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ABSTRACT

Coaxial core/shell nanowires represent an important class of nanoscale building blocks with substantial potential for exploring new concepts
and materials for solar energy conversion. Here, we report the first experimental realization of coaxial group lll—nitride nanowire photovoltaic
(PV) devices, n-GaN/i-In,Ga;_N/p-GaN, where variation of indium mole fraction is used to control the active layer band gap and hence light
absorption. Current—voltage data reveal clear diode characteristics with ideality factors from 3.9 to 5.6. Electroluminescence measurements
demonstrate tunable emission from 556 to 371 nm and thus confirm band gap variations in the In,Ga;_,N active layer from 2.25 to 3.34 eV as
In composition is varied. Simulated one-sun AM 1.5G illumination yielded open-circuit voltages (Vo) from 1.0 to 2.0 V and short-circuit current
densities (Jsc) from 0.39 to 0.059 mA/cm? as In composition is decreased from 0.27 to 0 and a maximum efficiency of ~0.19%. The n-GaN/
i-In,Ga;_,N/p-GaN nanowire devices are highly robust and exhibit enhanced efficiencies for concentrated solar light illuminations as well as
single nanowire Js; values as high as 390 mA/cm? under intense short-wavelength illumination. The ability to rationally tune the structure and
composition of these core/shell lll—nitride nanowires will make them a powerful platform for exploring nanoenabled PVs in the future.

Inorganic nanostructures, such as nanoparticles, nanorods,
and nanowires, are currently under active investigation as
components for photovoltaic (PV) devices due to their
potential for exploring new device concepts and increasing
the efficiency of low-cost solution processed solar cells.! !
Nanostructures have been employed to improve charge
collection efficiency in dye-sensitized®>* and polymer blend
solar cells,’ and to investigate carrier multiplication.®’
However, solar cells based on inorganic/organic hybrid
nanoarchitectures often suffer from relatively low efficiencies
and poor stabilities compared to all inorganic cells and, to
date, have not been investigated as integrated power sources
for nanoelectronics.

Recently, semiconductor nanowires have emerged as
building blocks for PV devices, where studies have inves-
tigated fundamental device performance limits in several
different nanowire structural motifs.!°"!> We have reported
studies of p-type/intrinsic/n-type (p—i—n) dopant modulation
in coaxial'! and axial'3!* silicon nanowires and have shown
functional PV devices configured at the single nanowire level
with J. and efficiencies up to 23.9 mA/cm? and to 3.4%,
respectively, under 1-sun AM 1.5G illumination.!! Alterna-
tively, rectifying metal contacts to unintentionally doped
silicon nanowires have been used to define single nanowire
PVs with 1-sun J,. and efficiency values of ~5.0 mA/cm?
and 0.5%, respectively.' Interestingly, individual nanowire
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PV elements can be interfaced with and provide power for
nanoelectronics which consume power at the nanowatt
scale.!l:1

Most previous nanowire PV research has focused on
silicon nanowires whose doping and morphology can be
readily controlled,''>'* although the indirect band gap of
silicon can limit light absorption in nanoscale. In contrast,
group III nitrides have attracted considerable attention as
potential full-solar-spectrum PV materials since the band gap
of In,Ga,;_,N can in principle be tuned to span nearly the
entire solar spectrum from 0.7 to 3.4 eV.'"!® Extensive
research focused on the growth of III—nitride thin films on
(lattice mismatched) sapphire substrates'®? has shown
relatively high densities of threading dislocations, which
unfortunately degrade p—n diode device performance by
increasing leakage current.?!

In contrast, the synthesis of III—nitride nanowires can be
virtually substrate-free, which prevents the formation of
dislocations originating from lattice mismatch between
nanowires and the planar growth substrate.??”2® Moreover,
the effective relaxation of lateral strain in coaxial hetero-
structured nanowires can enable high-quality integration of
materials with larger lattice mismatches than possible in
traditional planar structures.”>* Coaxial IlI—nitride nanow-
ires have been shown to be dislocation-free single crys-
tals.??”?’ In addition, successful doping and composition
modulation of these nanowires have led to demonstrations
of multicolor, high-efficiency light emitting diodes
(LEDs),?*?* lasers,?*?® and high electron mobility transistors



IneGar«N

N
n-GaN

Figure 1. Cross-sectional view of (A) p-GaN/i-In,Ga,-,N/n-GaN
heterojunction and (B) p-GaN/n-GaN homojunction nanowire
structural motifs and their corresponding energy band diagrams.
The wavy colored arrows in the cross-section view indicate light
of different wavelengths that is absorbed by the nanowires. The
dashed lines in the band diagrams indicate the position of the Fermi
level.

(HEMTs)? and thus suggest that coaxial core/shell IlI—nitride
nanowire motif could provide unique opportunities for PVs.

We have focused on n-GaN/i-In,Ga,_,N/p-GaN core/shell/
shell nanowire structures illustrated in Figure 1A. A key
advantage of this core/shell/shell architecture is that the
p—i—n interface extends along the entire length of the
nanowire with carrier separation in the radial direction, as
discussed previously for p—i—n coaxial Si nanowires.'!*
In this geometry, photogenerated carriers can reach the
p—i—n junction with high efficiency since diffusion lengths
are relatively short. The direct and tunable band gap of
i-In,Ga,_,N alloys leads to a large absorption coefficient of
approximately 10° cm™' at the band edge.*® Hence, >85%
of the incident light with energy above the band gap, which
can be tuned with the value of x, can be absorbed within the
first 200 nm of material. We also designed and studied
control structures with x = 0 (Figure 1B) as part of these
studies since In incorporation in In,Ga,_,N alloy may reduce
crystal quality due to strain and inhomogeneity.?' All of the
coaxial nanowire heterostructures were synthesized by
metal—organic chemical vapor deposition (MOCVD), using
a strategy involving axial elongation by nanocluster catalyzed
growth followed by controlled shell deposition onto the
nanowire core as described previously.?>"2"32 The indium
composition was systematically tuned to define the band gap
of InGaN by adjusting the InGaN shell growth tempera-

ture.3'3?

To characterize electrical transport through the coaxial
n-GaN/i-In,Ga,_,N/p-GaN nanowires, we fabricated metal
contacts selectively to the inner n-core and outer p-shell as
shown schematically in Figure 2A. Briefly, the nanowires
were etched using inductively coupled plasma reactive ion
etching (ICP-RIE) to expose the n-core in a lithographically
defined region at one end, and then metal contacts were made
to the n-core and p-shell separately after additional litho-
graphic patterning steps.>* At least 10 devices were studied
for each nanowire growth condition. A scanning electron
microscopy (SEM) image of a typical device fabricated in
this way (Figure 2B) shows a smooth morphology in the
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Figure 2. Device fabrication and characterizations. (A) Schematics
of device fabrication: left, coaxial n-GaN/i-In,Ga,_,N/p-GaN nano-
wire heterostructures; middle, exposed the n-core at nanowire end
following ICP-RIE etch; right, Ni/Au and Ti/Al/Ti/Au metal
contacts deposited on the p-shell and n-core, respectively. (B) SEM
image of a representative nanowire device. Scale bar is 2 um. (C)
Dark [—V curves of three heterojunction nanowires (from left to
right, denoted with green, blue and purple color with increasing
InGaN layer growth temperature 715, 745, and 775 °C) and one
homojunction (x = 0) nanowire (denoted with dark violet color).
(D) Semilog scale /—V curves, where the ideality factor and dark
saturation current are extrapolated from the linear regimes (dashed
lines). (E) Normalized electroluminescence spectra recorded from
the four devices characterized in Figure 2C.

etched region, suggesting good etch uniformity and low ion
damage during the ICP-RIE processing.** The estimated
depth of the ICP-RIE etch, ~240 nm, was adjusted to exceed
slightly the total thickness of the coaxial i-In,Ga,—,N/p-GaN
shells. In addition, the SEM image demonstrates clearly the
formation of metal contacts selectively to the etched n-core
and outer p-shell of the coaxial n-GaN/i-In,Ga,_,N/p-GaN
nanowire.

Dark current—voltage (/—V) curves collected from three
representative n-GaN/i-In,Ga,_,N/p-GaN nanowires, which
were synthesized with the InGaN shell growth temperature
varied from 775 to 715 °C, and an x = 0 n-GaN/p-GaN
control nanowire (Figure 2C) exhibit several notable features.
First, the /—V data for the four representative nanowires all
show well-defined rectifying behavior characteristic of a
diode structure. /—V curves recorded across the p- or
n-segments alone in nanowire devices containing multiple
contacts showed symmetrical behavior,? thus confirming that
current rectification is due to the built-in electric field across
the p—n junction. Second, the turn-on voltages for these
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Figure 3. Characterization of the nanowire photovoltaic devices under solar illumination. (A) Light /—V curves for a green PV device.
Inset, optical microscopy image of the device; scale bar is 5 um. (B) Light /—V curves for pl—n and p2—n contact configuration for same
device as in (A). Inset, optical image of the nanowire device; scale bar is 5 um. (C) Dark and light J—V curves of representative ultraviolet,
purple, blue, and green nanowire PV devices. (D) Light intensity dependent on J,. and V., for representative ultraviolet (dark violet triangles)
and green (green triangles) devices. Lines through the V. and J,. data correspond to guides to logarithmic and linear dependencies, respectively.

diodes from 1.82 to 3.28 V concomitant with the InGaN layer
growth temperature increase from 715 to 775 °C. This is
consistent with a controlled increase in the InGaN layer band
gap that is expected and previously documented with
decreasing indium composition at higher growth tempera-
tures.>! As a limiting case, the n-GaN/p-GaN control device
shows the maximum turn-on voltage of ca. 3.90 V. Fits to
the linear regions of In(/)—V data of these diodes (Figure
2D) yield diode ideality factors n and dark saturation current
Ip.¥ The ideality factor values range between 3.9 and 5.6.
This is consistent with planar III—nitride diodes in which
anomalously high ideality factors up to 7 were experimentally
observed.’® Interestingly, the dark saturation current of
n-GaN/p-GaN control nanowire is only 9 x 1075 fA,
approximately 10° times lower than that of the three n-GaN/
i-In,Ga;_,N/p-GaN devices (x > 0), for which I, ranges from
2 to 14 fA. This comparison of [, values indicates a superior
crystal quality of these control devices and, correspondingly,
that improvements could be obtained in the future by further
optimizing the InGaN layer.

To probe directly the band gap of the active InGaN layer
of n-GalN/i-In,Ga,_,N/p-GaN nanowire diodes, we character-
ized electroluminescence (EL) in forward biased devices.
Normalized EL spectra (Figure 2E) collected from the four
devices shown in Figure 2C exhibited luminescence maxima
at 556, 457, 396, and 371 nm; for simplicity, we denote these
devices as green, blue, purple, and ultraviolet (UV) in the
following discussion. The wavelengths of green, blue, and
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purple cells are consistent with band-edge emission from
In,Ga;—,N with In compositions of ca. 27, 14.9, and 5.6%,
respectively,”” while the 371 nm emission of the UV cell
corresponds to the n-GaN/p-GaN homojunction band-edge
radiative recombination. In addition, measurement of the full
width at half-maximum of these spectra yields values of 40,
34, 30, and 7 nm, respectively. The broadening with
increasing In concentration is consistent with InGaN-based
thin film LEDs?*! and can be attributed to increasing strain
and/or phase separation as the In composition is increased.
Overall, these results demonstrate that the InGaN band gaps
of our n-GalN/i-In,Ga, -, N/p-GaN nanowire structures, which
will dictate the absorption properties of devices, can be
readily tuned through In composition control during nanowire
growth.

The photovoltaic properties of these coaxial n-GaN/i-
In,Ga,;_,N/p-GaN nanowire devices were first characterized
under 1-sun (AM 1.5G) illumination. /—V data recorded from
a representative green cell (Figure 3A) yields an open-circuit
voltage, V., of 1.0 V, a short-circuit current, /., of 58 pA,
and a fill factor, FF, of 56%. Notably, the open-circuit voltage
is much larger than what has been achieved before with Si
nanowires (~0.3 V)''!* and is one of the highest values of
all nanoenabled solar cells. However, the short-circuit current
remains much lower than the best value obtained with single
Si nanowire devices (~500 pA). To probe whether the
relatively large p-type GaN series resistance has a negative
effect on the photocurrent collection, we fabricated one
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additional p-contact on this device. [—V data recorded using
contacts to the p-shell that were 6.1 um (pl) and 13.1 um
(p2) from the n-core contact (Figure 3B) exhibited essentially
the same V,. and less than 2.5% difference in I, thus
indicating that the p-shell is equipotential with radial carrier
separation occurring uniformly along the entire length of the
core/shell nanowire device. Hence, the low short-circuit
current is most likely a consequence of lower light absorption
and carrier generation and not of poor carrier collection,
although interfacial and/or surface recombination may also
contribute.

A comparison of I for the device with one and two p-shell
contacts in parts A and B of Figure 3, respectively, also shows
that /. drops by ~28% with the similar decrease in projected
nanowire area; that is, only the exposed coaxial n-GalN/i-
In,Ga,_,N/p-GaN nanowire regions contribute substantially
to the photocurrent. This is consistent with our previous
results for p—i—n coaxial Si nanowires!! and indicates that
the exposed area can be used to obtain an upper limit estimate
of the current density, J. J—V data calculated in this manner
for representative green, blue, purple, and UV nanowire
devices (Figure 3C) yield V,. and J, values of 1.0 V and
0.39 mA/cm?, 1.0 V and 0.24 mA/cm?, 1.1 V and 0.14 mA/
cm?, and 2.0 V and 0.059 mA/cm?, respectively. The results
show a systematic increase in V,. and decrease in J. from
green to UV cells. Qualitatively, the increase in V. is
consistent with the band gap increase upon decreasing In
composition, while the decrease in Jy. is a result of a reduced
carrier generation as a diminishing portion of the solar
spectrum becomes available for absorption with increasing
band gap. The substantially larger V,. determined for the
n-GalN/p-GaN versus n-GaN/i-In,Ga,_,N/p-GaN nanowire
devices suggests that improvements in V,,. could be achieved
by optimizing the InGaN material growth in the future.

We have also investigated the light intensity dependence
of the output properties to characterize further the potential
of the n-GaN/i-In,Ga,_,N/p-GaN nanowire devices. J. and
Voe data for the limiting cases of x = 0.27 and 0 with
illumination intensities from 1 to 30 suns (Figure 3D) show
linear (Js) and logarithmic (V,.) increases with increasing
intensity as expected for a PV diode structure.’® The green
cell consistently exhibits J,. values ~6 times higher than
those obtained for the UV cell. These data can be attributed
to the smaller InGaN band gap of ~2.23 eV, which allows
the green cell to absorb ~20% versus <2% of solar photons
for the UV device. With 30 suns illumination, the J,. and
Vi, for the green cell can be as high as 10.4 mA/cm? and
1.22 V, respectively, bringing the apparent energy conversion
efficiency from 0.19% at 1 sun to 0.25%. Significantly, all
of the n-GaN/i-In,Ga,_,N/p-GaN PV devices exhibit no
observable degradation after 30 sun illumination for mea-
surements made over a half year. These results thus
demonstrate excellent robustness and stability for our fully
integrated inorganic nanowire photovoltaic elements under
intense illumination, a feature distinct from hybrid systems
utilizing organic dyes or polymers with inorganic nanostruc-
tures and one that might open up opportunities in concentra-
tion solar cells.
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Figure 4. J,. vs power density for low (A) and high (B) average
power density conditions (266 nm laser illumination). Dashed lines
through data in (A) are guides to highlight the linear dependence
for both devices.

To further explore the robustness of the n-GaN/i-In,Ga;_ N/
p-GaN nanowire design and its potential for operating under
highly concentrated illumination, we have characterized the
output characteristics under UV laser illumination.** The Jq.
data for UV and green cells recorded with increasing laser
illumination intensities (Figure 4) show several important
features. As expected, both cells show higher J. under UV
illumination than under solar spectrum illumination of the
same power density since the 266 nm/4.66 eV light is fully
absorbed by both green and UV nanowire devices with band
gaps of 2.23 and 3.4 eV, respectively. Notably, illumination
with a power density of 10.4 W/cm? yielded a J. of ~390
mA/cm? for the n-GaN/p-GaN nanowire PV device. This
suggests substantial promise for high-power n-GaN/i-
In,Ga,_,N/p-GaN nanowire PV devices by tuning the InGaN
layer to overlap better with the solar spectrum. In addition,
the J. data exhibit expected linear dependence on intensity™’
below 50 mW/cm?, although data begin to saturate for higher
power densities. We attribute this nonideal behavior to series
resistance contribution from the nonideal p-type contact and
believe that PV response could be further improved by
optimizing the p-shell and p-shell/contact resistances.

In summary, we have demonstrated the first experimental
realization of coaxial III—nitride nanowire PV devices,
n-GaN/i-In,Ga,_,N/p-GaN, where variation of indium mole
fraction was used to control the active layer band gap and
light absorption. Electrical transport data reveal clear diode
characteristics with ideality factors from 3.9 to 5.6, and EL
measurements further demonstrated band gap tenability of
the In,Ga,_,N active layer from 2.25 to 3.34 eV as In
composition was varied. Simulated 1-sun AM 1.5G illumina-
tion yielded open-circuit voltages (V,.) from 1.0 to 2.0 V
and short-circuit current densities (J,.) from 0.39 to 0.059
mA/cm? as In composition is decreased from 0.27 to 0 and
a maximum efficiency of ~0.19%. The n-GaN/i-In,Ga,_,N/
p-GaN nanowire devices are highly robust and exhibit
enhanced efficiencies for concentrated solar light illumina-
tions as well as single nanowire J values as high as 390
mA/cm? under intense, short-wavelength illumination. Fur-
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ther improvement of the PV properties of our new coaxial
core/shell IIl—nitride nanowires motif will be achievable by
improving the crystal quality of the In-rich InGaN layer. In
addition, quantum well solar cells,!* which often could not
be realized easily on planar devices due to large lattice
mismatch, are possible based on recent demonstration of
multi-quantum well InGaN/GaN nanowire structures.”® We
believe that such fundamental studies at the single nanowire
level will enable the intrinsic limits of the III—nitride
materials system to be defined and that such nanoenabled
PV elements hold substantial promise for the development
of a new generation of solar energy conversion systems in
the future.
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