ZnO/nm active layer/nm

A 8 1.2 7.36 0.55 51.7 2.09 528.9 22.5
B 27 2.7 9.31 0.52 41.7 2.03 207.3 20.5
C 10 1.4 8.32 0.55 52.3 2.42 546.4 18.1

No ZnO – – 4.08 0.37 41.1 0.62 300.4 35.4

The excellent performance of device C could be attributed
to two factors. First, the slow annealing process results in
the good continuity of the film and good coverage over the
ITO substrate. The continuity of film is beneficial to extract-
ing charge and blocking hole transport, thus improving the
shunt resistance (Rsh) and FF.[23] Second, film C has a rela-
tively homogeneous and gentle morphology, which improves
the wetting of the active layer due to the closer contact to the
P3HT:PCBM layer. At the same time, the moderate RMS
roughness increases the contact area between the substrate and
the active layer, leading to the swift extraction of carriers;
moreover, the moderate scattering of the device contributes to
an increase in light absorption without deteriorating the FF and
Voc, resulting in a high PCE.

The film heated at 10 ◦C/min has a large surface con-

tact area at the ZnO/ P3HT:PCBM interface and the best
light-scattering ability; thus, device B possesses a Jsc of
9.31 mA/cm2. This enhancement is also reflected in the in-
creased quantum efficiency of device B (see Fig. 5(b)). How-
ever, film B shows small holes as previously mentioned. The
contact quality between the ZnO film and the active layer
is reflected in shunt resistance Rsh and series resistance Rs

of IPSCs.[24] Due to the degradation of the shunt resistance
(207.3 Ω·cm2) and the recombination of charge carriers, the
PCE of device B is reduced to 2.03%, i.e., the Voc and FF are
adversely affected.

Device A presents the lowest Jsc among the three devices
(7.36 mA/cm2). This is attributed to the fast heating rate of
50 ◦C/min, which leads to the formation of surface fissures,
thereby forming a current leakage pathway, in addition to the
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minimal light-scattering ability of the device. We also pre-
pared a device without the ZnO layer to investigate its role in
electron transport. Because the Fermi level of ZnO (4.3 eV)
matches the lowest unoccupied molecular orbital (LUMO) of
the acceptor PCBM (4.3 eV), the electron transfer is more con-
venient and effective.[20] As shown in Table 1, compared with
the device without a ZnO ETL, the improved device perfor-
mances could be attributed to the excellent ability of the ZnO
film to transport and extract electrons.

4. Conclusion
We evaluated the performances of IPSCs featuring sol–

gel derived ZnO films as ETLs. Three ZnO films with differ-
ent morphologies and thus different scattering properties were
formed by adjusting the rate of annealing. The ZnO film an-
nealed at a rate of 10 ◦C/min, with the best light-scattering
ability, can enhance the resulting device Jsc, though the mor-
phology needs to be improved to reduce the recombination and
achieve a high efficiency. The ZnO film formed at 3 ◦C/min,
exhibits good contact quality with the active layer in combi-
nation with a moderate light-scattering ability enhanced de-
vice PCE. Our research provides a simple way of optimiz-
ing the surface topography of ZnO thin films to obtain high-
performance IPSCs.
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