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ABSTRACT: The actual light absorption photovoltaic re-
sponses realized in three-dimensional (3D) radial junction
(RJ) units can be rather different from their planar counter-
parts and remain largely unexplored. We here adopt a laser
excitation photoelectric microscope (LEPM) technology to
probe the local light harvesting and photoelectric signals of 3D
hydrogenated amorphous silicon (a-Si:H) RJ thin film solar
cells constructed over a Si nanowire (SiNW) matrix, with a
high spatial resolution of 600 nm thanks to the use of a high
numerical aperture objective. The LEPM scan can help to
resolve clearly the impacts of local structural damages, which
are invisible to optical and SEM observations. More
importantly, the high-resolution photoelectric mapping estab-
lishes a straightforward link between the local 3D geometry of
RJ units and their light conversion performance. Surprisingly, it is found that the maximal photoelectric signals are usually
recorded in the void locations among the standing SiNW RJs, instead of the overhead positions above the RJs. This
phenomenon can be well explained and reproduced by finite element simulation analysis, which highlights unambiguously
the dominant contribution of inter-RJ-unit scattering against direct mode incoupling in the 3D solar cell architecture.
This LEPM mapping technology and the results help to achieve a straightforward and high-resolution evaluation of the
local photovoltaic responses among the 3D RJ units, providing a solid basis for further structural optimization and
performance improvement.
KEYWORDS: solar cells, radial junction, silicon nanowires, photoelectric microscopy, photovoltaic signals,
light trapping and absorption

The development of high-efficiency, low-cost, light-
weight, and flexible thin film solar cells has attracted
tremendous research efforts in recent years.1−8 Three-

dimensional (3D) radial junction (RJ) architectures, for
instance, hydrogenated amorphous silicon (a-Si:H) thin film
solar cells, are particularly advantageous for achieving a strong
light-trapping and absorption performance, where the light
absorption length is decoupled from the electric separation
distance.9−14 This has proven useful to reduce the absorber

material usage,5 improve light-soaking stability,15 and achieve
an excellent mechanical robustness on soft substrates.16

However, an optimal 3D solar cell design requires still a
profound understanding, both theoretically and experimentally,
of the exact light absorption distribution realized among the
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3D RJ units, which can be rather different from their planar
counterparts.
As an ideal model system, RJ thin film solar cells can be

fabricated upon standing Si nanowires (SiNWs) grown via a
low-temperature, high-throughput, and low-cost vapor−
liquid−solid (VLS) approach, catalyzed by metal droplets.17−19

Recently, low-melting-point metals of tin (Sn),20−23 indi-
um,24−26 and bismuth27 have been adopted as alternative
catalysts to replace the commonly used gold (Au) to enable a
low-temperature (<350 °C) growth of SiNWs directly upon
glass or wafer substrates.22 Combined with the proper
geometry, doping, and density controls, a-Si:H RJ thin film
solar cells have achieved a power conversion efficiency of
>8.14%, with an open-circuit voltage and short-circuit current
of Voc = 0.8 V and Jsc = 16.1 mA/cm2, respectively.15 In order
to boost the device performance further, the capability to
probe directly the light-harvesting and conversion performance
of individual 3D RJ units in variant local environments is
definitely a prerequisite. Nanoscanning probe techniques, such
as scanning Kelvin probe microscopy (SKPM)28−30 and
conductive atomic force microscopy (c-AFM),31−33 have
been used to correlate the 3D RJ morphology with the local
photoelectric responses. Unfortunately, these scanning probe
technologies by themselves are inefficient in scanning large
areas and also limited by several issues, such as (1) the local
electric contacts between the protruding 3D surfaces and the
probe tips, (2) the restricted touch depth into narrow valley
regions, and (3) the shedding of light to the junction that is
rather different from the normal incident condition for
conventional solar cells. Alternatively, electron and optical
beam induced current (EBIC and OBIC) mapping techniques
were used to assess the local current generation and thus assess
the junction quality of a-Si:H RJ units.24 However, the EBIC
technique is fundamentally limited by the top indium tin oxide
(ITO) layer, which hinders the penetration of electron beams
deep enough into the buried RJ units. Although OBIC can
address the photoelectric response directly under the ITO
electrode layer, the limited spatial resolution (around 2 μm)
can only resolve the photoelectric responses from very sparse
RJ units, which is unfortunately not the optimized situation for
building high-performance solar cells.
In order to obtain a high-resolution photoelectric signal

mapping of the RJ units, we here adopted a laser excitation
photoelectric microscope (LEPM), with a spatial resolution of
600 nm thanks to a high numerical aperture objective, to probe
directly high-density SiNW RJ units under the ITO layer and
extract the local optical reflection and photoelectric responses
simultaneously. This nondestructive and high-resolution
scanning probe technology, equivalent to a high-resolution
OBIC, can help to reveal the hidden electric damages among
the RJ units, which are invisible even in the highest resolution
optical examination. More importantly, the LEPM mapping
provides a straightforward probe to identify the highest
photoelectric response locations among the RJ units, which
can be very useful for us to evaluate the detailed contributions
of different light incoupling and absorption mechanisms, and
to establish a guide for further structural optimization.
Combined with finite element simulation analysis, it is
shown that, among the high-density RJ units, the highest
light absorption and photovoltages are usually achieved in the
void locations among the RJs, highlighting the importance of
suitable density controls and structural design in fabricating
high-performance 3D RJ solar cells.

The p-type doped SiNWs were grown via a tin (Sn)-
catalyzed VLS growth in a plasma-enhanced chemical vapor
deposition (PECVD) system, by using a mixture gas of SiH4
and H2-diluted (CH3)3B on Corning glass coated with a
transparent conductive aluminum-doped zinc oxide layer. After
the SiNW growth, an intrinsic a-Si:H layer and then an n-type
doped a-Si:H layer were deposited consecutively to form a
radial p−i−n junction over the p-type SiNWs. Finally, an 80
nm ITO layer was sputtered through shadow mask to form the
top electrode, which contacts the solar cells. The details of the
RJ solar cell fabrication procedure are available in our previous
works.15,34 Figure 1 shows a schematic illustration of the

LEPM scanning system, where a laser diode operating at 638
nm wavelength is installed as the excitation source, and the
laser beam is coupled into a single-mode optical fiber that
connects to an optical circulator. Then it is focused onto the
sample surface by a microscope objective lens with a numerical
aperture of 0.55. The sample is mounted on an x−y−z piezo
stage (Attocube micropositioner) that provides a spatial
resolution of 200 nm at room temperatures.
Under the illumination of a focused laser beam, the RJs

absorb the light and generate a photovoltage of ΔVpv that can
be detected by using a lock-in technique. In the meanwhile, the
incident light can be reflected and collected by the fiber and
converted into an electric signal of ΔVopt by a photodiode,
which can be referred to as an optical signal. In this way, a
single scan of the sample surface will produce a photovoltage
signal mapping and a reflected optical voltage signal mapping
simultaneously, with correlated spatial information. Both of
them are read out as voltage signals, but of different physical
origins. The lock-in technique can help to reduce the noise and
extract the photovoltage signals with a stronger contrast, as
witnessed for example in Supporting Information Figure S1a

Figure 1. Schematic illustration of laser excitation photoelectric
microscopy (LEPM). A modulated laser beam focused on the
sample surface. The sample is fixed on a 3D micropositioner. The
reflection optical signal ΔVopt can be detected via a photodiode.
The optoelectronic response ΔVpv, which is generated by the
perturbation of the focused beam, is detected by a lock-in amplifier
at the same time.
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and b, where the photovoltage mappings without or with a
lock-in amplifier are presented, respectively.
The resolution of the system is mainly dependent on the

spot size of the focused laser beam and the minimal step
distance of the micropositioner. The diffraction-limited
resolution is calculated by the diameter of the airy disc:

d N(1.22 )/ Aλ= (1)

where d is the airy disk diameter, λ the wavelength of laser
light, and NA the numerical aperture of the lens. So, the laser
spot size of LEPM is calculated to be about 1.4 μm for a
numerical aperture NA of 0.55 at a laser wavelength of 638 nm.
In order to improve the resolution, the system adopts a short
wavelength of 405 nm for the laser source, a microscope
objective lens with a high numerical aperture of 0.8, and a

scanning step of about 80 nm. The corresponding laser spot
size is calculated to be about 600 nm.35

Figure 2a provides a scanning electron microscopy (SEM)
image of the targeted RJ sample region, where the brighter
region is covered by an ITO layer. The silver paste on top of
the ITO pad to the left was used to extract the electric signals
from the top ITO electrode. A selected region is marked by a
yellow square, and an enlarged SEM view is presented in
Figure 2b. In this region, a set of structural defects can be
identified, which include (1) a void region without any SiNWs
and thus no radial junction (but with a still planar PIN
junction) and (2) several scratch lines where the RJ units were
broken, as witnessed in Figure 2c and d. Note that the
nanostructured 3D RJ units are prone to external force
damage, compared to their planar counterparts, and thus their

Figure 2. SEM images of a SiNW-based solar cell. (a) Overview of the solar cell. (b) Enlarged region of the SEM view with void region and
scratch lines. (c and d) Close-ups of the scratch lines.

Figure 3. (a) SEM image of the scanning region, (b) optical response, and (c) optoelectronic response. (d) Optical and (e) optoelectronic
response of four typical points under various laser powers.
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influences or location information have to be examined or
identified for quality control and optimization.

RESULTS AND DISCUSSION
First, an LEPM system with a numerical aperture NA of 0.55
and laser wavelength of 638 nm was adopted to measure the
region as shown in Figure 2b. In order to examine the
correlation between the structural properties and the local
optical and photoelectric responses in these defected locations,
in comparison to the normal regions with intact RJ units, four
typical locations were chosen as indicated in the SEM image of
Figure 3a. The photovoltage and optical LEPM mappings of
the same region are shown in Figure 3b and c, respectively. For
the convenience of comparison, the optical signals and the
photoelectric signals, as a function of increased laser power, are
extracted from the four locations, numbered as P1 to P4 and
plotted in Figure 3d and e. It is found that the planar PIN
junction at location P2 reflects strongly due to a flat surface
and thus contributes the least photoelectric signals, because of
a poor light-trapping performance, compared to the RJ units in
other places. On the other hand, the lower photovoltage
recorded in the planar P2 region is also related to the fact that
the optimized boron doping condition in crystalline p-type
SiNW cores is much different from that required for the p-type
a-Si layer. The latter usually requires a much higher (more than
an order of magnitude) boron doping concentration to arrive
at a similar doping effect in crystalline Si, due to the disorder
and defective nature of the a-Si matrix.36,37 Strikingly, the
scratch-line defects, which are basically invisible in the optical
mapping, can be well resolved in the electric mapping. The
broken RJs in regions P3 and P4 lead to a lower photoelectric
signal, compared to that of the normal region in P1, and the
decreased voltage signal is more prominent in P3, as the
damage there is more serious than that in P4. These findings
highlight the capability of LEPM mapping in identifying the
actual electric damages caused by structural defects in the RJ
structure.
Furthermore, a high spatial resolution (about 600 nm)

LEPM mapping was carried out in the normal RJ region with a
smaller size of 4 μm wide, and the optical and photoelectric

responses are provided in Figure 4a and b, respectively.
Interestingly, the reflected optical response can roughly resolve
the locations of the RJ units, as the brighter optical signals
result from a stronger reflection from the top of the standing
RJs. Note that, as the RJs are not always upright standing, the
tilted ones will be detected as elongated or irregular spots.
Somehow to our surprise, the photoelectric mapping reveals an
inverse correlation with respect to the optical mapping. In
other words, the highest photoelectric signals are usually
detected at the locations with the lowest optical reflection
responses, which can be better inferred from the extracted
signal variation plots shown in Figure 4c. This indicates that
the strongest light absorption and photoelectric generation are
not accomplished over the standing RJ units, as usually
expected in previous work.38 Instead, the strongest photo-
voltage signals are produced in the so-called void region among
RJs.
To understand this peculiar correlation phenomenon, an RJ

model is established by using the RF module of the finite
element simulation suite Comsol Multiphysics, in a config-
uration as shown in Figure 5a. Here, the SiNW core is
represented by a cylinder with a radius of 20 nm and a length
of 2 μm, coated with a coaxial multilayer that consists
subsequently of intrinsic a-Si:H, an n-type a-Si:H layer, and
ITO layers of 100, 15, and 50 nm, respectively. The single
radial cell is placed at the center of a square simulation box
(1.6 μm × 1.6 μm) on top of a glass substrate, with periodic
conditions at the four boundary walls to represent the light
absorption effect in an array. The focused laser beam light
source is simulated by a y-axis-polarized light (λ = 405 nm)
illuminated through a hemispherical surface with a diameter of
200 nm. Then, the light source is scanned over the RJ units,
simulating the scanning of a laser beam, and the absorption
realized in the active i-layer is calculated and extracted as the
effective light absorption that can be converted into photo-
electric signal. Figure 5a and b show the propagation of the
electric field and the absorption distribution in the RJ under
405 nm incidence, respectively, while a mapping of the
effective absorption by the RJ unit is shown in Figure 5c. More
importantly, the highest absorption is achieved not over the RJ

Figure 4. (a) Optical and (b) optoelectronic response of a normal region under a laser of 405 nm. The scale bar in (a) and (b) is 200 nm. (c)
Optical and optoelectronic signal intensity of the dotted lines in (a) and (b).
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unit but rather in the locations deviated 100−300 nm away
from the center of the RJ, similar to the situation observed in
the experimental LEPM mapping in Figure 4a and b. This
spatial deviation can be better seen in Figure 5d, where the
light absorption within the same distance from the RJ center is
integrated/averaged and then plotted against the distance from
the RJ unit center. It is found that the separation between the
highest absorption location and the RJ center is around 250
nm, which explains at least qualitatively why the highest
photovoltaic signals are not observed directly over the RJ units
in Figure 4b. In addition, we also consider and simulate the
absorption distribution around tilted RJ units; see Supporting
Information Figure S2 for the light field distribution and
absorption patterns realized around the RJs tilted to angles of
10, 20, and 30 deg in the x−z plane. It is interesting to find
that the highest absorptions are always found on both sides of
the tilted RJ (and stronger around the tips of the tilted RJs),
which are similar to and consistent with that found for the
upright standing RJ unit, except that the spatial symmetry is
broken by the tilting arrangement. These results indicate that,
among the 3D RJ array, the highest light absorption is realized
indeed in the region surrounded by the standing RJs, instead of
in the overhead locations. Meanwhile, the impact of the light-
trapping effect in the RJ matrix can also be inferred from the
variation of the pitch of the RJ units, which is equivalent to
changing the density of the RJ matrix. The simulated
absorption patterns with different RJ-to-RJ pitch or spacing
lengths, of 1400, 1600, 1800, and 3000 nm, are presented in
Supporting Information Figure S3a−d, respectively. It is found
that, for the pitch below 2000 nm (see Figure S3a−c), the
strongest light absorption responses are realized in the regions
around the RJ units. However, when the pitch increases to
3000 nm, that is, the RJ matrix becomes very sparse (see
Figure S3d), the strongest absorption response region returns
to overlap with the RJ unit, because the light-trapping effect
diminishes rapidly in the sparse RJ matrix. This can be better

understood by considering/calculating the light absorption
response realized by a singly placed RJ unit (not in a matrix),
under the same spot light illumination, which has been
provided in Supporting Figure S4, where the periodic
boundary conditions are removed and set to be absorptive.
Under this situation, the strongest light absorption is indeed
realized just over the RJ unit, instead of being in the nearby
regions. This is because the single 3D RJ, by itself, has a much
larger PIN junction volume coated upon the standing SiNW
compared to that in the nearby flat region. Nevertheless, the
highest absorption power realized by the single RJ (see Figure
S4) is only one-third of that realized by the RJ unit placed in a
matrix (see Figure 5c), emphasizing again the benefit and
contributions of a strong light-trapping effect realized among
the RJ arrays. These also indicate that, under normal incidence,
the contribution of light trapping and absorption among RJs is
more important or efficient compared to the direct light
incoupling into the RJ units from the top end, which is indeed
a critical message for the structural design and optimization of
RJ solar cells.

CONCLUSIONS

In conclusion, high spatial resolution LEPM mapping was
adopted to probe the local light harvesting and photoelectric
responses of 3D a-Si:H RJ thin film solar cells, constructed
over a matrix of SiNWs. The high-resolution photoelectric
mapping can help to resolve the usually invisible impacts of
local structural damages and establishes a direct link between
the 3D geometry and their local light conversion performance.
Moreover, it is found that the maximal photoelectric signal can
be identified in the void locations among the standing SiNW
RJs, instead in the overhead positions above RJs, which can be
well explained and reproduced via a finite element simulation
analysis that highlights the dominant contribution of light
scattering among the 3D RJs against other light incoupling and
absorption mechanism. These results offer an important
guideline for the further structural optimization and device
performance improvement.

METHODS
Device Fabrication. SiNWs were grown on the AZO glass

substrate, coated with a 2 nm thick tin (Sn) layer. During the H2

plasma at 300 °C for 90 s with flow rate, chamber pressure, and radio
frequency (RF) power of 100 sccm, 260 mTorr, and 53 mW cm−2,
respectively, the Sn layer transformed into nanoscale droplets. Then,
the substrate temperature was raised to 400 °C, and a mixture gas of
10 sccm SiH4 and 100 H2-diluted (CH3)3B was introduced to trigger
the growth of p-type SiNWs with a length of around 1 μm and a mean
diameter of about 20 nm. After that, an intrinsic a-Si:H layer (typically
∼100 nm) and then an n-type doped a-Si:H layer (of ∼15 nm) were
deposited consecutively to form a radial p−i−n junction. Finally, an
80 nm ITO layer was sputtered through a shadow mask to form the
top electrode, which contacts the solar cells.

Characterization. We performed the measurements on solar cells
with an LEPM system, a schematic view of which is shown in Figure
1. The laser beam was modulated on the square-wave modulation
with a frequency range from 10 to 50 kHz and a voltage range from 2
to 2.18 V, corresponding to the equivalent power from 10 to 28 mW.
The optical and photoelectric responses were obtained by using a lab-
made voltage amplifier. The micropositioner was made by using three
piezo-driven stages with sub-micrometer precision (ANPx/z101/RES,
ANC350, Attocube System).

Figure 5. (a) Schematic illustration of the simulation model of a
single RJ cell at 405 nm incidence light. The color cross profiles of
(a) present the light field distribution in the single RJ unit. (b)
Corresponding absorption profiles. The black circle out of the top
border in (a) and (b) represents the incident spot laser source. (c)
Effective power dissipation/absorption distribution of a single RJ
cell. (d) Power absorption vs the distance from the RJ unit center.
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Vetushka, A.; Ledinsky,́ M.; Kocǩa, J.; Fejfar, A. Investigating
Inhomogeneous Electronic Properties of Radial Junction Solar Cells
Using Correlative Microscopy. Jpn. J. Appl. Phys. 2015, 54, 08KA08.
(34) Yu, L. W.; Misra, S.; Wang, J. Z.; Qian, S. Y.; Foldyna, M.; Xu,
J.; Shi, Y.; Johnson, E.; Roca i Cabarrocas, P. Understanding Light
Harvesting in Radial Junction Amorphous Silicon Thin Film Solar
Cells. Sci. Rep. 2015, 4, 4357.
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