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Solution-processed core-shell nanowires for
efficient photovoltaic cells

Jinyao Tang'3%, Ziyang Huo'3%, Sarah Brittman'3, Hanwei Gao'? and Peidong Yang'23*

Semiconductor nanowires are promising for photovoltaic appli-
cations™, but, so far, nanowire-based solar cells have had
lower efficiencies than planar cells made from the same
materials®-1°'213, even allowing for the generally lower light
absorption of nanowires. It is not clear, therefore, if the benefits
of the nanowire structure, including better charge collection
and transport’ and the possibility of enhanced absorption
through light trapping®'s, can outweigh the reductions in
performance caused by recombination at the surface of the
nanowires and at p-n junctions. Here, we fabricate core-shell
nanowire solar cells with open-circuit voltage and fill factor
values superior to those reported for equivalent planar cells,
and an energy conversion efficiency of ~5.4%, which is
comparable to that of equivalent planar cells despite low light
absorption levels'. The device is made using a low-tempera-
ture solution-based cation exchange reaction'-?' that creates
a heteroepitaxial junction between a single-crystalline CdS
core and single-crystalline Cu,S shell. We integrate multiple
cells on single nanowires in both series and parallel configur-
ations for high output voltages and currents, respectively. The
ability to produce efficient nanowire-based solar cells with a
solution-based process and Earth-abundant elements?2-24
could significantly reduce fabrication costs relative to existing
high-temperature bulk material approaches.

Nanowire photovoltaics (PV) has been the subject of research
with a view to enhancing the energy conversion efficiency and
reducing the material and fabrication costs compared with bulk
and thin-film PV. The core-shell geometry of nanowires is
thought to be able to enhance the efficiency of charge collection
by shortening the paths travelled by minority carriers®”!4
However, nanowire solar cells demonstrate fill factors (FFs) and
open-circuit voltages far inferior to those of their planar counter-
parts, suggesting lower charge collection efficiencies®™. Possible
reasons for this poor performance of nanowire solar cells include
surface recombination and poor control over the quality of the
material junction at the nanometre scale when high-temperature
doping processes are used. On the other hand, heterojunction nano-
wire solar cells! containing suitably abrupt p-n junctions usually
include a polycrystalline shell, which is associated with a high
density of surface states, interface states and grain boundaries,
which all reduce the efficiency of charge collection.

An ideal epitaxial core-shell configuration is highly desirable for its
low recombination rate and high collection efficiency; however, the
high fabrication costs associated with gas-phase epitaxial chemical
vapour deposition (CVD)* or molecular beam epitaxy (MBE)!?
prevent its widespread application. The solution-based cation
exchange reaction, on the other hand, provides a facile, low-cost
method to prepare high-quality heteroepitaxial nanomaterials'’~%.
Furthermore, the cation exchange reaction circumvents the difficulties
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Figure 1| Structural characterization of CdS and CdS-Cu,S core-shell
nanowires. a, Representative TEM image of an as-grown CdS nanowire with
its tip capped by a gold nanoparticle. Inset: electron diffraction pattern taken
on the single crystalline nanowire. b, High-resolution TEM image of an
individual CdS nanowire, showing the single crystalline structure.

¢, High-resolution TEM image of a CdS-Cu,S nanowire at the heterojunction.
d, Constructed inverse FFT image along the growth direction for the area
marked in ¢. The green area shows the typical lattice fringe distortion at the
core-shell interface (see Supplementary Information). e-f, EELS elemental
mapping images for Cd (e) and Cu (f), respectively.

of high-temperature doping and deposition for nanomaterials, which
suggests much lower fabrication costs and better reproducibility.

The core-shell nanowires were prepared using a solution-based
cation exchange reaction. The initial CdS nanowires were synthesized
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Figure 2 | Fabrication and characterization of CdS-Cu,S core-shell nanowire PV devices. a, Schematic of the fabrication process. From left to right, a CdS
(yellow) nanowire (NW) is partially converted in CuCl solution to form a layer of Cu,S (brown) shell, then metal contacts were deposited on the CdS core
and Cu,S shell. The Al,O3 masking step is not shown. b, SEM image of a PV unit; CdS and Cu,S are highlighted with yellow and brown false colours,
respectively. ¢, I-V characteristic of a core-shell nanowire under 1sun (AM 1.5G) illumination. d, Light intensity dependence of the photocurrent (Is.) and
open-circuit voltage (V). € Wavelength dependence of the photocurrent compared with simulated nanowire absorption. Photocurrent (red curve) was
normalized by the photon flux of the source and matches well the absorption spectrum of the simulated CdS-Cu,S core-shell nanowire with similar

dimensions (blue curve).
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Figure 3 | SPCM of a core-shell nanowire. a, SEM image of the PV device with metal contact shown in b. b, SPCM image superimposed on the confocal
reflection image collected simultaneously shows that only the core-shell portion of the nanowire is active for solar energy conversion. ¢, Line profile of the
photocurrent along the nanowire, revealing uniform photocurrent in the core-shell region.

by physical vapour transport using a vapour-liquid-solid (VLS)
mechanism?® rather than wet chemistry?’, thereby achieving material
of better quality and with greater physical length. The as-grown
single-crystalline CdS nanowires have diameters of between 100 and
400 nm and lengths up to 50 pm, as shown in scanning electron
microscopy (SEM) images (see Supplementary Information). The
morphology of the CdS nanowires was further confirmed by trans-
mission electron microscopy (TEM; Fig. 1a). Figure 1b shows the
single-crystalline hexagonal crystal phase of the CdS nanowire,
which is consistent with results from powder X-ray diffraction (see
Supplementary Information). The spacing of the lattice fringes
measured from Fig. 1b is ~3.1 A, which corresponds to the (101)
plane of wurtzite CdS and is consistent with the electron diffraction
pattern (Fig. 1a, inset).
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The as-grown CdS nanowire was dipped into a 0.5 M CuCl
solution at 50 °C for 5-10 s to convert the surface CdS to a Cu,S
shell. From the TEM image (Fig. 1c), the single-crystalline Cu,S
shell was measured to be 5-20 nm thick, and its thickness could
be controlled by the reaction time (see Supplementary
Information). The spacing of the lattice fringes in the shell is
~3.2 A, which corresponds to the (222) plane of low-chalcocite
Cu,S. Along the oriented direction, the lattice mismatch is less
than 4%, allowing epitaxial growth with minimal formation of
structural defects. In Fig. 1d, the selected inverse fast Fourier
transform (FFT) image shows that most of the lattice fringes are
smooth and continuous across the junction, and that less than
10% distortion exists at the heterostructure interface in the
marked area. Furthermore, the in situ electron energy loss spectrum

569

© 2011 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nnano.2011.139
www.nature.com/naturenanotechnology

LETTERS

¢ 015 ‘
1| — Tcell ‘
0104 | 2cells
— 3cells |
0.05 |
< 1 \ ‘
< 0001+
1-0.2 0.2 q.6 1.0 14 18
-0.05 Voias (V)
(oI S —

38/NNANO.2011.139

d I
0.40 4 | — 1 cell I
1| 2cells |
0204 | 4cells |
< 0.00
)

-0.20

-0.40

-0.60

Figure 4 | Multiple PV units on a single nanowire, in series and in parallel. a, SEM image of three PV units from a single nanowire in series with the
core-shell regions marked by the brown rectangles. b, SEM image of four PV units from a single nanowire in parallel with the core-shell regions marked by
the brown rectangles. ¢, I-V characteristic of the in series units under 1 sun illumination (AM 1.5G), showing that the voltages add and the current remains
fixed. d, I-V characteristic of the four units in parallel under 1 sun illumination (AM 1.5G), showing that the currents add and the voltage remains fixed.

(EELS) mapping in Fig. le,f shows that cadmium is uniformly
dispersed throughout the nanowire, whereas copper is concentrated
near the surface, confirming the core-shell structure.

To characterize the PV performance of the CdS-Cu,S nanowires,
devices were fabricated as illustrated in Fig. 2a. Briefly, the CdS
nanowire was masked with Al,O;, and then the mask was removed
with buffered hydrofluoric acid (BHF) in a region defined by
photolithography. After cation exchange in the CuCl solution,
metal electrodes were deposited for ohmic contact (Fig. 2b). As the
CdS nanowire was intrinsic, and therefore highly resistive (>1 T2)
in the dark, the dark current was below our measurement sensitivity
(~0.1 pA) in the measurement region (-1 V to 1 V). Under 1 sun
illumination (AM 1.5G), the photogenerated carriers dramatically
reduced the resistivity of the CdS to ~0.1 G{), which is negligible
in the current measurement (voltage drop of ~0.01V for the
short-circuit condition).

Figure 2c shows the I-V characteristic of these core-shell
nanowire devices, clearly demonstrating the advantages of the
heteroepitaxial junction PV device. The device shows high-quality
diode behaviour, with an ideality factor of n= 1.2, a large open-
circuit voltage Vo of up to 0.61 V, and an excellent FF of over
80%. Even though the Cu,S$ thin-film solar cell has been researched
for over four decades, this nanowire device exhibits by far the best
recorded Vi and FF, which are close to their theoretical limits®®
(the maximum V,. and FF values reported for thin-film
Cu,S-CdS solar cells are ~540 mV and 71%%%%). Because these
two values are directly related to the junction quality and carrier
recombination, we attribute these improvements to the virtues of
both the heteroepitaxial junction and the high carrier collection
efficiency of the core-shell nanowire structure. Furthermore,
the devices are relatively stable under ambient and illuminated
operation conditions (see Supplementary Information). These
nanowire PV cells also exhibit a high parallel resistance Ry, over
1 TQ, implying less degradation in performance under low
illumination conditions, such as those present in indoor
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applications. As shown in Fig. 2d, the V. drops more slowly
with decreasing light intensity (AVyc/Aln(I)=22.5mV) than
in a silicon nanowire® (AVy./Aln(I) ~ 56 mV) or in Cu,S thin-
film PVs* (AVyo/Aln(I) ~ 39 mV). Compared with previously
reported silicon and GaAs nanowire solar cells®’, the main advan-
tage of our system is the abrupt and epitaxial interface between its
p- and n-type materials. Because the ratio of junction area to
absorption material volume in a nanowire solar cell is significantly
larger than the same ratio in a bulk solar cell, a nearly epitaxial inter-
face with low defect density is key to achieving improved charge
collection while minimizing carrier recombination at the interface.

Our nanowire PV cells were ~4.95 pm long and 260 nm in
diameter, and yielded a short-circuit current I of 147 pA.
Because the nanowire PV active area is confined to its lithographi-
cally defined core-shell region, as confirmed by scanning photocur-
rent mapping (SPCM, Fig. 3), we estimated the active area as its
geometric cross-section (1.29 pm?®) and calculated an upper limit
to the current density as 11.4 mA cm ™ * and the corresponding con-
version efficiency as ~5.4%. The wavelength dependence of the
photocurrent (Fig. 2e) shows that much less photocurrent is gener-
ated at wavelengths longer than 520 nm, where only Cu,S can
absorb. This is mainly because the thickness of the Cu,S shell
(5-20 nm) allows it to absorb only 10-20% of the available
longer-wavelength photons, as confirmed by a numerically simu-
lated absorption spectrum (Fig. 2e). We have also observed a drop
in current density for core-shell nanowires with thinner shells,
suggesting that the energy conversion efficiency of this new
core-shell nanowire cell can be further improved by increasing
the thickness of the Cu,S shell within the structure.

SPCM was performed to examine the active area in the PV
device”8. As shown in Fig. 3, the active area is confined to the litho-
graphically defined cation-exchange conversion region, which con-
firms that the core-shell nanowire does indeed generate all the
measured photocurrent. Two plateaux appear in the photocurrent
line profile along the length of the nanowire (Fig. 3c). This
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indication of uniform charge collection along the core-shell nano-
wire confirms the low series resistance loss of the CdS core and
Cu,S shell. Furthermore, the sharp decrease in current at the edge
of the core-shell region implies a short minority carrier diffusion
length (L <1 wm) within the CdS. For such a material, it is expected
that the solar cell will benefit from the improved collection efficiency
of the core-shell nanowire structure over that of a planar thin film'.

We further demonstrated the reproducibility and versatility of
our nanowire PV cells by constructing multiple units on a single
nanowire in either parallel or series configurations. As is shown in
Fig. 4, three cells in series and four cells in parallel were prepared
on a single CdS nanowire. In each case, high V. or high Iy
were obtained without a decrease in the FF (~80%). When individ-
ual solar cells are connected for higher output power, it is important
that the cells in parallel have matching voltages and the cells in series
have matching currents to maximize the performance of the
module. Because our PV units were built on the same nanowire,
superior uniformity of Iy., Vo and FF between units can be
readily achieved, resulting in virtually no power loss after the
connection of individual cells.

In summary, we have presented a method to prepare CdS-Cu,S
core-shell nanowires using a solution-based cation exchange
reaction. Advantages of this solution-based method include its
simplicity and potential low cost, as well as its use of Earth-abundant
elements. Furthermore, the heterojunction prepared by this method
is atomically well defined with few interface defects, enabling excel-
lent charge separation with minimal minority carrier recombina-
tion. As a result, our nanowire PV device shows excellent V., FF
and response to low light levels compared with both planar solar
cells and to previously reported nanowire solar cells. At present,
the efficiency of our CdS-Cu,S devices is limited mainly by their
light absorption, which can probably be improved by using a
thicker Cu,S shell or by taking advantage of the light-trapping
effects found in nanowire arrays. We expect that creating a similarly
high-quality interface within silicon or group m-v nanowire-based
solar cells will also improve the energy conversion efficiency of
these devices. Our demonstration of excellent V. and FF within a
core-shell nanowire shows that, by creating such high-quality inter-
faces, nanowire-based solar cells can achieve a charge collection
superior to that of their planar counterparts. This achievement,
together with the increased light absorption already demonstrated
in nanowires, indicates that core-shell nanowires are truly
promising components for future PV devices.

Methods

CdS nanowire synthesis. Growth of CdS nanowires was carried out in a 1-inch
quartz tube furnace. CdS powder (99.999%, Alfa Aesar) was loaded into the centre of
the tube as the source. A 10 nm gold thin film was deposited on a silicon substrate
as a catalyst for one-dimensional growth. Growth was carried out at 800 °C with
~100-200 s.c.c.m. argon as a carrier gas for ~30 min.

Device fabrication. After growth, the CdS nanowires were dispersed in isopropanol
(IPA) and drop-cast onto a silicon substrate with 200 nm thermal oxide. The silicon
substrate loaded with CdS nanowires was then coated with 20 nm Al,O; by atomic
layer deposition at 200 °C. For units in series, nanowires were cut into several
15-pum-long segments by photolithography followed by etching in HCI vapour. The
conversion area was also defined photolithographically, and the Al,O, mask was
removed by dipping into 1:10 buffered hydrofluoric acid (BHF) for 30 s. Cation
conversion was performed by dipping the substrate into 0.5 M CuCl solution at
50 °C for 5-10 s. The substrate was then thoroughly rinsed with deionized water,
acetone and IPA and blown dry with nitrogen. Metal contacts to the CdS and Cu,S
were defined by photolithography and electron-beam evaporation of indium/gold
(5 nm/100 nm) and platinum/gold (10 nm/90 nm), respectively, at

~2 % 10 ° torr. No annealing was required to obtain ohmic contact.

Optical and electrical measurements. A 150 W xenon arc lamp (Newport
Corporation) with an AM 1.5G filter was used to characterize the PV device
response, and the light intensity was calibrated using a NREL calibrated silicon
photodiode. I-V characterization was performed with a Keithley 236 source-
measure unit (SMU). The parallel resistance of the device was calculated by taking
the derivative of the -V curve in the short-circuit condition. A home-built confocal

microscope with piezoelectric scanning stage was used for simultaneous reflection
imaging and SPCM. A helium-cadmium laser (A = 442 nm) was focused to a
diffraction-limited spot through the objective lens of the microscope (NA = 0.95),
with a power density of ~10-15 W cm 2. At each point in the reflection imaging,
the photocurrent was recorded by the Keithley SMU. The image resolution for both
measurements was 128 x 64 pixels. Photocurrent maps were plotted using
MATLAB?!, and the reflection images were processed using Image SXM>?. The
dependence of the photocurrent on wavelength (Fig. 2e) was obtained by measuring
the photocurrent generated in the device at 10 nm increments, normalized by the
photon flux of the source. A 300 W xenon arc lamp (Newport Corporation) was
coupled to a monochromator (Newport Corporation) to obtain monochromatic
illumination. The output of the source was measured using a calibrated photodiode
(Newport Corporation).

Nanowire absorption spectrum simulation. The optical absorption spectrum was
calculated using finite-difference time-domain methods (Lumerical FDTD Solutions
7.0). A nanowire with a 230-nm-diameter CdS core and 10-nm-thick Cu,S shell was
considered in the model. An orthogonal meshing size of 2 nm was used in the
nanowire region, which was proven fine enough by a convergence test. The optical
absorption of the nanowire was obtained by monitoring the power flow in and out of
a monitor box enclosing the nanowire.
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