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ABSTRACT: ZnO nanorod (NR)/poly(3-hexylthiophene) (P3HT) hybrid
solar cells with interfacial modifications are investigated in this work. The
ZnO NR arrays are modified with room-temperature (RT)-grown epitaxial ZnO
shells or/and D149 dye molecules prior to the P3HT infiltration. A synergistic
effect of the dual modifications on the efficiency of the ZnO NR/P3HT solar cell
is observed. The open-circuit voltage and fill factor are considerable improved
through the RT-grown ZnO and D149 modifications in sequence on the ZnO
NR array, which brings about a 2-fold enhancement of the efficiency of the ZnO
NR/P3HT solar cell. We suggested that the more suitable surface of RT-grown
ZnO for D149 adsorption, the chemical compatibility of D149 and P3HT, and
the elevated conduction band edge of the RT-grown ZnO/D149-modified ZnO
NR array construct the superior interfacial morphology and energetics in the RT-
grown ZnO/D149-modified ZnO NR/P3HT hybrid solar cell, resulting in the
synergistic effect on the cell efficiency. An efficiency of 1.16% is obtained in the RT-grown ZnO/D149-modified ZnO NR/P3HT
solar cell.
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■ INTRODUCTION

Bulk heterojunction (BHJ) organic solar cell consists of a
randomly distributed electron acceptors in a conjugated
polymer matrix.1 Inorganic nanoparticles (NPs) were the
alternatives to fullerene derivatives as electron acceptors for the
fabrication of the hybrid polymer−inorganic NP solar cells.2−7

The active layers of BHJ hybrid solar cells can also be formed
by solution processing through mixing NPs with conjugated
polymers. Therefore, the BHJ hybrid polymer−inorganic NP
solar cells have attracted considerable interest for enhancing the
stability of the organic BHJ solar cell.1 However, similar to the
organic BHJ solar cell, the performance of BHJ hybrid cells may
be restricted by the poor carrier transport due to deficient
connection between the NPs. Thus, a device configuration with
ordered and direct path for charge carrier transport to the
electrodes is proposed for enhancing the efficiency of the
hybrid solar cells.1

Because of its anisotropic growth behavior and low
crystallization temperature, ZnO nanorod (NR) array depos-
ited on the electrode has been widely used as the ordered
electron acceptors/transporter.8−12 The hybrid active layers
were fabricated by infiltrating the conjugated polymers into the
interstices of the arrays. However, the highest efficiency of
0.76% is monitored in the hybrid solar cell fabricated using the
ZnO NR array and the commonly used conjugated polymer,
poly(3-hexylthiophere) (P3HT).11 Recently, we reported a
novel electron acceptor/transporter, i.e., ZnO nanosheet (NS)

framework, which is developed from ZnO nanoneedle array on
indium tin oxide (ITO) substrate using a room-temperature
chemical bath deposition (RTCBD).13 The ZnO NS frame-
work exhibits an appropriate free space, a faster electron
transport rate, and a slightly higher absorption edge in
comparison with ZnO NR array. The ZnO NS-P3HT solar
cell is therefore demonstrated an efficiency of 0.88%.
In addition to the issue of insufficient interfacial area, the

chemical incompatibility between polymer and ZnO NR array,
which makes the poor interfacial morphology of the resultant
active layer, also restrictions the performances of the ordered
heterojunction hybrid solar cell.7 The device morphology plays
a crucial role in the performance of the solar cell because it can
significantly influence the charge separation, transport and
recombination.7,14 The performance of the hybrid solar cell has
been improved via interfacial modification with dye mole-
cules.3,15−18 If an applicable interfacial energetics is formed in
the dye-modified hybrid solar cell, the dye molecules can
contribute to photocurrent other than serving as interfacial
modifiers.15−19 The performances of the ZnO NR/P3HT solar
cells have been significantly enhanced by interfacial modifica-
tions with indoline dye and squaraine dye individually.12 The
indoline dye possesses dipole moments pointing away from the
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ZnO surface, resulting in the higher open-circuit voltage (Voc)
of the indoline dye-modified ZnO NR/P3HT solar cell.
Moreover, the squaraine dye-modified ZnO NR/P3HT solar
cell shows improved Jsc by extending light harvesting range to
near-infrared region. Therefore, the efficiencies of 0.71 and
1.02% were achieved in the indoline dye-modified and
squaraine dye-modified ZnO NR/P3HT solar cells, respec-
tively.12

We have demonstrated the RT formations of hierarchical
nanostructures on ZnO nanowires and nanoneedles to
construct ZnO nanocactus array20,21 and NS framework13 for
use in solar cells. Significant improvements of the photovoltaic
performances are achieved by the modifications of the original
ZnO nanostructures simply by RT CBD.22 In the present work,
in order to enhance the performance of the ZnO NR/P3HT
solar cell, the ZnO NR arrays were modified with RT CBD-
grown epitaxial ZnO shells or/and D149 (indoline) dye
molecules before the P3HT infiltration. The influences of the
modifications on the performances of the hybrid solar cells
were investigated. We found a synergistic effect of RT-grown
epitaxial ZnO and D149 interfacial modifications on the
performance of the ZnO NR/P3HT solar cell. The fill factor
(FF) and Voc are considerable improved by the RT-grown ZnO
and D149 modifications in sequence, resulting in a 2-fold
enrichment of the efficiency of the ZnO NR/P3HT cell. An
efficiency of 1.16% is obtained in the RT-grown ZnO/D149-
modified ZnO NR/P3HT solar cell. Electrochemical impe-
dance spectroscopy (EIS) was employed to investigate the
photocarrier dynamics of the hybrids. The relative conduction
band edges (CBEs) of the modified ZnO NR arrays were
examined by EIS as well. We suggested that the more fitting
surface of RT-grown ZnO for D149 adsorption, the chemical
compatibility of D149 and P3HT, and the elevated CBE of the
RT-grown ZnO/D149-modified ZnO NR array construct the
superior interfacial morphology and energetics in the RT-grown

ZnO/D149-modified ZnO NR/P3HT hybrid solar cell, leading
to the synergistic effect on the cell efficiency.

■ EXPERIMENTAL SECTION
A seeded layer for the growth of ZnO NR arrays was first formed on
ITO substrate via spin coating.13,23 The film also performs as the hole
blocking layer. The detail for the preparation of the seed layer has been
described elsewhere.13 The ZnO NR arrays were then developed from
the seeded layers by a two-batch CBD method using aqueous solution
of zinc acetate and hexamethylenetetramine at 95 °C. Brief
descriptions of seed layer formation and NR growth are present in
Supporting Information. RT CBD of the ZnO epitaxial shells on the
ZnO NRs was carried out in an agitated aqueous solution of NaOH
and zinc acetate. The solution was prepared using NaOH (5M) and
zinc acetate (0.4 M) and consequently diluting by a factor of 10.13,20,21

The NR arrays modified with D149 molecules were conducted in a 0.5
mM t-butanol/acetonitrile solution of D149 at RT for 1h. Scanning
electron microscopy (SEM, JEOL JSM-7000F), transmission electron
microscopy (TEM, FEI E.O Tecnai F20 G2MAT S-TWIN), and UV−
vis−IR spectrophotometer (JASCO V-670) were employed to
respectively examine the morphologies, crystal structures, and optical
properties of ZnO NR and modified-ZnO NR arrays.

P3HT infiltration and cell fabrication have been described
elsewhere.13 The details are addressed in the Supporting Information
as well. In this work, the exposed areas of all cells with island-type
electrodes24 are 0.03 cm2. Photovoltaic properties of the solar cells
were monitored under AM-1.5 simulated sunlight at 100 mW cm−2.13

EQE spectra were measured using xenon light source and a
monochromator equipped with Si detector.25 Time-resolved photo-
luminescence (TRPL) spectroscopy (integrated by Protrustech
Corporation Limited) measurements were conducted using a pulse
laser (405 nm) with a pulse width of 75 ps for excitation. A time
correlated single photon counting (TCSPC) spectrometer was used to
record the TRPL decays at 650 nm. The details for EIS measurements
are described in the Supporting Information. The chemical
capacitances of the ZnO NR arrays,26 as well as the electron transport
and recombination in the hybrid solar cells27,28 were investigated by
fitting the EIS spectra using two-channel transmission line model.

Figure 1. (a) Top-view and (b) cross-sectional-view SEM images of ZnO NR array. (c) Typical TEM image of ZnO NRs. (d) HRTEM image and
the corresponding SAED pattern (inset) of an individual ZnO NR.
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■ RESULTS AND DISCUSSION
The top-view and cross-sectional-view SEM images of the ZnO
NR array grown on ITO substrate are shown in images a and b
in Figure 1. The average diameter and length of the NRs are 40
and 500 nm, respectively. The density of the NR array is 1.6 ×
1010 cm−2. Figure 1c shows the TEM image of the ZnO NR
array on the ITO substrate. The high-resolution (HR) TEM
image taken from the denoted region in Figure 1c and the
corresponding selected area electron diffraction (SAED)
pattern are shown in Figure 1d and its inset, respectively.
They reveal that the ZnO NR possesses a single-crystalline
structure. Moreover, as displayed in images c and d in Figure 1,
the single-crystalline ZnO NR exhibits a smooth surface.
The RT formations of hierarchical nanostructures on the

ZnO nanoneedles and nanowires have been demonstrated in
our previous works.13,20,21 Images a and b in Figure 2 show the

SEM images of the NR array, which is formed by the
modification of the ZnO NR array through a RT CBD for 10
min. The diameter and length of the NR array after the RT
CBD for 10 min are increased to 45 and 550 nm, respectively.
Typical HRTEM images of an individual ZnO NR after the RT
CBD are illustrated in Figure 2c and Figure 2d. They reveal that
the original ZnO NR sustains the single-crystalline structure
and a thin epitaxial shell is grown on the surface of the original
ZnO NR after the RT CBD. For simplicity, the ZnO NR array

modified by the RT CBD for 10 min is named as ZnO NRS10
array and the RT-grown epitaxial ZnO shell is named as RT
ZnO shell hereafter. The single-crystalline SAED pattern of the
ZnO NRS10 shown in Figure 2e confirms the homoepitaxial
relationship of ZnO NR and RT ZnO shell. Figure 2f reveals
that the thickness of the epitaxial RT ZnO shell formed on the
ZnO NR is ∼2.5 nm. However, as shown in Figure 2c, d, and f,
the epitaxial RT ZnO on the ZnO NR possesses a rough
surface, which may be ascribed to the high concentration of
NaOH in the RT CBD solution.20,21

The photocurrent density (J)−voltage (V) curves and
photovoltaic properties of the nonmodified ZnO NR/P3HT,
D149-modified ZnO NR/P3HT, and ZnO NRS10/P3HT (RT
ZnO-modified ZnO NR/P3HT) hybrid solar cells are displayed
in Figure 3 and Table 1. They reveal that with interfacial

modification using D149 and RT ZnO individually, the open-
circuit voltages (Voc) are improved whereas the short-circuit
current densities (Jsc) are decreased in comparison with those
of the nonmodified ZnO NR/P3HT cell. With a slightly
decreased fill factor (FF), the efficiency of ZnO NRS10/P3HT
cell is comparable to that of nonmodified ZnO NR/P3HT cell.
In contrast, the FF is improved in the D149-modified ZnO
NR/P3HT cell. A slightly enhanced efficiency is therefore
obtained in the D149-modified ZnO NR/P3HT cell.
We have reported that the RT ZnO nanostructures provide

more fitting surface for D149 adsorption than bare ZnO NWs
do.20 To improve the Jsc of the ZnO NR/P3HT solar cell, the
ZnO NR array is modified with RT ZnO and D149 in sequence
(i.e., ZnO NRS10 array modified with D149) before the P3HT
infiltration. The J-V curve of the D149-modified ZnO NRS10/
P3HT hybrid solar cell is also shown in Figure 3. The
photovoltaic parameters of the cell are listed in Table 1.
Compared to the ZnO NR/P3HT cell, the Jsc is not enhanced
in the D149-modified ZnO NRS10/P3HT cell as anticipated.
Surprisingly, however, the Voc and FF are considerable

Figure 2. (a) Top-view and (b) cross-sectional-view SEM images of
ZnO NRS10 array. (c, d) HRTEM images and (e) the corresponding
SAED pattern of ZnO NRS10 of the region denoted in the inset in c.
(f) HRTEM image of the ZnO NRS10 revealing epitaxial RT ZnO
shell formed on the ZnO NR.

Figure 3. J−V curves of ZnO NR/P3HT, D149-modified ZnO NR/
P3HT, ZnO NRS10/P3HT, and D149-modified ZnO NRS10/P3HT
hybrid solar cells.

Table 1. Photovoltaic Properties of ZnO NR/P3HT, D149-
Modified ZnO NR/P3HT, ZnO NRS10/P3HT and D149-
Modified ZnO NRS10/P3HT Hybrid Solar Cells

solar cell Voc (volt) Jsc (mA/cm2) FF η (%)

ZnO NR/P3HT 0.32 3.20 0.53 0.54
ZnO NRS10/P3HT 0.43 2.55 0.50 0.55
ZnO NR/D149/P3HT 0.43 2.45 0.60 0.64
ZnO NRS10/D149/P3HT 0.60 3.11 0.62 1.16
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improved through the interfacial modifications with RT ZnO
and D149 in sequence, resulting in a two-fold improvement of
the efficiency of the ZnO NR/P3HT solar cell. It shows a
synergistic effect of dual interfacial modifications on the
efficiency of the ZnO NR/P3HT solar cell. An efficiency of
1.16% is obtained in the RT ZnO/D149-modified ZnO NR/
P3HT solar cell.
As revealed in Table 1, the Voc of the interfacial modified

ZnO NR/P3HT solar cells are improved compared to that of
the nonmodified ZnO NR/P3HT cell. Especially, an 88%
increase of the Voc is attained by the interfacial modifications
with both RT ZnO and D149. We have demonstrated that the
RT-grown ZnO nanostructures have an elevated conduction
band edge (CBE) in comparison with the original ZnO NW
array.21 The relative CBEs of the ZnO NR array and the three
modified ZnO NR arrays were also inspected by EIS
measurements in the present work. At a given applied voltage,
the array with lower CBE will possess a higher chemical
capacitance which can be extracted from the EIS spectrum
obtained in the dark.26 Figure 4 reveals the chemical

capacitances of the four arrays as a function of applied bias
voltage. It shows that the positions of the CBEs of the four
arrays are in order of D149-modified ZnO NRS10 > ZnO
NRS10 ≈ D149-modified ZnO NR > ZnO NR. An upward
shift of the CBE in the RT ZnO is also observed in the present
work. On the other hand, the D149 molecule adsorbed on the
ZnO NR has dipole moment directing away from ZnO
surface,12 which brings about an elevated CBE of the ZnO NR
array. The ZnO NRS10 and the D149-modified ZnO NR arrays
demonstrate a similar upward shift of the CBE compared to
ZnO NR array, which may result in the same increment of the
Voc in these two corresponding solar cells as listed in Table 1.
However, it should be addressed here that the two interfacial
modifications are different in the aspect of physical morphology
although their resultant energetics are similar. Unlike the dipole
effect on the D149-modified ZnO NR, the ZnO NRS10 is
composed of a core−shell structure in which the RT ZnO shell
possesses an elevated CBE compared to the ZnO NR core.
Moreover, as displayed in Figure S1a (see the Supporting
Information), the amount of D149 absorbed on the ZnO
NRS10 array is comparable to that on ZnO NR array.
Combining the natures of the RT ZnO shell and the adsorbed
D149 molecules, as shown in Figure 4, a dramatic reduction of
the chemical capacitance is observed in the D149-modified
ZnO NRS10 array. It suggests that the CBE of RT ZnO shell is
raised further by the D149 modification. The result is

consistent with the significant increase of the Voc occurring in
the D149-modified ZnO NRS10/P3HT solar cell.
Figure 5 displays the external quantum efficiency (EQE)

spectra of the four hybrid solar cells. There are two bands

appearing in the EQE spectrum of ZnO NR/P3HT hybrid solar
cell, as illustrated in Figure 5a. Compared to the absorption
spectra of the ZnO NR array and ZnO NR/P3HT hybrid
revealed in Figure S1 (see the Supporting Information), the UV
and visible bands in the EQE spectrum of the ZnO NR/P3HT
cell are pertaining to the photocurrents from ZnO and P3HT,
respectively. As displayed in Figure 5a, the feature of the EQE
spectrum of D149-modified ZnO NR/P3HT cell is different
from that of the ZnO NR/P3HT cell. In the wavelength range
of 360−420 nm, the EQE values are increased in the spectrum
of D149-modified ZnO NR/P3HT cell, which is ascribed to the
photoelectrons from D149 molecules at the interface as shown
in Figure S1 in the Supporting Information. However, the EQE
values of the D149-modified ZnO NR/P3HT cell are decreased
in the wavelength range of 420−600 nm. It indicates the
reduction of photocurrent from P3HT when the interface
between ZnO NR and P3HT is modified with D149, resulting
in the diminution of the Jsc in the D149-modified ZnO NR/
P3HT cell, as listed in Table 1.
When the interface between ZnO NR and P3HT is modified

with the RT ZnO shell, the UV EQE peak is absent and the

Figure 4. Chemical capacitances of ZnO NR, D149-modified ZnO
NR, ZnO NRS10, and D149-modified ZnO NRS10 arrays as a
function of applied bias voltage.

Figure 5. (a) EQE spectra of ZnO NR/P3HT and D149-modified
ZnO NR/P3HT hybrid solar cells. (b) EQE spectra of ZnO NRS10/
P3HT and D149-modified ZnO NRS10/P3HT hybrid solar cells.
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EQE values in the wavelength range of 350−600 nm are
decreased as shown in Figure 5b of the EQE spectrum of the
ZnO NRS10/P3HT solar cell. Because sunlight distributed in
the UV region is only ∼4% of the whole solar spectrum, the
reduction of the Jsc in the ZnO NRS10/P3HT cell is mainly
ascribed to the lower EQE in the wavelength range of 350−600
nm. We also found that the EQE values in the wavelength
range of 300−350 nm are dependent on the thickness of the
RT ZnO shell as shown in Figure S2 (Supporting Information).
The onset wavelength in the UV region is red-shifted when the
thickness of RT ZnO shell is increased. The absence of the UV
peak in the EQE spectrum of the ZnO NRS10/P3HT solar cell,
i.e., the lack of the photocurrent from ZnO NRs, suggests that
the valence band edge (VBE) of the RT ZnO shell (with a
slightly high band gap) is lower than that of the ZnO NR.
Consequently, the transfer pathway for photogenerated holes
from the ZnO NR array to P3HT is blocked by the RT ZnO
shell at the interface.
When the interface between the ZnO NR and P3HT is

modified with RT ZnO and D149 in sequence, the EQE values
in the wavelength range of 300−600 nm are higher than those
in the ZnO NRS10/P3HT solar cell, as shown in Figure 5b.
The onset wavelength in the UV region is slightly blue-shifted
in the EQE spectrum of the D149-modified ZnO NRS10/
P3HT cell. As illustrated in Figure S3 (see the Supporting
Information), the HRTEM images reveal that the RT ZnO
shell after dye adsorption is thinner than that of the ZnO
NRS10. It is ascribed to the etching of RT ZnO by the acidic
dye solution during the D149 adsorption process.29 Never-
theless, both D149 and P3HT may mainly contribute to the
enhanced photocurrents in the wavelength range of 350−600
nm, resulting in the D149-modified ZnO NRS10/P3HT cell
possessing a Jsc comparable to that of the ZnO NR/P3HT cell.
EIS measurements were performed at Voc under various light

intensities to investigate the dynamics of charge recombination
at the interface between the ZnO NRs and P3HT in the four
hybrid solar cells. The Nyquist plots of the four cells are
displayed in Figure S4 (see the Supporting Information).
Figure 6 shows the electron lifetimes in the ZnO NR array and

ZnO NRS10 array, which are represented as functions of
conductivity (σ) in these NR array.13,25,27 It reveals that the
electron lifetimes in the NR arrays of the four solar cells are in
order of nonmodified NRS10 > D149-modified NRS10 ≫
D149-modified NR > nonmodified NR, when the conduction
bands of the NR arrays possesses the same amount of electrons.

We have demonstrated that the D149 molecules serve as the
recombination barriers at interface between TiO2 NRs and
P3HT to improve the electron lifetime in the TiO2 NRs.

18,19 In
this study, electron lifetimes in the D149-modified ZnO NR/
P3HT cell are longer compared to those in the nonmodified
ZnO NR/P3HT cell, which also shows the effective
recombination barrier of the D149 in the ZnO NR/P3HT
cell. As illustrated in Figure 6, the electron lifetimes in the ZnO
NRS10/P3HT cell are significantly enhanced in comparison
with those in the ZnO NR/P3HT cell, indicating that the thin
RT ZnO shell on the ZnO NR functions as a more effective
recombination barrier for the ZnO NR/P3HT cell. Moreover,
the RT ZnO shell is etched by the acidic dye solution during
the D149 adsorption process. A thinner RT ZnO shell
therefore exists in the D149-modified ZnO NRS10/P3HT
cell, which has been confirmed by the HRTEM images in
Figure S3 (see the Supporting Information). Because of the
thinner recombination barriers of RT ZnO and D149 in
sequence on the ZnO NR surface, the electron lifetimes in the
D149-modified ZnO NRS10 cell are slightly shorter than those
in the nonmodified ZnO NRS10 hybrid solar cell.
In addition to the change of the interfacial energetics of the

ZnO NR/P3HT hybrid, the introduction of the RT ZnO shell
into the ZnO NR/P3HT hybrid creates two interfaces to
replace the ZnO NR/P3HT one. We suggest that the two
interfaces of ZnO NR/RT ZnO and RT ZnO/P3HT possess
dramatically different properties (morphologies). Figure S5
(see the Supporting Information) illustrates the TRPL decay
curves of the nonmodified ZnO NR/P3HT and the ZnO
NRS10/P3HT hybrids as well as the pristine P3HT. The curves
are fitted by biexponential decay kinetics.25 The average PL
lifetimes of the pristine P3HT as well as the ZnO NR/P3HT
and the ZnO NRS10/P3HT hybrids are 521, 317, and 384 ps,
respectively. Compared to the average PL lifetime of 521 ps in
the pristine P3HT, the reductions of PL lifetimes in the two
hybrids reveals that charge separation is improved once the
ZnO NRs exists in the P3HT matrix. The PL lifetime of the
ZnO NRS10/P3HT hybrid is longer than that in the ZnO NR/
P3HT, showing inferior charge separation efficiency occurred
in the ZnO NRS10/P3HT as a result of the RT ZnO interfacial
modification. In addition, Figure S6 (see the Supporting
Information) shows the cross-sectional SEM images of the ZnO
NR/P3HT and ZnO NRS10/P3HT hybrids. For taking the
cross-sectional images, the SEM samples were prepared by
focused ion beam. The SEM images reveal poor P3HT
infiltration in the ZnO NRS10/P3HT hybrid in comparison
with that in the ZnO NR/P3HT. It is acribed to the decrease of
the free space between the ZnO NRs after the RT ZnO shell
deposition. The poor P3HT infiltration and interfacial
morphology between P3HT and RT ZnO shell may result in
less exciton generation and an inferior charge separation in the
ZnO NRS10/P3HT hybrid.
Figure 6 reveals that the ZnO NRS10/P3HT hybrid solar cell

exhibits the longest electron lifetime among the four cells. The
superior recombination barrier characteristic of the RT ZnO
shell is ascribed to both the elevated CBE of the RT ZnO shell
and the epitaxial relationship between RT ZnO shell and ZnO
NR. There is no grain boundary existing at the interface
between the ZnO NR and epitaxially grown RT ZnO shell.
With the epitaxial relationship, electron recombination taking
place at the interface between the RT ZnO shell and ZnO NR
may be negligible. Moreover, the thin RT ZnO layer with an
elevated CBE can build an energy barrier to suppress the

Figure 6. Electron lifetimes as function of conductivity in ZnO NR/
P3HT, D149-modified ZnO NR/P3HT, ZnO NRS10/P3HT, and
D149-modified ZnO NRS10/P3HT hybrid solar cells.
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electrons in the conduction band of ZnO NR back to
recombine with the holes of P3HT. The electron lifetimes in
the ZnO NRS10 array are therefore significantly improved. It is
concluded that in the ZnO NRS10/P3HT cell, the photo-
current generation at the interface of P3HT and ZnO NR is
reduced although the charge recombination is suppressed with
the presence of the RT ZnO shell. Combining with the lack of
the photocurrent from ZnO NRs due to the lower VBE of the
RT ZnO shell, the Jsc of the ZnO NRS10/P3HT solar cell is
therefore lower than that of ZnO NR/P3HT.
The Jsc of the D149-modified ZnO NR/P3HT cell is also

lower than that of the ZnO NR/P3HT solar cell, as shown in
Table 1. EQE results indicate that the photocurrent originating
from P3HT is reduced in the D149-modified ZnO NR/P3HT
cell. Because of the incident sunlight from the ITO side of the
solar cell as well as the partially overlapping absorption ranges
of D149 and P3HT, we suggest that the photons harvested by
P3HT are decreased with the presence of D149 at the interface
in the D149-modified ZnO NR/P3HT cell. The D149
molecules contribute to the Jsc, as shown in the EQE spectrum
of the D149-modified ZnO NR/P3HT cell (Figure 5).
However, the oxidized D149 molecules may not be regenerated
efficiently by P3HT.30,31 As a hole conductor, P3HT
surrounding the oxidized D149 is also oxidized due to its
efficient exciton dissociation at the interface. In this aspect,
some D149 molecules at the interface of ZnO NR and P3HT
may become self-recombination centers. That is, the oxidized
D149 is regenerated by the injected electron on conduction
band of ZnO NR, resulting in an unsuccessful photon-electron
conversion. A smaller Jsc is therefore measured in the D149-
modified ZnO NR/P3HT cell.
As shown in Table 1, the Jsc is improved in the D149-

modified ZnO NRS10/P3HT cell compared to those of D149-
modified ZnO NR/P3HT and ZnO NRS10/P3HT cells. It
should be addressed here that the thickness of the RT ZnO
shell is decreased after the D149 adsorption, as confirmed by
HRTEM results. It leads to the slight reduction of electron
lifetime in the D149-modified ZnO NRS10/P3HT cell in
comparison with that of the ZnO NRS10/P3HT cell, as
revealed in Figure 6. The proposed energy diagram of the
D149-modified ZnO NRS10/P3HT hybrid solar cell is
illustrated in Figure 7. The influences of the dual interfacial
modifications with RT ZnO and D149 on the interfacial
morphology and energetics of ZnO NR/P3HT hybrid are
discussed as following by comparing to the modification with
RT ZnO and D149 individually. First, the RT ZnO provides
more suitable surface for D149 adsorption, which enhances the
light harvesting by D149. Therefore, the EQE spectra show that
photocurrent from D149 is enhanced in the cell with RT ZnO
modification. Moreover, as illustrated in Figure 7, the thin
epitaxial RT ZnO layer with an elevated CBE performs as an
effective recombination barrier to suppress the injected
electrons in the conduction band of ZnO NR back to P3HT.
The Jsc of the D149-modified ZnO NRS10/P3HT cell is
consequently higher than those of the ZnO NRS10/P3HT and
D149-modified ZnO NR/P3HT solar cells and is comparable
to that of the ZnO NR/P3HT solar cell.
In comparison with the ZnO NR/P3HT solar cell, the Voc

and FF are significantly enhanced in the D149-modified ZnO
NRS10/P3HT cell. The enhancement of the Voc is ascribed to
the elevated CBE of the D149-modified ZnO NRS10 array.
The superior FF results from that the epitaxial RT ZnO shell
serves as an effective barrier for electron recombination. The

synergistic effect of the dye and RT ZnO modifications on the
performance of ZnO NR/P3HT cell is thus observed in the
present work. The more suitable surface of RT ZnO for D149
adsorption, the chemical compatibility of D149 and P3HT, and
the elevated CBE of the D149-modified ZnO NRS10 array
construct the superior interfacial morphology and energetics in
the D149-modified ZnO NRS10/P3HT cell, bringing about in
the 2-fold enhancement of the overall conversion efficiency
compared to the ZnO NR/P3HT solar cell.

■ CONCLUSIONS
The influences of the interfacial modifications on the
performances of the ZnO NR/P3HT hybrid solar cells were
investigated in this work. The ZnO NR arrays were modified
with epitaxial RT ZnO shells or/and D149 dye molecules
before the P3HT infiltration. The efficiencies of the hybrid
solar cells are not improved due to the decreases of the Jsc when
the ZnO NR arrays are modified with RT ZnO and D149
individually. A synergistic effect of the RT ZnO and D149
interfacial modifications on the efficiency of the ZnO NR/
P3HT solar cell is observed. The Jsc of the D149-modified ZnO
NRS10/P3HT solar cell is comparable to that of the
nonmodified hybrid solar cell. The Voc and FF are considerably
improved by the RT-grown ZnO and D149 modifications in
sequence, resulting in a 2-fold enrichment of the efficiency of
the ZnO NR/P3HT solar cell. The more fitting surface of RT
ZnO for D149 adsorption and the chemical compatibility of
D149 and P3HT as well as the elevated CBE of the D149-
modified ZnO NRS10 array construct the superior interfacial
morphology and energetic in the D149-modified ZnO NRS10/
P3HT hybrid solar cell. An efficiency of 1.16% is therefore
obtained in the D149-modified ZnO NRS10/P3HT solar cell.

■ ASSOCIATED CONTENT
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Experimental details in seed layer preparation, ZnO NR
growth, cell fabrication and EIS measurements, absorption
spectra of NR, NRS10, D149, NR/D149, NRS10/D149, NR/
P3HT, NR/D149/P3HT, EQE spectra of NR/P3HT, NRS05/
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