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ABSTRACT: This paper reports the utilization of ZnO nanorod arrays (NRAs) doped with various concentrations of Ga (0,
0.5, 1,2, and 3 at %) as electron acceptors in organic solar cells. The donor, poly(3-hexylthiophene) (P3HT), was spin coated
onto Ga-doped ZnO NRAs that were grown on fluorine-doped tin oxide (FTO) substrates, followed by the deposition of a Ag
electrode by a magnetron sputtering method. Adjusting the Ga precursor concentration allowed for the control of the structural
and optical properties of ZnO NRAs. The short circuit current density increased with increasing Ga concentration from 0 to 1 at
%, mainly because of improved exciton dissociation and increased charge extraction. Meanwhile, the reduced charge
recombination and lower hole leakage current led to an increase in the open circuit voltage with Ga concentrations up to 1 at %.
The device with the optimum Ga concentration of 1 at % exhibited power conversion efficiency nearly three times higher
compared to the device without Ga doping. This finding suggests that the incorporation of Ga can be a simple and effective
approach to improve the photovoltaic performance of organic solar cells.
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B INTRODUCTION

Over the past few years, bulk heterojunction organic solar cells
(OSCs) have become promising because of their light weight,
flexibility, low manufacturing costs, and environmentally
friendly characteristics."> Hole conducting polymers including
poly(3-hexylthiophene) (P3HT) and Cg, derivatives such as
(6,6)-phenyl C61 butyric acid methyl ester (PCBM), have been
widely used as donors and acceptors, respectively, in bulk
heterojunction OSCs.>”> Generally, a nanoscale phase
separation between the donor and acceptor is required to
provide a large interfacial area for efficient exciton dissociation
because the exciton diffusion length is small. However, a
discontinuous transport pathway for the separated charge
carriers to reach the collecting electrodes normally occurs
under such conditions, hence leading to less charge carriers
extracted from the device.® The phase separation in the blend
layer needs to be optimized to obtain balanced exciton
dissociation and charge transport. It has been reported that
the phase separation of P3HT and PCBM is highly dependent
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on the processing condition and is thus difficult to control
precisely.”

One-dimensional vertically aligned metal oxide nanostruc-
tures, such as ZnO nanorod arrays (NRAs), are considered
suitable candidates for replacing PCBM as electron acceptors
because they can provide a direct pathway for the electron
transport after the exciton dissociation.'”"> More importantly,
the desired size, density and interspacing of ZnO NRAs can be
easily obtained by a low temperature chemical bath deposition
method."*** Despite the advantages of ZnO NRAs, the power
conversion efficiency (PCE) of OSCs based on P3HT and ZnO
NRAs is still much lower than that based on P3HT and
PCBM."*'¢ 1t is believed that small interfacial areas between
P3HT and ZnO NRAs as well as the charge recombination
caused by the defects appearing on the surface of the ZnO
contribute to the poor photovoltaic performance.'®'®!”
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Figure 1. FESEM top-view images of the ZnO NRAs with Ga doping concentration of (a) 0 at %, (b) 0.5 at %, (c) 1 at %, (d) 2 at %, and (e) 3 at %.
Inset shows the higher magnification of the S at% Ga-doped ZnO NRAs. Scale bar is 500 nm.

Although dense ZnO NRAs with a high surface-to-volume ratio
may have a large exposed surface area, the effective interfacial
area for exciton dissociation is normally limited as a result of
poor infiltration of P3HT into the small interspacing between
the ZnO NRAs.'”'"'3 In addition, ZnO nanorods with a large
surface area normally contain more surface defects, which act as
recombination centers for charge carriers.'®* Therefore, it is
important to find a simple approach to obtain ZnO NRAs with
high a surface-to-volume ratio while maintaining good
infiltration of P3HT and low surface defects.

Ruankham et al. reported that the effective exciton
dissociation at the ZnO nanorod-P3HT interfaces as a result
of the oxygen-enriched ZnO surface could be achieved by
doping an appropriate amount of Li into the ZnO NRAs.'®
However, the dependence of the ZnO nanorod morphology on
the doping concentration of Li was not explored. More
recently, our work showed that high density and large surface-
to-volume ratio ZnO NRAs with low oxygen defects could be
obtained by introducing an optimum amount of Mg dopant.*’
The PCE improved significantly compared to that without the
Mg doping because of the high interfacial areas for efficient
exciton dissociation and suppression of charge recombination.
Although Ga-doped ZnO NRAs and thin films have recently
been used as electron transport layers in OSCs,”' > there has
been no investigation into the application of Ga-doped ZnO
NRAs as electron acceptors in OSCs. In the present work, the
effects of the Ga doping concentration (0, 0.5, 1, 2, and 3 at %)
on the structural and optical properties of ZnO NRAs and the
subsequent photovoltaic performance of fluorine-doped tin
oxide (FTO)/Ga—doped ZnO NRAs/P3HT/Ag devices have
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been investigated. The increment of the short circuit current
density (J,.) with an increase in the Ga concentration from 0 to
1 at % can be attributed to increased interfacial area for exciton
dissociation and improved charge extraction. Additionally, the
increase in the open circuit voltage (V,.) correlates with the
reduced charge recombination at the interface of ZnO and
P3HT, as well as the lower hole leakage current. The 1 at% Ga-
doped device exhibited nearly a three-fold increase in PCE
compared to the device without Ga doping.

B EXPERIMENTAL METHOD

The ZnO NRAs were synthesized using a two-step solution
method.**** The first step involved the deposition of a ZnO seed
layer on a pre-cleaned FTO glass substrate by spin coating an
equimolar solution of 0.2 M zinc acetate dehydrate (Zn(CH;COO),:
(H,0),) and diethanolamine in ethanol at 3000 rpm for 40 s. The
process was repeated three times and the samples were then annealed
at 300 °C for 1 h. The ZnO NRAs were subsequently grown by
suspending the seed layer-coated substrates in an equimolar aqueous
solution of 40 mM zinc nitrate hexahydrate (Zn(NO,),-6H,0) and
hexamethylenetetramine (HMT) at 90 °C for 45 min in a laboratory
oven. The gallium nitrate (Ga(NO;);-«H,0), with different atomic
ratios (0, 0.5, 1, 2, and 3 at %) relative to Zn(NO,),-6H,0, was added
to the growth solutions. To fabricate the devices, a solution of P3HT
(Rieke Metals) at a concentration of 40 mg/mL dissolved in
chlorobenzene was spin-coated onto the ZnO NRAs at 1500 rpm
for 60 s. Finally, without further annealing, the Ag anode was
subsequently deposited by magnetron sputtering. The thickness of the
Ag electrode was approximately 150 nm and the active area defined by
mask was 0.07 cm?.

The surface morphology of the ZnO NRAs with various Ga
concentrations ranging from 0 to 3 at % was characterized by field
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Figure 2. (a) XRD spectra of ZnO NRAs with different Ga doping concentrations. (b) The intensity ratio of the (002) to the (101) diffraction peaks
and the (002) diffraction peak position as a function of Ga concentration.

emission scanning electron microscopy (FESEM, Hitachi SU8000).
The crystal structures of the ZnO NRAs were studied by X-ray
diffraction (XRD, Bruker AXS D8 Advance). The thickness of the
ZnO NRAs was measured by means of a Veeco M6 surface profiler.
The chemical compositions of the ZnO NRAs were measured by X-ray
photoelectron spectroscopy (XPS, Kratos/Shimadzu Axis Ultra DLD)
with a monochromatic Al Ka radiation source at room temperature.
The optical absorption spectra of the ZnO NRAs and ZnONRAs/
P3HT films were recorded using a Perkin Elmer Lambda 900 UV—vis
spectrometer. The steady-state photoluminescence (PL) spectra of the
ZnO NRAs and ZnO NRAs/P3HT films were investigated at
excitation wavelengths of 300 and 472 nm, respectively, using an
Edinburg FLS920 spectrophotometer. The same spectrophotometer
equipped with a 472.4 nm picosecond laser diode as an excitation
source was used to obtain the time-resolved photoluminescence
(TRPL) spectra of P3HT coated on the ZnO NRAs. The J-V
characteristics of the devices were measured using a Keithley 237 SMU
under the illumination of a solar simulator (Newport 96000, 150 W) at
100 mW cm™ equipped with an AM 1.5G filter and under dark
conditions. The atomic force microscopy (AFM) topography and the
corresponding surface potential images of the ZnONRAs/P3HT films
were obtained using an NT-MDT Ntegra Prima AFM under dark and
illumination conditions of a halogen lamp (Quartzline, 150 W) in
ambient air. The silicon cantilever with a PtIr conductive coating
(NSG-01/Pt, NT-MDT) was driven at a frequency of 146 kHz, and
the tip-sample surface distance was kept constant at 10 nm. The charge
extraction by linearly increasing voltage (CELIV) technique was
performed under dark conditions using a Siglent SDG 1020 function
generator to apply a voltage pulse from —0.4 to 3.5 V with a slope of
0.05 V us™", and the dynamic response of the mobile carrier extraction
was recorded simultaneously from the load of a 50 € resistor in series
with the device by a digital oscilloscope (Siglent 1103CM). The
impedance measurements of the devices were performed in dark
conditions using an Ivium Vertex potentiostat with frequency up to 1
MHz at different applied bias voltages and a low AC oscillating voltage
of 30 mV. Iviumsoft Electrochemistry software was used to fit the
obtained spectra. For the transient photovoltage measurements, the
devices were characterized at an open circuit condition under
illumination from the solar simulator.”” A small perturbation of V,,
was generated by a pulse from a green collimated light emitting diode
(LED) (505 nm, repetition rate = 1 kHz, pulse width = 100 us), and
the decay of the photovoltage was recorded by a high impedance
digital oscilloscope (Siglent 1103CM). All device preparation,
fabrication, and measurements were conducted under ambient
conditions.

Bl RESULTS AND DISCUSSIONS

Figure 1 shows the FESEM top-view images of the ZnO NRAs
with different Ga doping concentrations ranging from 0 to 3 at
%. The average diameter of the nanorods decreased slightly
from 36 to 31 nm, whereas the density increased from 150 to
220 rods um™* with increasing Ga concentration up to 1 at %.
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Meanwhile, the average thickness of the ZnO NRAs layer
increased from 23S to 284 nm, suggesting that longer nanorods
were obtained. The introduction of the Ga dopant at a
relatively low concentration might promote the growth of ZnO
NRAs along the c-axis direction as previously reported.”**’
However, a different behavior was observed when the
concentration of Ga was raised to 2 and 3 at %. The average
diameter increased to 62 and 82 nm, whereas the density of the
nanorods decreased sharply to 80 and 40 rods ym™ for 2 and 3
at % Ga-doped samples, respectively. It is believed that the Ga
precursor added to the growth solution might interact with
OH ions released by HMT to form complexes.”*® The
reduction of OH ions limits the heterogeneous nucleation of
ZnO in the early stage of the growth process, resulting in a
lower number of nucleation sites for nanorod growth. In
addition, the lateral growth of ZnO is not effectively hindered
at lower nucleation densities, allowing large-diameter ZnO
NRAs to be obtained. Because the nanorods were not well
aligned vertically as a result of the rough underlying ZnO seed
layer-coated FTO surface, the adjacent nanorods with large
diameters have a greater possibility of intersecting at the early
growth stage. As a result, the growing process of some of the
nanorods might terminate and lead to a further decrease in the
nanorod density. The present findings closely agree with the
previous reports, in which the morphology of the ZnO NRAs
could be controlled by tuning the Ga precursor concentration
in the growth solution.”®*’

XRD spectra of the ZnO NRAs with different Ga doping
concentrations grown on top of FTO substrates are shown in
Figure 2a. All the diffraction peaks from the undoped and Ga-
doped ZnO NRAs could be indexed to the hexagonal wurtzite
structure of ZnO (JCPDS No. 36-1451). The (002) diffraction
peak dominated the XRD spectra for all the samples except for
the sample doped with 3 at % Ga, indicating that the favored
growth direction of the ZnO NRAs was along the c-axis. Figure
2b shows the intensity ratio of the (002) to the (101)
diffraction peaks and the (002) diffraction peak position as a
function of the Ga doping concentration. The intensity ratio
gradually increased with increasing Ga concentration from 0 to
1 at % but dropped noticeably when the Ga concentration was
raised to 2 and 3 at %, implying that the ZnO NRAs doped
with high concentrations of Ga were no longer highly oriented
along the c-axis. This observation is in good agreement with the
FESEM results shown above (Figure 1). It is important to note
that no Ga characteristic peaks or other crystalline phases were
observed in the XRD spectra of the Ga-doped samples.
Furthermore, the (002) diffraction peak shifted slightly toward
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Figure 3. (a) Wide-scan XPS spectra of the ZnO NRAs with various Ga concentrations. The inset shows the narrow-scan XPS spectrum of Ga 2p
peaks for 3 at% Ga-doped ZnO NRAs. The narrow-scan XPS spectra and deconvoluted curves of the Ols peak for the (b) 0, (c) 1, and (d) 3 at%

Ga-doped ZnO NRAs.
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Figure 4. (a) Normalized PL spectra of the ZnO NRAs with various Ga doping concentrations with an excitation wavelength of 300 nm. (b) The
ratio of UV to visible emission peaks as a function of Ga concentration.

a higher angle as the Ga concentration increased. This
observation suggests that the Ga ions were successfully
incorporated into the ZnO lattice by substituting the Zn>*
sites because the ionic radius of Ga>* (0.62 A) is smaller than
that of Zn>* (0.74 A).>!

To obtain the chemical composition of the Ga-doped ZnO
NRAs and the chemical state of the Ga in the ZnO nanorod,
XPS measurements were performed. Figure 3a demonstrates
the typical wide-scan XPS spectra of the 0, 1, and 3 at % Ga-
doped ZnO NRAs. The peak positions were referenced to the
carbon impurity (C 1s) at a binding energy of 284.5 eV. Strong
signals of Zn and O were clearly observed for all the tested
samples. Meanwhile, weak peaks attributed to the Ga 2p core
level were also detected for 3 at % Ga-doped ZnO NRAs. From
the inset of Figure 3a, the two peaks located at 1117.3 and
1144.2 eV are attributed to the electronic states of Ga 2p;,, and
Ga 2p,,,, respectively. The peak positions are close to the
reported values for a Ga*>* state,”®*° providing further evidence
that some of the Zn®" sites in the ZnO lattice have been
replaced by the Ga®* ions. The quantitative analysis reveals that
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the Ga content in the ZnO NRAs was 2.13 at % when 3 at %
Ga precursor was added to the growth solution. However, the
Ga peaks were not found in the wide XPS spectrum of the 1 at
% Ga-doped sample within the detection limit of the
instrument, possibly a result of the small amount of Ga
dopant.®* Figures 3b-d depict the narrow-scan XPS spectra of
the O1s peak of the 0, 1, and 3 at % Ga-doped ZnO NRAs and
their respective deconvolution results. The asymmetric Ols
peaks could be deconvoluted into three separate peaks with
low, medium and high binding energies by Gaussian fitting.**
The low binding energy component could be ascribed to the
bonding between O®>~ and Zn** (or Ga**) ions in the ZnO
lattice.>* The peak of the low binding energy component
shifted slightly from ~528.85 to ~530.13 eV, with an increasing
Ga doping concentration up to 3 at %. The increase in the
binding energy could be attributed to the larger electro-
negativity of Ga>* compared to Zn**.*° In addition, the medium
binding energy component centered at 531.1 eV could be
related to the O®~ ions in the oxygen-deficient regions within
the ZnO matrix.*® It can be clearly seen that the intensity of the

dx.doi.org/10.1021/am5007832 | ACS Appl. Mater. Interfaces 2014, 6, 5308—5318
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medium binding energy component significantly decreased
with the introduction of the Ga dopant, suggesting a significant
reduction in the oxygen defects on the ZnO surfaces. The
component with the high binding energy centered at
approximately 532.6 eV, which is usually associated with the
chemically adsorbed oxygen, free oxygen atom or OH' radicals
on the surface of ZnO, remained nearly unchanged upon the
incorporation of Ga.”**¢

The normalized room temperature PL spectra of the ZnO
NRAs with different Ga doping concentrations are shown in
Figure 4a. All the PL spectra consisted of two bands, a UV band
centered at ~377 nm corresponding to the near band edge
emission and a broad visible band in the range of 500—700 nm.
The broad visible band is usuallgr related to the presence of
structural defects and impurities,* such as zinc vacancy, oxygen
vacancy, oxygen atom at the zinc position in the crystal lattice,
zinc atom at the oxygen position in the crystal lattice, oxygen
interstitial, and zinc interstitial. It is believed that the broad
yellow emission (peaked at 610 nm) in the present work
originated from the oxygen interstitial, which is commonly
reported for ZnO NRAs synthesized by hydrothermal
methods.”>*” Although all the samples exhibited UV and
visible emissions at similar positions, a significant difference in
the ratio of UV to visible emissions was detected (Figure 4b).
The UV to visible emission ratio increased significantly when
the Ga concentration was raised from 0 to 1 at %. The decrease
in the broad yellow emission is consistent with the XPS results,
which indicates that Ga doping might reduce the number of
defects induced by oxygen interstitial. However, a further
increase in the Ga concentration to 2 and 3 at % resulted in a
lower UV to visible emission ratio, revealing that the dopant-
related visible emission began to play a role at the high doping
concentration.”>>°

Current density—voltage (J—V) characteristics of the devices
with different Ga doping concentrations ranging from 0 to 3 at
% under illumination are shown in Figure S. The series
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Figure S. J=V curves of the devices with different Ga concentrations
under illumination.

resistance (R,) and shunt resistance (Ry,) were estimated from
the inverse slope at V. and ] in the J=V curve, respectively.
The J,, V,., and fill factor (FF) increased with increasing Ga
concentration from 0 to 1 at%, and then decreased when the
Ga concentration exceeded 1 at %. The highest PCE of 0.44 +
0.04% was achieved at the optimum Ga concentration of 1 at %,
with a J. of 1.98 + 0.07 mA cm™2, a V,_ of 0.53 + 0.02 V, and
an FF of 0.42 + 0.02. The PCE of the optimum device is nearly
three times greater than that of the device without doping. The
average photovoltaic parameter data with their respective
standard deviations of four individual devices for each sample
are summarized in Table 1.

It is well known that the ] is dependent on the light
absorption, exciton dissociation, charge transport, and charge
collection at the electrodes.”® *' Because the P3HT deposition
condition was the same for all the devices, the light absorption
of the photoactive material in all the devices should also remain
unchanged. This can be proven by the similar optical
absorption spectra of the undoped and Ga-doped ZnO
NRAs/P3HT films, as depicted in Figure 6. To determine

Ga Concentration

0 at%
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1 at%
2 at%
—3at%
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T T T T T T
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Figure 6. Optical absorption spectra of the undoped and Ga-doped
ZnO NRAs/P3HT films.

whether the change in ] is related to the exciton dissociation
behavior at the ZnO/P3HT interface, steady-state PL and
TRPL measurements were performed. The steady-state PL
spectra of the undoped and Ga-doped ZnO NRAs/P3HT films
are shown in Figure 7a. The PL spectra exhibited a main peak
at 725 nm with a shoulder emission at approximatelgf 65S nm,
corresponding to the typical PL emission of P3HT.* It can be
clearly seen that the PL intensity of the P3HT coated on 1 at%
Ga-doped ZnO NRAs reduced remarkably compared to that
coated on undoped sample. The PL quenching could serve as
an indicator for effective exciton dissociation at the
interfaces.””*” Similar behavior was observed in the TRPL
decay curves, as shown in Figure 7b. The PL decay was fitted
using a bi-exponential function. The P3HT coated on 0.5 and 1
at % Ga-doped ZnO NRAs exhibited shorter average decay
lifetimes of 563 and 537 ps, respectively, in comparison to that
coated on undoped ZnO NRAs (604 ps). The faster PL decay

Table 1. Photovoltaic Parameters of Devices with Different Ga Concentration

Ga concentration (at %) Joe (mA cm™) V. (V)
0 1.02 + 0.06 0.41 + 0.03
0.5 1.55 + 0.09 0.46 + 0.02
1 1.98 + 0.07 0.53 + 0.02
2 0.74 + 0.06 0.34 + 0.01
3 0.56 + 0.02 0.23 £ 0.05

FF PCE (%) R, (Q cm?) Ry, (Q cm?)
0.35 + 0.03 0.15 + 0.01 254 + 49 908 + 64
0.40 + 0.01 0.28 + 0.03 114 + 10 960 + 72
042 + 0.02 0.44 + 0.04 46 + 13 1190 + 96
0.35 + 0.02 0.09 + 0.01 249 + 46 848 + 80
0.32 + 0.01 0.04 + 0.01 275 + 40 606 + 99

5312 dx.doi.org/10.1021/am5007832 | ACS Appl. Mater. Interfaces 2014, 6, 5308—5318



ACS Applied Materials & Interfaces

Research Article

_| Ga Concentration

|l —o0at%

| —os5at%
—1at%

PL Intensity (a.u.)

600 650 700 750
Wavelength (nm)

800

PL Intensity (a.u.)

Ga Concentration
—0at%
—0.5at%
—1 at%
—2at%

3 at%

2 4 6 8
Time (ns)

Figure 7. (a) Steady-state PL and (b) TRPL decay curves of P3HT coated on ZnO NRAs with different Ga doping concentrations.
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Figure 8. AFM topography and surface potential images of P3HT coated on (a, c) undoped and (b, d) 1 at % Ga-doped ZnO NRAs. Scale bars are 4
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could be correlated with the formation of high-density, long
and small-diameter ZnO NRAs, which offer a larger interfacial
area for exciton dissociation.”® As the Ga concentration
increased above 1 at %, the PL intensity, and PL decay lifetime
of P3HT were even higher than those of the sample without
doping. This result can be explained by the poor exciton
dissociation as a result of the smaller interfacial area between
P3HT and the low-density ZnO nanorods with large diameters.
This observation is consistent with the FESEM results
discussed above.

Figures 8a and 8b illustrate the typical AFM topography
images of undoped and 1 at% Ga-doped ZnO NRAs/P3HT
films, respectively. The root mean square (RMS) surface
roughness of P3HT coated on the undoped ZnO NRAs (7.26
nm) was smaller than that coated on the 1 at% Ga-doped ZnO
NRAs (8.67 nm). The slightly increased RMS surface
roughness reflects the longer ZnO NRAs located underneath
the P3HT layer, which is in accordance with the FESEM
results. Figure 9c¢ and d show the corresponding surface
potential images under dark and illumination conditions. The
surface potential under illumination shifted positively compared
to that in the dark, indicating an excess of positive charges on
the surface of the P3HT.* The positive shift implies that the
exciton dissociation occurs at the P3HT/ZnO interface and the
generated electrons transport to FTO via ZnO NRAs, whereas
the holes accumulate within the P3HT layer.**** The surface
potential shift (SP shift = SPyg, — SPg,q.) as a function of Ga
concentration is shown in Figure 9. The SP shift became more
pronounced when the Ga concentration increased from 0 (16

5313
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Figure 9. Surface potential shift under dark and illumination condition
as a function of Ga concentration.

+ 3 mV) to1lat % (56 £ S mV), revealing the increase in
accumulation of positive charges on the P3HT surface under
illumination. This agrees well with the PL quenching and decay
lifetime measurements, which indicate an improvement in
exciton dissociation. However, the SP shift dropped signifi-
cantly when the Ga concentration was further raised to 2 (9 +
2mV) and 3 at % (6 + S mV). The poor exciton dissociation is
responsible for the reduction of hole accumulation on the
P3HT surface.

CELIV measurements were conducted in the dark to
investigate the equilibrium charge carrier extraction character-
istics. Figure 10 shows the current density responses for the
FTO/ZnO NRAs/P3HT/Ag devices with different Ga doping
concentrations. It is difficult to distinguish the electron and

dx.doi.org/10.1021/am5007832 | ACS Appl. Mater. Interfaces 2014, 6, 5308—5318
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hole extraction from the CELIV measurement because neither
contact was blocking in the present device structure.*® The
estimated charge carrier mobility (1) was calculated using the
equation u = 2d*/(3At,,,2[1 + 0.36(Aj/j(0)]), where d is the
thickness, A is the voltage slope, t,,,, is the time for extraction
current reaching its maximum, Aj is the maximum extraction
current, and j(0) is the capacitive displacement current.*” The
charge carrier mobility increased from 1.94 X 107 to 3.5 X
107 cm? V™! 57! with increasing Ga concentration from 0 to 1
at %, as shown in Figure 10c. However, further increasing the
Ga dopant concentration up to 3 at % leads to a lower carrier
mobility of 1.32 X 1075 cm® V™! s™". The area under the current
density versus time curve represents the total capacitive charges
and equilibrium charge carrier extracted from the device. The
extracted charge carrier concentration could be estimated by
integrating the current density over the time.*® It was found
that the estimated charge carrier concentration of the 1 at %
Ga-doped device (18.3 X 10" cm™) was nearly two times
larger than that of the undoped device (10.3 X 10" cm™), as
depicted in Figure 10d. The increase in extracted charge
carriers could be attributed to the higher number of free charge
carriers induced by the substitution of Ga** into the Zn*" sites
as well as the reduction of oxygen interstitials that trap the
electrons. However, the extracted charge carrier concentration
of the 3 at% Ga-doped device was the smallest. Apart from
efficient exciton dissociation, the improved carrier mobility and
charge carrier extraction also contribute to the improvement of
]SC'

It is generally accepted that the maximum achievable V,_ is
governed by the difference between the conduction band edge
of ZnO and the highest occupied molecular orbital (HOMO)
of P3HT.* The optical band gaps of the ZnO NRAs with
different Ga doping concentrations were estimated from the
plot of (ahv)* versus hv (Figure 11), where « is the optical
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Figure 11. Plot of (ahv)” versus photon energy for the ZnO NRAs
with different Ga doping concentrations.

absorption coefficient, i is Planck’s constant, and v is the
frequency of the incident photon. The optical band gap of the
undoped ZnO NRAs shifted slightly from 3.33 to 3.36 eV when
Ga dopants were introduced at concentrations of 0.5, 1, 2, and
3 at %. It has been previously reported that the incorporation of
Ga into ZnO increases the carrier concentration as a result of
one extra carrier created by the substitutional doping of Ga**
into Zn*" sites.®® The lower energy state in the conduction
band is filled by the extra carrier, blocking the transition from
the valence band to that energy state. This leads to an upward
shift of the conduction band ed§e toward vacuum level with
increasing carrier concentration. > The increase in the Ga-
doped ZnO conduction band edge as evidenced by the
enlargement of the optical band gap could be one of the
reasons for the V. improvement. However, it should be
stressed that the V_. began to decrease when the Ga
concentration was increased to 2 and 3 at %. Therefore, the
change in V, could not be simply attributed to the variation in
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the optical band gap; otherwise, the V. would be expected to
increase with the Ga concentration up to 3 at %.

As seen in Figure 12, the dark J—V curves reveal that the
leakage (reverse bias) current decreased, whereas the forward
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Figure 12. J—V curves of devices with different Ga doping
concentrations under dark conditions.

bias current increased with increasing Ga concentration up to 1
at %. The opposite trend was observed when the concentration
of Ga was increased to 2 and 3 at %. The dependence of the
leakage and forward bias currents on the concentration of Ga
was found to be similar to that of Ry and R,. It has been
previously suggested that V. can be improved by reducing the
leakage current.””* The difference in leakage current could be
attributed to the density of ZnO NRAs. For a Ga concentration
in the range of 0 to 1 at %, the increased nanorod density could
minimize the direct contact between the P3HT and FTO
substrate, which was not fully covered by the ZnO nanoparticle
seed layer.”>>® As a result, the hole leakage current from the
P3HT to the FTO could be reduced; thereby, a larger V. was
obtained. As the Ga concentration was increased to greater than
1 at %, the density of the nanorods dropped significantly, as
observed from the FESEM images (Figure 1). This, in turn,
caused a larger contact area between the P3HT and FTO,
resulting in a larger hole leakage current and a smaller V.
Meanwhile, the increased forward bias current and R, correlate
well with the reduction of oxygen interstitials and the
introduction of extra free charge carriers as a result of Ga
doping, which is in agreement with the CELIV measurements.
The smallest R, and the highest Ry obtained at a Ga
concentration of 1 at % resulted in the largest value of FF.
Impedance spectroscopy measurements have been widely
used to investigate the charge transfer process at the interface of
ZnO/P3HT.'***>! Figure 13a shows a typical impedance
spectrum of an undoped ZnO NRAs/P3HT device with a bias

voltage of 0.25 V under dark conditions. The spectrum consists
of a left semicircle in the high frequency region and a right
semicircle in the low frequency region. The spectrum was fitted
by an equivalent circuit model composed of two parallel
combinations of resistance—capacitance (R—C) in series. The
R,—C, corresponding to the left semicircle is related to the
geometric contribution of the bulk P3HT, whereas the R,—C,
corresponding to the right semicircle is attributed to the charge
transfer process at the interface between the P3HT and ZnO
NRAs.>> To further understand the charge transfer process at
the ZnO NRAs/P3HT interface, special emphasis was placed
upon the extracted values of R, and C, as a function of the bias
voltage for different Ga concentrations (Figure 13b and c). In
general, the R, represents recombination resistance at the
interface, whereas the C, is closely correlated with the
accumulation of charge carriers at the interface.’> The C,
increased with increasing bias voltage up to a certain level,
beyond which the C, was found to decrease gradually. This
result suggests that more electrons and holes are injected from
the FTO and Ag, respectively, followed by accumulation at the
interface.> The electrons and holes are able to transport across
the interface or undergo charge recombination at a relatively
high bias voltage, resulting in reduced C,. It should be noted
that high density ZnO NRAs with a large surface area does not
guarantee a large interfacial area between the ZnO and P3HT
because the infiltration of P3HT is highly dependent on the
spacing between the ZnO nanorods.'* Interestingly, the highest
value of C, was achieved at a Ga concentration of 1 at %, in
which the highest-density ZnO NRAs were obtained. This
result indirectly suggests that the P3HT could infiltrate well
into the interspacing of the ZnO NRAs and create a larger
interfacial area for charge transfer processes. In contrast to C,,
the R, decreased with increasing bias voltage in the tested
range, indicating that the charge recombination is enhanced at
higher bias voltages.”' It is worth noting that the 1 at % Ga-
doped device exhibited the highest value of R,, which implies
that the charge recombination across the 1 at % Ga-doped ZnO
NRAs/P3HT interfaces can be significantly reduced.

It should be noted that the V. is also dependent on the
difference between quasi-Fermi levels of electrons in the ZnO
and holes in the P3HT.****** Generally, the increase in
photogenerated free charge carriers enlarges the quasi-Fermi
level separation, thus leading to a larger V.. To investigate the
charge recombination dynamics of the device under open
circuit voltage conditions, transient photovoltage decay
measurements were employed. Figure 14 demonstrates the
photovoltage decay curves of the devices with various Ga
concentrations. The additional electrons and holes generated
by the light pulse can only undergo recombination across the
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Figure 13. (a) Impedance spectrum of the undoped ZnO/P3HT device at 0.25 V. Extracted values of (b) R, and (c) C, as a function of bias voltage
for devices with different Ga doping concentrations under dark conditions.
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Figure 14. Photovoltage decay curves of the devices with different Ga
concentrations under open circuit conditions.

interface because there is no current flow under open circuit
conditions.”” The lifetime of photovoltage decay is governed by
the rate of recombination of those extra free charge carriers.
The curve was fitted with a single exponential decay function to
estimate the charge recombination lifetime.”” The recombina-
tion lifetime of the undoped device increased significantly from
98 to 162 us for the 1 at % Ga-doped ZnO NRAs device. It is
believed that the reduction of oxygen interstitials, which trap
the electrons on ZnO NRAs, is responsible for the increased
recombination lifetime. The increase in the recombination
lifetime leads to increased electron and hole concentrations and
thus a larger difference between the quasi-Fermi levels of the
electrons in ZnO and the holes in P3HT. However, relatively
poor recombination lifetimes of 75 and 57 yis were observed for
the 2 and 3 at % Ga-doped devices, respectively. The relatively
high doping level of Ga might adversely affect the grain growth
in individual ZnO nanorods, leading to poor crystallinity.>>®
As a result, the defects induced by the Ga doping could serve as
recombination centers, which would subsequently promote the
recombination process.”> The correlation between the
recombination lifetime and the Ga concentration was found
to be in agreement with the impedance spectroscopy
measurements described above. Aside from the reduced leakage
current, the suppression of charge recombination is considered
a key factor in improving the V,, particularly at a Ga
concentration of 1 at %.

Despite the significant improvements in the photovoltaic
performance achieved by Ga doping, the devices with Ga-
doped ZnO NRAs as electron acceptors still exhibited much
lower PCE values compared to the devices based on P3HT and
PCBM, likely as a result of poor compatibility between the
hydrophilic ZnO and the hydrophobic P3HT.'” It has been
reported that the compatibility between ZnO and P3HT could
be enhanced via interface molecular modification on the ZnO
surface, resulting in a more eflicient exciton dissociation and
higher PCE.>” In addition, it is believed that the photovoltaic
performance of the present devices could be further improved
by inserting an interlayer between the active layer and the top
electrodes,™® minimizing the electron leakage current.

Bl CONCLUSIONS

Long, small-diameter, and high-density ZnO NRAs with low
oxygen defects have been successfully synthesized by
controlling the doping concentration of Ga. The photovoltaic
performance of OSCs using these Ga-doped ZnO NRAs as
electron acceptors has been investigated. The J,. and V.
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increased with increasing Ga concentration up to an optimum
concentration of 1 at %. The improvement of ] is attributed to
the enhanced exciton dissociation and charge extraction,
whereas the increased V. correlates to the reduced charge
recombination and hole leakage current. It is interesting to note
that the PCE of the device with optimum Ga concentration
increased by nearly three times compared to that of the
undoped device. The doping of Ga has been demonstrated to
be a simple and effective approach to improve the photovoltaic
performance of OSCs.
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