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Abstract—Arrays of periodic one-dimensional nanomaterials of-
fer tunable optical properties in terms of light–matter interaction
which are attractive for designing efficient optoelectronic devices.
This paper presents a fabrication of bottom-up grown nanopillar
(NP) array solar cells based on n-i-p thin-film amorphous silicon
using scaffolds of vertically aligned carbon nanotube (CNT) array.
The effects of varying the CNT spacing over the range from 800
to 2000 nm on optical and electrical properties of the solar cells
were investigated. The NP solar cell with CNT spacing of 800 nm
exhibited ‘moth-eye’ broadband antireflection behavior, showing
an average reflectance value lower than 10%. The enhanced optical
absorption translated to significant enhancements in photocurrent
and quantum efficiency compared to a conventional planar solar
cell under low light condition. The open-circuit voltage (Voc ) of the
NP solar cell was found systematically correlated with the CNT
spacing and the illumination condition. The results presented here
is of importance for developing high efficiency one-dimensional
nanostructured solar cells.

Index Terms—Amorphous silicon, carbon nanotube (CNT),
nanophotonics, nanostructured materials, photovoltaic cells.

I. INTRODUCTION

INTERACTION of light with spatially ordered nanostruc-
tures exhibits some unique characteristics, particularly when

the features sizes are in the order of the incident wavelength.
Exploiting these properties to enhance the absorption of solar
cells has been an active research topic over the last few years
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[1]–[4]. One category of such nanostructures are one dimen-
sional nanowire(NW)/nanopillar(NP) structure which offers su-
perior optical absorption enhancement through control of its
diameter, length, and the resulting array density and pattern [5],
[6]. NW/NP structures are attractive not only for solar cells but
also for other applications such as large area photodetectors and
image sensors, e.g., for medical imaging [7]. Furthermore, the
radial junction geometry decouples the light absorption direc-
tion and the charge collection by virtue of their orthogonal direc-
tions, enabling high optical absorption through the use of long
NWs whilst minimizing photogenerated carrier losses through
the use of thin absorber layers [8]. These NW/NP structures,
when carefully designed, can also provide excellent broadband
optical absorption enhancement for light with wide incidence
[9]–[12]. The bottom up growth method for one dimensional
nanomaterials such as carbon nanotubes (CNTs) [13], [14], sili-
con NWs [15], [16], and zinc oxide NWs [17]–[19] has already
been adopted to fabricate nanostructured interconnects, transis-
tors, and photovoltaic (PV) devices. Demonstrated devices range
from ZnO (shell)/Si (core) radial heterojunction NW photodi-
ode [20], [21], core/shell Si NW array solar cells [21], [22] to
CNT/amorphous Si coaxial cable-like NW solar cells [24], [25].
These devices exhibit higher photoresponsivity and enhanced
short circuit current compared to their planar counterparts. This
effect can be further enhanced through the use of periodic struc-
tures, such as sub-wavelength gratings [26] and NW arrays
[27], [28] based devices with superior photon capturing efficien-
cies have been demonstrated. Nevertheless, in terms of solar cell
efficiencies, the bottom up techniques, with reported values of
5–6% [22]–[25], still lag behind the top down etched techniques.
Indeed the best reported efficiency of top-down etched Si NP
solar cells is 18.2% [29]. Therefore, it is important to further in-
vestigate the fundamental problems with the bottom-up grown
NW solar cells, such as examining the effect of geometrical
parameters on the device performance, including array density
and periodicity.

This paper attempts to systematically investigate the fun-
damental limitations of the bottom-up grown NP solar cells
through examining the effect of geometrical features of the NW
array on the optical and electrical characteristics of PV devices.
In particular, the emphasis on the solar cell design is to capture
energy from low intensity light when limited area is available,
conditions typical for energy harvesting in mobile electronic
devices and wireless sensor nodes under indoor illumination.
Multiwalled CNTs are unique one dimensional metallic materi-
als whose conductance show positive temperature dependence
[30]. Their electrical conducting properties together with their
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available controlled growth techniques have made them suit-
able building blocks for creating periodic NP structures. We
previously reported a core-shell ITO/amorphous silicon/CNT
heterojunction cell [25] with short-circuit current enhancement
compared to the planar counterpart. This approach facilitates the
translation of geometric feature of the CNT array into the mor-
phology of the solar cell creating a three-dimensional thin film
device. In practice, amorphous silicon photodiodes are based
on p-i-n or n-i-p structure. Conventional p-n diode structure
does not work for amorphous silicon due to the short minor-
ity carrier lifetime in highly doped layers. Photons absorbed in
doped layers are mostly lost due to recombination. In p-i-n or
n-i-p structure, the p and n layer creates an internal field (typi-
cally more than 104 V/cm) which separate the photogenerated
electron–hole pairs in the intrinsic layer, and drive the electron
and holes drifted towards opposite direction [31]. However, the
p and n layer has to be thin (less than 20 nm) enough to let most
incoming electrons get absorbed in the intrinsic layer. Here, we
further demonstrated the fabrication of a full n-i-p amorphous
silicon NP solar cell using metallic multiwalled carbon nanotube
arrays as scaffolds, and systematically studied the influence of
array spacing on electrical and optical properties of the NP
solar cell. Periodic NP solar cell devices based on arrays of
CNTs with spacing of 800, 1000, and 2000 nm were fabricated
and investigated.

II. FABRICATION PROCESS

A periodic array of free standing vertical CNTs was grown
on a low doped crystalline Si substrates (1–10 Ω·cm), using pat-
terned catalyst particles as reported in other works [32]. Further
details of the growth technique are provided in the supporting
information Section S1. Three CNT samples with different spac-
ing of 800, 1000, and 2000 nm were fabricated. On each device,
CNTs were grown to cover a total area of 2 mm × 2 mm. The
average length and diameter of the CNTs were approximately
2 μm and 250 nm, respectively.

A layer of chromium (Cr) thin film (�100 nm), with resis-
tivity in the order of 10−5Ω·cm, was thermally evaporated onto
the CNTs in order to homogenize the current collector’s work
function. The Cr was deposited both onto the CNTs and the
planar region of the silicon substrate between CNTs to form
the back electrode onto which the thin film silicon layers were
deposited. The thickness of the Cr thin film on the side walls
of CNTs was thinner than the Cr thin film on the flat substrate
due to the directional preference of the evaporation technique.
The resulting Cr layer increased the CNT diameter to �300 nm,
as shown in the SEM images in Fig. S1, available in the online
supplementary material. The c-Si substrate together with CNTs
is used as supporting scaffold, which does contribute to the pho-
tovoltaic process. The photocurrents were collected through the
highly conductive Cr contact. Amorphous Si PV devices with
full n-i-p stacks were sequentially deposited in a two-chamber
radio frequency plasma enhanced chemical vapour deposition
(RF-PECVD) system, with the n- layer deposited first at the bot-
tom of the stack, forming ohmic contact with the Cr electrode

[33]. Further information on the deposition condition is pro-
vided in the Electronic Supplementary Material. The intrinsic
Si layer thickness was set to 300 nm on the planar substrate, and
the thicknesses of both doped layers were around 20 nm. CNTs
scaffolds control the surface morphology of the PV cell. This
coupled with the coated metal thin film provides a transportation
path for the photogenerated carriers, while the outer thin film
Si forms the shell, where electron–hole pairs are generated and
separated. The top indium tin oxide (ITO) contact was sputtered
with a target thickness of 80 nm on top of each device. Although
it has been reported that p-type a-Si:H/ITO contact is a Schottky
type [34], the highly doped p-layer and n-layer can still provide
a sufficient built-in potential for photovoltaic process. During
ITO deposition, a metal shadow mask was used in defining an
open area of 3 mm × 3 mm, covering the whole CNT grown
region. Finally, a reactive ion etching step was used to remove
the Si layers outside of the ITO coated region to define the ac-
tive photovoltaic device with the area of 3 mm × 3 mm. This
etch step precisely defined the device size to 3 mm × 3 mm.
The 2 mm × 2 mm CNT growth area is located at the center
of the whole device. CNT free edges of the device were used
for contacting during device characterization in a probe station.
The final device structure (Cr-CNT/n-i-p Si/ITO) and its band
diagram is schematically presented in Fig. 1(a). A planar control
sample without any CNT array was also fabricated alongside the
CNT array sample. Although textured front contacts are widely
adopted in p-i-n amorphous silicon solar cell technology, the
temperature for CNT growth is above 700 °C which has prohib-
ited the use of TCO substrates in our study. In order to examine
the contribution of periodic NP s to the overall photovoltaic ef-
fect, a planar n-i-p cell is fabricated on a bare Cr coated silicon
substrate for comparison. In this case, the deposition sequence
for different the layers have kept the same for all the devices,
and the amorphous silicon/metal interface are almost identical
for planar and NP devices.

The structure of the fabricated devices was investigated us-
ing a Zeiss (EVO MA) scanning electron microscopy (SEM).
The optical reflectance was measured using an optical fibre
reflectance measurement setup (see Fig. S2, available in the
online supplementary material) [35] with a freshly deposited
chromium film on a silicon substrate used as the reference. The
absolute reflected photon number counts were first collected
from the fabricated PV samples and the reference samples. The
relative reflectance of these samples was obtained by dividing
the photon counts of the photovoltaic devices by the reference
sample. The electrical performance of the devices, including the
dark and light I–V characteristics, were characterized in a probe
station with electrical noise shield as well as light shield (Cas-
cade probe station) using a semiconductor analyzer (Agilent
B1500A). White light emitting diodes (LEDs) were attached to
the probe station’s microscope to provide illumination intensity
of 5 mW/cm2 (5% of AM1.5 solar intensity, measured using
DS-056 Daystar solar meter) for measurement under weak il-
lumination conditions. External quantum efficiency (EQE) of
the photovoltaic devices was measured to determine the current
produced upon illumination from wavelengths of 400 to 800 nm.
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Fig. 1. (a) Schematic of the fabricated NP PV devices, highlighting its cross-sectional structure with n-i-p a-Si:H layers deposited onto Cr coated CNT arrays
and its equilibrium band diagrams (vacuum level is not shown). (b) and (c) SEM images of coaxial NP n-i-p Si NP PV devices with CNT arrays spacings of (b)
2000, (c) 1000, and (d) 800 nm. All SEM images are taken at 45° tilted angle. Scale bars correspond to 4 μm.

III. RESULTS AND DISCUSSION

SEM images of the coaxial nip devices fabricated using CNT
arrays with spacings of 2000, 1000, and 800 nm are provided in
Fig. 1(b)–(d), respectively. The fabricated NPs had an average
diameter of 750 nm in all the three samples, and were capped by
a semispherical dome which formed during deposition. As the
CNT array spacing is reduced, the NPs start to merge, as shown
in Fig. 1(d) which depicts 800-nm CNT spacing. There was an
unintentional variation in the NP length, due to the nonunifor-
mity in the length of CNTs grown in our PECVD setup (see
Fig. S1 in supporting information). The CNT growth condition
could be further optimized to reduce the variation in the length
of the CNTs [36]. In this study, such variation was within the
acceptable range as the periodicity of the NPs was maintained.
The reflectance spectra for the fabricated NP PV devices are
shown in Fig. 2(a). It is evident that all the NP PV devices ex-
hibit much lower reflectance compared to the planar PV device
sample. It should be noted that although in the case of planar
device, the 80-nm thick ITO layer acted as an antireflection
layer, it is only effective over a narrow spectral range, giving
the lowest reflection at around 660 nm for the planar sample.
In contrast to the planar device, the NP PV devices showed a
broader spectrum antireflection behavior, where reduction in the
CNT spacing leads to decrease in the intensity of the reflection
peaks and valleys. The average reflectance for the 800-nm CNT
spacing sample was less than 10%.

At 550-nm illumination wavelength, the reflectance of the
NP cell with a spacing of 800 nm was �5%, and was an or-
der of magnitude smaller compared to that of the planar device
(�63%). The surface morphology of the NP with 800-nm spac-
ing resembles that of a moth-eye, where the periodic NPs create
a graded refractive index layer that suppresses the reflection of
incoming light of a broad spectrum. It is worth to notice that the
dome-shape top of the NP was formed automatically during the
thin-film deposition on CNT arrays.

Finite difference time domain (FDTD) simulation software
(Lumerical Solutions Inc.) was used to verify the origin of an-
tireflection effect in the periodic nanopilllar array. The optical
performance of the devices were simulated using the FDTD,
where three-dimensional models of Si NP PV devices with three
different spacings were constructed using parameters similar to
those in the real device (see Fig. S3 and the simulation pa-
rameters in Section S3, available in the online supplementary
material). Models of NP with flat top and semispherical (dome-
shape) top were both constructed. In both cases, NP arrays
of three different spacings have shown lower reflectance com-
pared to the planar device in the 400–800 nm range, in line with
the experimental results in Fig. 2(a). The contrast between the
capping form factor (i.e., flat top versus semispherical top) be-
comes more evident as the spacing between the NP is reduced.
The simulation results showed that NP solar cells with a semi-
spherical top yield better antireflection performance than the flat
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Fig. 2. (a) Measured relative reflectance spectra of NP photovoltaic devices.
(b) Simulated reflectance for NP photovoltaic devices with flat top and (c)
with semispherical top. The CNTs spacing in the sample is denoted as “s.” A
chromium thin film (100 nm) on glass was used as reflection reference sample.
Spectrum of planar sample is also included.

top counterparts [see Fig. 2(b)] in the CNT spacing ranges of
1000 nm and below. Furthermore, in the case of NPs with a flat
top structure, the reflectance of 800-nm CNT spacing is signif-
icantly larger than the reflectance for 1000-nm CNT spacing.
This behavior is reversed in the case of NP with semispherical
top where reflectance at 800-nm spacing is suppressed to a value
similar to that of 1000-nm CNT spacing, in line with the exper-
imental results presented in Fig. 2(a), where semispherical top
case approximates well to the fabricated nanopilllar solar cells.
Overall, the simulation results as well as the experimental data
indicate that semispherical top together with dense NPs lead to
a ‘moth-eye’ broadband antireflection effect.

Current density-voltage (J–V) characteristics of the NP photo-
voltaic devices under weak illumination are depicted in Fig. 3(a).
Study on the device performance at low light intensity is valu-
able for applications such as image sensors for medical imaging
and energy harvesting in mobile electronic devices under indoor
illumination. Under the short-circuit condition, the short-circuit
current density (JSC ) of NP photovoltaic devices with spacing of
800 (1.15 mA/cm2) and 1000 nm (1.10 mA/cm2) outperformed
the planar cell (1.06 mA/cm2). This enhancement is more signif-
icant when the nanopilllar devices were reversely biased. Under
reverse bias of −0.4 V, the photocurrent density of the NP solar
cells with CNT spacing of 800 nm was found to be 1.2 mA/cm2,
much higher than that of the planar device (1.1 mA/cm2). How-
ever, NP device with a spacing of 2000 nm, on the contrary,
had the lowest JSC (0.99 mA/cm2) among all devices, despite
its reflectance being lower than that of the planar cell. This can
be attributed to the reflection of diffracted light from the 2000-
nm CNT NP solar cell. Although generally reduced reflection
in photovoltaic devices is associated with enhanced photoab-
sorption and thus enhanced photocurrent, color dispersion can
be observed at the surface of the NP solar cell with 2000-nm
spacing. This higher order diffracted light is reflected in an an-
gle that falls outside of the fiber probe’s light collection domain
and therefore cannot be detected. Therefore, light absorption in
the NP solar cell with 2000-nm spacing would not have been
enhanced due to diffracted reflections. Diffractive light scatter-
ing from periodic arrays is consisted with the published works,
and can be eliminated through the use of NPs with spacing that
is small enough to become a zeroth-order grating [37]–[40].
For the solar cell applications, the nanopilllar spacing must be
smaller than 1000 nm to suppress diffractive scattering. Similar
effect have been observed in the moth-eyes [41]. A spacing be-
low 1000 nm would also lead to NP cells with feature sizes in
the subwavelength range, resulting in an antireflection structure.
Random structures could theoretically offer a maximum absorp-
tion enhancement of 4n2, which is known as Yablonovitch limit
[42]. It is important to note that this limit was derived with as-
sumption that an absorber layer thickness is much larger than the
wavelength, which is not achievable for thin films with thickness
less than one micrometer. Periodicity in the order of wavelength
can help scatter incident light into guided modes in the thin films
which enhance light absorption [26]. For periodic gratings, the
maximum possible enhancement of 14.5n2 derived by Yu et al.
is achieved at a periodicity of 2/

√
3λ.[43] Targeting optical

enhancement for amorphous silicon thin film at a wavelength
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Fig. 3. (a) J–V characteristics of NP devices under white LED light
(�5 mW/cm2). (b) EQE results of NP PV devices compared to a planar device
Results of planar sample are also included. (c) Equivalent circuit diagram of the
solar cell.

around 700 nm, the calculated periodicity is �808 nm, which is
close to our dense array with 800-nm CNT spacing.

The JSC enhancement of the NP solar cells obtained under
the weak illumination condition is consistent with the EQE mea-
surements depicted in Fig. 3(b). In the measurement wavelength
range of 400–800 nm, the NP solar cells with CNT spacings of
800 and 1000 nm yield a higher EQE compared with the planar
cell using conventional antireflective coating. The enhancement
in the EQE is most pronounced for the NP solar cell with the
CNT spacing of 800 nm, particularly at the longer wavelengths
region of 600–700 nm. The EQE enhancement was most signifi-
cant in the long wavelength region (600–700 nm). The enhanced

gain at longer wavelength is expected due to enhanced opti-
cal absorption from the NP structure which compensates the
smaller absorption coefficient of amorphous silicon thin film.
On the contrary, in the short wavelength region (400–550 nm),
the enhancement of EQE in the nanopilllar cells was less pro-
nounced. The optical enhancement in this region could be offset
by the photogenerated carrier loss in the top Si p-layer. It is well
known that the carrier lifetimes are short in this heavily doped
layer. Most incoming photons in the short wavelength range
absorbed by this layer are mostly wasted, negating part of the
EQE gain in this region. The PV cell with a spacing of 2000 nm
had the lowest EQE values in the short wavelength range (400–
570 nm) among all the devices, providing evidence that these
CNT arrays have a strong scattering effect on these photons.
These EQE results are actually in good agreement with the pho-
tocurrent results shown in Fig. 3(a). It should be noted that the
intensity of the monochromatic light used for the EQE measure-
ment is significantly weaker than the light intensity used in both
the strong illumination measurement and the weak illumination
measurement conditions. This leads to EQE results which are in
agreement with the photocurrent measurement under weak illu-
mination presented in Fig. 3(a), where the results are dominated
by the optical gain in the device and not the recombination.

Despite the increase in JSC of NP photovoltaic devices, the
open-circuit voltage (VOC ) significantly decreased with the in-
crease in the array density as the nanopilllar spacing is reduced
from 2000 to 800 nm, from 0.62 to 0.57 V. As a result, the
overall efficiency of the NP (s-800 nm) is 0.5% lower than that
of the planar device under weak 5-mW/cm2 illumination. Un-
der AM1.5G (100 mW/cm2) illumination condition, the drop in
VOC [see Fig. 4(a)] with respect to the NP spacing was more
significant, reducing from around 0.68 V for the planar cell to
0.53 V for the NP device with a spacing of 800 nm. Similar
voltage drop phenomena has been reported on solar cells using
dense random forest-like silicon NWs [21], [22].

From the equivalent circuit view, there are a number of factors
that could results in the reduction in the VOC of the NP solar
cells compared with the planar ones. First, the doped layers on
the CNT walls are thinner than the planar regions. Insufficiently
thick dope layer can give rise to a reduction in the build in
potential of the solar cells, and therefore, a reduction in the
VOC of the NP solar cells compared with the planar one. As the
density of the NP solar cells are increased with the reduction in
the CNT spacing the overall CNT array’s VOC decreases further,
explaining the reduction in the reduction in the VOC when the
CNT spacing is reduced from 2000 to 800 nm. The second effect
which governs VOC is the loss of photogenerated carriers due to
the recombination, especially at the p/i interface. The enhanced
surface area of NP PV device could lead to an overall larger
recombination rate than the planar device. Therefore, the Voc
drop could be due to the increased carrier recombination at the
NP interfaces. The third possible effect which contributes to the
reduction in the VOC is the reduction in shunt resistance of NP
solar cells. The different growth rate and direction of silicon
thin-film solar cells at the intersection between the CNT and
planar areas gives rise to microstructural defects which gives
rise to shunting behavior [44].
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Fig. 4. (a) J–V characteristics of NP devices under solar simulator with
AM1.5G filter. (b) Semilog plot of dark current density–voltage characteris-
tics of NP PV devices compared to a planar device.

The characteristics of the solar cell under strong illumina-
tion intensity provide further evidence to the origins of the VOC
behavior. In the case of NP solar cells with CNT spacing of
800 nm, the VOC drops from 0.57 to 0.53 V with the increase
in the illumination. This drop is inconsistent with the shunting
type defect as well as thin doped layer defects, both of which
exhibit a larger VOC with the increase in the illumination inten-
sity. However, in the case of recombination losses, particularly
the interfacial recombination losses at p/i interface, the increase
in the illumination intensity leads to a higher recombination
rate at the interfacial regime which in turn distorts the elec-
tric field in the interstice layer, giving rise to a reduction in
the built in potential and subsequently the open circuit voltage.
The performance of the nanopilllar solar cells are limited by
the strong recombination losses, which adversely affects their
JSC and the fill factor, offsetting the benefits of the antireflec-
tive optical properties gained from the use of the periodic NPs.
Thus, the enhancement in ISC observed under the weak illumi-
nation condition therefore cannot be translated under the strong
illumination condition.

TABLE I
PERFORMANCE PARAMETERS OF PLANAR AND NP PHOTOVOLTAIC DEVICES

UNDER LOW LIGHT INTENSITY (5 MW/CM2)

Vo c (V) Is c (mA/cm2) F.F (%) η (%)

Planar 0.62 1.06 61.5 8.0
S = 2000 nm 0.62 0.99 52.3 6.4
S = 1000 nm 0.59 1.10 55.9 7.3
S = 800 nm 0.57 1.15 57.2 7.5

TABLE II
IDEALITY FACTOR, REVERSE SATURATION CURRENT, SERIAL AND SHUNT

RESISTANCE OF PLANAR AND NP PHOTOVOLTAIC DEVICES

Planar 800 nm 1000 nm 2000 nm

N 1.7 2.8 5.4 6.9
J0 (mA/cm2) 1.55E-6 2.05E-5 1.09E-3 2.28E-3
Rs (Ω · cm2) 50 67 71 106
Rp (kΩ · cm2) 4320 720 14 21

To further explore the electrical properties of the NPs, we
investigated the dark J–V characteristics as shown in Fig. 4(b).
The diode rectification ratio of the planar cell, defined as the
ratio of dark current at +0.8 V to dark current at −0.8 V, is in
the order of 103, significantly larger than the rectification ratios
of the NP solar cells at less than 102. Although this reduction
can be partially attributed to the increase in reverse bias current
due to the increase in the active junction area, our calculation
suggests that this effect is less one order and cannot fully account
for the reduction in the rectification ratio. Therefore, the increase
of dark current under reverse bias cannot be solely ascribed to
the surface area enhancement of the NPs. Current leakage paths
through the solar cells or surface recombination can both lead
to the reduction in the rectification ratio. There must be current
leakage paths through bulk or surface recombination.

The ideality factors (n), reverse saturation current densities
(J0) and resistances (Rs and Rp ) of the NP and planar solar
cells are extracted and presented in Table II. The values of the
series resistance were approximated by the slope of dark J–V
curve at 0.7 V. Within a voltage range of 0 to 0.2 V, the dark
current was mainly determined by the shunt resistance, value
of which was approximated by the slope of the dark J–V curve
at 0 V. The large series resistance in the NP devices could be
ascribed to the thinner ITO layer on the side wall of NPs. The
small parallel resistance in the NP solar cell, on the other hand,
is suspected to be ascribed to a current leakage path is due to
microstructural defects in the silicon thin film at the junction
of planar and vertical device areas. The dark J–V curve of the
NP photovoltaic devices can be viewed as the J–V curve of the
planar cell superimposed with a current density contribution
from a sample with low parallel resistance.

It is well known that stress can induce crystallization of
amorphous silicon thin films [45]. In the joint region of
the planar and the NP part, the Si thin film has orthogonal
growth directions which create stress. This stress could in-
duce nano/microcrystalline silicon regions with boundaries that
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introduce high surface and bulk recombination. While mecha-
nisms behind the distortion of the dark I–V curves of the NP
device requires further studies, at this stage, we note that the
ideality factor and the rectification ratio of the NP solar cell
with a spacing of 800 nm outperforms other NP photovoltaic
devices. This suggests that the electrical performance of the de-
vice could be improved with an optimized NP density. As there
exists only NPs in the cell with a spacing of 800 nm, the Si layer
only covers the sidewalls of CNTs. This gives rise to a limited
junction volume between the NP and planar regions, resulting
in high shunt resistance. It is clear that the devices could be fur-
ther improved by a more conformal three-dimensional coating,
which should help in reducing the series resistance and increas-
ing the shunt resistance. Systematical studies on the uniformity
of the thin films are needed for future improvement.

IV. CONCLUSION

We present NP-array thin film amorphous Si PV devices us-
ing periodic CNT arrays as scaffolds. Our study on the effect
of CNT array spacing shows that the periodic NP devices with
spacing less than 1000 nm demonstrate ‘moth-eye’ antireflec-
tion behavior, yielding higher photocurrent and better spectral
responsivities compared to the planar cells. We also shows that
the Voc of NP solar cells is strongly affected by CNT array
spacing, due to the higher overall photocarrier recombination
associated with enhanced surface area of NPs potentially, espe-
cially under high intensity illumination. At the current research
stage, these NP array are more suitable for energy harvesting
under indoor environment. It is evident that advanced deposition
techniques or passivation materials are also required for further
development of NP solar cells for outdoor application.
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