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ABSTRACT: The performances of organic electronic and/or photonic
devices rely heavily on the nature of the inorganic/organic interface. Control
over such hybrid interface properties has been an important issue for
optimizing the performances of polymer solar cells bearing metal-oxide
conducting channels. In this work, we studied the effects of an interfacial
atomic layer in an inverted polymer solar cell based on a ZnO nanorod array
on the device performance as well as the dynamics of the photoexcited
carriers. We adopted highly conformal TiO, interfacial layer using plasma
enhanced atomic layer deposition (PEALD) to improve the compatibility
between the solution-prepared active layer and the ZnO nanorod array. The
TiO, interfacial layer facilitated exciton separation and subsequent charge
transfer into the nanorod channel, and it suppressed recombination of
photogenerated carriers at the interface. The presence of even 1 PEALD cycle
of TiO, coating substantially improved the short-circuit current density (J,.), open circuit voltage (V,.), and fill factor (FF),
leading to more than 2-fold enhancement in the power conversion efficiency (PCE). The dynamics of the photoexcited carriers
in our devices were studied using transient absorption (TA) spectroscopy. The TA results clearly revealed that the TiO, coating
played a key role as an efficient quencher of photogenerated excitons, thereby reducing the exciton lifetime. The electrochemical
impedance spectra (EIS) provided further evidence that the TiO, atomic interfacial layer promoted the charge transfer at the
interface by suppressing recombination loss.
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1. INTRODUCTION

Polymer solar cells have been considered as one of the most
important alternatives to conventional power generation,
because they are lightweight, flexible, low-cost, and suitable
for large area cell production. Developing appropriate materials
and device structures has been a key factor to facilitating
improved device performance of polymer solar cells.' To
overcome limited exciton diffusion length in polymer, the
concept of bulk heterojunction (BHJ) based on a self-
assembled phase separation of a conjugated polymer and a
fullerene derivative has been widely adopted in polymer solar
cells.”® This BHJ creates a large interfacial area between
electron donor and acceptor and provides shorter distance for
the photoexcited excitons to the interfaces leading to efficient
exciton separation. However, disordered charge transport
pathways due to randomly separated nanosize phases in the
bulk are not desirable for the collection of photocurrent.®
Significant progresses toward increasing power conversion
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efficiencies (PCEs) have been achieved by assembling inorganic
nanostructured acceptors that provide electron conducting
channels with higher mobilities.® A variety of inorganic
nanomaterials, including Ti02,7_9 Zn0,'°"* PbS,'> PbSe,'®
CdS,'” CdSe,'® CdTe," have been used as acceptors in hybrid
polymer solar cells. But the disordered assembly of nanoma-
terials also limits the flow of photocurrent and introduces
charge traps in the bulk, leading to recombination loss.
Moreover, percolation networks are sensitive to the exper-
imental processes associated with materials and device
fabrications, making it difficult to achieve a reliable device
performance.

Vertically aligned nanostructures have been implemented in
polymer solar cells in an effort to overcome the above problems
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Figure 1. (a) Device structure of the hybrid polymer solar cell prepared with a TiO,-coated ZnO nanorod electron conductive channel. (b)
Schematic view of the energy band diagram of the studied hybrid polymer solar cell.

by providing robust charge transport pathways to the
electrode.”®™*® ZnO nanorod arrays have been extensively
investigated for their use as electron conducting channels in
hybrid polymer solar cells.”*™* ZnO is a wide band gap
semiconductor with an energy gap of 3.3 eV and a conduction
band edge of 4.3 eV. This band edge is sufficiently high to
extract electrons from typical donor and acceptor molecules
and/or polymers. The relatively high electron mobility of the
material makes it suitable as an electron transport layer in
hybrid polymer solar cells. But the ZnO nanorod polymer solar
cells have not yet lived up to expectations because of the poor
interface properties.m_2 Poor interface properties can arise
from a low infiltration of the polymer into the deep valleys of
the nanostructure.”*® Morphology effects can introduce
trapped charges into the separated phases.>’ The as-grown
ZnO nanorods generally contain large amounts of surface
defects, and the ZnO/organic interfaces can also introduce
charge transfer and unwanted dipoles.””** The potential
pinning due to poorly controlled interface dipoles can
significantly affect the built-in potential in the bulk, thereby
suppressing the open circuit voltage (V,.) of a device.”
Recombination loss due to trapped charges from such surface
defects and interface dipoles breaks the balance between charge
creation and extraction and significantly reduces the perform-
ances of hybrid solar cells. Therefore, the reduced device
performance of hybrid nanostructure cell is rather due to the
charge extraction limits than the charge generation. Controlling
the interfacial properties and their influences on charge
extraction has been central to the design of efficient hybrid
polymer solar cells.**~*'

One of the main approaches to modifying oxide nanostruc-
ture surfaces has involved using a variety of organic dyes and
small molecules™° to improve the affinity between the ZnO
surface and the organic BHJ. These interfacial organic species
can improve exciton dissociation at the hybrid interface and
reduce the recombination rate. In addition, they can absorb
incident light and actively harvest the photocurrent.>!

Though organic dyes and small molecules can enhance the
compatibility between oxide and organic interfaces, passivation
of surface defects and the chemical reactivity of the as-grown
ZnO nanorods could be achieved more effectively by
introducing a wide band gap oxide film coating onto the
ZnO nanorods.>>>* ZnO-TiO, core—shell nanostructures,
which exploit both the high stability of TiO, and the high
electron mobility of ZnO, present a promising solution to the
charge collection issue in hybrid polymer solar cells. Several
studies reported enhanced device performance upon the
introduction of a TiO, coating onto the ZnO nanorods in a
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hybrid polymer solar cell with a P3HT active layer.ss_59 But,
the performances of the devices studied were not as satisfactory
as those of the BHJ solar cells. And the TiO, capping layers in
those studies typically exceeded 10 nm in thickness, implying
that the TiO, layer functioned as an additional conducting layer
rather than an interface modifier.

In this work, we studied the effects of TiO, interfacial atomic
layers on the performances of ZnO nanorod polymer solar cells
and the corresponding exciton dynamics. A BHJ of P3HT
(poly-3-hexylthiophene):PCBM (Phenyl-C71-butyric acid
methyl ester) was used for the active layer. The ZnO/BH]J
interfaces were modified by highly conformal TiO, atomic layer
developed by plasma enhanced atomic layer deposition
(PEALD). Variation of 1 to 10 cycles of TiO, coatings was
employed to study the effects of interface modifications on
photovoltaic device performances. In addition to the device
characterization, we employed transient absorption (TA)
measurements to study the effective lifetimes of the photo-
generated excitons and their quenching. A TiO, interfacial layer
introduced substantial improvement in the performance of
hybrid polymer solar cell. The device characteristics, such as the
V,, short-circuit current density (J,.), fill factor (FF), and
ideality factor (n), improved significantly upon the introduction
of even 1 cycle of TiO, coating. The transient absorption (TA)
spectra indicated that the ultrathin TiO, interfacial layer
functioned as an eflicient quencher by suppressing the lifetime
of the photogenerated excitons. Moreover, electrochemical
impedance spectroscopy (EIS) clearly showed reduced
recombination rate at the interface by the TiO, coating.

2. EXPERIMENTAL SECTION

2.1. Device Structure. Panels a and b in Figure 1 display the
device structure of the bulk heterojunction solar cell studied here and a
schematic diagram showing the photovoltaic process in our devices,
respectively. In this device configuration, which is sort of inverted-type,
the photogenerated electrons and holes are collected through opposite
pathway to that in the conventional BHJ solar cell, i.e., the generated
electrons are collected at the ITO cathode, whereas the generated
holes are collected at the top Au electrode. The ZnO nanorods, which
functioned as an electron-conducting channel, were coated with a
ultrathin TiO, film to facilitate charge separation and suppress
interfacial recombination.

2.2. Preparation of ZnO nanorods and TiO, Interfacial
Atomic Layer. The ZnO nanorod templates were prepared on top of
ITO/glass substrates using the sol—gel method. The sol—gel solution,
which was prepared with zinc acetate with methoxy ethanol and
ethanol amine, was spin-coated on the substrate (~40 nm thickness)
followed by 30 min annealing at 300 °C.%° The film was then kept 30
min in a 90 °C of D.I water with 0.01 M of zinc nitrate (Zn(NO);,-
6H,0) as a cation and 0.01 M of hexadimethylenetetramine (HMT,
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Figure 2. (a) Top-view FE-SEM image of the as-grown ZnO nanorod template. (b) Top-view FE-SEM image of TiO,-coated ZnO nanorod
template (TiO, coating of 10 PEALD cycles). The magnification used for the SEM images was 50,000. (c) Schematic view of the conformal TiO,
coating on the ZnO nanorods. (d) HR-TEM image of TiO,-coated ZnO nanorods. The TiO, coating was performed for 10 PEALD cycles to
produce a 1.6 nm thick film. The image also displayed the (100) directional growth of the ZnO nanorods. (e, f) HR-TEM images of the top and
bottom parts of TiO,-coated ZnO nanorods. The HR-TEM images showed conformal growth of the TiO, layer over the top to the bottom of the

ZnO nanorods.

(CH,)¢N,) as a hydroxide anion precursors. Typical heights of the
ZnO nanorods were 300 nm.

On the surfaces of the ZnO nanorod arrays, highly conformal TiO,
layers were coated by using the PEALD method. Sequential injections
of TDMAT (tetrakis-dimethyl-amino-titanium) and a mixture of Ar
and O, plasma were used to form a TiO, layer with a growth
temperature of 200 °C. The TDMAT purchased from STREM was
used for the PEALD process. The Ar gas and O, gas flow rates for
generating the Ar-assisted oxygen plasma were 10 and 1 sccm,
respectively. A 180 W RF (radio frequency, 13.56 MHz) power source
was applied to generate the oxygen plasma. For one cycle of TiO, film
growth, TDMAT precursor was first injected into the growth chamber
for 0.08 s. Then, the chamber was purged with Ar gas for 50 s to
remove residues and other impurities. The Ar-assisted oxygen plasma
was then ignited and maintained for 20 s. Finally, the chamber was
purged with the Ar gas (10 sccm) to remove any remaining residues.
TiO, coatings of 1 to 10 cycles on the ZnO nanorod arrays were
employed to study the effects of the modified oxide/organic interfaces.
The growth rate of the PEALD TiO, film was estimated to be 1.6 A/
cycle.

2.3. Device Fabrication and Characterization. A P3HT
(poly(3-hexylthiophene), regioregularity 98%): PCBM (Phenyl-C71-
butyric acid methyl ester) blend with a 1:1 mass ratio was used for the
active layer of the hybrid polymer solar cell. Both P3HT and PCBM
were purchased from Aldrich and used without further purification.
The blend was dissolved in chlorobenzene (99.8%) and applied by
spin-coating at 700 rpm for 120 s. The spin-coated film was then
annealed at 150 °C for 10 min. The typical thickness of the active layer
was estimated to be 400 nm. Finally, MoO, (S nm)/Au(60 nm) layers
were thermally deposited in sequence to create the hole conducting
layer. The photovoltaic properties were tested by using a solar
simulator (Abet technology, xenon lamp) and J—V measurement
system (IVIUM technologies) upon A.M 1.5 mass illumination (100
mW/cm?). EIS was performed by using VersaSTAT3 from Princeton
Applied Research. The measured frequency range was 0.1 to 1 X 10°
Hz. The magnitude of the alternating voltage was 10 mV. The
measurements were done under the dark condition without DC bias.

2.4. TA Spectroscopic Measurement. TA mappings were
measured at room temperature by employing a Helios-Femtosecond
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TA spectrometer (Ultrafast systems, Helios) with a pump pulse of 350
nm center wavelength (Light conversion, TOPAS prime) and a white-
light-continuum in the visible region as a probe pulse, derived from a
Ti:sapphire amplifier (Coherent, Libra series). The temporal
resolution was around 200 fs, depending on the pulse duration of
the pump. Here, we display both the TA spectra at different time
delays and the kinetics of the TA obtained at a probe wavelength of
640 nm, the P3HT absorption band, to observe the charge separation
phenomena at the interface between the ZnO nanorods and the
P3HT/PCBM.

3. RESULTS AND DISCUSSION

Images a and b in Figure 2 show top view field-emission
scanning electron microscopy (FE-SEM) images of the as-
grown ZnO nanorods and TiO,-coated ZnO nanorods
prepared using 10 cycles of PEALD. The thickness of TiO,
layer for 10 PEALD cycles was estimated to be 1.6 nm. The
magnification used for the SEM images was 50,000. A uniform
TiO, coating on the ZnO nanorod surface can be clearly
observed in high resolution transmission electron microscopy
(HR-TEM) images (Figure 2d—f). Figure 2d shows the
amorphous growth of the TiO, layer and the crystalinity of
the ZnO nanorod. The X-ray diffraction pattern showed (002)
directional growth of ZnO nanorods indicating the hexagonal
wurtzite phase of ZnO (see Figure Sl in the Supporting
Information). No diffraction pattern was observed for TiO,
capping layer. Images e and f in Figure 2 show HR-TEM
images of the top and bottom parts of the nanorod and clearly
demonstrate a conformal growth of the TiO, layer on ZnO
nanorods. UV—vis transmission spectra displayed that the
changes in light absorption by ultrathin TiO, coatings were not
significant (see Figure S2 in the Supporting Information).
Figure 3 displays the characteristic current density—voltage
(J—=V) curves for a series of cell devices prepared with or
without a TiO, coating on the ZnO nanorods. The TiO,
coatings were done for 1, 3, 5, 7, or 10 PEALD cycles,
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Figure 3. Characteristic J—V curves for the studied cell devices
prepared with or without a TiO, coating on the ZnO electron
channels. TiO, coatings were applied over 1, 3, 5, 7, or 10 PEALD
cycles.

respectively. Significant improvements in the characteristic
parameters, such as V, ], and FF, were clearly observed upon
introduction of the TiO, interfacial layer. Surprisingly, even 1
cycle of TiO, coating introduced substantial improvements in
the overall device performance. The broadband external
quantum efficiencies (EQEs) were also tested for the series
of cell devices with or without a TiO, coating. TiO, coatings
introduced significant enhancement of EQE over the wave-
length range of 370—650 nm (see Figure S3 in the Supporting
Information). Note that this enhancement of EQE is not
correlated with the change in absorption by the TiO, coating.
The dependence of device performance on the thickness of
TiO, film did not display general trend. However, capping of
the TiO, layer over 15 PEALD cycles induces decreased V, ],
and FF, leading to significant reductions in cell performances
(see Figure S4 in the Supporting Information). While the TiO,
interfacial layer could function as a charge-separating and/or a
defect-tolerating layer, increasing thickness of the TiO, layer
introduces an additional conducting channel with higher
resistance, which is not desirable for the efficient charge
collection. The characteristic parameters of the ]V curves for a
series of solar cells are summarized in Table 1. Each value in
Table 1 was obtained from more than 8 sample devices.

The device performances of the ZnO nanorod solar cells
prepared without a TiO, interfacial layer were poor, with
averaged PCE of less than 1%. This unsatisfactory device
performances arose from the poor interface quality between the
ZnO and the active layer, which generated recombination loss
due to trapped charges,”' >* and midgap behavior of ZnO,

which could alter the interfacial energetic differences in the
bulk.* It should be also noted that the best results for the
inverted polymer solar cell with the P3HT:PCBM active layer
and the ZnO electron conductive layer displayed PCEs as high
as ~3—5%.5""%* The reduction of PCE in our device can be
partly attributed to the increased thickness of the active layer
due to the inclusion of ZnO nanorods. The addition of a TiO,
layer to our cell devices significantly enhanced both V_ and J
compared to the values obtained from devices prepared with
bare ZnO nanorods. Moreover, the PCEs were improved by
more than 2-fold (see Table 1). The significant performance
improvements were attributed to the fact that the TiO, layer
facilitated charge extraction by assisting effective exciton
dissociation and recombination quenching. As displayed in
Figure 1b, the electronic structures of ZnO and TiO, were very
similar. But the concentration gradient in ZnO-TiO, core—shell
structure can induce a built-in potential (Ag), as follows®> ™

Nt
N,

e

_ kT
q (1)

where k is Boltzmann’s constant, ¢ is the electron charge, N{
and N, are the electron concentration in the ZnO core and the
TiO, shell, respectively. This built-in potential drives electron
carriers to drift against the concentration gradient and
eventually confines them into the ZnO core. Therefore,
recombination loss at the ZnO-TiO, core—shell/BH] interface
can be substantially reduced, although the intrinsic band
structure of TiO, did not provide an energetic barrier. In
addition, the physical separation enabled by the TiO, layer may
alleviate ZnO midgap behavior® at the interface and maintain
V..
Figure 4 shows the dark J—V characteristics for the studied
solar cells. The transition from exponential behavior to the
space-charge limited regime reflects the built-in voltage, which
is often derived from the energetic difference between the
LUMO of the electron acceptor and the HOMO of the hole
transporting active layer. The current density at a low bias can
be considered as a leakage contribution. As shown in Figure 4,
the device prepared with a bare ZnO nanorod array showed a
large leak current. The addition of a TiO, layer on the ZnO
nanorods effectively reduced the leak current and maintained
the built-in voltage. The inset of Figure 4 displays the ideality
factors of the studied cell devices, determined from the
semilogarithmic J—V plots, as shown

T [ )_1 )

For an ideal p—n junction diode, in which charge carrier traps
and recombination are negligible, the ideality factor should be
close to the unity. The ideality factors greater than unity were

Ag In

KT dly
q oV

Table 1. Characteristic Parameters of the J—V Curves Obtained from the Studied Cell Devices”

Voe (V)
ZnO NRs 0.35 £ 0.01
TiO,-coated ZnO NRs (1 cycle) (1 cycle) 0.52 + 0.01
TiO,-coated ZnO NRs (3 cycles) (3 cycles) 0.54 + 0.02
TiO,-coated ZnO NRs (S cycles) (S cycles) 0.46 + 0.02
TiO,-coated ZnO NRs (7 cycles) (7 cycles) 0.54 + 0.01
TiO,-coated ZnO NRs (10 cycles) (10 cycles) 0.54 + 0.01

“Each value was obtained from more than 8 sample devices.

I. (mA) Jee (mA/cm?) FF PCE (%)
0.73 £ 0.03 6.09 + 0.26 0.40 + 0.03 0.89 + 0.17
1.51 + 0.0 12.51 + 0.62 0.38 + 0.03 245 + 0.28
141 + 0.04 11.75 + 0.40 0.37 + 0.02 230 £ 0.11
1.58 + 0.08 13.17 + 0.56 0.38 + 0.03 229 £ 0.27
1.23 + 0.02 10.29 + 0.21 0.57 + 0.03 3.15 + 0.06
1.33 £ 0.03 11.06 + 0.28 0.55 + 0.06 3.26 + 0.35
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Figure 4. Semilogarithmic dark J—V characteristic curves for the cell
devices prepared with ZnO nanorods or TiO,-coated ZnO nanorods.
The inset shows a plot of the ideality factor (n) according to eq 2

attributed to the trap-assisted recombination in the space-
charge region.””7> Our cell devices based on bare ZnO
nanorods exhibited poor diode curve and high ideality factor
values. Such device characteristics arose mainly from
recombination loss due to the charge traps at the separated
phases in nanostructures and at the oxide/organic interfaces.
Devices with TiO, coatings showed significant improvements
in diode ideality factors. The TiO, interfacial atomic layer
played an important role in reducing charge traps and
recombination. Thus, it can assist balancing between charge
generation and extraction, and finally lead to the significant
improvement in the overall device performance.

TA is a powerful tool for observing transient charge carriers,
generated by photoexcitation, either in radiative or nonradiative
processes. TA has been utilized to study the time-resolved
phenomena involved in the photovoltaic conversion processes

in solar cells.”>™”° On the basis of TA results, generation and
recombination mechanisms of transient charge carriers and
their dynamics in the polymer solar cells can be effectively
described.”*~7¢

Exciton charge separation at the interfaces within our
nanostructure solar cells was investigated by performing TA
spectroscopy on two different samples, ZnO nanorods-only
(ZnO-only), and ZnO nanorods prepared with a TiO, coating
of S PEALD cycles (S-cycle). Panels a and b in Figure S show
the TA spectra at different time delays, obtained from two
samples. The TA signal is, in general, interpreted as a
combination of excitonic photobleaching (PB) and photo-
induced absorption (PA) processes. Here, the negative band
below 620 nm corresponded to the ground-state absorption of
the device or, alternatively, to the PB. The TA signal above 630
nm turned into positive values due to PA by the excitons in the
blend. From the difference between shorter (S ps) and longer
(300 ps) time delay at 640 nm, we notice that variation
appeared in the sample with TiO, coating is over 25% larger
than that of the pristine ZnO sample. This result suggested that
the photogenerated charges were well-separated in the blend
and were efficiently transferred through the TiO, layers. Note
that the time-resolved responses in the 510 and 590 nm PB
band were indistinguishable. The decay times in the ZnO-only
and the S-cycle samples were characterized by fitting the TA
kinetics to a multiexponential function at the probe wavelength
of 640 nm (see Figure Sc). The fast decay components (<10
ps) corresponded to nonradiative recombination channels,
whereas the slow decay components corresponded to charge
transfer processes. The charge transfer time constants were 150
ps for the 5-cycle and 164 ps for the ZnO-only samples. These
results supported our interpretation of the role of the TiO,
layer in the device operation. As the TiO, layer was inserted
between the BHJ and ZnO nanorods, the slow decay time
constant decreased because the layer acted as a new relaxation
channel and enhanced charge separation.”"
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Figure 5. TA spectra collected at different time delays in (a) the ZnO nanorod-only, and (b) S-cycle TiO, coating devices. (c) TA kinetics at a probe
wavelength of 640 nm, obtained from the ZnO-only (open circle), and from the S-cycle (filled square) devices, respectively. The red curves represent

the exponential fits to the data.
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Figure 6. EIS spectra of cell devices with ZnO nanorod-only (open circle) and S-cycle TiO, coating (filled square) (a) Nyquist plots in complex

impedance plane. (b) Bode phase angle versus frequency plots.

The role of the TiO, capping layer in our cell device can be
more clearly observed in EIS, which directly probes the charge
transfer passing through the ZnO-TiO, core—shell/BH]J
interface. EIS measurements were also performed for two
different sample devices, one with ZnO nanorods-only (ZnO-
only) and the other with ZnO nanorods coated with TiO, layer
of S PEALD cycles (5-cycle). Figure 6a displays Nyquist plots
of EIS spectra, which was measured for cell devices of ZnO-
only and S-cycle under the dark condition without DC bias. EIS
spectra display semicircles in complex plane for both samples
with significant difference in the magnitude of the impedance.
The peak frequencies of semicircles are 19952 Hz for ZnO-only
and 3162 Hz for S-cycle, respectively. The impedance in
medium frequency of 10 to 1 X 10° Hz is associated with the
charge transfer at the interfaces.”” In general, the larger the size
of the semicircle is, the stronger is the recombination resistance
at the interface.””~® The semicircle representing cell device
with S-cycle is significantly larger than that of cell device with
ZnO-only. The enhanced recombination resistance suggests
longer electron lifetimes, which can be deduced from the
relation 7, = (27f,,,)"". The longer electron recombination
lifetime due to the TiO, coating is directly noticeable in Bode
phase plots of Figure 6b, which displays strong left-shift of the
characteristic frequency by 1 order of magnitude. This
significant reduction of the recombination rate at the interfaces
due to TiO, coating leads to the improved J, V., FF, and PCE
of the studied hybrid polymer solar cell.

4. CONCLUSIONS

In conclusion, we studied the effects of modifying the oxide/
organic interfaces in hybrid polymer solar cells on device
performance. Insertion of TiO, interfacial atomic layer at ZnO/
organic interface by PEALD significantly improved cell
characteristics, such as V, J,, FF, and PCE. These improve-
ments were attributed to the enhanced charge extraction by the
TiO, interfacial layer. Both TA and EIS spectra indicate that the
TiO, interfacial layer functions as an efficient photogenerated
exciton quencher and assisted effective charge collection.
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XRD pattern of ZnO nanorod on ITO substrate. UV—vis
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