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Hybrid GaAs-Nanowire—Carbon-Nanotube
Flexible Photovoltaics

Parsian K. Mohseni, Gregor Lawson, Alex Adronov, and Ray R. LaPierre, Member, IEEE

Abstract—A simple method is described for the preparation of
carbon nanotube (CNT) composite films containing Au nanoparti-
cles, which act as adatom collection agents promoting the growth
of core-shell p-n junction GaAs nanowires (NW), according to the
vapor-liquid-solid mechanism. This approach for composite film
formation requires no covalent modification of the CNTs. GaAs
NWs obtained are randomly aligned with respect to the CNT sub-
strate in a densely packed arrangement. Nanohybrid films, incor-
porating coaxial GaAs NWs as the active, light-harvesting medium
are used in the fabrication of photovoltaic cells, exhibiting con-
version efficiencies up to 0.32%. Doping experiments confirm that
conduction is not dominated by Schottky barriers at contact in-
terfaces. The NW/CNT solar cells are shown to retain function
following bending up to a curve radius of 12.5 mm, illustrating the
potential of these novel materials in flexible device applications.

Index Terms—Carbon nanotubes (CNTs), molecular beam epi-
taxy, photovoltaic (PV) cell fabrication, semiconductor nanowires
(NWs).

I. INTRODUCTION

NE-DIMENSIONAL structures play a unique role in the
O landscape of nanometer-scale science and engineering.
In this realm, semiconductor nanowires (NWs) and carbon nan-
otubes (CNTs) have attracted interest by demonstrating quan-
tum mechanical phenomena and integration within a new gen-
eration of electronic and photonic devices [1]. Furthermore,
the combination of semiconducting NWs or CNTs with more
mature functional materials, such as thin films and polymers,
has demonstrated enhanced functionality and improved device
performance [2]-[6].

Of particular significance is the solar energy conversion po-
tential possessed by semiconductor NWs. This stems from a
variety of factors including their inherent light-trapping capabil-
ities, as NW ensembles allow for improved optical absorption,
in comparison to their thin film or textured-surface counter-
parts [7]. There is particular interest in coaxial p-n junction
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NWs where, for example, a p-doped core is surrounded by an n-
doped shell. With this geometry, charge carriers are efficiently
separated by the coaxial p-n junction across the NW diame-
ter, d, which can be smaller than the carrier diffusion length,
thereby promoting high-efficiency collection of photogenerated
carriers [8]. Recently, numerous efforts have demonstrated the
photovoltaic (PV) capabilities of semiconductor NWs, based
on Si [9]-[12], II-V [13], [14], and II-VI [15]-[17] materials.
As NWs can easily be integrated with a variety of functional
substrates, fabrication of mechanically flexible, NW-based op-
toelectronic devices has attracted considerable attention [18]
and remains a matter of continual importance.

We recently reported that single-walled CNT (SWNT) com-
posite films decorated by Au nanoparticles can be employed
as substrates for the assembly of III-V semiconductor NWs,
[19] according to the vapor-liquid—solid (VLS) mechanism
[20]-[22]. In this prior work, thin films of poly(ethyleneimine)
functionalized CNTs, prepared using the vacuum filtration
method [23]-[25], were decorated with Au nanoparticles by
in situ reduction of HAuCl, under mild conditions [26]. These
SWNT-Au composite films were subsequently used as sub-
strates for the growth of GaAs NWs in a gas-source molecular
beam epitaxy (GS-MBE) system. Following this procedure, ran-
domly aligned NWs were obtained in high density across the
entire surface of the SWNT substrates. Characterization of these
NWs, using TEM and microphotoluminescence, revealed them
to be of high purity and optical quality. This work, therefore,
represented the development of a novel nanohybrid material that
combines the optoelectronic properties of GaAs NWs with the
impressive flexibility and conductivity of CNT films and, as
such, displays apparent potential in the development of flexible,
lightweight electronic devices such as PVs, LEDs, and sensors.

In this paper, we demonstrate that these hybrid nanomateri-
als can indeed be used in the fabrication of PV cells, wherein
coaxial p-n junction GaAs NWs act as the active medium for
energy conversion, while the underlying CNT films simulta-
neously serve as robust, flexible electrodes. Additionally, we
outline a simplified method for the preparation of SWNT-Au
composite substrates that requires no covalent modification of
CNTs, thereby greatly reducing the time required for composite
film fabrication and also improving the retention of the CNTs
electrical properties.

II. EXPERIMENTAL
A. SWNT-Au Composite Film Preparation

Single-walled CNTs were purchased from Carbon Nanotech-
nologies, Inc. (Houston, TX). SWNTs were produced by the
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HiPco process and were used as received. Nanotube samples
were dispersed in solvent using a Branson 1510 bath sonica-
tor. Nanotube dispersions were centrifuged using a Beckman
Coulter Allegra X-22 Centrifuge.

The Au nanoparticles were prepared using the well-
established citrate-reduction method [27]-[29], which results
in near monodisperse particles. Deposition of Au nanoparti-
cles was achieved by filtration of a dilute nanoparticle solution
through a thin film of unmodified SWNTs, prepared by vacuum
filtration of a SWNT dispersion in aqueous surfactant solution.
CNT thin films, such as those prepared in this study, resemble
a random finely interpenetrating network of nanotube bundles.
The porous microstructure of these films makes them ideal can-
didates for use as high-efficiency fibrous filtration membranes.
Several groups have investigated the potential of CNTs in sep-
aration and filtration applications [30]-[37]. Although much of
this work has focused upon the use of aligned CNT arrays,
Lipowicz and coworkers reported the effective removal of fine
airborne particulate, having dimension as small as 50 nm, using
thin films composed solely of randomly aligned multiwalled
CNTs [32].

The current approach for the fabrication of SWNT-Au sub-
strates offers several advantages over the previously reported
in situ reduction method [26]. Covalent modification of CNTs,
which was necessary in our previous work, results in conversion
of numerous carbon atoms within the framework of the CNTs
to sp? hybridization, disrupting the 7 system of the CNTs and
significantly diminishing their electrical conductivity [38]. It
is expected that the use of unfunctionalized SWNTs, in our
modified procedure, will reduce the likelihood that the struc-
ture and electronic properties of the CNTs will be compromised
during film fabrication. As the modified approach requires few
synthetic steps, the time required for the preparation of each
composite film is greatly reduced. In addition, the current pro-
cedure allows for fine control over the size and polydispersity
of Au nanoparticles deposited on the nanotube surface.

Following fabrication, composite films were cut into small
sections having dimensions of approximately 5 x 10 mm, re-
moved from the filtration membranes and transferred [23], Au
nanoparticle side up, to copper substrates. Copper was arbitrarily
chosen as arigid, conductive, and GS-MBE-compatible support
material to which the CNT films could easily be transferred for
subsequent NW growth or later removed. These samples were
then thermally annealed at 550 °C for 10 min in nitrogen ambi-
ent, ensuring the removal of volatile organic matter, which could
potentially contaminate the MBE chamber during NW growth.

B. Growth of GaAs NWs

The GS-MBE system used for NW growths was equipped
with a solid elemental effusion cell, for the supply of Ga
monomers, and a hydride (AsHj3) gas cracker operating at
950°C, for the supply of Asy dimers. Prior to the commence-
ment of the growth sequence, a degas procedure (15 min, 300 °C)
was performed, followed by an inductively coupled hydrogen
plasma treatment (10 min, 550 °C), under an As, overpressure.
This is a standard sample cleaning procedure whose impact on
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CNT substrates requires further investigation. This procedure
was adopted to provide for NW growth conditions that were con-
sistent with those used in [13] and [19] for comparison purposes.
At a growth temperature of 550 °C, NW growth was instigated
by opening the shutter of the Ga cell. All growths were kept at
a constant V/III flux ratio of 1.5 and nominal GaAs growth rate
of 1 um/h. Upon the completion of growth, prompted by the
termination of Ga flux, the samples were cooled under an As,
overpressure.

For the purposes of investigations presented in this study, two
NW groups were grown on CNT composite sheets, henceforth
referred to as groups A and B. Group A NWs were designed to
contain a p-n junction within a coaxial architecture, based upon
diffusion-limited nucleation on the lateral NW facets, wherein
an n-GaAs core segment was doped with Te, while a p-GaAs
shell was doped with Be. Each segment of the group A NWs was
grown for a duration of 15 min, resulting in a total growth pe-
riod of 30 min. Group B NWs, in contrast, were entirely n-type
doped with Te, also over a growth period of 30 min, yielding
n-GaAs NWs. Nominal dopant concentrations were maintained
at 4 x 10'® em™3 and 5 x 10'® em ™3, for Te and Be levels,
respectively, based upon previous calibrations of epitaxial films
on GaAs (100) substrates. The group A NWs were primarily
used to assess the PV potential of such NW—CNT hybrid mate-
rials, while the group B NWs were employed in investigations
into the nature of the PV response and the conduction pathways
between the NWs and their underlying CNT substrates.

Additionally, a third growth was carried out, referred to as
group C, wherein a planar p-n junction was incorporated into
a thin film deposited upon a CNT composite film containing
no Au nanoparticles. This control sample was grown with the
intention of mimicking the structure of the planar GaAs film
deposited during the growth, and situated adjacent to the bases,
of the group A and B NWs. The group C samples were prepared
consisting of a 150-nm-thick Be-doped GaAs layer overlaying
a 150-nm-thick Te-doped GaAs layer. Identical CNT film pro-
cessing (surface decoration of Au nanoparticles, notwithstand-
ing) and GS-MBE growth parameters including temperature,
nominal growth rate, III/V flux ratio, and nominal doping con-
centration were employed during thin film depositions and NW
growths. Thus, the GaAs film of sample C was designed to du-
plicate the properties of the planar film concurrently deposited
during NW growth.

C. Solar Cell Fabrication and Contacting Procedure

To prevent potential short circuit pathways between top con-
tacts and the bottom CNT electrode, a previously reported pro-
cessing method was employed [13], [19]. Starting with as-grown
samples, SiO, layers, approximately 1300 A in thickness, were
deposited through plasma-enhanced chemical vapor deposition
(PE-CVD), to conformally coat the NWs (and the exposed sur-
face of the GaAs films growing between the NWs) atop the
CNT substrate. Subsequent spin coating of S-1808 photoresist
was carried out to encapsulate the oxide-coated NWs and GaAs
film. Next, an O,-plasma-reactive-ion-etching (RIE) treatment
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(60 s) allowed for the removal of a thin photoresist film, thereby
exposing the tips of the oxide-coated NWs.

The oxide-coated tips were then chemically etched in a
buffered-hydrofluoric acid solution and the remaining photore-
sist layer was removed in an acetone bath lift-off procedure.
At this stage, the NW bases and adjacently situated GaAs film
remained encapsulated by the previously deposited SiO, layer,
while NW tips were exposed as the sole semiconductor surface
upon which electrical contacts could be deposited.

Two different conductive materials were employed as top con-
tact layers in this study. For experiments aimed toward investi-
gations into PV behavior, a 1000-A-thick transparent conductive
film of indium tin oxide (ITO) was deposited via sputter coat-
ing. For direct comparison of the conductive behavior of group
A and B NWs, where optimal Ohmic contacts are required,
opaque contacts were deposited on the processed samples. In
this case, the commonly used Ti/Pt/Au and Ni/Ge/Au layers
were deposited on groups A and B samples, respectively, via
electron-beam evaporation. In all cases, the depositions were
made through shadow masks allowing for contact dots roughly
800 pm in diameter. Inspection of plan view SEM images (not
shown) indicated that each contact dot yielded the ensemble
contribution of approximately 1.5 x 10° individual NWs. Af-
ter the deposition of ITO or opaque contacts, the samples were
subjected to a rapid thermal annealing (RTA) treatment (30 s,
400 °C) for Ohmic contact formation.

SEM imaging was performed during pregrowth inspection
of Au-decorated CNT films, during analysis of the orienta-
tion and morphology of as-grown NWs, and during each stage
of the device fabrication procedure. The SEM imaging was
performed using a JEOL JSM-7000 F SEM, equipped with a
Schottky-type field-emission gun filament. In addition, inspec-
tion of the CNT films were performed by focused ion beam
(FIB) cross sectioning using a Zeiss NVision SII Cross-Beam
instrument.

D. Current—Voltage Characterization Under Dark and
Hlluminated Conditions

The current—voltage characteristics of the various samples
were evaluated using a Keithley 2400 source meter. A Newport
96000 solar simulator with an A.M. 1.5 G filter yielding an
incident power of roughly 2.6 Sun was used as the illumination
source in measuring PV response. Conversion efficiencies and
fill factors were calculated according to standard techniques
[39].

III. RESULTS AND DISCUSSION

Fig. 1 shows planar SEM images of SWNT-Au compos-
ite film samples (A) before and (B) after thermal annealing at
550 °C for 10 min in nitrogen ambient. Prior to the thermal an-
neal, Au nanoparticles have an average diameter of 30 £ 5 nm.
This value increases to 38 £ 6 nm following the annealing pro-
cedure, as a result of the migration and coalescence of a small
fraction of Au nanoparticles at elevated temperatures. It can,
however, be seen, from the SEM images in Fig. 1, that large-
scale aggregation of Au nanoparticles does not occur during
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Fig. 1. Planar SEM images (secondary electrons) of a SWNT-Au thin film,
(A) before and (B) after RTA at 550 °C for 10 min under nitrogen, and tilted
SEM cross-sectional images of trenches milled within SWNT-Au films (C)
before and (D) after the same annealing procedure.

this process. The density of Au nanoparticles upon the surface
of annealed composite films, which was also determined using
SEM, ranged between 20 and 86 nanoparticles per 1 zm?, with
an average density of 50 nanoparticles per 1 pm?.
Cross-sectional images of these films were obtained after FIB
milling. A trench cut within a SWNT—Au composite film, which
has not undergone thermal annealing, is shown in Fig. 1(C). In
this secondary electron image, Au nanoparticles are observed
to be located predominantly upon the film’s surface. Some Au
nanoparticles can also be seen in low density within the struc-
ture of the nanotube film. The presence of Au nanoparticles
within the film is not unexpected, given the film’s porous mi-
crostructure and the dimensions of Au nanoparticles used in this
study. In addition to Au nanoparticles, clusters of iron were also
detected, embedded within the nanotube film. These clusters,
which appear as regions of bright contrast in Fig. 1(C) and (D)
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Fig. 2. 45° (A) tilted view and (B) cross-sectional SEM images of as-grown
group A NW samples. Densely packed NWs are grown at various orientations
with a highly tapered morphology. Similar results were obtained from group B
NW samples.

having dimensions on the scale of 10 s to 100 s of nanometers,
are impurities present in the commercially purchased nanotube
sample used in this study (Fe catalyst from SWNT synthesis).
Fig. 1(D) illustrates a similar trench produced by FIB milling
of a sample that has been annealed at 550 °C. From these im-
ages, it was determined that the distribution of Au nanoparticles
throughout our SWNT-Au composite films is not significantly
altered by the annealing.

SEM images of group A NWs, shown in Fig. 2, showed
dense NW growth with no preferred NW orientation (similar
results were obtained from group B NWs). The random align-
ment of NWs relative to the substrate surface was previously
attributed to the random manner in which SWNT bundles com-
prising the underlying film are situated [19]. As determined from
sample sets of over 100 single specimens, the NWs have an av-
erage full-width at half-length diameter of roughly 100 nm and
heights up to 3.5 pym. The highly tapered morphology is a trade-
mark of diffusion-limited sidewall growth and is anticipated for
GS-MBE growths under the growth conditions employed [19],
[40].
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Fig. 3. Schematic representation of group A NW solar cell, showing biasing
conditions. The NW bases and planar GaAs film are electrically isolated from
the ITO top contact. The CNT substrate simultaneously serves as the growth
surface and backside contact.
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Fig. 4. Current-voltage curve of group A NWs, with ITO top contacts,
under dark and 2.6 Sun illumination. Group B NWs demonstrated no such
photoresponse.

As outlined in the Section II, solar cell fabrication was carried
out through a process designed to effectively exploit NWs as the
active, energy conversion medium. A schematic representation
of the final device structure, showing a single NW for clarity, is
depicted in Fig. 3. In light of recent reports on the inhomogeneity
of dopant profiles in semiconductor NWs [41], [42] and the an-
ticipated incongruity in dopant incorporation between the (1 0 0)
surface of the doping calibration sample and the (1 1 1) surfaces
of the NWs, the degree of uniformity in the dopant distributions
within the samples discussed here remains a matter of further
scrutiny. Nonetheless, a clear distinction can be made between
group A NWs (those containing a p-n junction in a core—shell
homostructure) and group B NWs (those intentionally highly
n-doped).

Upon fabrication, the PV response of the NW solar cells was
measured. Fig. 4 shows the fourth quadrant current—voltage
characteristics of an ensemble of ITO contacted group A NWs,
under dark (black, circular data points) and 2.6 Sun illumina-
tion (red, square data points) conditions. A clear PV response
is evident, attributed to the sum contribution of all contacted
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NWs in the contact area. Although varying efficiency values
were measured from different contact dots, likely due to differ-
ent numbers of NWs contacted by each dot and small growth
temperature variances across the sample leading to slightly dis-
similar NW structures, each contact dot exhibited reproducible
efficiencies. The optimal efficiency curve, shown in Fig. 4, was
characterized by a short-circuit current, Isc = 43.1 pA (equiv-
alently, Jsc = 8.57 mA/cm? for the 800 pm diameter contact
dot), an open-circuit voltage, Vo = 0.32 V, a maximum power,
Pax = 42.3 uW, a fill factor of 30.8%, and a maximum con-
version efficiency of 0.32%. No such conversion response was
evident in group B NWs (n-doped NWs) contacted with the
transparent conductive oxide layer, indicating that the PV effect
was due to the p-n junctions in group A NWs.

In comparison, previously reported ensemble contacted NW-
based solar cells [9], [10], [13], [14], [43], [44] have demon-
strated maximum measured conversion efficiencies ranging be-
tween 0.1% and 4.5%. For example, coaxial p-n Si NW cells
grown by the vapor-liquid—solid (VLS) process gave an effi-
ciency of 0.1% on stainless steel substrates [9]. Si NW cells
on glass substrates formed by wet electroless etching yielded
efficiencies of 4.4% [10]. Coaxial p-n Si NW cells grown by the
VLS process gave an efficiency of <1% on Si substrates [43].
An efficiency of 0.1% was reported for VLS-grown Si NWs on
multicrystalline Si thin films on glass [44]. A single GaAs NW
cell was recently reported with an efficiency of 4.5% [14]. The
design most comparable to that of the current study is detailed
in [13], where a PV effect was measured from vertically ori-
ented GaAs NWs grown on n-GaAs (1 11) B substrates with
a photoconversion efficiency of 0.83%. The lower efficiency
values achieved on our CNT films, in comparison to the ver-
tically oriented NWs, may be attributed to two main features.
First, growth on CNT films results in NWs grown at a variety
of dissimilar angles with respect to the film surface. During
the contacting procedure, NWs oriented at more acute angles
relative to the CNT film are likely to remain encapsulated by
the photoresist layer used during the device processing. Conse-
quently, only the NWs grown at relatively large angles to the
substrate will be contacted, meaning that only an undetermined
fraction of all NWs will have conductive pathways allowing
for their photogenerated holes to be collected. Thus, the total
contribution toward the quoted conversion efficiency is not nec-
essarily a reflection of all NWs in the ensemble, but rather only
the ones in contact with the ITO film.

Based on previous analysis [19], we believe that an intimate,
atomically abrupt interface exists between the CNT film and
overlaying GaAs NWs. The distinct Au-nanoparticle decoration
technique used in this study is not expected to dramatically alter
the atomic nature of the NW/CNT interface. However, in view of
the fact that the CNT film in this study serves not only as the sub-
strate, but also as the electrical contact for the emitter layer of the
solar cell, the conduction pathway at this junction requires fur-
ther consideration. In fact, the second factor contributing to the
noted efficiency degradation is the additional series resistance
as a result of a barrier at the n-GaAs/CNT interface. Fig. 5(A)
shows a 1-D band diagram, with respect to axial distance along
a single group A NW, assuming a NW length of 2 pm, and
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Fig. 5. (A) One-dimensional energy band diagram as a function of axial

position along a single, 2-zm-long, group A NW. The p-type segment, n-type
segment, and CNT film are shown from left to right. Black and red lines denote
the conduction and valence bands, respectively. The solid lines represent the
band energies according to nominal doping levels quoted in the paper, while
the dashed lines represent energies at a reduced dopant concentration of 1 x
1017 ¢cm~3. The solid blue line represents the Fermi energy, F . (B) Magnified
view of (A) at the n-GaAs/CNT interface, showing the presence of a small
energy barrier.
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Fig.6. Comparison of current—voltage characteristics of group A (black curve)
and group B (red line) NWs, contacted with opaque Ti/Pt/Au and Ni/Ge/Au
layers, respectively. Rectification is exhibited by the p-n junction NWs while
Ohmic behavior is exhibited by the heavily n-doped NWs.
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(A) Measured conversion efficiency as a function of device flexure at various bend radii (curvature increasing from right to left). A 25% decrease in

efficiency is observed at a radius of 12.5 mm. Additional bending beyond this point results in device failure. (B) SEM image of sample curved beyond the critical
radius of failure. The white, dotted line indicates the fracture plane where the GaAs NWs are separated from the CNT substrate.

derived using a SWNT film work function of 4.5 eV [45]. The
band diagram was calculated using a 1-D Poisson—Schrodinger
equation solver, based upon a finite-difference method, and is
described in [46]. Here, the p-type GaAs segment is shown on
the left side, the n-type GaAs segment in the middle, and the
CNT substrate on the right. Conduction band and valence band
energies are depicted by black and red lines, respectively, while
the Fermi level is shown as a solid blue line. The solid lines
represent the band structure anticipated from layers with the
nominal doping concentrations, discussed previously. The dot-
ted lines, on the other hand, represent the energy bands that
would result from acceptor and donor concentrations of 1 x
10'7 cm~3. This doping concentration is over one order of mag-
nitude less than the quoted nominal level, and is shown as an
expected lower limit of dopant incorporation within the NW
core, according to Perea et al. [41]. Fig. 5(B) shows a magnified
view of the energy barrier present at the n-GaAs/CNT interface.
The collection of photogenerated electrons is, therefore, pre-
ceded by either carrier tunneling from the n-GaAs NW segment
to the underlying CNT film or by thermionic emission, depen-
dant upon the concentration of dopants incorporated within the
NW bulk.

We previously showed that the current—voltage characteristics
of a collection of group-A-type NWs exhibited asymmetric rec-
tifications, and had attributed this diode-type behavior directly
to the p-n junctions incorporated within the NW structures [19].
Characterization of electrical junctions within composite films
has subsequently been conducted to determine the electrical
quality of the junctions and whether ideal current flow is inhib-
ited by Schottky effects at the interfaces. In Fig. 6, the current—
voltage characteristics of group A and B NWs, contacted by
opaque contacts, are compared. As seen here, this study shows
a similar current rectification from the group A NWs, while
group B NWs exhibit a linear behavior over the same voltage

range. Similarly, group B NWs contacted with ITO also exhib-
ited linear current—voltage characteristics. We present this dis-
tinguishing feature (rectifying behavior of p-n junction NWs in
sample A versus Ohmic behavior of n-doped NWs in sample B)
as the defining trademark of the desired dopant activation in our
NWs, and evidence that the diode-type behavior previously pre-
sented is not merely a manifestation of Schottky barriers at the
n-GaAs/CNT interface. The low forward-bias currents evident
in the group A curve may be attributed to the partial depletion of
the NWs. Furthermore, the aforementioned doping levels and
NW density under each contact dot should exhibit resistance
values on the order of tens of milliohms, while the measured
resistance is on the order of 100 €2. This discrepancy may be
ascribed to contact resistances suffered during the measurement
process, as well as the effect of the GaAs/CNT interface.

The influence of the planar GaAs layer, deposited alongside
the NWs, upon the observed PV effect was also studied. As a lat-
eral p-n junction exists in this layer, it is important to distinguish
whether this element contributes to the measured conversion ef-
ficiency. To this end, the group C control samples were prepared
with total film thickness chosen to mimic the average thickness
of the planar GaAs layer in group A NW samples, as determined
through cross-sectional transmission-electron-microscopy anal-
ysis. This film was subsequently contacted with ITO dots, equal
to the thickness of that situated atop the processed group A NWs
(as revealed through SEM inspection), such that optical absorp-
tion would be comparable between the control and test samples.
Under the illuminated solar cell testing conditions described
above, the group C control sample reproducibly exhibited an
open-circuit voltage of Voo < 25 ©V and a short-circuit cur-
rent of Igc < 20 nA, from all contact dots tested, representing
negligible PV behavior. The lack of a PV response in the
control sample is chiefly attributed to a high concentration of
grain boundaries in the polycrystalline GaAs film, which act as
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sites for the recombination of any photogenerated electron—hole
pairs. Thus, the planar GaAs layer makes no PV contribution
and the energy conversion efficiency observed in group A sam-
ples can be attributed to the p-n junction NWs grown atop the
CNT composite films.

Similarly, the potential for photocurrent generation resulting
from a Schottky contact at the ITO/p-GaAs NW interface is not
expected. Havard et al. [47] have shown that, under the annealing
conditions employed in this study, Ohmic behavior is anticipated
at the ITO/p-GaAs NW interface. Furthermore, based on the
work functions of ITO (4.6-5 eV) and p-GaAs (~5.5 eV), the
current flow anticipated from a Schottky ITO/p-GaAs interface
would occur in a direction opposite to the observed current flow
as expected from the NW p-n junction.

A final point of added interest is the degree of flexibility and
operable range of the group A NW solar cells. The conversion
efficiency of the fabricated devices was measured while being
subjected to mechanical bending at various radii of curvature.
Fig. 7(A) plots measured efficiency as a function of bend radius
between 82.5 and 5 mm, for four particular contact dots. As
the curvature of the devices increased (see from right to left in
Fig. 7), it was noted that conversion efficiencies were stable to
a bend radius of 30 mm. Increasing curvature, to a bend radius
of 12.5 mm, resulted in the degradation of efficiency by ap-
proximately 25%. Further flexure beyond this point led to the
onset of full device failure. Based on SEM analysis of sam-
ples intentionally curved past the critical radius of failure [see
Fig. 7(B)], we attribute the breakdown mechanism to fracture of
the polycrystalline GaAs film and its detachment, along with the
NWs, from the conductive substrate. Thus, beyond the critical
curvature, the photogenerated carriers are no longer effectively
collected.

IV. CONCLUSION

In summary, a modified regime for the fabrication of Au-
nanoparticle-decorated SWNT films has been presented that
requires no covalent functionalization of the CNTs. Coaxial
p-n GaAs NWs were grown upon these flexible, conductive
substrates, and subsequently, employed in the fabrication of PV
cells. Thus, the light harvesting potential of GaAs NWs on flexi-
ble CNT films has been demonstrated. The devices demonstrate
PV behavior when curved, up to a bend radius of 12.5 mm.
Further curvature leads to failure due to mechanical fracture
and detachment of the GaAs film deposited simultaneously be-
tween the NWs. We predict that the vacuum filtration method for
SWNT composite film fabrication outlined in this study will be
applicable to any nanomaterial having dimensions that enable
their capture and immobilization upon the surface of SWNT
membranes. We therefore envision that this scheme can lend
itself to the deposition of a variety of inorganic nanoparticles,
and consequently, to the incorporation of NWs composed of
a wide range of semiconducting materials, and containing so-
phisticated heterostructures. This approach may be employed
for the production of next generation flexible optoelectronic
devices.
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