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ABSTRACT

Nanowires represent a promising class of materials for exploring new concepts in solar energy conversion. Here we report the first experimental
realization of axial modulation-doped p-i-n and tandem p-i-n*—p™-i-n silicon nanowire (SiNW) photovoltaic elements. Scanning electron microscopy
images of selectively etched nanowires demonstrate excellent synthetic control over doping and lengths of distinct regions in the diode
structures. Current—voltage (/—V) characteristics reveal clear and reproducible diode characteristics for the p-i-n and p-n SiNW devices.
Under simulated one-sun solar conditions (AM 1.5G), optimized p-i-n SINW devices exhibited an open circuit voltage (V) of 0.29 V, a maximum
short-circuit current density of 3.5 mA/cm? and a maximum efficiency of 0.5%. The response of the short-circuit current versus V,. under
varying illumination intensities shows that the diode quality factor is improved from n = 1.78 to n = 1.28 by insertion of the i-type SiNW
segment. The temperature dependence of V. scales as —2.97 mV/K and extrapolates to the crystalline Si band gap at 0 K, which is in
excellent agreement with bulk properties. Finally, a novel single SiNW tandem solar cell consisting of synthetic integration of two photovoltaic
elements with an overall p-i-n*—p™*-i-n structure was prepared and shown to exhibit a V, that is on average 57% larger than that of the single
p-i-n device. Fundamental studies of such well-defined nanowire photovoltaics will enable their intrinsic performance limits to be defined.

There is currently considerable effort exploring inorganic J— — —

nanostructures as key components of or as stand-alone
photovoltaic devices.!~® For example, the ability to control
through synthesis the structure and composition of semicon-
ductor nanowires and nanocrystals make them attractive
building blocks for understanding factors determining and
potentially improving photovoltaic device efficiency.">* In
this context, our group* and others>® have explored photo-
voltaic elements configured from chemically synthesized
SiNWs. We have reported investigations of single coaxial
p-type/intrinsic/n-type SiNWs* in which the intervening
intrinsic shell was tuned to yield short circuit current densities
(Js) and efficiencies up to 23.9 mA/cm? and to 3.4%,
respectively, under 1-sun AM 1.5G illumination.* In a related
approach, p-SiNWs were coated with an n-type amorphous
silicon shell to yield diodes with Jy. ~ 1.7 mA/cm? and an
efficiency of ~0.1% for AM 1.5G illumination.’ Rectifying
metal contacts to unintentionally doped SiNWs have also
been exploited to define single nanowire photovoltaic devices
with Ji. and efficiency values of ~5.0 mA/cm? and 0.5%,
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Figure 1. Scheme and structural characterization of axial p-i-n Si
NWs. (A) Schematic of an axially modulated p-i-n SINW. Growth
is mediated with Au catalyst (gold-colored hemisphere) in a
sequence beginning with p-, i-, and ending with n-regions. (B) SEM
image of a uniform p-i-n axial SINW with Au catalyst (d = 250
nm) visible on the right-end. (C) SEM images of a p-i-n axial NW
after selective wet etching. The p- and i-type Si regions have faster
etching rates than the n-type region (see text for more details). Scale
bars are 1 um.

respectively, for AM 1.5G illumination.® These studies
highlight unique opportunities for integrated nanowire pho-
tovoltaic elements, yet as might be expected, the initial results
show lower performance than state-of-the-art planar silicon
devices.

To explore further and understand factors that might be
limiting nanowire photovoltaic devices reported to date, we
have undertaken and report herein investigations of the
properties of single p-type/intrinsic/n-type axially modulated
SiNW structures (Figure 1A). In these nanostructures, key
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Figure 2. Transport properties of p-n and p-i-n diodes. (A) Dark /—V characteristics of p-i-n SINWs with different i-region lengths; red,
green, and black curves correspond to i-segment lengths of 0, 2, and 4 um, respectively. (Inset) SEM image of p-i-n SINW device with
i-length of 2 um; scale bar is 4 um. (B) Light /—V characteristics for the i-length = 0, 2, and 4 um devices in panel A; the illumination

intensity was 100 mW/cm?, AM 1.5G.

factors that determine device properties, including the dopant
concentrations in the p- and n-type regions and the length
of the intrinsic region, are all readily controlled during NW
synthesis. This minimizes the need for top-down processing,
which in this work is used only to define metal contacts to
the terminal p- and n-type regions of the SINWs. Hence, it
is possible to assess directly the interplay of materials
synthesis and device properties independent of conventional
high-temperature processing such as dopant diffusion.”

Axial p-type/intrinsic/n-type single crystal SINWs were
synthesized via the Au-nanoparticle catalyzed vapor—liquid—
solid (VLS) growth method, where axial modulation was
achieved by switching dopant precursor gases at different
times during elongation of the NW.3710 Field-emisssion
scanning electron microscopy (SEM) imaging shows that the
as-grown p-i-n SiNWs are straight, have smooth surfaces,
and a uniform diameter with <1% deviation along the typical
25 um length (Figure 1B). The lengths of the SiNWs are
consistent with expectations based on the independently
calibrated growth rates for p-, i-, and n-type SiNWs prepared
under similar conditions, and thus the overall length can serve
as a quick measure of the successful synthesis of the designed
p-i-n structures. In addition, the uniform diameters demon-
strate that axial growth is the predominant process for our
experimental conditions, although careful transmission elec-
tron microscopy (TEM) analysis also shows the presence of
a thin 1—3 nm amorphous shell on the single crystal silicon
core that may reflect a component of radial growth. Since a
thin shell could lead to current leakage in axial p-i-n diodes,
the amorphous material was removed by oxidation and
etching prior to device fabrication,"' where removal was
verified by TEM.

To verify successful encoding of designed p-i-n structures,
the SINWs were wet etched in potassium hydroxide solu-
tion,'?> where control studies of homogeneous single-crystal
SiNWs showed that the Si etching rate, R, goes as R; > R,
> R,. SEM images of etched p-i-n SINW structures (Figure
1C) show clear delineation of the individual regions of the
diode structure, which can be referenced to the Au nano-
cluster catalyst at the end of the last (n-type) segment. The
SiNW etching profile follows the order in which dopants
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were introduced during synthesis: first boron for p-type, no
dopant for i-type, and then phosphorus for n-type. In addition,
the length of the i-region highlighted through this procedure,
4.3 um (Figure 1C), yields an i-region growth rate of ~1
um/min that is consistent with studies of homogeneous
i-SiNWs. Thus, we conclude that our approach yields single-
crystal p-i-n SiNWs with controlled and reproducible encod-
ing of different doped segments needed to produce well-
defined diode structures.

The electrical transport properties of the axial p-i-n SINW
devices were first characterized by /—V measurements under
dark conditions at room temperature.'? Dark I—V character-
istics recorded from devices with i-region lengths of 0, 2,
and 4 um are shown in Figure 2A. The lengths of the
i-regions for each type of NW device were confirmed by
SEM imaging of etched structures using the selective
chemical etching procedure described above. Overall, these
data show well-defined reverse bias 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.'* I—V curves recorded across the
p- or n-segments alone in p-i-n SINW devices containing
multiple contacts (inset, Figure 2A) showed linear behavior,
thus confirming that the contacts are ohmic and that current
rectification is due to the built-in electric field across the
p-n junction. We also note that the reverse bias leakage
current (V < —1 V) is largest for the p-n SINW 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 SINWs.

The photovoltaic properties of the axial p-i-n SINW diodes
were characterized under 1-sun AM 1.5G illumination.
Representative light /—V data for p-n, p-i-n i = 2 um, and
p-i-n i = 4 um devices (Figure 2B) yield V. and short-circuit
current, I, 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 show
a systematic improvement in both V. and /. with increasing
i-segment length, where the largest increase is observed in
moving from the p-n to p-i-n structural motif. Qualitatively,
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Figure 3. Photophysical characterization of p-n and p-i-n (i = 4
um) axial SINW devices. (A) V. (red) and I (blue) for p-n (open
circles) and p-i-n (filled triangles) devices as a function of AM
1.5G solar intensity (1 sun = 100 mW/cm?). Lines through the /.
and V,. data correspond to guides to linear and logarithmic
dependencies, respectively.!® (B) In(Iy.) vs Vo for p-n (open circles)
and p-i-n (filled triangles) devices where points are from data in
(A). The lines correspond to fits to the ideal diode equation.'® (C)
Plots of Vi (red) and I (blue) vs temperature for a p-i-n (i = 4
um) device. The line through the V, data corresponds to a linear
fit.

these observations are consistent with noticeably larger
leakage for the p-n devices in Figure 2A and previous studies
of SINW avalanche photodiodes'” that 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 about 15 times smaller than that we achieved previously
at 1-sun illumination using coaxial p-i-n SINW devices,* but
still ca. 1000 times larger than achieved with single
piezoelectric nanowires.'® In addition, we estimate that the
AM 1.5G efficiency, 7, based on the projected active area
of the i = 4 um device is 0.5%,'7 which is similar to the
0.46% value reported for single SiNWs with metal/
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semiconductor junctions,® but considerably smaller than the
3.4% achieved in coaxial SINW devices.* The short circuit
current density calculated using the same projected active
area!” is ~3.5 mA/cm?, slightly smaller than that reported
for rectifying single metal/SINW photovoltaic devices (~5.0
mA/cm?), although the NW diameter in the latter was 4x
larger, ~1 um.® We believe that the projected active area
provides the best measure of the intrinsic device efficiency
and J,.; however, a lower bound for these values can also
be obtained by considering the total projected area of the
SiNW device between the p- and n- contacts.'” For the p-i-n
(i = 4 um) device above, the lower limits of efficiency and
J are 0.15% and 1.4 mA/cm?, respectively.

To characterize further the axial p-i-n SINW photovoltaic
devices, we have investigated the light intensity and tem-
perature dependencies of the output properties. Representa-
tive I and V. data for p-n and p-i-n devices recorded with
illumination intensities from ~0.1 to 6 suns (Figure 3A)
exhibit linear (/i) and logarithmic (V,.) dependencies on
intensity as expected for a diode structure.'® In the case of
the p-i-n SINW photovoltaic device, we note that /. and V.
increase to ~200 pA and 0.33 V, respectively, at 4.5 suns
intensity and yield a maximum power of 31 pW, which is
6.7 times larger than at 1-sun. This stable increase in output
power under concentrated (>1-sun) illumination is an
attractive feature suggesting the promise of stand-alone
nanowire photovoltaic devices* and is distinct from hybrid
systems utilizing organic dyes or polymers with inorganic
nanostructures. 2

In addition, plots of In(/s) versus Vi (Figure 3B) exhibit
a linear dependence with the slope proportional to the diode
ideality factor () and intercept yielding the saturation current
(Ip)."® Analysis of these data for the p-n and p-i-n SINW
diodes yields n = 1.78 and 1.28, respectively, and I, = 102
and 6.14 fA, respectively. These results demonstrate that
introduction of the i-region dramatically reduces the satura-
tion current, and thus a large component of the leakage
current in the diode. The lower leakage current improves
the quality of the diode, which is reflected in the lower value
of n, and leads to the observed larger V,. due to reduced
shunt losses at the junction.

Typical temperature dependent V. and /. data for a p-i-n
(i =4 pum) SINW device are shown in Figure 3C. V,, exhibits
well-defined linear dependence on temperature with a slope
of —2.97 mV/K. Extrapolation of V, to the 0 K limit yields
a value of 1.12 V that is in agreement with the band gap of
single crystalline silicon, E, = 1.123 eV.!* In addition, I
increases weakly with temperature (Figure 3C) due to a
decrease in band gap with increasing temperature.?' In
contrast, preliminary data recorded from p-n SiNW devices
exhibit more complex, nonlinear behavior suggestive of
enhanced recombination at the p-n junction, assuming all
other recombination processes (e.g., at the NW surface) are
similar to those in the p-i-n SiNW devices. The low
temperature data further confirm that insertion of the i-
segment is critical to improving the junction quality.
Nevertheless, there remains significant room for increasing
Voe in SINW p-i-n devices at room-temperature in comparison
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Figure 4. Tandem axial SINW photovoltaic devices. (A) Schematic of two p-i-n diodes integrated in series on a single NW. (B) SEM
images of a selectively etched tandem p-i-n*—p*-i-n SINW; scale bar is 1 um. (C) I—V responses recorded on p-i (2 um) -n (red) and
p-i-n*—p*-i-n, i = 2 um (blue) SINW devices under AM 1.5G illumination. (D) V,. for p-i (2 um) -n (red), p-i (4 um) -n (black), and
p-i-nt—p*-i-n, i = 2 um (blue) axial SINW devices. Error bars are &+ 1 standard deviation.

to conventional single and polycrystalline planar devices
whose V. is typically 0.6—0.7 V.7

The optimized V. values for the p-i-n axial SINW devices,
0.29 V, can be compared to other recent reports for single
SiNW photovoltaics, including SiNW/metal junction de-
vices,? 0.19 V, and coaxial p-i-n SINW devices, 0.26 V.* It
is interesting to note the similar V.. values despite the very
different SINW diode junction geometries. This is most
striking in comparison of the p-i-n axial versus coaxial SINW
devices where the junction areas differ by a factor of
~50—200 while the V,.’s differ by only 10%. While the
much higher saturation current (Iy = 3.24 pA) for a radial
p-i-n SINW device* versus the present axial p-i-n SINW
device (Ip = 6.14 fA) reflects greater interfacial recombina-
tion in the former, the resultant effect on V, is clearly not
dominated exclusively by this factor. Rather, the similarity
in Vo suggests that the same physical phenomena (e.g.,
strong surface recombination) may be responsible for sup-
pressing the absolute V. in both the axial and radial PV
devices. Studies that identify and address the origin of the
lower V,.’s in both junction architectures, for example,
through systematic synthetic variations in junction structure
and surface passivation, are currently in progress.

Beyond addressing the question of V. in single junction
devices, we have explored the potential of our approach to
integrate two single-junction photovoltaic elements, in series,
on a single SINW through designed synthesis. In analogy to
planar tandem-cells,”?>?? we synthesized SINWs with a p-i-
nt—p*-i-n axial modulation (Figure 4A)."° Notably, SEM
images of selectively etched SINWSs prepared in this manner
(Figure 4B) demonstrate unambiguously the successful
realization of the p-i-nT—p*-i-n axial modulation. The
heavily doped nt and p™ regions are readily identifiable
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because of their positions in the tandem device, reduced
degree of etching, and expected lengths (~0.5 um). These
results confirm that our synthetic approach can yield the
desired tandem junction sequence and allows precise control
over the length of the doped regions.

Representative /—V data recorded on p-i (2 um) -n single
and p-i-nT—p*-i-n, i = 2 um tandem SiNW devices under
AM 1.5G illumination (Figure 4C) yield characteristic V.
and /. values of 0.23 V and 10.2 pA, and 0.39 V and 8.2
PA, respectively. The data demonstrate a substantial increase
in V, for the tandem SiNW photovoltaic device. Moreover,
analyses from measurements made on a number of devices
(Figure 4D) show that the mean V. taken for a sample of N
= 10 p-i-nt—p*-i-n PV devices is 0.36 £ 0.03 V, which
represents a 57% increase over the value for p-i-n (i = 2
um), 0.23 £ 0.01 V, and a 39% increase over p-i-n (i = 4
um) 0.26 = 0.02 V 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 um) single cell, a 39% increase. Treating the tunnel
junction (heavily doped p*/n') ideally, one would expect
the V. to be double that of the single cell and the I to
remain constant. The smaller than ideal increase in V.. and
output power can be attributed to parasitic series resistances
due in large part to a nonideal tunneling interface between
the n* and p™ segments. However, we stress the ability to
integrate at high density on a single SINW multiple p-i-n
diodes to show in principle that voltage and output power
can be scaled. While future studies will be needed to enhance
further the V. from these SINW tandem cells, we believe
that the approach is quite promising and illustrative of the
power of designed nanostructure synthesis.

In summary, we have demonstrated the first experimental
realization of axial modulation-doped p-i-n and tandem p-i-
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nt—p*-i-n SINW photovoltaic elements. SEM imaging of
selectively etched nanowires demonstrates excellent synthetic
control over doping and lengths of distinct regions in the
diode structures, and /—V characteristics reveal clear and
reproducible diode characteristics for the p-i-n and p-n SINW
devices. Under simulated, one-sun illumination, optimized
p-i-n SINW devices exhibited a V. of 0.29 V, a maximum
short-circuit current density of 3.5 mA/cm?, and maximum
efficiency of 0.5%. The response of the short-circuit current
versus V. under varying illumination intensities shows that
the diode quality factor is improved from n = 1.78 to n =
1.28 by insertion of the i-type SINW segment, and temper-
ature-dependent measurements showed that V. extrapolates
to bulk silicon band gap at 0 K in the p-i-n axial NW devices.
Finally, a novel single SINW tandem solar cell consisting
of the designed synthesis of two series-integrated photovol-
taic elements with an embedded p-i-n*—p™-i-n structure on
a single SINW was realized and shown to exhibit a V,, that
is on average 57% larger than the equivalent single junction
p-i-n device. Fundamental studies of well-defined modula-
tion-doped NW photovoltaics should enable the intrinsic
limits of nanoscale elements to be defined, and such elements
hold substantial promise as building blocks for the develop-
ment of nanoscale solar energy conversion systems.
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