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This tutorial review focuses on recent work addressing the properties and potential of

semiconductor nanowires as building blocks for photovoltaic devices based on investigations at
the single nanowire level. Two central nanowire motifs involving p-i-n dopant modulation in axial
and coaxial geometries serve as platforms for fundamental studies. Research illustrating the
synthesis of these structural motifs will be reviewed first, followed by an examination of recent
studies of single axial and coaxial p-i-n silicon nanowire solar cells. Finally, challenges and

opportunities for improving efficiency enabled by controlled synthesis of more complex nanowire
structures will be discussed, as will their potential applications as power sources for emerging

nanoelectronic devices.

Introduction

Solar energy conversion is a highly attractive process for clean
and renewable power.!> For over two decades, commercial
single- and multicrystalline silicon solar panels have domi-
nated the world market for photovoltaics (PV) and in recent
years growth in production of solar cell units has averaged
30% per year.> More recent developments in commercial PV
have centered on second generation solar cells based on thinner
semiconductor absorber layers such as Culn,Ga;_,Se,,
CdTe, and amorphous silicon."™ In addition, organic and
dye/electrolyte-based solar cells are currently in active research
and development®’ and some are at preliminary stages
of commercialization. These latter technologies provide
solar energy conversion at lower cost than established silicon
technology, however, they do not yet achieve the efficiency
of well-established multicrystalline PVs. Third generation
solar cells, including tandem cells*®? and down-converter
cells," have demonstrated energy conversion efficiencies
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beyond the Shockley—Queissier limiting efficiency of 31% for
a single cell at one-sun illumination, but at much higher
cost. Due to their excellent material quality and tunable
bandgaps, III-V compound semiconductors are normally
key components of such high efficiency solar cells. In
particular, a three-junction GalnP/GalnAs/Ge cell has re-
cently surpassed the 40% efficiency milestone.” Moreover,
studies attempting to harness effects such as multiple exciton
generation and hot carriers in quantum confined nanostruc-
tures have also created much interest recently.'® These ideas
suggest that fundamental studies of the synthesis and PV
properties of nanoscale structures could serve as a rich area
in which to search for high efficiency and low-cost solar cell
solutions.

As a prototypical example, semiconductor nanowires are a
broad class of materials which, through controlled growth and
organization, have led to a number of novel nanoscale photo-
nic and electronic devices.'" Given the need to elucidate the
intrinsic characteristics and limits of nano-enabled solar cells
in order to evaluate their potential for next generation, large-
scale, high-efficiency and low-cost solar cells, as well as
integrated power solutions for emerging nanoelectronic
devices, we have initiated studies exploiting single nanowire
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heterostructures as stand-alone and active photovoltaic
elements.'>!3 Here we review the key axial and radial nano-
wire building blocks used to construct the solar cells, discuss
the critical benefits of such structures, describe recent results,
and provide a critical analysis and glimpse of the diverse
challenges and opportunities in the near future.

Nanowires: relevance and benefits to PVs

Nanostructures and nanostructured materials have been ex-
plored extensively as components of photovoltaics in an effort
to improve efficiency in systems that might be processed at low
cost. 101418 Nanoparticles, nanorods and nanowires have been
utilized to improve charge collection efficiency in polymer-
blend!’ and dye-sensitized solar cells,'®!” to demonstrate
carrier multiplication,'® and to enable low-temperature pro-
cessing of photovoltaic (PV) devices.'*!7 Nevertheless, solar
cells based on hybrid inorganic/organic nanoarchitectures
have yielded relatively low efficiencies and poor stabilities,’
and moreover, have not been assessed critically for their use as
power elements for nanoelectronics.

The use of single nanowires as photovoltaic elements presents
several key advantages which may be leveraged to produce
high-efficiency, robust, integrated nanoscale PV power
sources. First, the principle of bottom-up design allows the
rational control of key nanomaterial parameters, which will
determine PV performance, including chemical/dopant compo-
sition, diode junction structure, size, and morphology.
Importantly, this principle has been demonstrated previously
in a wide variety of nanoscale structures and devices.'!
Second, single or interconnected nanowire PV elements could
be seamlessly integrated with conventional electronics and/or
future nanoscale electronics to provide energy for low-power
applications. Third, studies of PV properties at the single
nanowire level will permit determination of the intrinsic limits,
areas of improvement, and potential benefits of nano-
enabled PV.
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Fig. 1 Schematic of carrier generation and separation in (a) axial and
(b) radial p-i-n nanowires. The pink, yellow, and blue regions denote
the p-type, i-, and n-type diode segments, respectively. The pink and
blue spheres denote the holes and electrons, respectively.

Axial and radial nanowires as PV elements

Two unique structural motifs that can yield functional PV
devices at the single nanowire level include p-type/intrinsic/
n-type (p-i-n) dopant modulation in axial'® and radial'? geo-
metries. A prototypical single p-i-n axially-modulated nano-
wire diode is shown in Fig. la. The pink, yellow, and blue
regions denote the p-type, intrinsic, and n-type diode segments,
respectively. In this structure, electron—hole pairs are gener-
ated throughout the device upon absorption of photons whose
energies are equal to or greater than the band-gap of silicon
(E, = 1.12 eV for single-crystal silicon). Carrier generation
and separation are most efficient within the depletion region
due to the built-in field established across the p-i-n junc-
tion.'> 131 Once swept in the direction of the electric field,
the photogenerated holes (electrons) traverse through the
p-type (n-type) regions and are collected as a photocurrent
by ohmic metal contacts. In this axial configuration, the p-type
and n-type regions can be made arbitrarily short since their
main purpose is to provide contact to the junction embedded
within the nanowire. Therefore, the active device area can be
kept very small so as to enhance integration.

A closely related structure is the p-i-n radially-modulated
nanowire diode (Fig. 1b). The overall device physics is iden-
tical to that of the axially-modulated motif, with the key added
benefits being that the p-i-n interface extends along the length
of the nanowire and that carrier separation takes place in the
radial versus the longer axial direction. Since the latter yields a
carrier collection distance smaller or comparable to the min-
ority carrier diffusion length,"'® photogenerated carriers can
reach the p-i-n junction with high efficiency without substantial
bulk recombination. Indeed, recent theoretical studies have
suggested that coaxial nanowire structures could improve
carrier collection and overall efficiency with respect to com-
parable single-crystal bulk semiconductors, and especially
when relatively low quality materials are used as absorber
materials.'®?® Large-scale vertically aligned arrays of coaxial
nanowires would enable substantial light absorption along the
long-axis of the nanowires, and also afford the benefit of short-
range and efficient radial carrier separation. Together, these
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advantages would orthogonalize the pathways for light
absorption and carrier collection,'® thereby eliminating a key
limitation of conventional planar solar cells, and reduce device
surface reflectance,?' which is not the focus of our work and
the current tutorial review.

Work from our group has previously demonstrated the key
structural and compositional variations needed to explore the
axial and radial PV motifs.!! Specifically, a critical break-
through in the development of nanowire building blocks began
with the demonstration of controlled growth of axial**** and
radial heterostructures,?*>°> where the composition and/or
doping was modulated down to the atomic level along or
perpendicular to the nanowire axes, respectively. In general,
synthesis of nanowires proceeds via nanocluster-catalyzed
vapor-liquid-solid (VLS) growth.?® With appropriate selec-
tion of nanocluster catalyst diameter, reactant gases, pressure,
and temperature, one can effect axial modulation of composi-
tion and/or axial growth followed by radial deposition of
multiple concentric shells to yield radially-modulated struc-
tures (Fig. 2a). It should be noted that effective relaxation of
lateral strain in these nanoscale structures can enable high-
quality integration of materials with larger lattice mismatches
than possible in traditional planar structures.””?’ For exam-
ple, high-resolution transmission electron microscopy
(HRTEM) images and elemental maps of 20 nm diameter
axially-modulated gallium arsenide—gallium  phosphide
(GaAs—GaP) nanowires (Fig. 2b) demonstrate that the nano-
wires are defect-free despite a nearly 3.9% lattice mismatch.?
Elemental mapping of As and P content (Fig. 2c) further
shows that the GaAs and GaP regions are spatially well-
defined with a relatively sharp (on the order of 10 nm) inter-
face between the distinct regions.

An illustrative example of a sophisticated radially-modulated
nanowire heterostructure relevant to the PV motif is that
of n-doped gallium nitride/indium gallium nitride/p-doped
gallium nitride (n-GaN/InGaN/p-GaN), where the n-GaN is
the nanowire core produced by axial VLS elongation, and the
InGaN and p-GaN are shells grown in sequential radial
growth steps.”> The HRTEM image (Fig. 2d) and elemental
mapping (Fig. 2e) verify the exquisite level of synthetic control
possible even in such complicated nanowires. Specifically,
HRTEM analysis confirms that the core-shell structure is
single crystalline with no interfacial defects, and elemental
maps confirm the uniform distribution and expected profile of
Ga and In elements.

The above representative examples of axially- and radially-
modulated structures highlight several key points of impor-
tance to the development of these modulated nanowire motifs
for PV applications. First, single-crystalline materials with low
defect densities, as demonstrated in the structures of Fig. 2, are
beneficial for PV applications because defects can function as
deleterious recombination centers that reduce open circuit
voltages and short-circuit currents.'®!® Second, it is necessary
to have synthetic control over the material band gap, mor-
phology and dimensions of key diode segments to enable
tuning of parameters such as absorption depth and depletion
region width/length, and to make possible the exploration of
more sophisticated tandem or quantum-well structures.'*%°
Third, well-controlled n-type and p-type doping is required to
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Fig. 2 Axial and radial nanowire heterostructures. (a) Schematic of
controlled synthesis; preferential reactant incorporation at the catalyst
(growth end) leads to 1D axial growth. A change in the reactant leads
to either axial (upper panel) or radial (lower panel) heterostructure
growth depending on whether the reactant is preferentially incorpo-
rated at the catalyst or uniformly on the wire surface. (b) HRTEM of a
GaAs/GaP junction; inset shows two-dimensional Fourier transform
of the image. The dashed yellow line marks the junction interface.
(c) Elemental mapping of P (red) and As (blue) content of the junction.
(d) HRTEM image of single crystalline n-GaN/InGaN/p-GaN nano-
wire taken along the [0001] zone axis. The inset shows the correspond-
ing electron diffraction pattern. Dashed yellow lines mark the junction
interfaces. (¢) Normalized EDX line profiles for gallium (blue symbols)
and indium (red symbols). Insets: scanning TEM image of the
nanowire, and model for the nanowire cross-section (blue and red
regions represent GaN and InGaN, respectively). Adapted from
ref. 22 and ref. 25.

tune the built-in potential at the diode junction interfaces,' to
reduce traps, and to ensure reliable ohmic contacts.
Together, the aforementioned points motivated our decision
to use silicon nanowire heterostructures with diameters of at
least 200 nm for PV study. The choice of silicon reflects the
fact that this material has enabled synthesis of nanowires with
control of doping, morphology (e.g. single-crystal, nanocrystal,
amorphous) and contacts, and thus allows for clear study of

fundamental parameters influencing the nanowire PV elements.

Furthermore, the compatibility of silicon nanowire device
processing with well-established microelectronics industry
protocols presents a unique advantage for integration of these
nanoscale PV elements within existing and future electronics.
Finally, the ability to prepare high-quality axial and radial
Si p-i-n junctions should enable systematic investigation of the
limits/advantages of nanowire structures in general for solar
energy conversion.
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Both axial and radial p-i-n Si-nanowires are synthesized via
the gold-nanoparticle catalyzed VLS growth method,'!!3-2426
using silane (SiH,), diborane (B,Hg) and phosphine (PH;) as
silicon source, and p-type and n-type dopants, respectively,
and guided by the Au-Si phase diagram (Fig. 3a). A typical
VLS process (pink region) starts with the dissolution and
saturation of gaseous reactants into nanosized liquid droplets
of a catalyst metal (e.g. Au), followed by nucleation and
growth of single-crystalline nanowires. The phase diagram
shows that silicon nanowire axial growth (pink region) is
preferred at lower temperatures (~400-500 °C) and higher
SiH, partial pressures, while radial growth (blue region)
occurs preferentially at higher temperatures (~600-800 °C)
and lower SiH,4 partial pressures.

For axial p-i-n silicon nanowires, dopant modulation is
achieved by switching dopant precursor gases at appropriate
times during nanowire elongation.”®* Field-emission scan-
ning electron microscopy (SEM) images indicate that the as-
grown axial p-i-n Si-nanowires are straight, have smooth
surfaces, and a uniform diameter with <1% deviation along
the typical 25 um length (Fig. 3b, top). Independently cali-
brated growth rates for each segment of Si-nanowire growth
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Fig. 3 (a) Binary phase diagram for Au and Si illustrating the
thermodynamics of axial and radial nanowire growth. (b) SEM images
of p-i-n axial Si-nanowire before (upper panel) and after (lower panel)
wet-chemical etching. (c) SEM images of the p-i-n coaxial Si-nanowire
at two different magnifications. (d) Cross-section SEM image of a
coaxial Si-nanowire after wet-chemical etching from the cleaved end.
Adapted from ref. 12 and 13.

obtained on homogeneous p-, i-, and n-type Si-nanowires
prepared under similar conditions have shown that the lengths
of the Si-nanowires are consistent with overall growth times. '
In addition, the uniform diameters demonstrate that axial
growth is the predominant process under these experimental
conditions. In order to verify successful encoding of designed
p-i-n structures, the Si-nanowires were selectively-etched in
potassium hydroxide solution, where the single-crystal Si-
nanowire radial etching rate, R, goes as R; > R, > R,.
SEM images of etched p-i-n Si-nanowire structures (Fig. 3b
bottom) show clear delineation of the individual regions of the
diode structure, which can be referenced to the Au nanocluster
catalyst at the end of the last (n-type) segment.'® Finally, the
Si-nanowire etching profile follows the order in which dopants
were introduced during synthesis: first boron for p-type, no
dopant for i-type, and then phosphorus for n-type.

For the radial structure, p-core growth proceeds as for the
axial case and is followed by deposition of i- and n-shells at
higher temperature and lower pressure to inhibit axial elonga-
tion of the Si-nanowire core during the radial growth.'? SEM
images of a typical p-i-n coaxial Si-nanowire recorded in the
back scattered electron imaging mode (Fig. 3c) highlight
several key features. First, the uniform contrast of the nano-
wire core is consistent with a single-crystalline structure
expected for Si-nanowires obtained by the VLS method.?®
Second, contrast variation observed in the shells is indicative
of a polycrystalline structure with grain size on the order of
30-80 nm. HRTEM images confirm that the nanowire shells
are indeed polycrystalline. We note here and later comment in
greater detail, that this nanocrystalline shell structure may
enhance light absorption by the nanowires. In analogy with
the etching technique used to delineate the axial p-i-n diode
regions, an SEM image of the cross-section of a radial p-i-n Si-
nanowire (Fig. 3d) clearly reveals the distinct p-core and i- and
n-shell portions of the structure. Together, these observations
show that our designed synthesis can reliably yield axial and
radial p-i-n Si-nanowires with controlled encoding of the
length (thickness), dopant profile, and material morphology
within different regions. Control of these parameters is, of
course, the prerequisite for producing well-defined diode
structures necessary for investigating PV devices.

The electrical transport properties of the axial and radial p-
i-n Si-nanowire devices have also been characterized by cur-
rent—voltage (/-V) measurements under dark conditions at
room temperature. Dark /-V characteristics recorded from
axial p-i-n devices with i-region lengths of 0, 2 and 4 pm are
shown in Fig. 4a.'* Overall, these data show well-defined
current rectification, which is characteristic of the diode
structure, and a current onset in forward bias at ca. 0.6 V.
The onset value is typical for a p-n silicon diode with the built-
in potential being established as the difference between the
Fermi energies in the p- and n-type regions.'” -V curves
recorded across the p- or n- segments alone in p-i-n Si-
nanowire devices containing multiple contacts (upper inset,
Fig. 4a) showed linear behavior (lower inset, Fig. 4b), thus
confirming that the contacts are ohmic to the p- and n-type
segments, and that current rectification is due solely to the
built-in electric field across the p-n or p-i-n junction. We also
note that the reverse bias leakage current (V' < —1 V) is largest

This journal is © The Royal Society of Chemistry 2009
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Fig.4 Dark I-V characteristics of p-i-n Si-nanowire devices. (a) Data
recorded from axial p-i-n Si-nanowire devices with different i-region
lengths; red, green, and black curves correspond to i-segment lengths
of 0, 2 and 4 pm, respectively. Upper inset: SEM image of p-i-n Si-
nanowire device with i-length of 2 pm, p- (pink) and n- (dark blue)
contacts marked. Lower inset: -V curves recorded from two p- (pink)
and n- (dark blue) contacts. (b) -V curves from coaxial p-i-n
device. Inset: optical microscope image of the device. Adapted from
ref. 12 and 13.

for the p-n Si-nanowire diodes. This leakage can be attributed
to larger interfacial recombination in the p-n diodes that is
reduced with inclusion of an i-region in the p-i-n Si-nanowires.

Dark I~V curves obtained from radial p-i-n devices (Fig. 4b)
likewise exhibit characteristics indicative of formation of good
diodes.'” Linear I~V curves from core—core (pl—p2) and
shell-shell (n1-n2) configurations demonstrate that ohmic
contacts are made to both core and shell portions of the
nanowires, with the latter showing higher conductance versus
the core. Significantly, the highly conductive n-shell will reduce
or climinate potential drop along the shell, thereby enabling
uniform radial carrier separation and collection when illumi-
nated.'>'® -V curves recorded from different core-shell con-
tact geometries show rectifying behavior, and demonstrate
that the p-i-n radial Si-nanowires behave as well-defined
diodes.

The photovoltaic properties of the axial and radial p-i-n Si-
nanowire diodes were characterized under standard conditions
of 1-sun (100 mW cm~2) AM 1.5 G illumination. Representa-
tive light I~V data for p-n, p-i-ni = 2 pm, and p-i-n i = 4 um
devices (Fig. 5a) yield open-circuit voltage, V., and short-
circuit current, Iy, values of 0.12 V and 3.5 pA, 0.24 V and
14.0 pA, and 0.29 V and 31.1 pA, respectively. The results
reveal a systematic improvement in both V.. and I, with
increasing i-segment length with the largest increase in V.
observed in moving from the p-n to p-i-n structural motif.
Qualitatively, the improvement of V. is consistent with the
reduction of leakage currents upon inclusion of the i-segment.
Likewise, the systematic increase in I, as a function of
increasing i-segment length is consistent with previous studies
of Si-nanowire avalanche photodiodes® which identified the
intrinsic region as the most optically sensitive device region.
The fill-factor, FF, for the i = 4 um device is 51% and yields a
maximum power output per nanowire of 4.6 pW. This value is
approximately 15 times smaller than that achievable at 1-sun
illumination using radial p-i-n Si-nanowire devices,'” (see
below) but is still ca. 1000 times larger than that achieved
with single piezoelectric nanowires.’® In addition, the esti-
mated AM 1.5 G efficiency, 5, based on the projected active
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Fig. 5 (a) Light I~V curves recorded from axial p-i-n Si-nanowire, i-
length = 0 (red), 2 (green), and 4 (black) pm devices with illumination
intensity of 100 mW cm ™2, AM 1.5 G. (b) Plots of V. (red) and I
(blue) vs. temperature for a p-i-n (i = 4 um) device. (c¢) Dark and light
I-V curves of a coaxial Si-nanowire device. (d) Temperature-depen-
dent data from a coaxial device, where the red triangles, black squares
and blue circles correspond to FF, V. and I, respectively. Adapted
from ref. 12 and 13.

area of the i = 4 pm device is 0.5%, which is similar to the
0.46% value reported for single Si-nanowires with metal/
semiconductor junctions,31 but considerably smaller than the
3.4% achieved in radial Si-nanowire devices.'? The apparent
short circuit current density (Js.) calculated based on the
projected active area'? is ~3.5 mA cm > (Fig. 6a), slightly
smaller than that reported for rectifying single metal/Si-nano-
wire photovoltaic devices (~5.0 mA cm™2), although the
nanowire diameter in the latter was 4x larger, ~1 pm.>!

The axial p-i-n Si-nanowire photovoltaic devices were
further characterized by measurement of temperature depen-
dent device photovoltaic characteristics. V. and I data for a
p-i-n (i = 4 pm) Si-nanowire device are shown in Fig. 5b.'* V.
exhibited a well-defined linear dependence on temperature
with a slope of —2.97 mV K~!. Extrapolation of V. to the
0 K limit yielded a value of 1.12 V that is in agreement with the
band-gap of single crystalline silicon.!” In addition, I, was
found to increase weakly with temperature due to a decrease in
band-gap with increasing temperature.’>>* These low tem-
perature data further confirm that insertion of the i-segment is
critical to improving the junction quality. Further insight into
the role that junctions and interfaces play in controlling device
performance was obtained through I, and V. data for p-n
and p-i-n axial devices recorded with illumination intensities
from ~0.1 to 6 suns. Significantly, analyses of these data'>*3
yielded ideality factors n = 1.78 and 1.28, and saturation
currents, [, = 102 and 6.14 fA, for the p-n and p-i-n Si-
nanowire diodes, respectively. These results show that intro-
duction of the i-region dramatically reduces the saturation
current, and thus a large component of the leakage current in
the diode. Lower leakage current improves the quality of the
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ref. 12, 13 and 31.

diode, which is reflected in the lower value of n, and leads to
the observed larger V,. due to reduced shunt losses (large
parallel resistances) at the junction.

The PV properties of the p-i-n radial Si-nanowire diodes
were characterized under identical conditions.'> -V data
recorded from one of the better devices (Fig. 5c) yielded a
Voe of 0.260 V, I, of 0.503 nA, and FF of 55.0%. The
maximum power output (Pp.x) for the Si-nanowire device at
l-sun is ~72 pW, approximately 15 times larger than for the
axial p-i-n structure.'® Notably, -V data recorded on a single
Si-nanowire from two devices with p-core to n-shell contact
distances of 5.9 and 13.3 um exhibited the same PV response,
indicating that the n-shell is equipotential with radial carrier
separation occurring uniformly along the entire length of the
radial Si-nanowire.'> The apparent Jy (Fig. 6a) calculated
using the projected area of the radial nanowire structure is
23.9 + 1.2 mA cm~2.'? The large Jy. in the radial nanowire
device implies substantial absorption across the solar spectrum
and efficient carrier collection. Such absorption is consistent
with the nanocrystalline shell structure of the nanowires
and previous studies of polycrystalline thin films,>* although
the detailed nature of the absorption will require further
investigation. Finally, the apparent PV 5 of this device was
3.4 £+ 0.2%.

In addition, the temperature dependence of Iy, V,. and FF
were characterized to understand better the behavior of the
radial Si-nanowire PV devices (Fig. 5d).'? Consistent with the
observations in the axial structure, /. increases slightly with
increasing temperature, as expected for increased light absorp-
tion due to decreasing band-gap with elevated temperature.*
Second, V. exhibits a substantial linear increase with decreas-
ing temperature, where the slope (dV,/dT) of —1.9 mV K~ ! is

close to the value (—1.7 mV K~) calculated in single crystal-
line Si solar cells.*® Interestingly, V.. does not extrapolate to
the single-crystal Si band gap as expected for a structure
consisting of a single-crystal core and polycrystalline shells.
The observed increase in V. can be attributed to a reduced
recombination rate at lower temperature,®>>* implying that
Si-nanowire photovoltaic performance could be substantially
improved at room temperature by reducing recombination
processes.>*

In Fig. 6a we compare the J/V curves for our previously
described axial'® (blue) and radial'? (red) p-i-n Si-nanowire
devices in addition to a single unintentionally doped Si-
nanowire with diffused metal contacts which form a Schottky
barrier device (black).’! It is evident that the single-crystal
core/nanocrystalline shell radial device yields J,. ~ 5x higher
than for the single-crystal axial and Schottky devices. As
mentioned before, the large measured photocurrents in the
former are a consequence of substantial absorption of the
solar spectrum by the nanocrystalline silicon material®* and
the efficient charge separation in the radial junction.'® We note
that while Jg is roughly constant for devices, the Iy, scales
linearly with the device length (Fig. 6b) and linearly with
device intrinsic segment length for radial and axial devices,
respectively. Such scaling identifies a convenient route towards
increasing PV performance and, specifically, power output.

Finally, we stress that our radial Si-nanowire devices'?
exhibit large short circuit current densities, ~24 mA cm 2,
that are comparable to the 24.4 mA cm™> value for the best
thin film nanocrystalline Si solar cell,*® and substantially
better than values reported for CdSe nanorod/poly-3-
hexathiophene'® and dye sensitized ZnO nanorod'®!” solar cells.
Moreover, both axial and radial Si-nanowire devices yield stable
improvements in their efficiency with increasing illumination
intensity (up to 8 suns measured) and have shown viabilities of
up to 14 months without degradation of PV performance. This
stresses the ability of all-inorganic p-i-n Si-nanowire PV elements
to function as robust power sources in contrast to other
nanostructured hybrid inorganic/organic solar cells which often
exhibit degradation.'> "

With regards to V. there remains significant room for
improvement since open circuit voltages in Si-nanowire p-i-n
devices are currently in the 0.2-0.3 V range (Fig. 6a) at room-
temperature, while conventional single and polycrystalline
silicon planar devices show V. values typically from
0.6-0.7 V.3 1t is interesting to note the similar V. values
despite the very different Si-nanowire diode junction geome-
tries and Si-nanowire diameters (axial and radial: 200-400 nm;
Schottky: ~1 pum). This is most striking with regards to the
p-i-n axial vs. radial Si-nanowire devices whose junction areas
differ by a factor of ~50-200 while their V. values differ
by only 10%. We recall the much higher saturation current
(Iy = 3.24 pA) for a radial p-i-n Si-nanowire device versus the
axial p-i-n Si-nanowire device ([, = 6.14 fA). Significantly,
while this ~ 10°-fold difference reflects much greater interfa-
cial recombination in the former, the resultant effect on V. is
clearly not dominant. Rather, the similarity in V,. suggests
that the same physical phenomena (e.g., strong surface re-
combination) may be responsible for suppressing the absolute
Vo In both the axial and radial PV devices. Studies that
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identify and address the origin of the lower V. values in both
junction architectures, for example, through systematic syn-
thetic variations in junction structure and surface passivation,
are currently in progress.

Novel devices and applications

Beyond addressing fundamental questions regarding the per-
formance and limitations of our current axial and radial
nanowire PV devices, we are exploring more novel nanoscale
PV enabled through highly-controlled nanowire synthesis.
Specifically, Fig. 7 illustrates tandem and multiple quantum
well (MQW) structures that are natural extensions of the single
axial or radial Si-nanowire PV elements. Multiple diodes or
cells can be integrated in series in the axial or radial direction
during nanowire synthesis to yield tandem structures shown
schematically in Fig. 7a. In planar tandem-cells,**3* the
constituent units frequently contain different semiconductors
stacked in descending order of band-gap to assist in light
harvesting. Our approach is to integrate at high density, on a
single nanowire, multiple p-i-n diodes to show in principle that
voltage and output power can be scaled. In our Si-nanowire
heterostructures, we can readily create such tandem devices
through axial or radial extension of multiple series diodes and
with appropriate modulation of dopant concentration.

To this end, we have synthesized Si-nanowires with a
p-i-n"-p"-i-n (i = 2 pm) axial modulation."® Notably, SEM

a) b) 04
| cell 1 | cell 2 | +

0.35

c)

Fig. 7 New nanowire structures to improve energy conversion effi-
ciency. (a) Schematics of axial and coaxial nanowire tandem solar
cells. (b) Upper panel, V. for p-i(2 pm)-n (red), p-i(4 pm)-n (black),
and p-i-n"-p*-i-n, i = 2 pm (blue) axial Si-nanowire devices; lower
panel is an SEM image of an etched p-i-n*-p™-i-n, i = 2 pm axial Si-
nanowire device. (¢) Schematic of an MQW nanowire solar cell. Pink
and blue regions denote p-core and n-shell, respectively; yellow and
orange regions are barriers and quantum wells in the i-shell, respec-
tively. (d) Band structure and carrier transport schematics of an MQW
nanowire solar cell. (¢) Bright-field TEM image of a 26 MQW
nanowire cross-section. The dashed line indicates the heterointerface
between the core and shell. Adapted from ref. 13, 36 and 37.

images of selectively etched (using the protocol described
above) Si-nanowires prepared in this manner (Fig. 7b, bottom)
clearly demonstrate the successful realization of the p-i-n™-
p " -i-n axial modulation. The heavily doped n" and p*
regions are readily identifiable because of their positions in
the tandem device, reduced degree of etching, and expected
lengths (~0.5 pm). These results once again confirm that a
bottom-up approach can be extended to create structures of
substantial complexity, and in this case reliably yield the
desired tandem junction sequence with excellent control over
the length of the doped regions. Analyses from measurements
made on a number of devices'? (Fig. 7b, top) show that the
mean V. for p-i-n*-p*-i-n (i = 2 pm) PV devices, 0.36 (blue)
has increased 57% over the value for p-i-n (i = 2 um) and 39%
over p-i-n (i = 4 um) devices. The power output of the tandem
device is 3.2 pW as compared to 2.3 pW for the p-i-n
(i = 2 pum) single cell, a 39% increase. The smaller than ideal
increase in V. and output power can be attributed to parasitic
series resistance at the n" /p ™ interface, and thus represents
an area for future focus on synergistic synthesis and device
measurements.

In addition, precise control over radial dimensions allows us
to insert, in principle, MQW structures into the i-region of
radial nanowires (Fig. 7c). Quantum well solar cells (QWSC)
have been proposed as an option for increasing energy con-
version efficiency above the Shockley—Queissier homojunction
solar cell limit.>® The principle of operation centers around
quantum wells, which act as absorbers of additional photons,
thereby raising the short-circuit current and energy conversion
efficiency attainable.’® The output voltage of the nanowire
QWSC can be designed to be dominated by the wider band
gap barrier material, while the short circuit current can be
determined by the width and depth of the quantum well
(Fig. 7d). Initial efforts in our lab have led to the first synthesis
of defect-free InGaN/GaN MQW structures®’ (Fig. 7¢), and
thus we believe that nanowires are well suited to implementing
embedded MQW structures using materials which ordinarily
could not be easily implemented on planar devices due to
issues of large lattice mismatch.®

Finally, we have demonstrated that our novel Si-nanowire
PV elements can be readily interfaced with and provide power
for nanoelectronics which consume power at the nano-watt
scale.'? Fig. 8a shows schematically a Si-nanowire radial PV
element connected in parallel with a homogenous nanowire
field effect transistor (FET) functioning as a nanowire protein
sensor. The binding of charged proteins gates the channel of
the nanowire FET leading to a change in nanowire resistance
and a concomitant change in voltage drop across the nanowire
sensor. Therefore, time dependent change in voltage output of
the circuit can be used to monitor the binding/unbinding of
analytes. For example, a single Si-nanowire PV device, oper-
ating under 8-sun illumination was used to drive a Si-nanowire
pH sensor’® without additional power sources (Fig. 8b).!?
Measurements of the voltage drop across the p-Si-nanowire
sensor (connected in parallel with the Si-nanowire PV power
source) as a function of time showed reversible increase
(decrease) in voltage as the solution pH was decreased
(increased). Such changes are consistent with expected changes
in resistance of the Si-nanowire with surface charge.®
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Fig. 8 Integrated and self-powered nanosystems. (a) Schematic of self-powered nanowire biosensor. (b) Real-time detection of the voltage drop
across a modified silicon nanowire at different pH values. The silicon nanowire pH sensor is powered by a single silicon nanowire photovoltaic
device. (c) Light -V curves (1-sun, AM 1.5 G) of two silicon nanowire photovoltaic devices (PV 1 and PV 2) individually and connected in series
and in parallel. (d) Nanowire AND logic gate powered by two silicon nanowire photovoltaic devices in series. Adapted from ref. 12.

Lastly, we demonstrated that multiple integrated Si-nano-
wire PV elements can drive larger loads, such as nanowire
logic gates.'? Two radial Si-nanowire PV devices (black, green)
interconnected in series (blue) and in parallel (red) yield V.
and [ values, respectively, that are nearly the sum of the two
constituent devices, as expected (Fig. 8c). Notably, we have
used two series interconnected Si-nanowire PV elements as the
sole power supply to drive a nanowire-based AND logic gate
(Fig. 8d). Measured voltage output levels and a tabulated
summary of input/output logic states demonstrated correct
AND logic. Notably, such results highlight that even without
full optimization, Si-nanowire PV elements can function effec-
tively as integrated power sources in practical nanoelectronic
device applications. With proper on-chip scale-up techniques,
involving vertical® and horizontal in-plane® integration via
epitaxial growth and high density printing, respectively, one
could realize a nanowire PV enabled solar cell with much
larger power output.

Conclusion

We have reviewed some of the initial, critical studies designed
to determine the fundamental limits and promises of nano-
wires as single nanoscale PV solar cells. After close examina-
tion of optimized radial and axial p-i-n structural motifs, we
have demonstrated measured J, values of 24 and 3.5 mA
cm 2, respectively, V. values of 0.26 and 0.29 V, respectively,
and efficiencies of 3.4 and 0.5%, respectively. These results
already hold great promise in comparison to existing nano-
enabled solar cells, however, detailed studies must still be

aggressively pursued to understand the physical source of
and improve low V. values in these structures with respect
to conventional planar solar cells. Furthermore, building on
our controlled design and synthesis of Si-nanowire PV ele-
ments with reproducible and carefully tunable PV properties,
we have begun to explore increasingly complex and novel
nanowire tandem cell and quantum well structures in order to
take rational steps towards enhancement of PV efficiency with
built-in light trapping structures. More generally, we believe
that these and future fundamental studies at the single nano-
structure level will be able to illuminate the key intrinsic
properties, which if addressed could yield breakthroughs in
efficiency, such that nano-enabled PVs might truly lead to a
new generation of solar cells capable of providing economical
power on a large scale.
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