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We prepare ZnO:poly(3-hexylthiophene) (P3HT) thin-film solar cells and ZnO nanowire:P3HT nanostructured solar cells and
evaluate the effect of adding an interfacial layer between the ZnO and P3HT as a function of the nanowire height. We evaluate
several different interlayers of CdS deposited, using two different chemical bath deposition (CBD) recipes. The height of the
nanowire array is varied from a bilayer device with no nanowires up to arrays with a height of 2 μm. We find that achieving a
conformal coating of the ZnO with the interfacial layer is critical to improve device performance and that CBD can be used to
grow conformal films on nonuniform surfaces.

1. Introduction

Zinc oxide is an exciting semiconductor material for a variety
of reasons: it is environmentally friendly, biocompatible
transparent, and capable of being deposited by solution-
based processes [1, 2]. Another interesting property of this
material is that it can be grown as vertical arrays of nanowires
from a seeded substrate at low temperature in aqueous
solutions, as first described by Greene et al. in 2003 [3]. The
nanowires, which can be grown to lengths of tens of microns,
are single crystals, with excellent electrical properties, despite
being grown close to room temperature [4]. These aligned
one-dimensional nanowire arrays offer a promising substrate
to fabricate solar cells on by providing a direct pathway for
charge transport and providing a large effective junction area
[5, 6].

Solution processed ZnO nanowire heterojunctions and
devices have been reported for a variety of materials already.
There were initial reports from Law et al. and a more
recent one from Ko et al. on dye-sensitized solar cells [4, 7].
All-oxide p-n junctions have been formed between ZnO
nanowires and sputtered NiO, and thin film solar cells made
from ZnO nanowires:CuO nanoparticles have been reported
[8, 9]. There are also reports of junctions formed with the

ZnO nanowires with intrinsic a-Si, as well as p-i-n coaxial
diodes deposited on top of a conductive Al-doped ZnO
nanowire array [10, 11].

ZnO:P3HT excitonic solar cells in which ZnO is the
acceptor material are an attractive technology because the
use of PCBM can be avoided, which is considerably more
expensive than ZnO or its precursors. Although solar cell
efficiencies utilizing ZnO as an acceptor are relatively low
compared to P3HT:PCBM-based devices, the use of these
ZnO nanostructured arrays has been demonstrated using
P3HT [12, 13]. It has also shown that the performance of
these ZnO:P3HT hybrid solar cells can be improved with the
addition of a thin interlayer between the ZnO and P3HT; this
layer may be an organic material [14], TiO2 [15, 16], or CdS
[17].

In this work, we evaluate the performance of ZnO
nanowire:P3HT solar cells with different CdS interlayers.
We first examine the effect of thickness using a single
chemical bath deposition (CBD) recipe and then compare
the performance of two different CBD recipes for a similar
thickness CdS layer. All of the devices, with no interlayer and
with the three different interlayers are studied as a function
of nanowire height.
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Figure 1: Cartoon flow diagram for device processing.

2. Experimental Methods

All devices were fabricated on glass coated with indium
tin oxide (ITO) purchased from Luminescence Technology
Corporation with a sheet resistance of 15Ω/�; cross-section-
al samples for electron microscopy were prepared on silicon
wafers coated with Cr, for ease of imaging. The seed layer
was prepared by spin-coating a Zn sol-gel three times, with
a ten-minute hot-plate bake in air at 300◦C after each spin-
coat. Afterwards, the samples were annealed in air at 350◦C
for 30 minutes. This sol-gel seed layer was kept constant for
all samples; it was prepared to be relatively thick (∼100 nm)
to avoid any shorting between P3HT and the ITO electrode.

The ZnO nanowires were grown from an aqueous
25 mM Zn-nitrate solution with the addition of 25 mM hex-
amethylenetetramine (HMTA) and 5 mM polyethylenimine
(PEI), as described by Law et al. [4, 18]. The substrates were
suspended face down in the solution in sealed vessels and
allowed to react for between 2.5 and 10 hours, producing
nanowire arrays with a height of 500–2000 nm; in total,
we evaluated four thicknesses of nanowires: 0 nm or bilayer
devices, 500, 1000, and 2000 nm. When the reaction was
terminated, the samples were cleaned by rinsing in DI water,
briefly sonicating facedown in DI water, and then rinsing
again before drying with nitrogen. Before depositing the
interlayer (or the P3HT for the ZnO only samples), the ZnO
films were annealed in air at 350◦C for 30 minutes in order
to remove any residual PEI on the nanowires.

Three different CdS interlayers were evaluated using two
different chemical bath deposition (CBD) recipes. The first
CBD recipe was first reported by Sotelo Lerma et al. in
1998 and was more recently used by Salas Villasenor et
al. to produce thin-film, high-mobility CdS transistors [19,
20]. Briefly, this reaction is carried out by submersing the
substrates in an aqeous solution of CdCl2, sodium citrate,
KOH, and thiourea 70◦C for 25 mins. Two different film
thicknesses were produced using this recipe, by carrying out
the CBD process either one or three times; these devices will
hereafter be referred to as 1-dip and 3-dip CdS films.

The second CBD recipe was developed by Spoerke et
al. and is carried out simply by immersing the samples in
an aqueous solution of Cd(NO3)2 and thioacetamide for 25
minutes [21]. These samples will hereafter be referred to as

EZ CdS, due to the simplicity of the procedure. In total, four
sets of devices were fabricated: ZnO only, 1-dip CdS, 3-dip
CdS, and EZ CdS.

The P3HT, purchased from Sigma Aldrich (MW =
25000), was deposited by spin coating a 30 mg/mL chloro-
form solution onto the ZnO layer at 2000 RPM in a nitrogen
glove box; they were then annealed at 150◦C in the same
glove box before being transferred (through air) to another
glove box for metallization. The samples were completed
by evaporation of 100 nm of Ag through a shadowmask to
define devices of 9 mm2. Figure 1 shows an overview of the
processing steps.

Characterization of the films was performed using a
Rigaku Ultima III X-ray diffractometer, a Zeiss Supra
SEM, and an Agilent 8453 UV-Vis spectrophotometer; IV
measurements were carried out with a Keithley 2400 source-
measure unit in conjunction with an AM1.5-simulated light
source, and the capacitance measurements were done in
the dark using an Agilent 4284 LCR meter. The solar cell
efficiencies were calculated by sweeping the voltage from −1
to 1 V under illumination and then dividing the maximum
power density point by the spectral power density of the
lamp source (100 mW/cm2). All solar cell data represent the
average of at least three separate devices.

3. Results and Discussion

Figure 2 shows the morphology of the ZnO nanowires
grown for 10 hrs (thickness 2000 nm) with no interlayer,
and with the 1-dip and 3-dip CdS interlayer coatings. It
appears that the 1-dip coating may not completely coat the
ZnO nanowires, as evidenced by the particulate-like coating
apparent on some of the nanowires. The 3-dip images show
a thicker and more continuous coating of the nanowires,
particularly towards the top of the array. We estimate from
the SEM micrographs that the 1-dip coating is 5–10 nm
thickness and the 3-dip coating is 20–30 nm.

Figure 3 shows the XRD spectra for the ZnO only, 1-
dip, and 3-dip films before deposition of the P3HT layer.
The primary peak for the ZnO nanowires, representing the
(002) plane of wurtzite ZnO, is at 2θ equals 34.43◦. The 0 nm
spectra, for no nanowire growth, show that the 1- and 3-
dip CdS interlayers cause only a small degree of attenuation
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Figure 2: Lateral (top) and cross-section (bottom) SEM images of ZnO nanowires grown for 10 hours, approximately 2000 nm tall, with no
interlayer (left), 1-dip CdS (middle), and 3-dip CdS (right) interlayers. The top 100 nm scale bar is for the lateral images, and the bottom
1000 nm scale bar is for the cross-section images.

to the underlying ZnO peaks. Also, by comparing the 1-
and 3-dip spectra for the 0 and 500 nm nanowire films, it
appears that the 3-dip CdS produces larger crystallites of
(002) oriented wurtzite-CdS based on the intensity and full-
width half-maximum of the peak at 2θ equals 26.66◦.

We see a similar trend from the UV-Vis spectra, also
taken before the deposition of P3HT. Figure 4 shows the
absorption spectra for the ZnO only, 1-dip, and 3-dip films
before deposition of the P3HT layer. These spectra show
that the 3-dip CdS attenuates the underlying ZnO peaks
significantly more than the 1-dip films, indicating a thicker
layer of CdS coating the ZnO nanowires.

Table 1 shows the solar cell results for the ZnO only, 1-
dip, and 3-dip devices. Values are reported for both “Day
1,” which were measurements taken immediately after the
devices were fabricated, and “Day 5”, which were taken
after 5 days of being stored in the air away from light in a
drawer. Other groups have reported a significant increase in

the efficiency of ZnO:P3HT solar cells after some exposure
time to air, and we observe the same result; this effect
has been attributed to either oxygen vacancies in the ZnO
or the presence of oxygen in the air passivating surface
conduction channels on the ZnO nanowires [15, 22, 23]. This
improvement can be attributed primarily to an increase in
the short-circuit current.

Results from the table show that the 500 nm devices
produce the highest efficiency. This is in agreement with
other reports that utilize a thickness of ZnO nanowire arrays
between 150–500 nm [12–15]. For the larger thicknesses, we
see a severe decrease in the open circuit voltage, leading to
practically nonfunctional devices for the 2000 nm devices.
This could be due to two possible causes: either the ZnO or
ZnO/CdS nanowires are shorting to the top silver electrode,
and/or the low mobility of the P3HT layer degrades the
performance as hole collection through the polymer has to
occur at length scales of 1 μm or greater.
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Figure 3: XRD spectra of films with no interlayer, 1-dip, and 3-dip CdS interlayers before P3HT deposition.

Table 1: Solar cell data for ZnO only, 1-dip CdS, and 3-dip CdS devices.

Nanowire height (nm)
Efficiency (%) Voc (V) Jsc (A/cm2) Fill factor (%)

Day 1 Day 5 Day 1 Day 5 Day 1 Day 5 Day 1 Day 5

ZnO only

0 0.022 0.071 152 212 4.9E − 04 1.0E − 03 32.7 32.9

500 0.015 0.282 381 394 8.9E − 05 1.7E − 03 43.2 40.9

1000 0.009 0.131 147 146 1.7E − 04 2.6E − 03 36.2 33.9

2000 0.000 0.007 10 24 7.5E − 05 1.1E − 03 43.9 20.9

1-dip CdS

0 0.002 0.009 419 367 2.1E − 05 1.4E − 04 19.1 16.2

500 0.015 0.112 421 399 1.0E − 04 8.8E − 04 33.8 31.8

1000 0.002 0.000 17 10 6.4E − 04 6.8E − 05 15 78.6

2000 0.000 0.002 10 10 5.1E − 05 2.9E − 04 19.1 75.3

3-dip CdS

0 0.008 0.017 207 313 2.9E − 04 2.1E − 04 24.5 31.7

500 0.282 0.442 364 428 2.1E − 03 2.9E − 03 37.1 35.7

1000 0.023 0.013 66 44 1.4E − 03 1.2E − 03 23.3 19.1

2000 0.001 0.004 10 10 7.1E − 04 9.5E − 04 21.8 94.1
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Figure 4: UV-Vis spectra of films with no interlayer, 1-dip, and 3-dip CdS interlayers before P3HT deposition.

The maximum efficiency for all of the devices in Table 1 is
achieved with the 500 nm 3-dip CdS devices. We believe that
the 3-dip CdS produces a higher quality CdS as compared
to the EZ CdS due to the higher deposition temperature and
slower growth rate. The 1-dip CdS devices perform signifi-
cantly worse than even the uncoated ZnO devices; this may
be due to incomplete coverage of the zinc oxide nanowire,
producing interfacial defects leading to recombination.

Figure 5 shows the EZ CdS layer deposited on a 2000 nm
ZnO layer. Even though the time of this deposition was the
same as the 1-dip recipe, 25 minutes, the thickness appears
to be similar to or even slightly thicker than the 3-dip films.
This is in agreement with our expectations, since the EZ
CdS recipe is simply Cd(NO3)2 and thioacetamide with no
complexing agents or stabilizers to control the reaction rate.
The 1-dip and 3-dip recipes, although they are done at a
higher temperature, utilize sodium citrate as a complexing
agent to slow the reaction rate by controlling the amount of

free cadmium. One difference between the 3-dip and EZ CdS
recipes is that the EZ CdS appears to produce a more uniform
coating along the length of the nanowires, whereas the 3-dip
recipe produces that thickness at the top of the nanowires,
but appears to become more thin towards the bottom of the
nanowires, close to the substrate.

Although the SEM micrographs seem to show a fairly
similar thickness between the EZ CdS films and the 3-
dip films, the XRD spectra for the EZ CdS films show a
much greater degree of attenuation of the peaks from the
underlying ZnO nanowires. Figure 6 shows the spectra for
all of the different thicknesses for the EZ CdS films prior
to P3HT deposition. For the EZ CdS films with a nanowire
thickness of 500 and 1000 nm, the (002) CdS peak is actually
more intense than the (002) peak for ZnO, and even for
the 2000 nm the two peaks are of similar intensity. However,
Figure 3 shows that for the 500–2000 nm devices the (002)
ZnO peak is always larger 3-dip CdS films, from 3 to 10x
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Figure 5: SEM images of the EZ CdS interlayer on 2000 nm ZnO nanowires; left lateral view, right cross-section view.
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Figure 6: XRD spectra of the EZ CdS films.

more intense. We attribute this greater attenutation to a more
uniform coating of the nanowires from top to bottom and
possibly a slightly thicker layer of CdS on the nanowires.

The solar cell characteristics of the EZ CdS devices are
summarized in Table 2. Here the maximum efficiency is
achieved with the 1000 nm devices; we attribute this to a
thicker coating along the entire length of the nanowire, which
may be completely filling in the nanowire array at the bottom
near the substrate, effectively shortening the height of the
nanowires. The fact that the 2000 nm devices actually work
and have an efficiency of 0.157% seems to support this
hypothesis that the nanowire array is being filled in to some
extent. Another interesting note about the EZ CdS devices is
that they show a much greater increase in efficiency between
the “Day 1” and “Day 5” measurements compared to the 3-
dip CdS devices: an almost 10x increase for the 1000 nm EZ
CdS devices compared to less than a doubling for the 500 nm
3-dip devices.
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Figure 7: Low-frequency CV sweeps of ZnO only, 3-dip CdS, and
EZ CdS devices on 500 nm nanowire arrays.

Another possibility for the higher performance of the
3-dip CdS compared to the EZ CdS devices with 500 nm
nanowires is that the 3-dip deposition method produces a
higher quality semiconductor layer, due to slower deposition
rate at higher temperature. The XRD spectra for the films
with no nanowires show that the 3-dip recipe produces a
more intense (002) wurtzite-CdS peak relative to the other
CdS peaks, indicating larger crystallites of (002) oriented
CdS in the 3-dip films compared to the EZ CdS films.
In order to investigate this possibility, we carried out low
frequency (100 Hz) capacitance measurements on represen-
tative devices with a 500 nm nanowire array. The results are
shown in Figure 7.

At −1 V, the ZnO only and the EZ CdS devices have a
similar capacitance density, with the ZnO only actually hav-
ing a lower capacitance between 0 and −0.75 V. However,
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Table 2: Solar cell data for EZ CdS devices.

Nanowire height (nm)
Efficiency (%) Voc (V) Jsc (A/cm2) Fill factor (%)

Day 1 Day 5 Day 1 Day 5 Day 1 Day 5 Day 1 Day 5

EZ CdS

0 0.004 0.032 535 535 2.2E − 05 2.1E − 04 29.9 29.2

500 0.012 0.183 508 545 6.8E − 05 9.8E − 04 34.5 34.6

1000 0.043 0.372 344 263 3.8E − 04 3.7E − 03 32.9 32.7

2000 0.026 0.157 273 162 3.3E − 04 3.4E − 03 29.1 28.7

the capacitance density for the 3-dip CdS film at −1 V is
approximately an order of magnitude lower than the other
two devices measured. This suggests a greater depletion
width in the 3-dip device, indicating a higher quality, more
resistive semiconductor layer at the heterojunction.

4. Conclusions

We have shown that the conformal coverage of ZnO nanow-
ires is critical to achieving improved performance using CdS
interlayers. For the thin CdS layers that do not appear to
fully coat the ZnO nanowires, the solar cell performance is
actually worse than for ZnO alone. We have also demon-
strated that a similar performance can be achieved using
CdS deposited by two different CBD recipes; although this
performance is achieved for two different nanowire array
thicknesses, we believe this is due to the density of CdS
growth at the bottom of the nanowire array.
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