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ABSTRACT: The electrical (DC) behavior of single silicon microwires has been
determined by the use of tungsten probes to make ohmic contact to the silicon s
microwires. The basic electrical properties of the microwires, such as their DC
resistivity and the doping distribution along the length of the microwires, were
investigated using this approach. The technique was also used to characterize the [EES¥*
junction between silicon microwires and conducting polymers to assess the
suitability of such contacts for use in a proposed artificial photosynthesis system.
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n artificial photosynthetic system, such as the one described
A.by Gray, represents a promising conceptual approach to the
production of fuels from sunlight.! Reducing this vision to
practice will require the development of an integrated system
that uses water and sunlight as inputs to generate hydrogen and
oxygen as outputs.z’3

A functioning solar water-splitting device (Figure 1) would
consist of three main components: a membrane-supported
assembly that captures sunlight and, in turn, that efficiently
creates separated electrons and holes which have sufficient
chemical potential to drive the water-splitting reactions; a two-
electron catalyst to facilitate reduction of protons to H, at the
cathode; and a four-electron catalyst for oxidation of water to O,
at the anode." The membrane will need to act as a physical barrier
between the oxidation and reduction reactions and also must
efficiently transport the electrons and protons that are generated
at the catalyst sites.

The membrane-supported assembly, which in one implemen-
tation would include an array of doped silicon microwires
supported in a conducting polymer film, will likely be a chemi-
cally complex structure that has critical features on the micro-
meter scale. Silicon microwire arrays are currently used in a wide
range of applications from solar cells* ” to organic,® liquid
junction,”'® and inorganic solid-state® devices and offer an
interesting platform to develop a photocathode for H, produc-
tion from water in the presence of suitable electrocatalysts.""
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A variety of different electrical parameters, such as the Si
microwire resistivity as well as the doping distribution and the
total series resistances in the microwire/conducting polymer
system, will have to be optimized to produce acceptable overall
device performance. The nature of the electrical junctions
between doped silicon microwires and different candidate con-
ducting polymers will thus be an important factor in the proper
function of the final water-splitting device (Figure 1). The goal of
this work was to develop methods to enable facile characteriza-
tion of the electrical properties of the Si microwires as well as
characterization of the junctions between these microwires and
the conducting polymer component of the membrane that will
be required to obtain a complete, functional solar fuel generation
system.

The Si microwires investigated in this work 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 to two different levels of boron, 10—
10"® (highly doped) and 10"*—10"® cm ™ (low-doped), by intro-
duction of BCl3(g) during wire growth.
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Figure 1. Schematic diagram of the proposed artificial photosynthesis
system; reprinted with permission from ref 3.

In previous work, ohmic contacts suitable for electrical mea-
surements have been made to individual Si microwires by the
thermal evaporation of contact metals.'*™'¢ Although this meth-
od provides a high-yield procedure for contact formation, the
lithographic, high-temperature process is only applicable to a
certain range of microwire diameters and is not compatible with
microwire/polymer combinations.

In this work, the electrical properties of single silicon micro-
wires and of Si microwire/polymer junctions have been char-
acterized using a simple, reproducible method of contact
formation. Specifically, tungsten (W) probes were used to make
direct contacts to HF-etched Si microwires that had been
deposited on a glass substrate (see Supporting Information).
The tungsten probes allowed for mechanical manipulation of the
microwires and also enabled the formation of electrical contacts
to the individual wires. These probes were also used to make
good electrical contacts to silicon by use of the conventional,
electrically conductive, fluid indium/gallium (In/Ga) metal
eutectic as an interfacial metallic phase.'” Current voltage (I—
V) measurements were then performed at various probe separa-
tions along the microwires.

These measurements had three main goals, (1) to show that
the measurement was unaffected by variation in the positions of
the probes along the microwires, (2) to determine the value of
contact resistance between the probes and the microwires, and
(3) to investigate the uniformity of the doping concentration
along the length of the microwires.

Figure 2 depicts the resistance versus probe separation data
obtained for the highly doped and low-doped Si microwires,
respectively. Each data point includes seven independent mea-
surements in which the probe was completely disconnected from
the microwire before the contact for the next measurement was
made. These measurements therefore demonstrate that reliable
and reproducible contacts to individual microwires were ob-
tained. The resistance per unit length (~0.5 kQ-um ™" for the
highly doped and ~14.2 kQ-um™ ' for low-doped microwires)
remained constant for all of the measurements, with or without
In/Ga as a contact method. This behavior verified that, other
than a decrease in the value of the contact resistance, the nature
of the contacts was unaffected by the presence or absence of In/
Ga. The contact resistance was calculated by performing a linear
fit to the resistance versus probe separation data, in conjunction
with evaluation of the intercept of such a plot (Figure 2). The
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Figure 2. Contact resistance measurements for ~1.5 um (a) highly
doped and (b) low-doped silicon microwires. Seven independent
measurements were carried out for each selected point across the length
of the microwire both with and without In/Ga (14 measurements in
total at each point).

calculated contact resistance values from both types of micro-
wires were in reasonable mutual agreement. 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.

The doping concentration of the highly doped microwires was
estimated to be 10'”—10"® cm ™, which is within the expected
range based on the conditions used to grow the Si wires of
interest."*'® No fluctuation in the resistances was observed
between different regions of the microwires; therefore, the p-type
dopant concentration appeared to be uniform at the length scales
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Figure 3. PEDOT/PMA/planar p-Si junction and corresponding I—V
curve. PEDOT/PMA was contacted with a Hg droplet. The p-Si wafer
was etched in NH4F immediately prior to casting the PEDOT/PMA
film. Slightly nonlinear behavior was observed for this junction.

considered. An analogous set of data indicated that the doping
concentration of the low-doped microwires was 10'*—10'® cm >,

The mechanism of contact formation between the W probes
and the Si microwires is different than that of many conventional
methods for producing ohmic contacts'*™'® because the tung-
sten probes were applied directly to the Si microwire, with no
high-temperature treatment or lithography required. One expla-
nation for the observed electrical behavior of the W/Si wire
contacts is the effect of local pressure at the point of contact. The
resistivity of silicon is a function of pressure, as reported previo-
usly.'”?*® Additionally, an abrupt transition, from a Schottky to an
ohmic contact, was reported when a mechanical pressure of
~112000 kg- cm %, that is, ~11 mN- //tm_z, was applied to
planar Si samples.”!

The force exerted on the microwires by the tungsten probes
was ~12 mN-um™ > (see Supporting Information). Addition-
ally, a lower pressure than that reported for planar Si might be
required to induce a transition in silicon microwires because the
reported pressure on planar silicon®' was exerted through an
interfacial Al layer. Furthermore, the amount of pressure re-
quired to induce a phase transition in silicon'? is a function of the
Si doping density, and this factor may account for the difference
in observed contact resistances between highly doped and low-
doped Si microwires observed herein.

To investigate the behavior of the electrical junction between
the polymers and silicon microwires, solutions of two candidate
conducting polymers, polyethylenedioxythiophene/phospho-
molybdic acid (PEDOT/PMA)** and polyehtylenedioxythio-
phene/polystyrene sulfonate/Nafion (PEDOT/PSS/Nafion)*
with 12 wt % PEDOT/PSS, were prepared according to estab-
lished procedures (see Supporting Information). The polymers
were then coated onto planar silicon substrates that had the same
doping concentrations as the Si microwires. Oxidatively doped
polyacetylene has been shown to form ohmic contacts to p-Si.**
However, the conducting polymers PEDOT/PMA and PED-
OT/PSS/Nafion coated on both low-doped and highly doped
silicon substrates exhibited slightly nonlinear I—V behavior
(Figure 3). Although the silicon wafers were etched immediately
prior to casting the films, it was anticipated that a thin layer of
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Figure 4. SEM image of a microwire embedded into a PEDOT/PSS/
Nafion drop-cast film at the polymer/gold border (left) and Auger
elemental analysis (right). The Auger image shows the localization of the
polymer (C and F) on the right side of the image as well as the microwire
(Si) extending from the polymer.

native oxide almost immediately formed on the surface, poten-
tially through oxidation by PMA. Nonlinearity in the I—V
behavior of such a junction at low voltages is likely due to
tunneling through such an oxide layer. Such nonlinear behavior
has been the subject of investigation in the literature.”>*° Hence,
the total resistance values for the system were measured at higher
bias voltages, where such nonlinear behavior was not dominant
and the I—V profile appeared purely resistive.

To investigate the behavior of silicon microwire/conducting
polymer junctions, conducting polymer solutions were spin-
coated onto a glass substrate, half of which was masked using
Parafilm. After removal of the mask, the films were determined to
be between 150 and 200 nm thick. Ohmic contacts to the
conducting polymer films were then formed by sputtering a gold
pad directly onto the polymer.

Following removal of the Parafilm mask, the microwires were
deposited onto the exposed glass substrate. Using tungsten
probes, single microwires were aligned at the border between
the glass substrate and conducting polymer to make electrical
contact. Scanning electron microscopy (SEM) and Auger elec-
tron spectroscopy (AES) imaging indicated an intimate contact
between the polymer and microwire, as well as a sharp border
between the polymer and substrate (Figure 4). Unlike the
samples used for electrical characterization, a drop-cast film of
PEDOT/PSS/Nafion was prepared on a gold-coated slide to
alleviate charging issues for the SEM and AES analysis. AES
imaging indicated that both carbon and fluorine were localized
in the polymer, with a decrease in intensity observed where
the microwire entered the polymer. Examining the image for
silicon, the microwire was clearly present both inside of the
polymer as well as over the gold substrate. The gold image also
showed the void region where the microwire covered the gold
substrate.

Using the tungsten probes, the microwires aligned in the
polymer films were then covered with a small amount of polymer
to enhance the electrical contact between the polymer and the
microwires. This configuration is more representative of the final
envisioned device structure, in which part of the microwire would
be embedded inside of the conducting polymer membrane
(Figures 1 and 4). The three main junctions present in the final
measurement system are therefore the sputtered gold/polymer
junction, the tungsten probe/microwire junction, and the micro-
wire/polymer junction in between (Figure Sa). The sputtered
gold/polymer junction exhibited well-defined ohmic character-
istics (see Supporting Information). The tungsten probe/microwire
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Figure S. (a) A 100 m long highly doped microwire with a diameter of
~1.5 um aligned at the polymer/glass border and the measured I—=V
profile for different ranges of applied bias voltages, (b) —10 to +10 V
and (c) —1V +1V. The total series resistance of the system is ~160 kL.

junction was also investigated in the first set of measurements. Its
contribution to the total resistance (in the form of contact resistance)
was negligible compared to the contribution of the other resistances.
The experiments were performed by recording the current passing
through the system for different applied voltages, having one
tungsten probe in contact with the microwire while the other one
was placed on the gold contact (see Supporting Information). An I—
V profile for a highly doped microwire aligned at the PEDOT/PSS/
Nafion/glass border is shown in Figure Sb,c. The total series
resistance including Riqlymer Ro and Ry from this measurement

Table 1. Measured Resistances in MQ (+1%)“

R Rpnma Rpss/Nat. R.(pma) Re(pss/Naf)
1.42 ~1.32 ~0.008 9.75 1.40
0.05 ~1.32 ~0.008 0.30 0.10

“The microwire length and diameter are 100 and 1.5 um, respectively.
Rpna and Re(pua) are the resistance of the PEDOT/PMA film and the
calculated resistance of the junction between low-doped (1st row) and
highly doped (2nd row) microwires and the films. Rpss/nar. and Re(pss,
Naf) Fepresent the same parameters for PEDOT/PSS/Nafion films.

was ~160 kQ. The microwire/polymer contact resistance (R.) was
then calculated from the expression

Rt = Rpolymer + Ryire + Re

where R, is the total resistance of the microwire/polymer system,
Rpotymer i the resistance of the conducting polymer, calculated from
four-point probe measurements, and R, is the microwire resis-
tance. The contact resistances involved in the system (tungsten
probe/microwire contact resistance) were all significantly smaller
than these resistances. Table 1 summarizes all of the measured
resistances for both highly doped and low-doped Si microwires.

To estimate the performance of these microwire/polymer
combinations in the proposed artificial photosynthesis device,"
the maximum reported terrestrial cell and submodule efficiency
as measured under the global air mass (AM) 1.5 spectrum (1000
W-m ™ ?) at 25 °C was taken to be 42.7 mA-cm > for a
monocrystalline silicon solar cell.*”*® Considering this value as
the maximum short-circuit photogenerated current density from
an array of 100 zm long microwires,”*”” the absorption of all of
the photons falling on the membrane area would result in a
current of ~20.9 nA in each microwire.

Assuming a maximum voltage drop of ~10 mV along the
microwire/membrane junction and the same amount of current
(20.9 nA) flowing through the junction to the polymer film, the
total resistance in the microwire/polymer system should be less
than 480 k€. The resistance of a PEDOT/PMA junction with
highly doped microwires is therefore greater than, but very close
to, the critical value, whereas the PEDOT /PSS /Nafion junction
with highly doped Si microwires definitely meets the minimum
conductance requirements. As mentioned earlier, these values
were calculated at large bias voltages (10 V). At bias voltages
close to the actual expected working conditions (10 mV),
higher resistances were observed, indicating the importance of
the microwire surface treatment (e.g., native oxide removal etc.)
on the electrical properties of the Si/polymer junctions. In
contrast, the junction between highly doped Si microwires
PEDOT/PMA exhibited significant resistance at these current
levels. Although the PEDOT/PSS/Nafion junction with highly
doped Si microwires was less resistive, improvements in IR losses
at these low current levels were required to meet the minimum
requirements for a final device.

In summary, a novel electrical contact approach was used to
characterize the (DC) electrical properties of two important
sections of a proposed artificial photosynthesis device. The
method employed tungsten probes (with or without In/Ga) to
make good electrical contacts to silicon microwires. The advan-
tage of this method is that the contact could be formed only by
applying force to the probe—microwire junction, alleviating the
need for a high-temperature treatment. The local pressure in the
immediate contact area of the silicon microwire resulted in alocal
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phase transition and resulted in the observed, reproducible,
ohmic contact. The measured resistances were in agreement
with the expected doping levels for the microwires.'*'® The
electrical junction between single silicon microwires and two
conducting polymer films was also investigated. The results of
these measurements have helped to define the required electrical
properties for the individual microwires and for the candidate
conducting polymers to be used in a working artificial photo-
synthesis device to produce fuels directly from sunlight.
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