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L
owering the levelized cost of energy by
obtaining higher photogenerated elec-
tric power, while maintaining low fab-

rication and operation costs, is the golden
rule in photovoltaic (PV) cell research. Con-
ventional approaches to obtaining higher
photogenerated electric power in PV devices
include the enhancement of light absorp-
tion, the use of multiple junctions, or the use
of light concentrators. From the perspective
of enhanced light absorption, the nanostruc-
turing of solar absorber materials is one of
the promising approaches being pursued,
since the small size provides pathways
for both reducing reflection and enhancing
light absorption.1 Thedevelopment of design
rules tomaximize light absorption has been a
focus of studies to enhance PV performance

for nanowire (NW) arrays. Themain approach
used in these studies has been to employ
optical absorption spectroscopy in combina-
tion with simulations by finite domain time
difference (FDTD) or rigorous couple-wave
analysis (RCWA) methods.2�5 These studies
of the optical properties of NWs have shown
excellent light absorption behavior over the
solar spectrum, with a focus on optimizing
NW sizes, shapes, and geometrical arrange-
ments tomaximize array light absorption.6�10

However, in spite of these advances in en-
hancing optical absorption, progress is still
needed in enhancing the PV efficiency of
Si NW cells (currently 10�18.2%),11�15 sug-
gesting that attention is needed on simulta-
neously enhancing light absorption and
carrier collectionefficiency throughNWdesign.
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ABSTRACT High-performance photovoltaic (PV) devices require

strong light absorption, low reflection and efficient photogenerated

carrier collection for high quantum efficiency. Previous optical

studies of vertical wires arrays have revealed that extremely efficient

light absorption in the visible wavelengths is achievable. Photo-

voltaic studies have further advanced the wire approach by employ-

ing radial p-n junction architectures to achieve more efficient carrier

collection. While radial p-n junction formation and optimized light

absorption have independently been considered, PV efficiencies have

further opportunities for enhancement by exploiting the radial p-n junction fabrication procedures to form arrays that simultaneously enhance both light

absorption and carrier collection efficiency. Here we report a concept of morphology control to improve PV performance, light absorption and quantum

efficiency of silicon radial p-i-n junction arrays. Surface energy minimization during vapor phase epitaxy is exploited to form match-head structures at the

tips of the wires. The match-head structure acts as a built-in light concentrator and enhances optical absorptance and external quantum efficiencies by 30

to 40%, and PV efficiency under AM 1.5G illumination by 20% compared to cylindrical structures without match-heads. The design rules for these

improvements with match-head arrays are systematically studied. This approach of process-enhanced control of three-dimensional Si morphologies

provides a fab-compatible way to enhance the PV performance of Si radial p-n junction wire arrays.

KEYWORDS: photovoltaic . radial p-n junction . silicon nanowire . quantum efficiency . finite difference time domain calculation

A
RTIC

LE



YOO ET AL. VOL. XXX ’ NO. XX ’ 000–000 ’ XXXX

www.acsnano.org

B

Radial p-n junction wire architectures have been con-
sidered as building blocks for high-performance NW
PV devices since the architecture offers a novel oppor-
tunity to maximize light absorption while enhancing
photogenerated carrier collection efficiency.16,17 In
principle, the maximum PV conversion efficiency for
a radial p-n junction structure can be obtained in cases
of a wire diameter comparable to the minority-carrier
diffusion length.16 Thus, Si wires with diameters ran-
ging from 1 to 10 μm are of particular interest for PV
studies according to recent studies of minority-carrier
diffusion lengths of Si nano/microwires.18,19 Engineer-
ing the Si wire PV architecture via control of the wire
shape provides an additional degree of freedom for
designing PV cells. For example, radial shell growth can
lead to changes in the wire shape from symmetric
cylinders to faceted surfaces, which can influence
the optical absorption properties.5,11,20 In addition,
previous studies11,20 have shown that the facets
formed during radial epitaxy on wires can result in
match-head-like structures, similar to lens-like struc-
tures on planar PV cells.21 These match-heads on wire
PV structures offer a new architecture for controlling
optoelectronic properties.
Combined studies of both optical absorption and

carrier collection provides valuable insights into ways
to use such wire structural designs to enhance PV
device performance. Experimentally, the external
quantum efficiency (EQE), the ratio of the number of
collected carriers to the number of incident photons, as
a function of incident wavelength provides a valuable
determination of the combined optical absorption and
photogenerated carrier collection for a PV architecture.
Comparing the wavelength-dependent EQE and simu-
lated optical absorption provides an excellent method
to better understand the interplay between optical
absorption and material structuring in governing the
carrier collection efficiency. Thus, a detailed analysis
of the physical factors affecting EQE and the resulting
PV efficiency for a new architecture offers new under-
standing for performance improvements in Si radial
p-n junction wire array solar cells.
Here we report the enhancement in PV performance

for a new architecture, Si radial p-i-n junction wire
arrays with match-heads at their tips, and carry out a
systematic study of the measured EQE and simulated
optical absorption as a function of incident wavelength
for Si radial p-i-n junction arrays with match-head
structures at the tip of thewires. Using epitaxial growth
of Si radial p-i-n shells we demonstrate a significant
enhancement in light absorption and EQE for Si radial
junction arrays with match-head structures compared
to cylindrical Si radial p-i-n junction arrays without
match-heads. While previous optical absorption stud-
ies have demonstrated the benefits of tapered wire
structures for enhancing light absorption,2,4,13 no prior
work to our knowledge has fabricated or discussed the

benefits of such larger match-head sizes at the wire
tips. The advantage of match-head structures on both
EQE and PV performance of Si radial p-i-n junction
arrays is presented in this article. Additionally by
comparing the measured EQE values of Si radial p-i-n
junction arrays with the finite difference time domain
(FDTD) simulations, we demonstrate the optimization
of wire lengths, diameters and filling factors, and show
that carrier collection at small diameters becomes a
more important consideration thanmaximizing optical
absorption for optimized PV efficiency.

RESULTS AND DISCUSSION

Electron Microscopy and Current�Voltage Characteristics.
The epitaxial growth of the radial p-i-n junctions
depends on the presence of dopants22 in a way that
enables one to tailor the structure and morphology of
the wire arrays. This knowledge can in turn be used to
further optimize their PV performance. One fascinating
aspect of this epitaxial growth evolution is the forma-
tion of match-head like structures at the wire tips.
This effect is due to the increased Si surface adatom
diffusion in the presence of boron (B) dopants, which
induces a lower surface step energy on the Si surfaces
and gives in a multifaceted minimal surface energy
structure with {110} and {311} planes resulting in
a match-head shape at the end of the wires.11,23 In
contrast, the phosphorus (P) doped Si radial growth
hinders Si adatom migration and induces a drastic
lowering of the Si shell growth rate,24 thus suppressing
the multifacet formation and match-head growth.11

In this study, Si radial p-i-n junction array devices
with and without match heads are prepared as shown
in Figure 1(a). The core Si wire etching and the elec-
trode formation were carried out in the same proces-
sing batches to ensure the only difference between the
two devices is the existence of thematch-head, with all
other process variables kept identical. For the Si radial
p-i-n junction array without match-heads, 1.3 μm-
diameter core p-type Si wires were fabricated and then
100 nm-thick intrinsic (i) Si and 100 nm-thick n-type
Si(P) radial shells were grown. For the Si radial p-i-n
junction arraywithmatch-heads, 0.7 μm-diameter core
p-type Si wires were prepared, followed by the growth
of 300 nm-thick p-type Si(B), 100 nm-thick i-Si, and
100 nm-thick n-type Si(P) radial shells. By starting with
the smaller wire radius for the match-head case and
using a similar p-type doping level for both the p-type
Si substrate and the Si(B) epitaxial growth layer, the
radial doping profiles and final wire diameter for both
the match-head wires and the nonmatch-head wires are
kept approximately the same. The match-head is thus be
expected to have a p-type core covered by the same i and
n-shells as along the length of the NWs. As seen from
Figure 1(a) and (b), for the present case a 300 nm-thick
Si(B) radial shell growth induces a clear match-head
formation with 2 μm diameter match-heads at the tip of
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the 1.7-μm diameter wires. Detailed examination of the
surface structure of the match-head by transmission
electron microscopy reveals {110} and {311} surface
facets as shown in Figure 1(b). After the radial epitaxy
growth steps, metal electrodes on n-type and p-type
regions were formed on adjacent planar pads (Figure S1
in the Supporting Information). Each electrode and
associated Si radial p-i-n junction wire array were iso-
lated from other arrays by mesa fabrication. The details
of the device fabrication scheme are described in the
Supporting Information.

Evaluation of PV Response of Si Match-Head Radial P�I�N
Junction Arrays. Figure 1(c) shows the typical current�
voltage characteristic curves for Si radial p-i-n wire
array structures under dark and AM 1.5G illumination,
exhibiting rectifying behavior indicating the formation
of radial p-i-n junctions. The effect of match-heads on
the PV response is clearly demonstrated in the current
density�voltage (J�V) characteristic curves of the Si
radial p-i-n junction arrays with and without match-
heads in Figure 1(d). The PV performance as assessed
by PV measurements under AM 1.5G illumination con-
dition show a 16% higher short circuit current density
(Jsc) value measured from arrays with match-heads

(40.0 mA/cm2) compared to those without match-
heads (34.4 mA/cm2). The resulting PV efficiency
(10.1%) of the Si radial p-i-n junction arrays with
match-heads is enhanced by 23% compared to that
(8.2%) of Si radial p-i-n junction arrays without match-
heads in the present case. There was no significant
change for the open circuit voltage (Voc) of 0.46 V and
the fill factor (FF) of 0.52 of the Si radial p-i-n junction
arrays with match-heads compared to the Voc of 0.45 V
and the FF of 0.51 of those without match-heads. We
anticipate that further optimization of contact design
and surface passivation could result in significantly
increased absolute PV efficiency values.

Assessment of EQE and Absorption Enhancements by Experi-
ment and Simulation. The enhancement of Jsc, as shown
in Figure 1(d), is the main factor in improving the PV
efficiency of Si radial p-i-n junction arrays with match-
heads. To elucidate the origin of this enhancement
of the Jsc for the match-heads we evaluated the arrays
by wavelength-dependent EQE measurements and
FDTD calculations of optical absorption. Figure 2(a)
shows the measured EQE and calculated optical ab-
sorptance results of Si radial p-i-n junction arrays with
and without match-heads. Both the EQE and optical

Figure 1. (a) The scanning electron microscopy (SEM) image of Si radial p-i-n junction wire arrays with and without match-
heads. The match-head morphology was obtained by epitaxial p-type Si radial shell growth via chemical vapor deposition
growth on core p-type Si NWs with the fixed thicknesses of intrinsic and n-type Si shells of 100 nm (see text for details of how
the same p-i-n junctionprofiles are obtained). (b) The transmission electronmicroscopy images of a single Siwire after growth
of a 100 nm-thick p-type Si(B) radial shell. The low magnification image (left) shows facets at the top of the wire, and the
high-resolution image (right) displays the single crystalline facets consisting of {113} and {111} planes. (c) The current�
voltage (I�V) characteristic curve of a Si radial p-i-n junction array under dark (dashed line) and AM 1.5G illumination
condition (solid line). The metal top electrodes were fabricated on the surfaces just outside the wire arrays. The inset is the
tilted-view low magnification SEM image of 1 � 1 mm2-Si radial p-i-n junction arrays with match-heads. (d) The current
density�voltage characteristic curves of a Si radial p-i-n junction arrays with (red, solid) and without (black, dashed) match-
heads under AM 1.5G illumination condition. The diameter of stems and the lengths are 1.3 and 7 μm, respectively, in both Si
radial p-i-n junction arrays. The PV efficiencies of Si radial p-i-n junction arrays without and with match-head structures for
these devices were 8.2 and 10.1%, respectively.
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absorptance are enhanced up to 40% over all wave-
lengths for match-head structures. The oscillations
with wavelength in the calculated optical absorptance
originate from interference of the incident light in the
arrays. The absence of such oscillations in the experi-
mentally measured EQE is attributed to slight variation
in the surface morphology, size or positions of NWs
in the arrays. The decreased blue spectral response
at wavelengths shorter than 450 nm in nanostructured
Si solar cells has been attributed to both surface
recombination due to absorption at shallow depths

(less than 390 nm in Si) and high Auger recombination
due to heavily doped emitter region formed by diffu-
sion and annealing process.25,26 The overall spectral
shapes of the wavelength-dependent EQE and of the
calculated optical absorptance curves in Figure 2(a) are
not remarkably changed by the presence of thematch-
heads. This similarity of spectral shapes is consistent
with the origin of the enhancements for both the light
absorption and the EQE being due to a strengthening
of the existing absorption mechanism with match-
heads, as will be discussed in detail below.

Visualization of the light absorption spatial profile
along the length of the wires at specific wavelengths
provides additional insight in understanding thewave-
length-dependent EQE curves. Figure 2(b) and (c) show
truncated spatial cross sectional cuts of the calculated
light absorptance of a single Si wire in arrays without
and with spherical match-heads at the wavelengths
of 476, 587, and 765 nm. The sizes and spacings of
the wires for the calculation of Figure 2(b) and (c) are
the same as those of the wires for the EQE and
absorptance results of Figure 2(a). The absorbed light
is seen to be guided to the center of each wire along
the longitudinal axis both with and without thematch-
heads. This waveguiding effect is one of the principal
mechanisms responsible for the enhancement of light
absorption in NWs.1 However, Figure 2(c) shows that
there is an additional effect of the match-head, which
acts as a light concentrator, thus providing a further
significant enhancement in light absorption. Since the
focal point for a specificwavelength changes along the
length of the wire, this light concentrating effect works
over a wide range of wavelengths and does not lead to
a single localized hot spot. To illustrate the significance
of thematch-head light absorbing enhancementmore
quantitatively, the relative radial intensity profiles of
light across a cross-sectional center of the wire at 3 μm
from the top of a 7 μm longwire is shown in Figure 2(d)
with and without a match-head for 587 nm light.
The electric field intensity of the 587 nm-light in the
match-head Si structure is remarkably greater than that
of the Si wires without a match-head, thus resulting in
the substantial enhancements observed in Figure 2(a).

The results presented in Figure 2 demonstrate that
these match-heads act as a built-in, novel type of
microscale light concentrator for PVdevices. Traditionally
photonmanagement systems for concentrating sunlight
have been categorized into two types: (1) solar tracking
systems composed of lenses and curved mirrors at
the macroscale for concentrating large amounts of sun
light and (2) luminescent solar concentrators consisting
of fluorescent pores such as dyes and quantum dots in
transparent waveguides for collecting reemitted light
and concentrating it on the PV cell at the end of a wave-
guide.27,28 In contrast to both these types of solar con-
centration systems, which require additional processing
to fabricate the concentrator systems, the match-head is

Figure 2. (a) The measured external quantum efficiency
(lines) and the calculated absorptance (symbolþline) of Si
radial p-i-n junction arrays with and without match-heads.
The calculated monochromatic absorption profile cross
sections through Si wires at the wavelengths 476, 587,
and 765 nm (from left to right, respectively) without and
with match-heads. Electric field intensity is illustrated by
the color bar with red indicating stronger field intensity.
(c) Radial distribution of calculated light intensity through the
wire cross section with (solid line) and without (dashed line)
match-heads at the wavelength of 587 nm at a distance of
3 μm from the tip of a 7 μm-long nanowire.
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naturally formed and controlled with growth parameters
during the radial epitaxy of our p-i-n junction wires
without further processing. Additionally various shapes
ofmatch-heads such as hemisphere and pyramidsmight
be employed to further optimize the light concentration
effect.29

Assessment of Carrier Collection Efficiency Enhancement
in Experiment and Simulation. For amore complete under-
standing of the enhanced PV characteristics in our
structures, we studied the EQE and optical absorptance
as a function of wavelength to infer additional informa-
tion about the enhanced carrier collection efficiencies
for different wire geometries. Figure 3(a)�(d) show
double-axis plots of the wire-length-dependent EQE
and calculated optical absorptance. An apparent trend
is that the EQE values approach the calculated optical
absorptance as the length of the Si wires increases.
This approach indicates that the IQE is enhanced with
increasing length of the Si wires. Furthermore, the
wavelength-dependent EQE curves overlap the calcu-
lated optical absorptance curves in the case of Si radial
p-i-n junction arrays longer than 7.2 μm. We note that
the direct determination of IQE was not available in the
present study since the optical absorptance was only
determined by FDTD calculations. For 7.2 μm-long Si
radial p-i-n junction arrays the EQE values reach the
calculated absorptance around 800 nm, and at 9.8 μm
length the EQE overlaps the calculated optical absorp-
tance curve over wavelengths ranging from 570 to
800 nm. This overlap of EQE and calculated optical
absorptance implies a high IQE, approaching ∼100%.

The increase in IQE enhancement with NW length,
interpreted from the approach of the EQE curve to the
calculated optical absorptance shown in Figure 3(a)

and (d), between 3 and 9.8 μm-long Si radial p-i-n
junction arrays, gives rise to the question of why the
shorter Si radial p-i-n junction arrays do not fully utilize
the efficient radial carrier collection. Since the collec-
tion efficiency of photogenerated carriers depends on
the carrier loss mechanism, we must consider what
aspects of the spatial distribution of photogenerated
carriers may be affecting the carrier collection for
the shorter wire arrays. Figure 4(a) shows the optical
absorption spatial profiles of 3 and 7.2 μm-long Si
radial p-i-n junction arrays in wires with the same
match-head and stem diameter for the wavelengths
of 476, 587, and 785 nm. While both 3 and 7.2 μm-long
cases show the light concentration effect at the center
of the wire, the match-head becomes a larger fraction
of the absorbing volume as the length of the stem
decreases for shorter wires. As shown in Figure 4(a) the
light absorption intensity in the match-head extends
more to the surface than in the stem. Since absorbed
light in the regions closer to surface has a higher
chance of recombination through both surface chan-
nels and the Auger process dominant in the outmost
n-type Si shell with the estimated doping concentra-
tion of 1.3� 1019/cm3, the overall collection efficiency
decreases for shorter wires. Figure 4(b) and (c) display
an electric field intensity cross section profile of
absorbed light in the match-head and in the “stem”.
In the stem light absorptionmainly occurs in the center
region along the longitudinal axis due to the light con-
centrating effect of the match-head, whereas in the
match-head the electric field intensity profile extends
closer to the surface along radial direction (Figure 4(c)).
The volume fractions of the 1.7 μm-diameter match-
head for the 3 μm-long and 7.2 μm-long Si wires

Figure 3. Length-dependent measured EQE and calculated absorptance of match-heads-Si wire arrays with fixed spacing
(3μm) anddiameters (1.7μm)of stemand (2.0μm)ofmatch-head forwire lengths: (a) 3μm, (b) 6μm, (c) 7.2μm, and (d) 9.8μm.
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compared to the total volume are about 60 and 26%,
respectively. Thus, a greater contribution of photo-
generated carrier recombination nearer the surface in
the match-heads compared to the stems will show a
relative decrease with increasing length of the wires,
leading to the observed length-dependent improve-
ment in EQE with wire length shown in Figure 3.

Influence of Array Geometry on PV Performance. A com-
plete picture of the design rules for high-performance
PV device arrays needs to account for the overall array
geometry, in addition to the length of individual array
elements. Thus, we studied the combined effects of
wire length, diameter, and spacing for Si radial p-i-n
junction arrays with match-heads to investigate opti-
mal designs for higher Jsc (higher EQE). Figure 5(a)�(f)
show examples of the measured EQE and correspond-
ing calculated absorptance for Si radial p-i-n junction
arrays while varying the parameters of wire length at
fixed diameter and spacing (a,b), wire diameter at fixed
spacing and length (c,d), and wire spacing at fixed

diameter and length (e,f). Figure 5(a) and (b) show the
length-dependent results for arrays with a fixed center
to center spacing of 3μmand fixed diameters of 1.8μm
(stem) and 2.1 μm (match-head). As the length of the Si
wires increases an increasing amount of the available
incident light is absorbed and both the EQE values and
the optical absorption increase. At sufficient lengths
of ∼10 μm this increase saturates as the light absorp-
tion in the wires becomes more complete. We note
that the enhancement of EQE is remarkably stronger
compared to that of the optical absorptance with
increase in the NW length. For example, the EQE at
600 nm increases from 16% for 3 μm-long Si wires to
67% (a factor of 4) for 9.8 μm-long Si wires at a fixed
1.8 μm diameter and 3 μm spacing. In contrast, the
optical absorptance at 600 nm is only enhanced from
45 to 76% (a factor of 1.7) for the same case.

Similar enhancement behavior in array performance
is observed for the Si radial p-i-n junction arrays at
the same spacing (3 μm) with increasing wire diameter.

Figure 4. (a) The optical absorption profiles illustrated in color of single Si radial p-i-n junction structures in arrays with two
different lengths of 3 μm (upper panels) and 7.2 μm (lower panels) at the wavelengths of 476, 587, 785 nm (left to right). Note
change in color bar scale for field intensity. The normalized electric field intensity profiles across the stem at 1 μm from wire
base (b) and across the center of the match-head (c) for the lengths of 3 and 7.2 μm is shown at the wavelength 587 nm.
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The change in diameter at fixed spacing is expressed
by the filling ratio, the fraction of available volume filled
by Si in a given layer thickness and denoted here by
the ratio of projection area of wire to that of a unit cell
defined by the wire spacing. Figure 5(c) and (d) show
the diameter-dependent results for the fixed length of
6 μm and fixed spacing of 3 μm, with the filling ratio
varied from 0.05 to 0.49. The increase in the stem
diameter at fixed spacing increases the filling ratio,
which is observed to enhance both the EQE and the
optical absorptance. The enhancement of optical ab-
sorption in longer and thicker Si wires can be explained
by the increase in total absorption volume. Similar to
that for the NW length dependence, the enhancement
of EQE is remarkably stronger compared to that of the
optical absorptance with increase in filling ratio. This
difference implies that in addition to the increased light
absorption due to a greater filling ratio, there is an extra
increase in carrier collection efficiency, as detected by
the larger increase in EQE. Thus, the increase in EQEwith

diameter can be understood as due to a decrease in
recombination loss at the wire surfaces.

To further explore this understanding of an en-
hanced efficiency in carrier collection at larger wire
diameters due to reduced surface recombination,
we varied the wire spacings at a fixed filling ratio. The
wire spacing has been a common parameter in optical
absorption studies to tune the absorption properties of
ordered Si wire arrays,6�9,30 but it has not commonly
been coupled to consideration of the carrier collection
efficiency. Here, in maintaining a fixed filling ratio the
wire diameter increases as the wire spacing increases.
Thus, we are able to better examine the influence
on carrier collection efficiency without the large
change in light absorption due to a changing filling
ratio. Figure 5(e) and (f) show the spacing-dependent
EQE results and calculated absorptance of Si radial
p-i-n junction arrays with a fixed length of 6 μm
and the fixed filling ratio of 0.22. In this parameter
region the spacing-dependent EQE results and optical

Figure 5. Parametric study of themeasured EQE and calculated absorptance values for radial Si p-i-nwire arrays as a function
of (a, b) wire lengths at fixed wire diameter and spacing, (c, d) filling ratios as controlled by the wire diameter for fixed wire
spacing and length, and (e, f) spacing between wires for a fixed length and constant filling ratio of 0.22.
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absorptance exhibit an opposite dependence, in con-
trast to the length and the diameter (filling ratio)
dependent trends. The origin of the enhanced optical
absorption in this narrower spacing regime has been
attributed to enhanced light scattering at the sub-
micrometer scale. However, the decrease in EQE value
here, even as the optical absorption is enhanced
at very small spacings, shows that the PV performance
as represented by EQE is not governed primarily by
optical absorption in this regime. Rather the results
support the above interpretation that the smaller
diameter at smaller spacings to maintain a fixed filling
ratio leads to a decrease in carrier collection efficiency
due to an increase in surface recombination. In the
present case the larger spacing of 5 μm is seen to be
near optimum for a filling ratio of 0.22 and corresponds

to a wire diameter of 3 μm. Thus, there is a trade-off in
the need to maintain a dense array of small diameter
wires to optimize optical absorption and the need to
maintain large enough diameter wires to achieve effi-
cient carrier collection for optimum PV performance.

Effect of Match-Head in Submicrometer Scale. The main
effect of match-head on PV performances is enhanced
light absorption due to light concentration resulted
fromgeometrical shape of top regions ofwires. In addi-
tion to the systematic studies described and discussed
above in the micrometer scale the effect of match-
head on light absorption characteristics of Si wires of
which diameters are submicrometer scale was investi-
gated by FDTD calculation. Figure 6(a)�(e) show the
wavelength-dependent optical absorptance curves
and cross-sectional monochromatic optical absorption

Figure 6. (a) The wavelength-dependent calculated absorptance curves of Si wires with and without match-heads. The stem
diameter, the length, and the spacing are 400nm, 7.2, and 3 μm, respectively. Thematch-headdiameter is 600 nm. (b)�(e) The
truncated view of the calculatedmonochromatic absorption profile cross sections through single Si wires at the wavelengths
586 and 766 nm without and with match-heads. Electric field intensity is illustrated by the color bar with red indicating
stronger field intensity.
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profiles of Si wires with and without match-head.
The stem diameter, the length, and the spacing were
400 nm, 7.2, and 3 μm, respectively. The match-head
diameter was 600 nm. According to Figure 6(a) the
optical absorptance of the match-head case is en-
hanced by about 10%. A noticeable feature of optical
absorptance in submicrometer scale is that the spectral
shapes of the calculated optical absorptance curves
are different alongmatch-head formation. Match-head
in submicrometer scale induces enhanced absorption
in longer wavelengths. On the other hand, the spectral
shapes of the calculated optical absorptance curve of Si
wires in microscale (Figure 2(a)) were almost identical
regardless of match-head formation. Figure 6(b)�(e)
visualize the change of light absorption spatial profiles
of Si nanowires with and without match-head clearly.
The truncated spatial cross sectional cuts of the calcu-
lated light absorptance of a single Si nanowire in arrays
without and with spherical match-heads at the wave-
lengths of 586 and 766 nm. For both Si nanowires
with and without match-heads waveguiding effect is
seen in the calculated absorption profiles. Addi-
tionally match-head induces light concentration effect
at 766 nm. The enhanced light absorption is consistent
with Figure 6(a). The results presented in Figure 6
indicate that the advantages of match-head formation
in microscale can be obtained in submicrometer scale.
The extended calculation results of different diameters
of 200 and 600 nm are summarized in the Supporting
Information.

CONCLUSION

In summary, an integrated study of the measured
EQE and FDTD calculated optical absorption has been
carried out for a new Si radial p-i-n junction wire array
architecture containing match-heads at the wire tips.
Thematch heads have a larger diameter than the wires
and act as miniature optical focusing elements.
They are demonstrated to enhance the PV efficiency
by 23% (8.2 to 10.1%). This morphological control of
Si radial p-i-n junction array geometry has provided
a means to study and better understand the interplay
between optical absorption and material structuring
in carrier collection efficiency, thus helping to elucidate

nanowire array design rules for photovoltaic applications.
Our results indicate that the match-head structure en-
hances both optical absorptance and external quantum
efficiencies by 30 to 40% compared to cylindrical
structures without match-heads. The visualization of
the spatial optical absorption profiles shows how the
match-heads act as light concentrators, directing a
higher intensity of light into the central region of the
Si wire over the range of visible wavelengths. This light
concentrating effect bymatch-heads, which are formed
as a consequence of the radial p-i-n epitaxial growth
process, provides a novel pathway to achieve photon
management without additional device architecture
processing requirements. The strategy ofmorphological
design for enhancing photovoltaic performance can
also be utilized in other semiconductors such as Ge,
GaN, and GaP since the formation of match-heads is a
natural consequence of surface energy minimization in
three-dimensional crystal growth.31�33 Furthermore,
the strategy of three-dimensional crystal growth with
nanoscale control of growth can begenerally applicable
to nano- and microstructures. In the present studies we
have used e-beam patterning and top down etching to
fabricate the arrays for radial growth in order to inves-
tigate a wide range of precisely controlled array geo-
metries. However, the epitaxial growth mechanism
employed here of enhanced facet formation during
B-doped Si radial epitaxy could be applied to more
scalable array fabrication approaches for practical
application. In addition, our comprehensive study of
quantum efficiency and optical absorption of match-
head-Si radial p-i-n junction arrays demonstrates that to
optimize PV performance through the geometric wire
array parameters, one must account for the design
trade-off between maintaining sufficiently large wire
diameters tominimize surface recombination loss while
maintaining close wire spacings with large filling ratios
tomaximize light absorption. These results indicate that
carrier collection in radial p-i-n junction PV wire devices
can be highly efficient, and demonstrates howmanage-
ment of the spatial distribution of photogenerated
carriers in wires provides an important tool to optimize
the carrier collection in radial p-n junction arrays for
improved photovoltaic performance.

METHODS

Epitaxial Growth of Si Radial p-i-n Junction Arrays. Silicon radial
p-i-n junction wire arrays were prepared by top-down fabrica-
tion of p-type Si wire cores, followed by the subsequent
epitaxial growth of Si radial shells in the sequence of p-type,
intrinsic, and n-type layers. The Si radial p-i-n junction arrays
were grown by Si radial epitaxy via low-pressure chemical vapor
deposition (CVD) in a coldwall stainless steel reactor. Silane (SiH4)
diluted with a 50% hydrogen concentration was the growth
precursor with phosphine (PH3, 5000 ppm) and diborane (B2H6,
100 ppm) diluted in hydrogen as the dopants precursors. The
growth temperature and the partial pressure of SiH4 were 810 �C
and 7.5 mTorr, respectively. For doped Si growth, the dopant

precursor to SiH4 precursor gas ratios were fixed at 3.3� 10�6 for
B2H6 and 6 � 10�5 for PH3. The resulting dopant concentrations
determined by 4-probe measurements on planar epitaxial refer-
ence layers were 3.3� 1018/cm3 for p-type Si(B) (identical to the
p-type Si [111] substrate used to form the NW cores) and 1.3 �
1019/cm3 for n-type Si(P). The growth rates of intrinsic Si, p-type
Si(B), and n-type Si(P) radial shells on the Si NWs of 500 nm
diameter were 30, 20, and 8 nm/min, respectively.
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