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ABSTRACT: The electrical properties of individual p- and n-type silicon microwires have

ho 2.
been investigated using a direct contact formation technique, in which an Ohmic contact 3.
between the tungsten probe and microwire was produced by applying mechanical force to o (e ,
the probe/microwire junction. This method alleviated the need for lithography or a high- S e

temperature process to form a metal/Si ohmic contact. The technique was also used to

characterize the Si microwire/conducting polymer junctions in a single cell of a membrane- 30, | mo

supported bilayer Si microwire structure that is of interest for the direct production of fuels
from sunlight. The data indicate that the combination of PEDOT —PSS—Nafion and highly
doped Si microwires is suitable, from an electrical resistance perspective, to be used in a solar

fuels generation device.
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1. INTRODUCTION

A membrane-bridged bilayer microwire structure is an inter-
esting conceptual approach to the production of fuels from
sunlight." This integrated system would ideally use water and
sunlight as inputs, and would generate H,(g) and O,(g) as
outputs.”® This type of solar water-splitting device would consist
of four main components (Figure 1): arrays of semiconducting
microwires, to effectively absorb sunlight and provide sufficient
photovoltage to produce fuel at high energy conversion effi-
ciency; a two-electron catalyst to facilitate the reduction of pro-
tons to H, at the cathode; a four-electron catalyst to facilitate the
oxidation of water to O, at the anode; and a membrane that
separates the products for safety and efficiency purposes, pro-
vides a suitable electrical connection between the microwires,
and allows for neutralization of the pH gradient that would otherwise
be produced during fuel production.™

The membrane-supported assembly, consisting of semicon-
ducting microwires supported in a conducting polymer film, will
be a chemically complex structure with critical features on and
below the micrometer scale. Silicon microwire arrays are cur-
rently used in a wide range of applications from solar cells’~” to
organic,'® liquid junction," "' and inorganic solid-state” devices.
In conjunction with suitable electrocatalysts, such structures offer
an interesting platform to develop a photocathode for H, produc-
tion from water.'® A variety of electrical parameters, including the
Si microwire resistivity, the doping distribution, and the total
series resistances in the microwire/conducting polymer system,
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will have to be optimized to meet the performance specifications
for the proposed device. The nature of the electrical junctions
between the doped silicon microwires and different candidate
conducting polymers will be an important factor in the proper
function of the final water-splitting device (Figure 1).

A straightforward method has recently been reported for
characterizing the electrical properties of p-type Si microwires
as well as the junction between Si microwires and conducting
polymers.'* This work presents the application of this technique
to n-type silicon microwires in contact with a prototypical con-
ducting polymer. We also report DC electrical measurements
across a single unit of the proposed solar fuels generation device,
obtained by measuring the full-system electrical conductivity in a
structure that consisted of a single n-Si microwire contacted to a
conducting polymer that in turn was also in contact with a single
p-Si microwire.

2. EXPERIMENTAL METHODS

2.1. Si Microwires. Si microwires were grown using the vapor—
liquid—solid chemical vapor deposition (CVD) process.'"'>*¢
The single crystalline Si microwires were 60—120 um in length
and ~1.5—2.0 um in diameter. The Si microwires were doped
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Figure 1. Schematic diagram of the proposed solar fuel generation
device structure. Reprinted with permission from ref 3. Copyright 2008
California Institute of Technology.
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Figure 2. (a) Photograph of the test structure; (b) schematic diagram of
the system. The PEDOT—PSS—Nafion strip was spin-coated onto a
glass substrate. The film dimensions were ~1 cm by 2.5 cm, and the film
thickness was ~200 nm. p- and n-Si microwires were aligned at the
polymer/glass border as shown, and Au contacts (32 nm thick) were
sputtered onto the polymer membrane, to complete the test structure;
2—5 um of the wire was embedded into the polymer.

with boron (p—tyPe) and phosphorus (n-type) up to doping
levels of 10'7—10"® cm ™. Any residual metallic growth catalyst
at the top of each microwire (and some small amounts on the
sides) from the vapor—liquid—solid (VLS) growth process was
removed using a two-step etching procedure (Supporting In-
formation). Prior to the measurements, the native oxide, as well
as any oxide that may have formed during the growth catalyst
removal process, was removed by etching the Si microwires in
buffered HF(aq). The time interval between the native oxide
removal process and the measurements was kept as short as
possible (typically <15 min).

2.2. Conducting Polymer Films. Solutions of a candidate
conducting polymer, polyethylenedioxythiophene/polystyrene
sulfonate/Nafion (PEDOT—PSS—Nafion)'” with 12 wt.%
PEDOT—PSS, were prepared according to established proce-
dures (Supporting Information). Thick conducting polymer
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Figure 3. Use of tungsten probes to mechanically manipulate silicon
microwires. The force required to bend a microwire greatly exceeded the
force that was applied during the electrical measurements.

layers (150 and 200 nm) were deposited by spin-coating a
solution of polymer onto a glass substrate that contained
prepositioned Parafilm masks on the left and right sides of one
surface of the substrate. Ohmic contacts were then formed to the
conducting polymer films by sputtering 32 nm thick pads of gold
directly onto the polymer. Following the removal of the Parafilm
mask, p-type and n-type Si microwires were separately deposited
onto the exposed glass substrate. Single microwires were then
aligned with tungsten probes, and the wires were positioned
perpendicular to the border between the conducting polymer
and the glass substrate with 2—35 um of the wire in contact with
the polymer. This structure was used as a template of a single unit
of the proposed solar fuels generation device (Figure 2).

2.3. Instruments. Current vs voltage (I—V) measurements
were performed in a standard probe station using an Agilent
415Sc semiconductor parameter analyzer. Standard tungsten
probes (with a diameter of ~1 ym), used in the I—V measure-
ments, were etched for ~30 s in 2.0 M KOH(aq) immediately
before the experiments to remove the tungsten native oxide and
to improve the quality of the contacts. An Edwards s150b sputter
coater was used to sputter Au pads onto the polymers. A Fogale
Photomap 3D optical profilometer and a KLA Tencore AS-500
Alpha-Step were used for measurements of the polymer film
thickness. X-ray photoelectron spectroscopic (XPS) analysis was
performed using a Kratos Axis Ultra DLD instrument.

3. RESULTS AND DISCUSSION

3.1. Single Microwire Measurements. Thermal evaporation
of contact metals has been used to form Ohmic contacts to
individual Si microwires."® ° Despite the high-yield of this pro-
cedure, this lithographic, high-temperature process is only ap-
plicable to a certain range of microwire diameters and is not
compatible with many microwire/polymer structures due to the
complexity of interactions between polymers, photoresists, and
the etchant solutions used during lithographic processes. In this
work, the electrical properties of single Si microwires and of Si
microwire/polymer junctions were simply and readily character-
ized by the use of tungsten (W) probes to make direct, reliable
contacts to the Si microwires. The tungsten probes additionally
allowed for mechanical manipulation of the microwires (Figure 3),
as well as for the formation of electrical contacts to the individual
microwires.
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Figure 4. XPS data (a) before and (b) after the catalyst removal
procedure, to confirm the removal of Cu from Si microwires grown
from a Cu VLS catalyst.

After the process steps designed to remove the growth catalyst
and the native oxide (vide supra, section 2.1), XPS confirmed that
the growth catalyst had been eliminated (Figure 4). Current—
voltage (I—V) measurements were then performed at various
probe separations along the microwires, to show that the measure-
ments were consistent with expectations for variation in the positions
of the probes. These data allowed for determination of the probe/
microwire contact resistance and for characterization of the uni-
formity of the doping concentration along individual microwires.

The mechanism of contact formation between the W-probes
and the Si microwires in these measurements differs from many
conventional methods for producing ohmic contacts'® > be-
cause the tungsten probes were applied directly to the Si micro-
wire without the need for high temperature treatment or litho-
graphy.'* One explanation for the observed electrical behavior of
the W/Si wire contacts is the effect of local pressure at the point
of contact. The resistivi?r of silicon has been reported to vary as a
function of pressure.”"** The application of ~112,000 kg+cm 2,
i.e, ~11 mN-um > to planar Si samples has been reported to
change the contact character from a Schottky contact to an ohmic
contact.”®

The force exerted on the microwires by the tungsten probes
was measured to stabilize at a maximum value of ~37 mN
(Supporting Information). Assuming a maximum circular con-
tact diameter of 2 um (based on the maximum diameter of the
microwires), the local mechanical pressure at the point of contact
was thus >12 mN-#m ™ > The transition in electronic character
of the contact as a function of pressure was observed by alternately
increasing and decreasing the pressure on the microwires. Figure 5
(dashed line) shows the measured I—V response for individual
p- and n-type microwires, with >12 mN-um™ > of mechanical
pressure applied to the contact between the probe that was fixed
at one end of the microwire, with the second probe loosely
connected to the other end of the microwire (with no additional
force). The solid line in Figure S shows the change in the [-V/
profile that resulted from the application of >12 mN-um™ > of
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Figure 5. Local phase transition in response to mechanical pressure at
the contact areas. A 100 um long (a) p-Si microwire and (b) n-Si
microwire was investigated with the first probe fixed at one end of the
microwire with >12 mN+um > of local pressure applied, while the
second probe touched the other end with almost no applied force (blue
curve) or with the same amount of force applied to both probes (red
curve). As the pressure increased, the phase transition occurred, chang-
ing the nonlinear I—V behavior to that expected for an ohmic contact.
The fixed probe was connected to the Common/Frame Ground termi-
nal of the parameter analyzer.
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Figure 6. Contact resistance measurements for p- and n-type Si
microwires with ~1.5 ym diameter. Seven independent measurements
were carried out for each selected point across the length of the micro-
wire. The data set from one pair of microwires are shown, these results
were verified by repeating the experiment with other microwires of
different doping type, different doping concentration, and originating
from different fabrication batches.

mechanical pressure via the second probe. This observation was
reversible for both types of microwires and could be readily
repeated by increasing or decreasing the force applied to the
probes.

Figure 6 depicts the resistance vs probe separation data obtained
for p-type and n-type Si microwires. Each data point is the
average of seven independent measurements in which the probe
was completely disconnected from the microwire before the contact
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Figure 7. Current—voltage data for a 100 #m long p-type silicon micro-
wire with a diameter of ~1.5 ym aligned at the PEDOT—PSS—Nafion/
glass border (figure inset) for different ranges of applied bias voltages:
(a) large-bias regime, —10 V to +10 V; and (b) small-bias regime, —1 V
to +1 V. The total series resistance of the system in the large-bias regime
was ~150 k€2 but increased to ~172 kL in the small-bias regime.
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Figure 8. Current—voltage data for a 100 #m long n-type Si microwire
with a diameter of ~1.5 um aligned at the PEDOT —PSS—Nafion/glass
border (figure inset) for different ranges of applied bias voltages:
(a) large-bias regime, —10 V to +10 V; and (b) small-bias regime, —1 V
to +1 V. The total series resistance of the system in the large-bias regime
was ~115 k€2, and increased to ~870 k<2 in the small-bias regime.

for the next measurement was made. The data thus demonstrate
the reliability and reproducibility of the contacts to both p- and
n-type microwires. The resistance per unit length was constant
for all of the measurements, at values of 0.50 kQ-um ™" for
the p-type and 0.18 kQ - um ™" for the n-type Si microwires. The
contact resistance was calculated by performing a linear fit to
the resistance versus probe separation data, in conjunction with
the evaluation of the intercept of such a plot (Figure 6). The cal-
culated contact resistance values were reasonably similar for both
types of Si microwires, which is consistent with expectations
based on a pressure-induced phase transition forming the mea-
sured probe—wire contact. Although the calculations showed
that the contact resistance was a negligible contribution to the
total measured resistance, the contact resistance was subtracted
prior to calculating the resistivity of the microwires and, in turn, prior
to the estimation of the doping concentration of the microwires.

By using the contact resistance data, the doping concentration
of the microwires was estimated to be 10'”—10" cm ™. This is
within the expected range of doping concentrations based on the
conditions used to grow the Si microwires."®** No variation in
the resistance measurements was observed between different re-
gions of the microwires or different microwires, indicating that
the p- and n-type doping concentration was uniform over the
length scales considered. The difference in the value of the
resistance per length between the two types of microwires is in
good accord with the difference in the mobility values of the
majority carriers in p- and n-type microwires at these doping
concentrations.”’

3.2. Microwire/Conducting Polymer Junction Measure-
ments. Figure 2 shows the test structure that was used to
investigate the electrical behavior of p-type Si and n-type Si

microwire/polymer junctions. Using the tungsten probes, the
microwires aligned on the polymer films were covered with a
small amount of polymer to ensure electrical contact between the
polymer and the 2—5 um of the microwire in contact with the
polymer. Even though the eventual embedding depth of the
microwires in the polymer membrane has not been finalized, this
configuration more closely resembled the eventual envisioned
device structure (Figure 1) than did a configuration in which a
microwire was physically on top of a planar polymer film layer."
Scanning electron microscopy (SEM) and Auger electron spec-
troscopy (AES) imaging indicated the presence of an intimate
contact between the polymer and microwire, as well as a sharp
border between the polymer and the substrate."*

The three main junctions in the final measurement system
were therefore: (a) the sputtered gold/polymer junction; (b) the
tungsten probe/microwire junction; and (c) the microwire/
polymer junction in between the other two junctions. The
sputtered gold/polymer junction exhibited well-defined ohmic
characteristics (Supporting Information). The contact resistance
of the tungsten probe/microwire junction (section 3.1) was negli-
gible when compared to the resistance of other parts of the system.

In one set of measurements (Figure 2), the contributions from
each type of microwire and their junctions with the conducting
polymer were individually investigated. The experiments were
performed by recording the current that passed through the
system for different applied voltages, with one tungsten probe in
contact with the microwire, while the other probe was placed on
the gold contact (insets of Figures 7a and 8a). The [—V data for
p- and n-type microwires aligned at the PEDOT —PSS—Nafion/
glass border are shown in Figures 7 and 8, respectively. At low
voltages, the I—V behavior of the junction between the microwires
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Figure 9. Complete unit of the proposed solar fuel generator device,
including two 100 um long n-type and p-type Si microwires with a
diameter of ~1.5 um, aligned at the PEDOT—PSS—Nafion/glass
border (figure inset). Current—voltage data measured for different
ranges of applied bias voltages: (a) large-bias regime, —10 V to +10 V;
and (b) small-bias regime, —1 V to +1 V. The total series resistance of
the system in the large-bias regime was ~250 k€2 and increased to ~1 MQ2
in the small-bias regime.

and polymer films was nonlinear, likely due to tunneling through
an oxide layer on the surface of the microwires, in accord with
prior measurements on oxide-coated Si microwire devices.”**’
Although the Si microwires were etched immediately prior to the
measurements, a thin layer of native oxide presumably formed on
the surface of the Si because the alignment of the microwires at
the polymer/glass interface was conducted in an air ambient.
Hence, in addition to the measurements at small-bias (closer to
the expected working regime of the solar fuels generation device),
the total resistance values for the system were also measured at
higher bias voltages, where nonlinear behavior was not dominant,
and the I—V profile appeared purely resistive. The large-bias
measurements thus yield a lower bound for values of the DC
resistance of the system.

In each case, the total series resistance included contributions
from the conducting polymer resistance, Ry, olymer, the microwire/
polymer contact resistance, Rc (denoted as Rc,, for p-type and
R¢., for n-type microwires), and the microwire resistance, R,
(denoted as Ry,. i for p-type and R,,_ire for n-type microwires).
The microwire/polymer contact resistance (Rc) was then calcu-
lated from the expression

Riora = Rpolymer + Ruie T Rc

where, Ry, is the total measured resistance of the microwire/
polymer system. Rj,olymer Was calculated from four-point probe
measurements. The Rc, and R¢., values were extracted from
these independent measurements, and the total series resistance
across a single unit of the membrane-bridged device was then
approximated by adding these values to the values of R, yire,
Rn-wire and Rpolyrner'

The results of these calculations were also compared to the

results of a measurement on a complete structure (Figure 9) in

Table 1. Measured and Calculated Resistances in k€2 (+1%)
of the Si Microwires of Lengths and Diameters of 100 and
1.5 pm, Respectively”

llmeas (kQ) Rp—wire Rn—wire RCfp RC—n Rpolymer Rtotal

large-bias S0 18 ~100 ~93 2 ~263
small-bias NY 18 ~120 ~850 2 ~1040
* Rpolymer is the resistance of the PEDOT—PSS—Nafion film.

which one tungsten probe was placed on the n-type microwire,
the second probe contacted the p-type wire, and a test current
was passed through the entire structure.

Table 1 summarizes the measured resistances for both small-
and large-bias regimes and shows that the measured value of R¢_,
in the small-bias regime was 20 k€2 larger than the value recorded
at the large-bias. This behavior can be ascribed to the presence of
a thin native oxide layer on the microwire. However, the 8-fold
increase in the value of Rc_, in the small-bias regime reflected
both the presence of a native oxide layer on the microwires and
the Fermi level mismatch between the n-type microwires and
PEDOT—PSS—Nafion film (with p-type characteristics).”**’
The results from both the small- and large-bias measurements
were in reasonable agreement (Table 1).

In estimating the performance of these microwire/polymer
combinations in the proposed solar fuel generation device, the
design parameters suggest that a maximum current of ~20.9 nA
will flow along an individual 2 m diameter Si microwire through
the junction to the polymer film.'"* Also, for this design, the
maximum acceptable voltage drop across the microwire/
membrane junction is ~10 mV; thus, the total resistance needs
to be <480 k€2. The calculated resistance values at large-bias
voltages (410 V) indicate that PEDOT—PSS—Nafion with silicon
microwires would provide a viable candidate system for the
construction of a membrane-bridged solar fuel generation device.
However, at bias voltages close to the actual expected working
conditions (10 mV), higher resistances were observed, indicat-
ing that the microwire surface treatment (e.g, native oxide
removal) had a significant impact on the electrical properties of
the Si/polymer junctions. The total resistance is also sensitive to
the contact area between the silicon microwires and conducting
polymer films. If in the final design for the artificial photosynth-
esis system the silicon microwires are embedded more than the
2—5 um (as presented here), then the values of R, and Rc.,
would correspondingly decrease. This would reduce the differ-
ence between the reported Ry, and the design specifications
referred to above. Regardless, improvements in IR losses at the
low current levels (by up to a factor of ~2), for n-Si microwire/
PEDOT—PSS contacts, are desirable to satisfy the design
requirements for the envisioned solar fuels generation device.

4. CONCLUSIONS

An approach to electrical contact formation, using tungsten
probes, was successfully applied to n-type Si microwires. The
method was used to characterize an individual unit of a proposed
solar fuel generation device. The advantage of the method is that
the contact was formed only by applying force to the probe—
microwire junction, alleviating the need for lithography and for a
high-temperature process step to form a metal/Si ohmic contact.
The local pressure in the immediate contact area of the Si
microwire resulted in a local phase transition, generating a stable
and reproducible ohmic contact. The data indicate that the
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PEDOT —PSS—Nafion/microwire system would provide a
suitable combination, from an electrical resistance perspective,
to be used in a solar fuels generation device.

B ASSOCIATED CONTENT

© Supporting Information. Metallic catalyst removal pro-
cedure, conductive polymer film preparation, microwire/poly-
mer junction formation, and quantifying the applied mechanical
force on the single silicon microwires. This material is available
free of charge via the Internet at http://pubs.acs.org.
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