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Abstract:
The structural growth and optical and photovoltaic properties of the organic–inorganic
hybrid structures of zinc oxide (ZnO)-nanorods/poly-3-hexylthiophene (P3HT) and two
variations of organic polymer blends of ZnO/ P3HT:C60 fullerene and ZnO/P3HT:6,6]phenyl C61 butyric acid methyl ester were studied in detail during thermal annealing. The
ordering of the P3HT nanocrystals increased during annealing, which also improved hole
transport in the hybrid structures. The optical constants of the ZnO/P3HT:[6,6]-phenyl
C61 butyric acid methyl ester (PCBM) ﬁlms elevated with annealing temperature due to
the improved crystallisation induced by the formation of P3HT crystalline domains. As a
result, a maximum power conversion efﬁciency of approximately 1.03% was achieved for
the annealed ZnO/P3HT:PCBM device at 140 °C. These ﬁndings indicate that ZnOnanorods/P3HT:PCBM ﬁlms are stable at temperatures up to 160 °C.
1. Introduction
Since the discovery of their electroluminescence [1], conjugated polymers have been
extensively studied for a wide range of opto-electronic applications such as polymer
light emitting diodes [2] and organic photovoltaic devices [3]. The advantage of
conjugated polymers over other electronic materials is that they can be readily processed
into thin ﬁlms from solution using techniques such as spincoating or inkjet printing [4],
thereby offering the prospect of low cost manufacturing processes. However, the
morphology of a bulk heterojunction consisting of a binary blend cannot be easily
controlled. The formation of the ﬁnal blended structure is affected by several parameters, such
as the blend composition, viscosity, solvent evaporation rate [5] and substrate surface energy,
all of which present difﬁculties in the achievement of the desired blend morphology for
maximum charge generation and transport [6].
A promising power conversion efﬁciency of up to 5% [7,8] has been reported using
regioregular poly (3-hexylthiophene) (P3HT) and (6,6)-phenyl C61 butyric acid methyl ester
(PCBM) as the electron donor and the electron acceptor materials, respectively. This result
was achieved through optimisation of the morphology by various treatments, such as
thermal annealing [9–12], solvent annealing [13,14], substrate annealing [15] or the use of
additives [16,17], which can lead to a molecular rearrangement of the spin-coated ﬁlm. Metal
oxide nanostructures, such as titanium dioxide (TiO2) [18,19], zinc oxide (ZnO) [20–23],
and tin dioxide (SnO2) [24], possess unique properties such as high conductivity, mobility
and good stability in comparison with their PCBM counterpart. However, no conclusive work
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has been conducted to optimise the morphology of both metal oxides such as ZnO and the
PCBM incorporated in P3HT through annealing at various temperatures. Therefore, in this
work, X-ray diffraction (XRD), ultraviolet–visible spectroscopy (UV–vis) and variable
angle spectroscopic ellipsometry (VASE) are used to identify the evolution of the structure,
morphology
and
optical
properties
of
ZnO-nanorods/P3HT
and
ZnOnanorods/P3HT:fullerenes at different annealing temperatures. These ﬁndings are also
correlated with device performance.
2.
Experiment details
2.1 Materials and chemicals
Regioregular poly(3-hexylthiophene) (rr-P3HT) polymer (molecular weight ~ 64,000
gmol− 1; regioregularity > 98.5% for head-to-tail), buckminsterfullerene-C60 (99.5%
purity grade), PCBM (99.5% purity grade), zinc nitrate, potassium hydroxide (KOH),
indium tin oxide (ITO) (coated on a 1 mm glass substrate (surface resistivity 8–12
Ω/sq−1)) and chloroform (anhydrous, ≥99%) solution were purchased from SigmaAldrich and silicon (Si) (100) with resistivity of 1–30 Ω/cm, thickness of 375 ± 25 μm,
was purchased from Semiconductor Wafer, Inc. All chemicals were used as received without
any puriﬁcation.
2.2. Synthesis of zinc oxide-nanorods
Zinc oxide (ZnO)-nanorods were prepared by dissolving approximately 4.8 g of zinc nitrate
and 4 g of KOH in 50 ml of deionised water. The resultant mixture was then transferred to a
100 ml Teﬂon liner and placed in a microwave reactor (Multiwave 3000) at 180 °C for 20 min.
Afterwards, the resultant mixture was collected by ﬁltration and washed repeatedly in deionised
water and alcohol in an ultrasonic bath to remove nitrate and potassium and to minimise
particle agglomeration. The ﬁnal product was dried overnight in an oven at 80 °C to obtain
ZnO-nanorods.
2.3. Sample preparation and characterisation
Indium tin oxide (ITO)-coated glass and silicon (Si) substrates were successively cleaned
with organic solvents. Photoactive layers of P3HT, P3HT:C60 or P3HT:PCBM (1:1 wt. ratio)
with a thickness of approximately 90–110 nm were spin-coated from a 1 ml chloroform
solution on top of the ITO-glass and Si substrate at 2000 rpm for 30 s. A 200 nm layer of
ZnO was then spin-coated from chloroform (anhydrous, ≥99%) solution on top of the
blended structures at a spinning rate of 3000 rpm for 30 s to form ZnO/P3HT,
ZnO/P3HT:C60 and ZnO/P3HT:PCBM bilayers. The structures were subjected to a thermal
annealing process (80–220 °C) for 15 min.
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The surface morphology of ZnO-nanorods was obtained using a scanning electron microscope
(JEOL — JSM 7500 HR-SEM) operated at an accelerating voltage of 2 keV. Atomic force
microscopy (AFM) images of the thin ﬁlms spin-coated on top of the Si substrates were
analysed using a Veeco AFM system (Digital Instruments) at ambient conditions in tapping
mode. The structural properties of the ZnO-nanorods/P3HT:PCBM ﬁlms spin-coated on
Si substrates were investigated using a PANalytical X'Pert PRO PW 3040/60 X-ray
diffractometer with a Cu Kα (λ = 0.154 nm) monochromated radiation source. X-ray
diffraction (XRD) patterns were collected using 2θ reﬂection geometry, operating at 45 kV
and 40 mA. The XRD patterns were collected at 2θ-values ranging from 1 to 90°, with a step
size of 0.02°. To measure the crystal sizes, background subtraction was performed on the XRD
data using either a Gaussian ﬁt or the PANalytical X'Pert HighScore Plus software, which was
installed to analyse the XRD results. To determine the ultraviolet (UV)–visible absorption,
ﬁlms were spin-coated on top of ITO-glass and measured using a Perkin-Elmer Lambda 750
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UV–vis spectroscope. Photoluminescence (PL) spectra were carried out using and JobinYvon NanoLog spectrometer. The emission was detected with a Jobin-Yvon PMT detector. It
should be noted that for photoluminescence measurements, the structures deposited onto Si
substrates were used. The variable angle spectroscopic ellipsometry (VASE) spectra (Ψ) and
(Δ) were obtained in the range of 250–1000 nm at room temperature using a rotatingcompensator instrument (J.A. Woollam, M-2000) at multiple angles of incidence (65, 70 and
75°). For data analysis, thin ﬁlms spin-coated on ITO-glass substrates were regarded as
homogeneous materials with ﬁlm thicknesses modelled using the Cauchy model [25]. A BSpline model [26] was then used to extract the refractive index (n) and extinction coefﬁcient
(k) over the absorption range from 300 to 900 nm. The thicknesses of the ﬁlms at different
temperatures were extracted using VASE.
Solar cells were completed by laminating a platinum top electrode on top of an ITO glass
substrate. This glass/Pt substrate was placed on top of the ITO/poly (3,4ethylenedioxythiophene):poly(styrenesulfonate)/ZnO/P3HT:fullerene substrate at an
appropriate displacement and then laminated together by applying pressure at a controlled
temperature using a hydrostatic pressuriser with hot plates (AH-1TC, ASONE, Japan) [27].
Current density–voltage (J–V) characteristics were measured using a Keithley 4200
Semiconductor Characterization System and a solar simulator equipped with a xenon
short arc lamp-based Sciencetech SF150 with 150 W of power and an AM 1.5 G solar ﬁlter.
Light was irradiated from the ITO/glass side. The effective area of the solar cells was
measured to be 0.45 cm2. All of the photovoltaic measurements were evaluated in air at
room temperature.

3. Results and discussion
Scanning electron microscopy (SEM) micrographs of the synthesised ZnO-nanorods illustrate
that the material has a “ﬂower-like” morphology (results not shown). The SEM analysis
showed that the ZnO-nanorods are joined together at one end (head or seed) to form the
centre, and each nanorod then grows out from the centre, similar to a ﬂower. Each ZnOnanorod array consists of a hexagonal stem with a tapering tip pref- erentially grown along the
c-axis direction with an average diameter and length in the range of 300–450 nm and 1–2 μm,
respectively. The growth mechanism of these structures was explained in detail by
Phuruangrat et al. [28].
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The diffraction peaks in Fig. 1a conﬁrm the formation of pure hexag- onal wurtzite type [29]
ZnO-nanorods, illustrating that the synthesised ZnO-nanorods have good crystallinity and
are highly pure. The ob- served strong diffraction peaks of the (101) and (100) suggest
that the b101> and b100> are the main preferred growth orientations for the ZnO
nanorods. It was observed from high resolution transmission electron microscopy and the
corresponding selected area electron diffrac- tion study that the as-prepared ZnO
nanostructures are single-crystalline and that the ZnO nanorods have a wurtzite structure with
a growth direc- tion along the c-axis [30,31]. The ZnO nanocrystallite sizes along the b100>
and b101> orientation, estimated from the Debye–Scherrer formula [32], are 24.38 ±
0.008 nm and 23.26 ± 0.017 nm, respective- ly. The XRD patterns of the ZnO/P3HT:C60 and
ZnO/P3HT:PCBM structures reveal substantial intensity alteration with thermal annealing (see
Fig. 1b and c). The intensity of the characteristic peak around 2θ = 5.41°, which is assigned to
the reﬂections of crystallographic (100) planes of the P3HT crystals [33,34], is enhanced
abruptly with an increase in annealing tem- perature. This enhancement represents an
improvement in the degree of crystallisation of the P3HT domains that was induced by
annealing.
With an increase in temperature close to the crystallisation tem- perature (180 °C) of
P3HT [35], the (100) reﬂections shift to higher 2θ values, indicating a contraction in the
length of the alkyl-chains, and are accompanied by an increase in peak intensity [15].
Annealing above the crystallisation temperature of P3HT results in a shift of the (100) peak
towards lower 2θ values, indicating an increase in the lattice spacing up to the melting
temperature [15,35]. Statistical analysis of the peak proﬁle reveals growth in the P3HT
crystallite size (Fig. 2) with the annealing temperature (80–140 °C) for pure P3HT. When
ZnO is spin-coated on top of the P3HT layer, the crystallites increase in size up to a
temperature of 160 °C. At temperatures above the crystallisation temperature, the crystallite
sizes (Fig. 2) of P3HT are reduced drastically due to disordering of the polymer chains, which
is induced by melting and the diffusion of the PCBM molecules. This ﬁnding is conﬁrmed by
the cross-sectional SEM images in Fig. 3a, where the “skin layer” of the polymer peels off,
resulting in folding (see arrows) on the polymer “skin layer” that covers the PCBM
clusters and the ZnO layer upon annealing at 220 °C. At this temperature, the ﬁlm
thickness reduces due to the melt- ing of the polymer.
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Morphology control of the active layer in bulk hetero junction devices is essential for
obtaining high energy conversion efﬁciency. To probe the surface morphology of the
polymer and the bilayer ﬁlms, AFM measure- ments were performed. The attractive
differences in the phase segrega- tion between the polymer and bilayer ﬁlms are depicted
in Fig. 3b–i. It is evident that the as-prepared P3HT ﬁlm has a smooth surface with a surface roughness of approximately 4.73 nm. However, when the P3HT ﬁlm is annealed at
temperatures between 80 and 160 °C (for 15 min), possible growth of “ﬁbrillar-like”
structures across the ﬁlm surface is observed, Fig. 3c–d. It is interesting to note that after
annealing the ﬁlm at 220 °C, the size of the “ﬁbrillar-like” structures decreases, and the
ﬁlm becomes ﬂatter and smoother, as shown in Fig. 3e.
When ZnO-nanostructures are incorporated onto the P3HT surface, “cone-like” structures
are observed across the ﬁlm, as shown in Fig. 3f. The average size of these cones is ~280
nm (0.28 μm) as depicted in Fig. 3f, inset. It is believed that these ZnO-structures act as
direct carrier transport pathways to the ITO electrode, thus reducing charge recombination. Moreover, an increase in the surface roughness of approxi- mately 9.21 nm is
observed for the ZnO/P3HT ﬁlm. Upon annealing at 80 °C, the morphology of the
ZnO/P3HT ﬁlm changes and the ZnO nanostructures diffuse out of the polymer and are
dispersed evenly in the P3HT matrix, as shown in Fig. 3g. It is observed from Fig. 3h that
larger ZnO structures with an average diameter of 450 nm (see inset, Fig. 3h) appear as
the temperature reaches 140–160 °C, and their amount increases dramatically at 160 °C
due to softening of the P3HT chains, which allows the ZnO structures to move easily
throughout the polymer matrix, resulting in an increase in surface roughness. This increase
in sur- face roughness is considered to be a signal of polymer self-organisation and phase
separation [15]. However, the surface morphology of the ﬁlm changed completely after
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annealing at 220 °C, showing cracks and “cone-like” structures across the ﬁlm surface,
as shown in Fig. 3i. The size distribution (see inset, Fig. 3i) indicated that the average
particle size decrease from 450 nm to 400 nm due to a disordering of the ZnO/ P3HT
ﬁlm, induced by annealing.
To investigate the effect of annealing on the charge transfer between the polymer and
acceptor materials, PL spectroscopy was employed; the spectra are shown in Fig. 4. The
reduced PL intensity for the ZnO/P3HT is induced by the formation of ZnO “cone-like”
structures across the ﬁlm, as shown in Fig. 3c. Upon annealing of the ZnO/P3HT or the
ZnO/ P3HT:PCBM hybrid structure around 80–140 °C, a partial recovery in the PL
emission intensity is observed [35]. Annealing above the glass transition temperature
(Tg) of the P3HT promoted phase separation be- tween P3HT, ZnO and PCBM, with
higher temperatures resulting in an increased P3HT emission intensity because fewer
excitons generated within the P3HT domains diffused to an interface with PCBM to
undergo dissociation into free charges [35]. Upon annealing at elevated temper- atures
(160–220 °C), the PL intensity decreased. This reduction in the PL emission can be
explained as follows: because the compatibility of the ZnO-nanorods/P3HT (or ZnOnanorods/P3HT:PCBM) with the P3HT sur- face improved, the elongation of the P3HT
chains was hindered by the el- evated temperature anneal. This reduced chain elongation
decreased the conjugated chain length of the P3HT and formed new segments because of
the scission of the P3HT chains and the formation of amorphous P3HT domains (Fig. 3a)
induced by thermal stress and degradation.

Fig. 5 shows the absorption spectra of the as-prepared and annealed ZnO/P3HT and
ZnO/P3HT:PCBM hybrid ﬁlms. The ZnO/P3HT exhibits a broad absorption spectrum
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ranging from 1.8 to 2.5 eV. From Fig. 5a, it is clear that enhanced optical density of
the absorption spectra below 3.2 eV in the ZnO/P3HT hybrid, which mainly results
from the contribu- tions of ZnO-nanorods, cannot be observed. The ZnO/P3HT and
ZnO/ P3HT:PCBM ﬁlms that were annealed at 80–160 °C exhibited improved
absorbance, and the shoulders at 2.24 and 2.06 eV became more discern- ible and were
correlated with the degree of crystallinity of the P3HT ﬁlms, as demonstrated by the
XRD data [36]. It was further observed that the band gap values of the
ZnO/P3HT:PCBM decreased from 1.93 eV (for the as-prepared or RT) to 1.81 eV (at
160 °C), demonstrating that the op- timal annealing temperature for maximising light
absorption properties is 160 °C. Thermal annealing resulted in more delocalised
conjugated π electrons, lowering of the band gap between π and π*, and an increase of
the optical π–π* transition, which resulted in the observed red shift in the peak
photon energy.
Fig. 6a depicts the calculated pseudodielectric function (closed and open squares) of
the as-prepared ZnO/P3HT:PCBM spectra on a Si sub- strate at 65, 70 and 75° angles
of incidence (AOI) together with the data on Ψ (solid lines) and Δ (dashed lines). The ﬁt
shows excellent agreement between the model calculation and the experimental data,
conﬁrming the quality of the ﬁt and our SE analysis. Fig. 6b shows the ellipsometry
spec- tra of ZnO/P3HT:PCBM, taken in the form of Ψ and Δ values at different
temperature exposures. For clarity, we only show the 75° AOI spectra be- cause the
spectra behave similarly at different AOI (Fig. 6a). It is evident from Fig. 6b and c that
the values of Ψ and Δ at 2.05 eV increase with annealing temperature. Because Ψ is
interpreted as a measure of the den- sity of the polymer ﬁlm [37], we therefore suggest
that the ﬁlm density in- creases with annealing temperature, which is attributed to the
polymer crystallisation, as depicted in the XRD and UV–vis results.
Fig. 7 shows the optical constants of the hybrid structures at various annealing
temperatures. The peaks of the optical curves are red-shifted due to the enhanced
intermolecular order from the ﬂatter molecular con- formation and reduced torsion of
P3HT after annealing. By increasing the temperature, the refractive index increases
from 2.63 to 2.77 for the as-prepared and 120 °C-annealed ﬁlms, and a further
decrease is noted between 160 and 220 °C due to degradation. The increased
refractive index of ﬁlms that are annealed at 120 °C is related to an increase in
P3HT crystallisation, which subsequently increases inter-chain in- teractions [38].
The extinction coefﬁcient peak at 2.4 eV is enhanced from 0.27 to 0.39 for the asprepared and 160 °C-annealed ﬁlms. A larger extinction coefﬁcient in the absorption
band is caused by the crystallisation of the polymer material, which leads to further π–
π* absorption. The thermal annealing above the polymer's glass transition tem- perature gives
the macromolecules the appropriate mobility to rearrange and achieve a more
thermodynamically favourable demixed state. In the theoretical case of t = ∞, complete
demixing is expected to occur, and the formation of a bilayer is thermodynamically possible
[39].
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However, the value decreases to 0.29 at 220 °C due to the large PCBM aggregates formed
and due to possible melting of the P3HT [35], as observed in Fig. 3a. Only minor changes
in the strength of the PCBM absorption peaks around 3.6 eV are observed with annealing
temperature.
The current density–voltage (J–V) characteristics of the P3HT de- vices, combined with
acceptor materials and annealed at different tem- peratures, are shown in Fig. 8 and Table 1.
The photovoltaic properties were studied under AM 1.5 G conditions with a light
intensity of 100 mW/cm2. The current density–voltage (J–V) characteristics are listed in
Table 1. It is evident from Fig. 8a and Table 1 that the device based on the ZnO/P3HT:PCBM
structure exhibits an improved short-circuit current density (Jsc) and ﬁll factor (FF), as well as
a higher power conversion efﬁ- ciency (PCE) of approximately 0.3%.
To study the effect of temperature on the photovoltaic properties of ZnO/P3HT:PCBM, the
solar cells were annealed at various annealing tem- peratures, as shown in Fig. 8b. The statistical
data for the annealed devices are shown in Fig. 9.
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After annealing at 120 °C, the Jsc and FF increased, resulting in an estimated PCE of 0.46%. A
further increase in annealing temperature to 140 °C (Fig. 9a) induced a remarkable increase in
the Jsc, FF and PCE values. This result was attributed to the improved absorption of the
incident light and the charge transportation properties of the highly ordered P3HT crystallites
[40]. Liu et al. [41] showed that the PCEs of solar cells improve upon placing the cells in air
for a few days due to the self-organisation of the P3HT/PCBM layer and oxidation of the silver
elec- trode with time, resulting in a signiﬁcant enhancement of the Jsc, FF and open circuit
voltage (Voc). However, a decline in the Voc was observed with annealing temperature, as
shown in Fig. 9b. Guo et al. [42] reported that a decrease in the open circuit voltage may be due
to a reduction in the work function of the Pt electrodes or due to the formation of shunts.
When the annealing temperature increased from 160 to 220 °C, the de- vices degraded, as
depicted in the photovoltaic performances shown in Fig. 9. This degradation was induced by
a degradation in the ordering of the P3HT ﬁlms, resulting in the folding of the
ZnO/P3HT:PCBM “skin layer” (Fig. 3a), the deﬁcient PCBM molecules that accepted the
generated electrons, and the deteriorated phase separation. Li et al. [43] and Malgas et al. [44]
reported that a high annealing temperature (180 °C) decreases the ﬁlm roughness and
reduces the solar cell efﬁciency.
4. Conclusion
The use of spectroscopic ellipsometry, UV–vis spectroscopy and XRD, combined with an
examination of photovoltaic properties, enabled us to monitor the absorption, structural
evolution and device performance of organic–inorganic hybrid structures with varying
annealing tempera- tures. The ordering of P3HT nanocrystals increased during annealing,
which also improved hole transport in the hybrid structures. Improved optical constants and
absorption coefﬁcients and a red shift of the band gap from 1.93 to 1.8 eV were demonstrated
for the annealed ZnO/P3HT: PCBM ﬁlms.
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These changes were explained in terms of the formation of P3HT crystallites upon annealing.
Optimised photovoltaic performance for the solar cell device, which was based on a
ZnO/P3HT:PCBM structure, was achieved at an annealed temperature of 140 °C, with a
maximum PCE of 1.03%. Solar cell devices that were annealed at temperatures higher than 160
°C resulted in the degradation of the polymer and a reduction in the photovoltaic performance,
as conﬁrmed by the folding of the polymer “skin layer”. These ﬁndings collectively suggest
that, due to unsettled morphology, higher annealing temperatures cannot be used on ZnO/
P3HT:fullerene solar cells to create devices with high efﬁciency and long term stability.
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