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Many nanotechnology-based enhancements for solar cells have
been proposed.[1] On the one hand, inorganic nanoparticles,
nanorods, and nanowires (NWs) have been incorporated into
organic solar cells[2–7] to extend the available interface for charge
separation and improve the overall mobility of the material. On
the other hand, for conventional inorganic solar cells, it has also
been theoretically shown that NW-like structures could potentially
lead to a better collection efficiency of photogenerated carriers
together with greater optical absorption from low-purity
material.[8,9] Particular attention has been placed on the coaxial
core/shell NW structure, where charge separation of photo-
generated carriers occurs in the radial direction, that is,
orthogonally to the optical absorption path. This idea can be
implemented either with a core/shell NWp–n junction[10] or with
a core/shell structure formed by two materials with type-II band
alignment, which separate charge at the interface without the
need for doping.[11,12] From a practical point of view, however,
clear evidence of NW solar cells outperforming existing solutions
based on planar thin films is still lacking.

Silicon-based solar cells currently dominate the photovoltaic
(PV) market.[13] Several attempts have been made to fabricate
solar cells based on coaxial silicon nanowires (SiNWs).[14,15] The
efficiency of SiNW p–n and p–i–n junctions as nanoelectronic
power sources has been measured down to the individual-NW
level.[10,16] The interpenetrated p–n junction geometry based on
coaxial NWs, however, still relies on carrier-collection paths
composed of semiconductor materials, which pose constraints on
collection efficiency due to path resistance.

Here, we extend this approach by fabricating solar cells with
interpenetrated electrodes, that is, a multishell coaxial NW
structure where ametallic inner core and ametallic outer shell act
as proximity electrodes for the radial junction sandwiched in
between. Specifically, our strategy is based on coating vertically
aligned multiwall carbon nanotubes (MWNTs) with amorphous-
silicon (a-Si:H) shells and indium tin oxide (ITO). MWNTs are
known as quantum resistors, whose conductance is independent
of the diameter and length of the tube (one unit of the
conductance quantum Go ¼ 2e2=h ¼ 12:9kVð Þ�1).[17] The use of
MWNTs as core contacts can avoid electrical losses that might
occur in other types of nanowires. Moreover, nanotube/nanowire
(NT/NW) arrays form a natural light-trapping structure.[18]

Indeed, a 25% increase of the short-circuit current is achieved
for the NT/NW array compared to the planar a-Si cell used as
reference. Most of this enhancement is measured to come from
red photons. A similar experiment was recently carried out by
Camacho et al., who used MWNTs as scaffold to support a CdTe
heterojunction.[19] In contrast, our study concentrates on a-Si:H
as a cheap and environment-friendly material, which at present is
widely used in commercial solar-cell manufacturing. We also see
that a-Si:H provides a more conformal coating on MWNTs
compared to CdTe.

Figure 1a outlines the fabrication process of the coaxial
MWNT/a-Si:H solar-cell devices (I-III) and their final physical
structure (IV). Details of the fabrication process can be found in
the Experimental section. Scanning electron microscopy (SEM)
images of vertically aligned MWNTs arrays and of coaxial
MWNT–amorphous-silicon structures are shown in Figure 1b.
MWNTs are conformally coated with a-Si:H with no evident
tapering. The solar cells exhibit a periodic 3D nanostructure,
leading to an amplification of the effective cell area. From top to
bottom, our solar cells comprise layers of ITO/intrinsic a-Si:H/
n-type a-Si:H/MWNTs on a tungsten substrate. The solar cells are
thus Schottky-type, as Schottky junctions are formed at the ITO/
a-Si:H interface. The built-in electric field across the absorbing
layer – intrinsic a-Si:H – is formed through the alignment of the
Fermi levels between the nþ doped a-Si:H and the ITO. The
nominal band diagram for the structure is shown in Figure 1c.
The work-function of the ITO is taken to be 4.9 eV. The band gap
and electron affinity of a-Si:H are taken as 1.6 eV and 3.7 eV,
respectively. The n-type amorphous Si is taken as having a Fermi
level 0.2 eV below the effective conduction-band edge. The ITO
and a-Si:H form a Schottky junction that is suitable for
photogenerated hole flow.

In order to assess the performance of the coaxial MWNT/
a-Si:H solar cells, a planar cell without MWNTs was prepared as a
reference using the same fabrication process. The line-pattern
mbH & Co. KGaA, Weinheim 3919
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Figure 1. Schematics of device fabrication and SEM images of coaxial MWNT–amorphous-
silicon solar-cell arrays. a) Device-fabrication processes: I) growth of patterned MWNTs on
tungsten-coated (yellow layer) silicon wafer; II) deposition of amorphous silicon onto MWNTs
arrays; III) deposition of transparent conductive top electrode (ITO, green layer); IV) schematic
of a line-pattern array of coaxial MWNTs-amorphous silicon NWs; b) Tilted SEM images of
MWNTs arrays in I) dot-pattern and II) line-pattern configurations as grown on tungsten; III) and
IV) MWNTs arrays shown in I) and II), respectively, after a-Si:H coating. Scale bars¼ 2mm.
c) Band diagram of the ITO–amorphous-silicon Schottky diode.
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geometry illustrated in Figure 1b IV, was used as the preferred
configuration, as it has the advantage of packing the MWNT/NW
structures with maximum density in one direction, while leaving
a controllable air gap for light trapping. Hereafter, the device with
line-patterned coaxial MWNT/a-Si:H arrays (Fig. 1b IV) is labeled
as PV-1, and the planar reference device as PV-2. Both devices
were fabricated on tungsten-coated SiO2 substrates, and for both
devices the thickness of the intrinsic a-Si:H is 500 nm on the
planar parts of the cell. The a-Si:H thickness on the MWNTs is
reduced to 200–300 nm in the plasma-enhanced chemical vapor
deposition (PECVD) process. Device PV-1 has line-pattern arrays
Figure 2. a) Current–voltage characteristics of a coaxial MWNT–amorphous-silicon solar cell
(PV-1) and a planar solar cell (PV-2). b) Semi-log plot of current–voltage characteristic for PV-1
and PV-2.
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with a pitch of 2mm. The average MWNT
height is �2.5mm, and the overall diameter of
the MWNT/a-Si:H/ITO multishell structure is
�640 nm. Both devices were tested under the
same environmental conditions.

As PV-1 has nanostructures that enhance the
surface area, a parameter defined as apparent
current density is introduced to compare the
performance of the two devices (see Experi-
mental). The current–voltage characteristics of
both PV-1 and PV-2 under AM1.5 are plotted in
Figure 2. As shown in the figure, the short-
circuit current densities of PV-1 and PV-2 are
7.04mA cm�2 and 5.64mA cm�2, respectively.
A short-circuit-current gain of �25% is
achieved in the coaxial structure over its planar
counterpart. The open-circuit voltage is slightly
improved in PV-1, about 27mV larger than that
of PV-2. The fact that the open-circuit voltage
does not degrade over that of the planar cell
clearly suggests that each coaxial MWNT/a-Si:H
subcell has the same junction properties and
does not ‘work against’ each other in terms of
potential. Themeasured open circuit of 280mV
can be understood from the nominal band
diagram in Figure 1c. Photogenerated holes
will be collected in the ITO side of the ITO/
i-a-Si:H Schottky barrier. This will continue
until the Fermi level in the ITO is below the
valence-band edge of the intrinsic a-Si:H. After
this, no holes will flow into the ITO, as a barrier
appears for hole flow. Hence, the effective
open-circuit voltage is the separation between the ITO Fermi level
and the valence-band edge of the intrinsic a-Si:H. In the nominal
band diagram, this is 0.4 eV, close to the �0.3 eV seen
experimentally. Given that the open-circuit voltage is very close
for both PV-1 and PV-2, it seems independent of the back contact,
either MWNTor W. From semi-log plots of the dark jIj–V curves
(Fig. 2b) we obtained an ideality factor of 3.72 for PV-1 and 5.7 for
PV-2. The improvement in ideality factor in the array-structure
case of PV-1 is ascribed to the thinner active i-a-Si:H layer
(200–300 nm) compared to that in the planar PV-2 cell (500 nm),
leading to a larger charge-separation field, and consequently less
e

recombination in the active layer. The results
indicate that the coaxial MWNT/a-Si:H array
functions as thousands of individual free-
standing photovoltaic NWs connected in
parallel. The 25% increase in short-circuit
current can be initially viewed as an enhance-
ment of the effective cell area by 25% through
the use of the MWNT array, that is, the array
structure acting to ‘concentrate the electrode
area’ of the cell. However, the change in the
light-absorption properties of the array also
have to be taken into account, as discussed
below. The relative increase in efficiency of the
MWNT/a-Si:H cell is also �25%. In the
following, we discuss our findings and
investigate the merits of the cell geometry.
im Adv. Mater. 2009, 21, 3919–3923
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Figure 3. a) SEM image of a tip open coaxial MWNT–amorphous-silicon solar cell, showing the
inner MWNTs, the a-Si:H photoabsorbing layer, and the outer ITO shell. Scale bar¼ 500 nm.
b) TEM image of an a-Si:H-coated MWNT. Scale bar¼ 20 nm. c) EDX analysis performed on spot
A (the shell) and B (the core) of the TEM image.

Figure 4. Schematic diagrams that compare the light-trapping structure
and the charge-carrier collection direction of a) PV-1 and b) PV-2.
First, it is essential that MWNTs withstand the plasma-based
deposition process for a-Si:H to serve as conductive paths for
electron transportation. To verify this point, an SEM image of a
coaxial wire with an open tip is shown (Fig. 3a, structure in the
center). The MWNT inner core is still visible after a-Si:H
deposition. A separate coaxial MWNT–amorphous-silicon NW
sample was prepared for transmission electron microscopy
(TEM) investigations. A TEM image is shown in Figure 3b with
the corresponding energy-dispersive X-ray spectroscopy (EDX)
analysis, showing the significantly higher carbon content of the
core (Fig. 3c). The high conductivity of MWNTs as core electrodes
can be inferred from the fact that the fill factor of device PV-1 in
Figure 2a does not decrease compared to the reference cell PV-2.

The capacitances of these solar cells were also measured in
order to determine whether or not the MWNTs are serving an
active role in collecting currents. The capacitance for PV-1
measured at 0 V is 400 pF, which is 125 pF larger than that of PV-2
(275 pF). The 125 pF increment is mainly due to the effective-area
enhancement realized through parallel connection of cylindrical
capacitors forming the MWNT/a-Si:H/ITO array. A cylindrical
capacitor model[20] was used to calculate the theoretical increment
(see Experimental section). Assuming an average cylinder height
of 2.5mm, the calculated capacitance of one MWNT/a-Si:H/ITO
cylinder would be 0.812 fF. Consequently, the total capacitance of
the cylindrical nanocapacitor array (made of �180 000 units)
would be 146.16 pF, which is very close to the experimental
difference of 125 pF between PV-1 and PV-2.

Efficiency of a-Si:H thin-film solar cells can be enhanced by
effective light trapping, especially in the red spectral region,
Adv. Mater. 2009, 21, 3919–3923 � 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
where absorption is weak.[21] The absorption
curve for a-Si:H (optical bandgap�1.7 eV) tails
off in this region. For wavelengths between
600 and 700 nm, the absorption coefficients
are in the 103 cm�1 range.[22] Consequently,
several micrometers of a-Si:H film are needed
for full absorption of light at these wave-
lengths. However, a layer of a-Si:H with
a thickness over 600 nm is not desirable,
as a-Si:H layers exhibit the well-known
Steabler–Wronski Effect (SWE) instability.[23]

The defect density of a-Si:H increases with
light exposure, therefore an increase in
thickness leads to higher carrier recombina-
tion in the bulk absorption layer, lowering the
solar-cell energy-conversion efficiency with
time. Additionally, a thicker undoped absorp-
tion layer increases the series resistance for
charge separation, and is seen as a loss of fill
factor. One practical approach to circumvent
these problems is to apply a higher electric
field in thinner a-Si:H layers.[24] It is thus
necessary to design an efficient light-trapping
solution that allows the cell to fully absorb light
even when its thickness is much less than the
absorption length for light of a given wave-
length. In the experimental devices, the typical
a-Si:H layer thickness, which conformally
covers the MWNT, is 200–300 nm thick.

Figure 4 illustrates the light trapping model

implemented in the array of coaxial MWNTs/a-Si:H solar cells.
Coaxial solar-cell arrays depicted in Figure 4a offer two distinct
optical advantages over a conventional thin-film structure. First,
incident photons that are normal to the device surface have a
longer path along the axial direction of the coaxial columns, and
therefore have a greater probability of being absorbed. Second,
light incident over a certain range of angles can see multiple
reflections from the sidewalls of these columns. The outcome is a
natural light-trapping structure that can reduce the reflection over
a broad spectrum. For planar cells, an antireflection coating is
required to reduce reflection and achieve good optical confine-
ment, but this solution only ensures antireflection over a narrow
spectrum.

Blue and red color filters were added to the solar simulator in
order to compare the short-circuit-current contribution from
different spectral regions. Significant short-circuit-current
enhancement appears in device PV-1 when the red filter is used
heim 3921
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(Fig. 5a). The short-circuit current in this spectral region is about
1.4 times larger than that of PV-2 (Fig. 5b). On the other hand, the
short-circuit current for PV-1 and PV-2 are closer in value when
the blue filter is used. This suggests that longer wavelengths are
more efficiently scattered by the 2-mm-pitch line pattern in the
NT/NWarray. It should be noted that though each MWNT/a-Si:H
Figure 5. a,b) Plots of current–voltage characteristics for PV-1 and PV-2
under color-filtered illumination and EQE curves. c) EQE of device PV-1 and
PV-2.

� 2009 WILEY-VCH Verlag Gmb
cell in a line may physically touch each other, without an air
region between them, as shown in Figure 3a, what matters
optically is the pitch/separation between the metallic MWNTs, as
the ITO and a-Si:H layers are optically transparent. Further
investigations are under way to optimize the pitch that would
allow the maximum nanostructure density, while ensuring the
best wavelength-dependent light-trapping properties (including
line patterns with variable spacing). Figure 5c shows the external
quantum efficiency (EQE) for both core/shell (PV-1) and planar
(PV-2) structure devices. PV-1 demonstrates its superior light-
trapping properties over PV-2 by producing a larger EQE in the
wavelength region between 570 nm and 760 nm.

Finally, there must be another electrical merit that leads to a
better diode ideality factor. We attribute this to the vertical
structure of MWNTs, which leads to the orthogonalization of the
direction of light absorption and charge-carrier transport. For the
planar solar-cell structure (Fig. 4b), there are more charge carriers
generated on the illuminated side of the cell when the light hits
the surface. One species of photogenerated carriers (electrons in
our case) will therefore have a longer path to travel than the other
before collection by the electrode. Conversely, in the radial
junction structure (Fig. 4a), while light is being absorbed along
the axial direction, both electrons and holes are moving radially,
and on average cover an equal distance to reach the metallic
junction before charge collection.[1,8] The final outcome is that the
average carrier-drift time of a particular type is shortened, and the
chance for electron–hole recombination in the absorption region
is reduced, leading to a better diode ideality factor.

In summary, we report coaxial solar cells realized using carbon
nanotubes as the core electrode. Arrays of coaxial multi-
wall-carbon-nanotube–amorphous-silicon solar cells are fabri-
cated and characterized. A short-circuit-current enhancement of
�25% has been achieved over the conventional planar structure,
owing to the highly effective light-trapping structure of the coaxial
MWNT/a-Si:H nanowire array. Our findings suggest that solar
cells with higher efficiency can be fabricated in a similar way on
MWNTelectrodes using many other low-cost thin-film materials.
Experimental

Device Fabrication: The fabrication process of our solar-cell device
started with the sputtering of a thin tungsten layer (80 nm) onto a Si/SiO2

insulating substrate as the bottom contact. Nickel, used as catalyst to grow
MWNTs, was then deposited onto the tungsten via e-beam lithography
patterning. The pattern can be designed in such a way that only a single
standing carbon nanotube is grown on each catalyst site [25–27]. Vertically
alignedMWNTswere grown using a direct-current (DC) PECVDmethod. In
device PV-1, a line array of MWNTs with 239 rows and 2-mm pitch was
grown. The tungsten layer, together with the as-grown MWNTs, served as
the back electrode for the device. To continue the solar-cell-fabrication
process, n-type (�25 nm) and intrinsic a-Si:H (�500 nm) layers were
sequentially deposited onto this back electrode by radio-frequency PECVD
(Fig. 1a II), and a 60 nm ITO film was finally deposited onto the intrinsic
a-Si:H layer as the front contact (Fig. 1a III). The whole solar-cell area is
defined by the bottom tungsten layer, which is about 0.5mm� 0.5mm.

CNT Growth: The nanotubes (diameter �80 nm) were grown from the
Ni catalyst at 7008C, using a C2H2 and NH3 gas mixture. The growth
pressure was 4mbar (1mbar¼ 100 Pa), which led to a growth rate of
0.2mm min�1. A detail description of MWCNT growth by this technique
can be found elsewhere [28].
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 3919–3923
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Amorphous-Silicon Deposition: The following conditions were used:
substrate temperature 2508C; deposition pressure 350mbar; SiH4:H2 ratio
10%; radio-frequency power 70mW cm�2; PH3:SiH4 ratio 0.5%.

Solar-cell Characterization: The current–voltage characteristics were
measured using a HP 4140B sourcemeter. For white-light efficiency
measurement (at 100m Wcm�2), an Oriel solar simulator (Model 96000)
with an AM 1.5G filter was used. The light intensity was measured by a
Newport-calibrated solar cell. The apparent current density ( Jsc) is
calculated by dividing the measured current by the actual tungsten
contact area (0.5mm� 0.5mm). The saturation current, I0, and the diode
ideality factor, N, were extrapolated from the ideal diode equation:
ln Ið Þ ¼ q

NkT V þ ln I0ð Þ
Coaxial Capacitance Calculation: The capacitance of a single coaxial

solar-cell structure was approximated by a cylindrical capacitor model
C ¼ 2p"0"rl=ln b=að Þ; [20] where e0 is permittivity in a vacuum, er is
the dielectric constant of a-Si:H, l is nanotube length, a is nanotube
diameter, and b is the coaxial diameter of a-Si:H. Using this model
with "0 ¼ 8:85� 10�14 Fcm�1; "r ¼ 11:7; l ¼ 2:5mm, a¼ 80 nm and
b¼ 580 nm, the capacitance of one coaxial structure is calculated to be
0.812 fF. In device PV-1, each row of CNTs is 478mm; assuming the
diameter of each coaxial CNT–amorphous-silicon–ITO column is 640 nm
and all such columns are closely packed in the row, there will be
approximately 750 coaxial columns in each row, with 239 rows, giving a
total number of coaxial columns of 179 250. The total capacitance
calculated according to the above formula is 146.16 pF, which is in good
agreement with the value measured (125 pF) at 100 kHz.
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