Progress in Natural Science: Materials International 29 (2019) 124–128

Contents lists available at ScienceDirect

HOSTED BY

Progress in Natural Science: Materials International
journal homepage: www.elsevier.com/locate/pnsmi

Boosting charge collection eﬃciency via large-area free-standing Ag/ZnO
core-shell nanowire array electrodes

T

Yuyi Fenga,b, Paul Kimc, Clayton A. Nemitzd, Kwang-Dae Kimb, Yoonseok Parke, Karl Leoe,
James Dormanf, Jonas Weickertb, Yongtian Wanga,∗∗, Lukas Schmidt-Mendeb,∗
a

School of Optics and Photonics, Beijing Institute of Technology, 100081 Beijing, China
Department of Physics, University of Konstanz, 78467 Konstanz, Germany
c
Chemical and Biomolecular Engineering, University of California, 94720 Berkeley, USA
d
Department of Physics and Astronomy, University of North Carolina, Chapel Hill, 27516 NC, USA
e
Dresden Integrated Center for Applied Physics and Photonic Materials (IAPP), Dresden University of Technology, 01062 Dresden, Germany
f
Chemical Engineering Department, Louisiana State University, Baton Rouge, 70803 LA, USA
b

A R T I C LE I N FO

A B S T R A C T

Keywords:
Vertically aligned nanowires
Silver
Core-shell
Charge collection eﬃciency
Light harvesting
Semi-transparent organic solar cells

Hybrid nanostructures, comprising of a metal core and a semiconductor shell layer, show great potential for a
new generation of low-cost solar cells due to their unique electronic and optical properties. However, experimental results have fallen far short of the ultra-high eﬃciency (i.e. beyond Shockley-Queisser limit) predicted by
theoretical simulations. This limits the commercial application of these materials. Here, a non-transparent organic solar cell with an array of Ag/ZnO nanowires has been experimentally fabricated to increase the internal
quantum eﬃciency (IQE) by a factor of 2.5 compared to a planar counterpart. This result indicates a signiﬁcant
enhancement of charge collection eﬃciency due to the ultrafast Ag nanowire channels. This hybrid nanostructure can also serve as a perfect back reﬂector for semi-transparent solar cells, which can result in enhanced
light absorption by a factor of 1.8 compared to the reference samples. The enhanced charge collection and light
absorption can make these Ag/ZnO nanostructures available for the application of modern optoelectronic devices.

1. Introduction
Nanostructures enable unprecedented control over the charge
transport and light propagation [1–6], opening new avenues for applications in optoelectronic devices. One of the most intensively studied
materials is the vertically-aligned nanowire array. These nanowire
materials are of special interest to next-generation photovoltaic devices
[5,7–9], due to their unusual charge collection channels and light
management. Despite previous nanowire arrays being composed of a
single semiconductor (e.g. TiO2, ZnO), poor-performing solar cells were
obtained due to severe surface charge recombination [10]. It was
shown that the surface recombination could be greatly reduced by
adopting core-shell nanostructures [11–13]. For example, a semiconductor core (e.g. ZnO) is coated with a semiconductor shell (e.g.
TiO2, Al2O3) in order to further increase distance between electron-hole
pairs while simultaneously promoting charge extraction along the axis
of the nanowire [14,15]. This phenomenon was further employed in the
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doped TiO2 core-shell wires to amplify the electron mobility in the core
of the wire, without forming a recombination center along the internal
interface [15,16].
However, the metal-oxide semiconductors (e.g. TiO2, ZnO) are not
highly conductive. To improve the performance of solar cells, a hybrid
core-shell nanostructure with enhanced charge mobility, one of which
is a metal nanowire core (such as Ag) with a semiconductor shell layer,
could provide an optimal electrode [15]. There have been many theoretical eﬀorts towards analysis and simulation of incorporating metal
nanowires or metal-nanowire/semiconductor core-shell arrays into
solar cells [17–22], demonstrating the potential of outstanding performance in devices. Nevertheless, the experimental results fall far short of
the corresponding predicted eﬃciencies, due to the complexity of
chemical reactions, nano-engineering bottlenecks, and the inability of
recent theoretical modeling to account for all of the optical, electrical
and morphological contributions [23,24].
This paper reports on the successful fabrication of organic solar cells
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sample surface). This procedure was followed by immersion in 0.1 M
NaOH aqueous solution for 50 min to remove the AAO templates,
cleaning with deionized water, ethanol (purity 99.8%), and isopropanol
(purity 99.9%), and carefully drying with a weak stream of dry N2.
Next, the electron selective layer, ZnO (ca. 30 nm), was spin-coated. In
order to quasi-conformally cover the silver nanowire arrays, as depicted
in Fig. 1d, we have developed a four-cycle spin-coating procedure.
Speciﬁcally, the prepared precursor solution (40 μl; 0.5 M [Zn
(CH3COO)2·2H2O in 2-methoxyethanol solvent with 3 vol% of ethanolamine as a stabilizer; Sigma-Aldrich]) was dropped onto the nanowire
samples, and remained there for 1 min to ensure that the precursor
ﬁlled the voids between nanowires. Afterwards, the samples were spincoated at 5000 rpm for 40 s (acceleration 1000 rpm/s). The samples
with the ZnO shell were then annealed at 250 °C for 10 min in air. This
procedure was repeated for four cycles to achieve a nearly conformal,
pin-hole free coating of the ZnO layer. Next, the active layer,
P3HT:PCBM (ca. 400 nm) was spin-coated. To ensure the best inﬁltration of the polymer into the nanowire arrays, the samples were pretreated in chlorobenzene for 4 min before spin-coating P3HT:PCBM
(80 μl; 30 mg P3HT (Rieke, MW = 69 kDa) and 24 mg PCBM (Nano-C)
in 1 ml chlorobenzene) on top in a ﬁrst step at 50 rpm for 2 min. After
that, the spin speed was increased to 1500 rpm (acceleration 500 rpm/
s) for 1 min to form a homogeneous layer (Fig. S1 in the Supporting
Information). The successful inﬁltration of P3HT:PCBM can be seen in
Fig. 1d. Finally, a hole-selective WO3 layer (5 nm) and then an Ag back
contact (120 nm) were thermally evaporated on top of the polymer
ﬁlm. The overlap between the ITO and the evaporated Ag electrode
forms an active area of 18 mm2. For the reference planar solar cells
(Fig. 1a), all fabrication procedures were kept identical starting with
the spin-coating of the ZnO layer on a planar substrate.

based on metal/semiconductor nanowire arrays. The large-area freestanding silver nanowire arrays were fabricated by using a low-cost,
bottom-up, template-assisted electrochemical approach. The ZnO shell
layer was coated by a multi-cycle spin-coating method. Such electrodes
were then incorporated into the typical bulk heterojunction
P3HT:PCBM (poly(3-hexylthiophene): [6,6]-phenyl-C61-butyric acid
methyl ester) organic solar cells. In non-transparent solar cells, the internal quantum eﬃciency (IQE) was signiﬁcantly improved by a factor
of 2.5 compared to the planar counterparts, indicating a signiﬁcant
enhancement of charge collection eﬃciency. Furthermore, in order to
make full use of the light harvesting properties of the nanostructures,
while eliminating the front-reﬂection by the Ag nanowire arrays, a
semi-transparent architecture was prepared. The semi-transparent nanostructured architecture showed promising absorption enhancement
over the entire related spectral range, with a maximum enhancement
factor of 1.8 at 627 nm. The probability analysis of the charge collection
conﬁrmed that the nanostructures improve the eﬃciency of the charge
collection, even though the device structures are not yet fully optimized.

2. Experimental
2.1. Materials and device fabrication
The schematics of the planar and nanowire solar cells are shown in
Fig. 1a and b, respectively. To fabricate nanowire solar cells, an anodic
aluminum oxide (AAO) template-assisted electrochemical deposition
method was used to obtain the silver nanowire arrays over large commercial indium-tin-oxide (ITO) coated (180 nm with 10 Ω/sq) glass
substrates (14 × 14 × 1.1 mm, Praezisions Glas & Optik, Germany), as
shown in Fig. 1c. The AAO was prepared on an ITO substrate, where a
5 nm Ti adhesion layer and a 2 nm Au layer were used to improve the
nucleation for the following deposition of Ag nanowires. The typical
dimensions of the silver nanowires used in this work are: ∼80 nm in
diameter, ∼133 nm in period, and 100–250 nm long. The detailed nanowire fabrication process has been described in our previous work
[15]. To remove some overgrown silver structures and contamination
(e.g. residual K+, etc. left over from the chemical synthesis) on the
nanowire samples, tip sonication (Ultraschall-Homogenisator mit HFGenerator GM3200) was used on the AAO-embedded nanowires in
isopropanol (pulse on = 5 s with an amplitude of 45%; pulse oﬀ = 15 s;
duration = 5 min; a distance of around 2 mm between the tip and

2.2. Device characterization
In solar cell characterization, a shadow mask was used, which had a
slightly smaller area (12.5 mm2) than the solar cell pixel (18 mm2), to
minimize edge eﬀects and to precisely deﬁne the photoactive area
during the measurement [25]. For the non-transparent solar cells, 9
independent batches of samples were made, with 68 working nanostructured pixels overall. Only ∼20% of the nanostructured devices
worked in solar cells due to shorting issues caused by overgrown Ag
clusters from the electrodeposition of the Ag nanowires [15], where the
removal of this overgrown Ag was not successful. Internal quantum
Fig. 1. (a–b) Schematic illustrations of the non-transparent
planar and Ag/ZnO core-shell nanowire organic solar cells,
respectively. (c) Typical scanning electron spectroscopy
(SEM) side view of the free-standing silver nanowire arrays
at a stage degree of 54°. (d) A cross-sectional SEM image of
the Ag/ZnO core-shell nanowire organic solar cells without
the top electrodes at a stage degree of 54°.
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exciton diﬀusion eﬃciency, i.e. the fraction of the excitons diﬀusing to
the donor/acceptor interface; ηEDis represents the exciton dissociation
eﬃciency, i.e. the fraction of the diﬀused excitons being dissociated
into free charge carriers by the built-in energy oﬀset at the donor/acceptor interface [28]; ηCC represents the charge collection eﬃciency,
i.e., the fraction of the free charge carriers being collected by the respective electrodes.
Moreover, the internal quantum eﬃciency, i.e. absorbed photon-toelectron, can be written as below:

eﬃciency (IQE) was indirectly obtained from the ratio between the
external quantum eﬃciency (EQE) and the total absorption (Abs) as
IQE (λ) = EQE (λ)/Abs (λ). EQE measurements were performed under
monochromatic illumination (LOT Oriel LS0106 150 W Xe-lamp combined with an OMNI Lambda 300 monochromator) using a Fraunhofer
ISE certiﬁed Si reference solar cell. Total absorption (Abs) measurements were conducted using a commercial UV–vis–NIR spectrometer
(Cary 5000 series, Agilent Technologies) in a double beam mode. In this
case, in order to ensure the measurement accuracy, the overlap between
the ITO and evaporated metal electrode was made almost as large as the
whole substrate, such that the projected beam spot (ca. 4 mm × 3 mm)
was inside of the active area. The samples were placed in the middle of
an integrating sphere with an angle of incidence (AOI) of 10°, in such a
way that the direct reﬂected light on the sample surface could not escape from the integrating sphere. The charge collection probability
(PCC) was extracted from the current density-voltage (J–V) measurements via PCC = J (V)/Jsat, where Jsat is the reverse saturation current
density, where almost all charge carriers are swept out and collected by
the electrodes [26,27]. In our case, the PCC was normalized at the saturated reverse voltage of −0.6 V. Current density-voltage (J-V) measurements were carried out using a Keithley 2400 SourceMeter controlled by a Matlab program. The solar cells were illuminated by a LOT
Oriel LS0106 solar simulator (a 1000 W Xe-Lamp combined with an
AM1.5G ﬁlter). The light intensity was calibrated with a Fraunhofer ISE
certiﬁed Si reference solar cell and adjusted to around 1 sun.

IQE (λ) = ηED (λ)•ηEDis (λ)•ηCC (λ).

Fig. 2b shows the IQE spectra of both planar and nanostructured
non-transparent organic solar cells (with the best of the nanostructured
pixels selected). It can be observed that the nanostructured solar cells
show impressive enhanced IQE compared to the planar counterparts
over the whole wavelength range (350–650 nm), with a maximum enhancement by a factor of 2.5 at 455 nm. From Equation (2), the enhanced IQE could be explained either by enhanced charge collection
eﬃciency (ηCC) through the direct Ag/ZnO nanowire channels, or by
changed morphology of polymers on the nanostructured electrode,
which is assumed to be a minor eﬀect. The reason is that there is no
notable diﬀerence in morphology observed from SEM analysis, together
with good exciton diﬀusion and exciton dissociation eﬃciencies ηED •
ηEDis.
However, the power conversion eﬃciency of nanostructured solar
cells is 31% lower than that of the planar counterparts. One example of
the J-V curves and the analysis of VOC and FF is demonstrated in the
Supporting Information (Fig. S2 and Table S1). To understand the
reason for one of the major limiting factors, the current density of short
circuit JSC, the EQE and total absorption of the devices were compared,
as shown in Fig. 3. It can be seen that in the spectral region below
400 nm, there is stronger absorption in the nanostructured devices than
the planar devices (Fig. 3b), which might be due to the plasmonic

3. Results and discussion
The external quantum eﬃciency (EQE), i.e. photon-to-electron
conversion eﬃciency, of an organic solar cell can be described by the
product of the eﬃciency (η) of each single process (depicted in Fig. 2a)
involved from light absorption to charge collection as below:

EQE (λ) = ηA (λ)•ηED (λ)•ηEDis (λ)•ηCC (λ).

(2)

(1)

where ηA represents the absorption eﬃciency, in which the organic
materials absorb light, and the electrons are excited from HOMO levels
(highest occupied molecular orbitals) to LUMO levels (lowest unoccupied molecular orbitals), resulting in the generation of strongly
bounded electron-hole pairs, namely excitons; ηED represents the

Fig. 2. (a) Schematic diagram of the working principles of typical organic solar
cells, where ηA is the absorption eﬃciency, ηED is the exciton diﬀusion eﬃciency, ηEDis is the exciton dissociation eﬃciency, and ηCC is the charge collection eﬃciency. (b) Internal quantum eﬃciency (IQE) for the non-transparent
planar (black) and Ag/ZnO core-shell nanowire (red) solar cells, under short
circuit condition without background illumination.

Fig. 3. (a) External quantum eﬃciency (EQE) for the non-transparent planar
(black) and Ag/ZnO core-shell nanowire (red) organic solar cells, under short
circuit condition without background illumination. (b) Total absorption spectra
for the non-transparent planar (black) and Ag/ZnO core-shell nanowire (red)
organic solar cells.
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enhancement of the Ag nanowire arrays [15,29], leading to higher EQE
(Fig. 3a). However, in the broader spectral region from 400 nm to
650 nm, both EQE and absorption of nanostructured devices are considerably lower than the planar counterparts, with a maximum decrease
of 26% at 467 nm for EQE and a maximum decrease of 47% at 475 nm
for absorption. It can be found that the dominating reason for this lower
current are optical losses due to strong front-reﬂection by the dense Ag
nanowire arrays, as Ag has the highest reﬂectivity among all metals
[30–32]. Considerably lower light intensity is coupled into the nanostructured devices. We further noticed that four distinguished peaks in
planar devices reduce to two in nanostructured devices (Fig. 3b,
350–650 nm), indicating that the nanostructures suppress the resonant
Fabry-Perot cavity modes [33,34].
Although the nanostructured non-transparent solar cells present
high IQE, the absorption measurement (Fig. 3b) demonstrates that the
front positioned Ag nanostructured electrodes reﬂect a considerable
amount of light, with an overall decrease of 23% (the integral in
350–650 nm) compared to the planar counterparts, which is consequently not contributing to the current generation. Although the absorbed photon-to-electron conversion is very eﬃcient, the optical loss
from the nanostructures' front reﬂection needs to be addressed to
achieve clear beneﬁts from such nanostructured devices.
One initial attempt to address the optical loss problem was to
change the architecture from the conventional non-transparent structure to a semi-transparent structure by replacing the planar Ag electrode (120 nm) with a thin transparent top electrode of 10 nm multilayers (Al/Ca:Ag blend), with a 60 nm wide-band-gap Alq3 organic
capping layer, as depicted in Fig. 4a. The fabrication process and
properties of this transparent electrode have been described previously
[35]. The semi-transparent architecture with a nanostructured Ag
bottom electrode serves as an excellent back reﬂector, and increases the
optical path of light inside the device due to its nanostructure. Fig. 4b
shows the comparison of planar and nanostructured solar cells
(∼250 nm long of AgNWs) under bottom illumination through ITO and
top illumination through Ca:Ag blend, respectively. As expected, in the
case of bottom illumination, the light absorption of the nanostructured
device was lower than the planar counterparts due to the front-reﬂection eﬀect of the nanostructured Ag electrode (Fig. 4b – upper graph).
However, in the case of top illumination, the light absorption in the
device with nanostructured electrode was signiﬁcantly higher than that
without nanostructuring in the main spectral range from 350 to
650 nm, with a maximum enhancement by a factor of 1.8 at 627 nm
(Fig. 4b - lower graph). Furthermore, the comparison between the
bottom- and top-illuminated nanostructured samples (Fig. 4b - two red
curves) reveals that the light absorption was dramatically improved,
with a maximum increase by a factor of 2.8 at 601 nm. This result indicates that the semi-transparent architecture is a promising approach
with two main advantages: i) excellent charge collection, and ii) light
scattering increasing the optical path-length in the device.
Fig. 4c shows the extracted charge collection probability calculated
from the J-V curves of the best pixel in another independent batch of
semi-transparent solar cells (∼130 nm long AgNWs, shown in the
Supporting Information Fig. S3 and Table S2) under both top and
bottom illumination. In both cases, the charge collection probability of
nanostructured devices outperformed the planar counterparts in a large
range of biased voltages, including the voltage at maximum power
point. Near VOC (∼0.4 V), the charge collection probability was lower
than the planar devices, which is due to the low VOC of the nanostructured solar cells. The reason for this lower VOC is assumed to be due
to the insertion of silver, changing the energy-level alignment in the
device [36,37], despite the improved charge collection eﬃciency. If the
VOC can be further improved (e.g. by additional interface modiﬁcations), the charge collection probability in devices with nanostructured
electrodes would outperform the planar devices over the complete
voltage range.

Fig. 4. (a) Schematic illustration of the semi-transparent Ag/ZnO core-shell
nanowire organic solar cells. (b) Total absorption spectra for the semi-transparent planar (black) and Ag/ZnO core-shell nanowire (red) organic solar cells
under bottom illumination through ITO glass and top illumination through
Ca:Ag electrode, respectively. (c) Charge collection probability for the semitransparent planar (black) and Ag/ZnO core-shell nanowire (red) organic solar
cells under bottom illumination through ITO glass and top illumination through
Ca:Ag electrode, respectively. The PCC was normalized at the saturated reverse
voltage of −0.6 V.

4. Conclusion
An extensible electrochemical fabrication method for large-area Ag
nanowire arrays has been successfully applied to electrode materials for
organic solar cells. Using a multi-cycle spin-coating, Ag/ZnO core-shell
nanowire arrays have been formed. These nanowire arrays have been
successfully inﬁltrated by a donor-acceptor blend. The analysis results
of the non-transparent solar cells show that the nanostructured electrodes can signiﬁcantly enhance the charge collection eﬃciency.
Furthermore, the results also demonstrate the implementation of the
nanostructured electrodes into the semi-transparent solar cells. This
could be appealing for colorful solar windows integrated into buildings
and vehicles [38–40]. The improved light harvesting ability of nanostructures indicates that an excellent back reﬂector formed can enhance
the internal light path when illuminated from the semi-transparent top
electrode. Although further optimization regarding the thickness of the
transparent top electrode, the organic semi-conductor layer, and passivation of the nanowires still need to be done, the observed charge
collection and light harvesting properties indicate that the Ag/ZnO
nanostructured electrodes have great potential in optoelectronic devices.
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