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Abstract

Part I of this thesis describes the formation of a silicon/polypyrrole
junction utilizing a new method of polypyrrole polymerization which was
developed in the Lewis Group by Dr. Michael Freund. This new method
involves the chemical oxidation of pyrrole to form smooth, conducting
polypyrrole films upon solvent evaporation. This polymerization process
allows semiconductor/polymer junctions to be formed without exposing the
silicon surface to harmful oxidative currents uséd in electrochemical
polymerizations. The studies described herein demonstrate the formation of
a stable, rectifying junction between silicon and chemically polymerized
polypyrrole.

Part II of this thesis describes work related to a recent hypothesis
regarding the charge-transfer processes of metal-coated silicon electrodes in
methanol solutions, proposed by Ming Tan of the Lewis Group. The silicon is
modified by depositing thin metal lines onto the surface, which facilitate
electron-transfer between the silicon and the solution and limit direct charge
transfer through the silicon/solution interface. The design of these devices
allows examination of the interaction of semiconductor/metal and
semiconductor/liquid junction characteristics as a function of the size and

distribution of metal lines.

iii 3



TABLE OF CONTENTS

Acknowledgements
Abstract
Table of Contents

List of Figures

Part I: Characterization of Silicon/Polypyrrole Junctions
Abstract
Introduction
Experimental
Results and Discussion
Conclusion

References

Part IT: Studies of Charge Transfer Processes in
Silicon /Metal/MeFc*/0-Methanol Junctions
Abstract
Introduction
Experimental
Results and Discussion

" Part 1: Device Fabrication

iv

ii

1v

vi

14

15

17

18

19

23

27



Part 2: I-V Characteristics of Silicon/Gold Junctions

Part 3: Modification of Electrode Design

Part 4: I-V Characteristics of Silicon/Platinum Junctions
Conclusion

References

32

43

53

54



Figure 1.
Figure 2.

Figure 3.

Figure 1.
Figure 2.
Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

LIST OF FIGURES
Part1

SEM of polypyrrole film
Cyclic voltammogram of polypyrrole film

I-V curve of silicon/polypyrrole junction
Part II

Schematic of theory for silicon/ metal-line/solution
electrical junctions

Illustration of photolithography procedure

SEM of incomplete metal liftoff

SEM of 100 nm wide gold lines

Plot of In I vs. V_ for silicon electrodes patterned with
5 mm-wide metal lines in MepFc+/0-methanol solution
Plot of In I vs. V_ for silicon electrodes patterned with
5 mm-wide and 100 nm-wide metal lines in MesFc+/0-
methanol solution

Same as figure 6, except the current has been

normalized to the metal area

vi

10

12

21

26

30

31

34

38



Figure 8.

Figure 9.

Figure 10.
Figure 11.

Figure 12.

Figure 13.

Plot illustrating the deterioration of I-V properties of
silicon electrodes patterned with 100 nm-wide gold
lines in MeFc+/0- methanol solution

SEM of silicon electrode with detached gold lines

Schematic of new electrode design

SEM of crossbar contacting 5 um-wide platinum lines
I-V properties of silicon electrodes patterned with

5 um-wide platinum lines, in MesFct/0-methanol

solution and in air

I-V properties of silicon electrodes patterned with

0.34 um-wide platinum lines, in MepFct/0-methanol

solution and in air

vil

39

42

45

47

49

50



Part1

Characterization of Silicon/Polypyrrole Junctions



Abstract

We have investigated the properties of the electrical junction formed
between n-type silicon and chemically polymerized polypyrrole. Earlier
studies have shown that polypyrrole forms electrical junctions with silicon.
These junctions were found to have current-voltage characteristics that were
independent of the electrochemical potential of the polypyrrole, which is not
the case for some other studies involving interfaces between silicon and
conducﬁng polymers. These previous silicon/polypyrrole interfacial studies,
however, were performed on junctions fabricated using electrochemical
growth of the polypyrrole onto the silicon. This process exposes the silicon
surface to harmful oxidative current during the polymer growth step, and can
lead to oxidative passivation of the silicon. This would affect the
interpretation of current-voltage measurements, because the insulating oxide
layer would add an additional resistance to the junction formed between
silicon and polypyrrole. By chemically depositing the polymer from a
solution, we have minimized the possibility of oxidation of the silicon
surface. We have explored the possibility that the chemical deposition of
polypyrrole onto silicon forms junctions with different electrical properties
than those formed by the electrochemical growth of polypyrrole onto silicon.
A comparison of results from these two different methods of polymer
deposition may offer added insight into the nature of silicon/conducting

polymer interfaces.



Introduction

Silicon/Conducting Polymer Junctions

Using conducting polymers that have different electrochemical
potentials can create large differences in the current-voltage properties of the
silicon/polymer interface, as has been shown for junctions between silicon
and reduced vs. oxidized polyacetylene”. In examining the junction formed
between a semiconductor and a metal, varying the electrochemical potential
of the metal phase requires variation in the metal. It has been observed that
the junction properties of the different silicon/metal junctions are not
dependent on the work-functions of the metals*!. This phenomenon, known
as Fermi-level pinning, has been rationalized as being due to the formation of
surface states between the metal and silicon. The electrical characteristics of
the silicon/metal junction are dependent on the interface between the
semiconductor and the surface states, and changing the contacting metal will
thus have little effect on the current-voltage characteristics of such systems.
Conducting polymers have therefore been shown to have potential
advantages over metals in forming electrical junctions with silicon.

Not all studies of junctions formed between silicon and conducting
polymers have shown ideal behavior. Experiments using electrochemically
grown polypyrrole on silicon electrodes seem to indicate that changing the
redox potential of the polypyrrole does not have as much of an effect on the
current-voltage properties as would be expected™. Growing polypyrrole
electrochemically onto silicon, however, results in the passage of harmful
oxidative currents through the silicon, which may corrode, passivate, or
otherwise change the surface. Thus, using a process that does not form
surface states during the formation of a junction between silicon and

polypyrrole may be'importaht in obtaining the desired response of current-



voltage characteristics to changes in the electrochemical potential of the
polymer.

Soluble Conducting Polymers

Substantial effort has been directed at producing stable, processible
conducting polymers in order to fabricate uniform, well-defined polymer
structures’. The most rigorously pursued strategy for making soluble, and
therefore processible, conducting polymers has been to attach bulky side
chains to the polymer backbone. This prevents the efficient packing of
polymer chains and increases solubility. Although this strategy has been
successful, there is a tradeoff between solubility and conductivity. This results
from the fact that twisting of the polymer backbone decreases the conjugation
length in the polymer. An approach which has been utilized successfully to
increase the conjugation length in the polymer backbone while maintaining
solubility has been polymerization of monosubtituted cyclooctatetraenes to
form substituted polyacetylenes””. However, even under optimal conditions,
the conductivity of such systems is over an order of magnitude less than in
nonsubstitued polyacetylene.

An alternative route to producing processible conducting polymers is
to utilize polymerization reactions in which monomer coupling is the rate
determining step in the overall polymerization reaction. Under these
conditions polymerization will be concentration dependent, and can
therefore be controlled by manipulating the solution conditions. For
example, dilute, relatively unreactive solutions contairﬁng monomer,
polymerization agent, and dopant can be prepared and deposited onto
substrates, where polymerization occurs as the solvent evaporates and the

solution becomes more concentrated.



In this work we have investigated the chemical polymerization of
pyrrole. This reaction belongs to the family of polymerization reactions in
which oxidation of monomer is followed by radical cation coupling, and in
which the coupling reaction is the rate determining step’'. A common
characteristic of these reactions is that the oxidation potentials of the
monomers are significantly higher than those of the oligomers’. As a result,
polymerization becomes thermodynamically more favorable as it proceeds.
One example of this is the polymerization of pyrrole using FeCl3 as the
oxidant'*"®. However, we have found that using FeCl3 causes the rapid
precipitation of polymer from solution. Our system utilizes
phosphomolybdic acid (PMA) as the oxidant and dopant source. PMA has an
oxidizing potential that does not cause rapid polymerization of pyrrole in
solution. We thus have been able to produce solutions containing pyrrole
monomer and oxidant which remain stable for periods of several hours.
Polymerization to produce thin, well defined films is achieved by coating a
substrate and allowing the solvent to evaporate. This procedure does not
produce soluble polymer films, but allows the deposition of a conducting

polymer in a controlled manner.



Experimental

Materials

Pyrrole and phosphomolybdic acid were obtained from Aldrich and
were used as received. Tetrahydrofuran, acetonitrile, methanol (Omnisolv
grade) and KCl were obtained from EM Science, and tetrabutylammonium
perchlorate (TBAP) was obtained from Sigma. Tetrahydrofuran was distilled
over Na/benzophenone and acetonitrile was distilled over CaHp and then
over P20s5, methanol was distilled over Mg. Substrates for optical and
conductivity measurements were either Pyrex glass slides or Indium Tin
Oxide (ITO) coated glass slides. Si (1 ohm-cm resistivity) was obtained from
Silicon Sense (Nashua, NH). Electrodes were fabricated by scratching the back
of the silicon with a diamond scribe, applying In/Ga eutectic to this
roughened surface and then connecting a tinned copper wire using silver
print. The back and sides of this electrode were then encased in non-
conducting epoxy.

Measurements

Optical specira were obtained on a Hewlett Packard 8452A
spectrophotometer, interfaced to an IBM XT. Electrochemical experiments
were performed with a Princeton Applied Research 173 potentiostat/175
universal programmer. All electrochemical experiments were performed
with a Pt flag auxiliary and a saturated calomel reference electrode (SCE).
Spin coating was performed on a Headway Research photoresist spin coater.
Film thickness was determined with a Sloan Dektak 3030 profilometer.
- Conductivity measurements were performed with an Alessi Instruments
osmium-tipped four point probe (tip spacing - 0.050", tip radii - 0.010").
Light for photovoltage and photocurrent measurements was supplied using

an ELH bulb and various neutral density filters to adjust the light intensity.



Film Polymerization

N2-purged solutions of pyrrole (1.50 mmoles in 4 ml tetrahydrofuran)
and phosphomolybdic acid (0.75 mmoles in 4 ml tetrahydrofuran) were
injected into a N purged test tube. The mixture immediately became dark
green, with no observable precipitation over the next several hours. This
solution was used for film preparation within an hour of mixing, and was
filtered through a Gelman 0.1 um pore size teflon filter immediately before
use. Polymerizatidn occured after depositing the mixture described above on
a substrate (e.g. glass, Si, filter paper, etc.) and allowing the solvent to
evaporate. Polymerization was indicated during this process by a change in
film color from green to black. Once polymerization was completed, the film
was insoluble and was rinsed with solvent (tetrahydrofuran or methanol) to
remove residual reduced phosphomolybdic acid and unreacted monomer.
The thin films of polypyrrole used for optical and scanning electron
microscopy (SEM) measurements were produced by spin-coating the solution
described above onto a glass or ITO/glass substrate at ~2000 RPM. This
procedure resulted in uniform film thickness of 40—100— nm, depending on

spin velocity.



Results

Physical Properties of Chemically Oxidized Polypyrrole

Conductivities of methanol-rinsed polypyrrole’ films on glass slides, as
determined by four point probe measurements, were on the order of 15-30 S
cm-l. These values are typical for an unoptimized synthesis. These
conductivities were stable in air over several days. The blue film that was
initially formed, which contained reduced phosphomolybdic acid, had a very
low conductivity that was difficult to determine experimentally. However,
after rinsing the film, the conductivity increased markedly. Rinsing these
films in methanol also allowed the film to be lifted from the surface of the
glass. The ability of our films to be removed from the substrate and remain
intact argues against the possibility that they could just be deposits of
powdered polymer. In addition, SEM of these films showed that they had a
smooth morphology and were defect free at high magnification (Figure 1).

This morphology contrasted With the rough, globular structures and
large pores of films that are obtained by electrochemical deposition of
polypyrrole*'’. Elemental analysis of the rinsed films revealed a relatively
high concentration of phosphorous, molybdenum and éxygen. However, it is
difficult at this time to determine the stoichiometry of the film and which
species are present as counterions, compared to those that are merely trapped

in the polymer.



Figure 1. SEM of polypyrrole film formed by the chemical polymerization of
pyrrole using phosphomolybdic acid. The film has been scraped from the

substrate in the top of the picture.



Electrochemical behavior of polypyrrole films
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Figure 2

The polypyrrole films exhibited excellent electrochemical properties.
In order to study the electrochemical properties of the polypyrrole films, Pt
electrodes were dipped into pyrrole/phosphomolybdic acid solutions. The
electrodes were then allowed to dry, leaving them with a thin film of
polypyrrole. After rinsing the films in methanol and ailowing them to dry in
air, cyclic voltammograms were obtained in 0.1 M TBAP/acetonitrile. Figure
2 shows the redox behavior of a chemically polymerized polypyrrole film
following ten cycles from -1.0 V to +0.7 V (versus SCE). The cathodic wave at
-0.4 V corresponds to the reduction of polypyrrole to its neutral, non
conducting state. The anodic wave at -0.2 V corresponds to the reoxidation of
- polypyrrole to its conducting state. The lack of additional faradaic current
which would result from the oxidation and reduction of phosphomolybdic
acid suggests that the keggin structure of phosphomolybdic acid is not

retained. This is contrary to what has been observed with polypyrrole which
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has been polymerized electrochemically in the presence of phosphotungstic
acid"®".

I-V properties of Si/polypyrrole junction

Our method of producing polypyrrole allows junctions to be formed
with Si which have rectifying properties, and show excellent current-voltage
characteristics (figure 3). At short-circuit photocurrent densities (J ;) of 20
mA /cm?, open-circuit photovoltage (V,.) values are 0.53V, compared to 0.58V
for the same type of Si in a methanol solution of ‘Dimethylferrocene+/ 0. The
chemically oxidized polypyrrole reported here protects against Si corrosion in
aqueous solutions over time periods comparable to electrochemically grown
polypyrrole on Si'’; however, long term stabilities have not yet been

achieved.
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Figure 3. Current-voltage curve for a junction formed between n-silicon and
chemically polymerized polypyrrole. The lower curve is data taken in the

dark; the upper curve is data taken in the light.
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Discussion
Pyrrole polymerization
The mechanism of pyrrole polymerization begins with cation radical
formation upon oxidation of pyrrole. This is followed by a cation radical

920 Dimers, which are more easily

coupling mechanism to form dimers
oxidized than monomers, go on to form radical cations which will further
couple with monomer or dimer radical cations. Because the j-mers are
increasingly more éasily oxidized as j increases, the process is expected to
continue. The film that is formed is conductive because it remains in the
oxidized state at the completion of polymerization.

Based on this mechanism, one would predict a cascading effect upon
polymerization initiation. Under conditions where a chemical oxidant (Ox) is
introduced to a solution of pyrrole (Py), where Epyrrole>EOx, there will
besome finite, albeit small, concentration of oxidized pyrrole monomer (Py-*)
as predicted by the Nernst equation. Since pyrrole oxidation is fast, as Py-* is
consumed by the radical coupling reaction, it will be maintained at the initial
equilibrium concentration governed by the Nernst equation. As solvent
evaporation occurs and the solution becomes more conAcentrated, the ratio of
[Py-+]/[Py] will remain constant. However, the concentration of [Py-*] will
increase and so will the rate of the coupling reaction. Since the coupling
reaction is the rate determining step, the rate of polymerization will be
expected to increase during solvent evaporation.

Phosphomolybdic acid is a relatively strong oxidant (E° = +0.36 V),
~ although it is not a sufficiently strong oxidizing agent to significantly oxidize
pyrrole monemer (E° = +1.3 V). The difference in formal potentials predicts
that the oxidation of pyrrole monomer by phosphomolybdic acid is

unfavorable. It has been shown that the oxidation potential of pyrrole
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oligomers decreases from +1.2 V to +0.55 to +0.26 V as the number of units
increases from one to two to three, and that the oxidation potential of bulk
polypyrrole occurs at -0.1 V''. As a result, oxidation of the oligomers by

phosphomolybdic acid will become thermodynamically favorable.

Conclusion
We have successfully determined a method to produce polypyrrole
films via chemical oxidation of pyrrole, and have utilized this method to
produce a rectifying junction with silicon. Further experiments will be aimed
at determining if the manipulation of the redox potential of polypyrrole on
silicon will cause the ideal current-voltage behavior. We have used a

d?*?2 which can be

literature synthesis to prepare (3-pyrrole)acetic aci
polymerized to form conductive films that have a pH-dependent
electrochemical potential. We plan to electrochemically polymerize this
polymer onto the surface of silicon, and to compare these junctions with the
analogous junctions formed using the chemical oxidation of pyrrole. By
changing the pH of the solution, we will be able to adjust the electrochemical
potential of the polymer over several hundred millivolts. This will allow us
Yto determine if the current-voltage characteristics of the silicon/poly(3-
pyrrole)acetic acid junctions are dependent on the electrochemical potential
of the polymer for each method of polymer deposition. This may lead to

further insight into the mechanism of charge-transfer between silicon and

conducting polymers.
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Part I1.

Studies of Charge Transfer Processes in

Silicon/Metal/MeaFct/0-Methanol Junctions
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Abstract

Using standard photolithographic methods, we have deposited arrays
of metal lines onto silicon to fabricate unique electrodes. The current-voltage
properties of these electrodes in methanol solutions of dimethylferrocene
have been investigated. Part I describes the investigations of the charge-
transfer mechanisms of systems that simultaneously attained the high
efficiency of a silicon/solution junction and possessed the stability of a
silicon/metal junction. Several different versions of these modified
electrodes have been examined to determine the effects of changing both the
dimensions of the metal lines and the extent of the metal coverage.

It appeared that decreasing the width of gold lines deposited on silicon,
whiie maintaining a constant silicon/gold junction area, caused a large
increase in the efficiency of the metal-coated silicon electrode in solution.
Contrary to this result, a decrease in the dimensions of platinum lines
deposited on silicon electrodes caused a decrease in the efficiency of these
electrodes in solution, compared to electrodes with wider platinum lines and
identical platinum coverage areas. The mechanism behind this behavior is

still not understood.
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Introduction

Semiconductor/metal junction devices have been extensively studied
as systems for the conversion of solar energy into electrical energy'”.
However, these systems typically exhibit much lower efficiency than is
theoretically possible. Conversely, semiconductor/liquid junctions have been
shown to be highly efficient at solar energy conversion’, but chemical
reactions often occur between the semiconductor surface and the solution to
corrode or passivate the semiconductor, thus limiting the potential
usefulness of these systems. The use of a thin metal overlayer on the surface
of the semiconductor produces devices that are immune to passivation and
oxidation processes, and are therefore stable in solution. However, this metal
layer prevents the direct interaction between the semiconductor and solution,
thus again limiting the efficiency of the system.

Studies by Nakato and others®® have shown that a discontinuous film
of metal deposited on the surface of silicon can protect the silicon from
passivation in aqueous electrochemical cells. These studies are intriguing
because the metal film apparently gives protection against oxidation of the
semiconductor while simultaneously allowing manipulation of the
semiconductor Fermi-level through the chemical composition of the
solution, thus providing high efficiency cells. The analyéis of the charge-

- transfer measurements made in these experiments are somewhat ambiguous.
The area of rﬁetal/ silicon contact relative to the area of solution/silicon

contact is not known with accuracy, so it is difficult to determine the
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contribution of the different ihteractions between semiconductor, metal and
solution. In addition, there may be corrosion processes taking place at the
bare silicon surface, which would interfere with current-voltage
measurements.

In order to better understand these semiconductor/metal/solution
hybrid systems, we have undertaken a more systematic study where metal
lines of known width are deposited onto silicon using photolithographic
techniques. This will allow us to know the exact areas of the semiconductor
that are in contact with metal or exposed to solution. By varying the width of
the lines and the spacing between them, a wide range of hybrid junctions can
be formed with different metal/solution contact ratios, thus allowing the
prediction and verification of the current-voltage properties of the devices.
Our studies use solution electrochemical systems based on outer-sphere redox
couples in methanol, which are stable and well characterized?. This limits
the possibility of any corrosion process of the silicon interfering with the
measurements. By doing this experiment, we hope to gain insight into the
mechanisms of charge-transfer at metal-coated semiconductors in solutions.
This could lead to the development of high efficiency, small band-gap
semiconductor electrodes which will be stable in aqueous electrochemical

cells.
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Figure 1 Schematic illustrating the two situations for electrodes in this study.
A) Shows the discrete depletion regions formed underneath large-width
metal and solution contacts to the semiconductor. B) Shows the possible
overlap of depletion regions when the contacts are narrowed in width; in this
~diagram, the solution depletion region has been drawn shielding the metal

depletion region from the semiconductor.
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Figure 1 is an illustratidn of the two basic parts of the theory* that this
study has examined. Metal/silicon and solution/silicon contact areas having
large widths (figure 1A) form two different and separate types of depletion
regions in the semiconductor. In this system, the shallower depletion region
formed by the silicon/metal junction will dominate the overall characteristics
of the charge transfer process, because current can flow through this interface
more easily. However, as the width of the metal/silicon contact areas are
made very narrow (less than the solution depletion width), the
silicon/solution depletion regions will essentially overlap beneath the metal
contacts and shield the silicon/metal interface (Figure 1B) from the interior of
the semiconductor. Thus, the effects of the silicon/metal junction on the
overall charge-transfer process for majority carriers will be reduced; an
electron approaching the interface from the interior of the silicon will no
longer have availablé the lower energy pathway leading to the surface of the
silicon through the depletion region formed by the silicon/metal interface.
Thus, I, the saturation recombination current, of this system will be much
lower than expected, resulting in higher efficiency. At the same time, the
metal deposited on the surface will facilitate minority carrier transfer to the

solution, thus avoiding the oxidation of the silicon'”.
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Experimental
Photolithography and SEM characterization were done in collaboration
with Dr. Paul Laibinis, in the clean-room of the Microdevice Laboratory at the
NASA Jet Propulsion Laboratory (JPL). Electrode fabrication and solution
electrochemical characterization was done in collaboration with Ming Tan, at

the California Institute of Technology.
47 Q-cm resistivity n-5i, (100) orientation, was obtained from Silicon

Sense (Nashua, NH). Buffered HF solution was obtained from Transene
Corp. Methanol, Omnisolv grade, waé obtained from EM Science and
distilled over Mg. Me;Fc was obtained from Aldrich and purified by
sublimation. Photolithographic masks used to fabricate the 5 um line-width
patterns were obtained from Micro Mask, Inc. The sub-1 pm line-width
patterns were drawn directly onto the silicon surface by Rich Muller and Paul
Maker at JPL using electron-beam lithography.

Current-voltage measurements were made using a Princeton Applied
Research 173 potentiostat/175 universal programmer. Me;Fct/%-methanol
electrochemical cells were operated under a nitrogen atmosphere, with a Pt
wire counter electrode referenced against the cell potential. Illumination
from an ELH bulb was used to determine the photovoltage and photocurrent;
the intensity of this light was varied by using neutral density filters. A
- constant stream of air was directed at the front of} the cell and a 10 cm path-
length water filter was placed between the light source and the cell to prevent

increases in temperature of the cell due to the heat from the light source.
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Electrode Fabrication

The Si wafers were first cleaned in a Branson/IPC oxygen plasma asher
(which essentially forms an atmosphere of oxygen radicals) for 5 minutes at
50 watts in 0.5 torr O,, to remove residual organic films from the surface. The
oxide layer formed on the silicon surface during the oxygen plasma ashing
process was subsequently removed by etching in 10% HF solution for 2
minutes. Figure 2 shows the image-reversal fabrication process used for the
deposition of the 5 um wide metal lines. The clean silicon wafers were first
spin-coated with AZ5214-E photoresist (Figure 2A) on a Headway Research
spin-coater at 4500RPM for 40 seconds, and then baked at 95° C for 2 minutes.
The coated wafer and the mask were then placed in a Karl Suss MJB3 mask
aligner and exposed to UV light for 45 seconds. After hard-baking the
photoresist-coated silicon wafer at 120°C for 2 minutes, the wafer was
completely exposed (without the mask) to the UV light for 2x45 seconds. The
photoresist was then developed in AZ 400K developer (20% by volume in
water) for 30 seconds to remove the exposed areas of the photoresist (Figure
2B). The patterned wafers were then cleaned in the oxygen plasma for 30
seconds and etched for 1 minute in 10% HF, to remove any residual
photoresist and oxide from the exposed silicon area on which metal was to be
deposited. The patterned wafers were placed into a Sloan SL1800 e-beam
- evaporator within 10 minutes of the final HF etch to ensure minimal growth
of oxide on tﬁe surface. The pressure in the evaporator was allowed to reach

<10 torr. Gold (or platinum) was then deposited at a thickness of ca. 600 A
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(Figure 2C). A liftoff in acetoﬁe removed the residual photoresist and left the
desired metal line pattern (Figure 2D). The wafer was then diced into
individual squares‘ (8 mm x 8 mm) using a Micro Automation Inc. Model
1006 diamond saw.

Electrical contacts to these squares were made by roughening the back
surface with a diamond scribe and gently scratching In/Ga eutectic into this
area. The squares were then made into electrodes by connecting a wire to this
back contact using silver print, and encasing the back and edges of the silicon
in insulating epoxy so that only the front surface was exposed to solution.
Care was taken to avoid covering with epoxy any part of the metal line
pattern on the froﬁt surface of the silicon.

The sub-1 um line-width electrodes were made in a similar fashion,
except for the process used to create the pattern of lines in the photoresist.
The sub-1 um wide lines were individually drawn directly onto photoresist-
coated silicon using electron-beam lithography; all of the other fabrication
procedures were the same as those followed to make the 5 um line-width

electrodes.
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Figure 2: Schematic of the process used to fabricate the metal-line patterns on
the silicon surface. A) Photoresist is spin-coated onto cleaned silicon wafer;
B) Line pattern is made by exposure of UV light through a mask, using image-
reversal process; C) Metal film is evaporated onto surface in vacuum; D)
Photoresist is dissolved in acetone, removing unwanted metal. The
~negatively-sloping walls of the photoresist in C) allow unwanted metal to be

easily removed from surface.
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‘ Résults and Discussion
Part 1: Device Fabrication

The positive-type photoresist used in the fabrication of the 5 um line-
width patterns undergoes a‘ photo-induced chemical reaction when exposed
to UV light'®. Part of the polymer undergoes a rearrangement to form a
carboxylic acid side chain; the side chain allows this exposed area of the
polymer to be soluble in basic aqueous solutions while the unexposed areas
remain insoluble. In contrast, the image-reversal process involves several
added steps which cause the reverse situation to occur, where the initially
exposed area remains insoluble, and the masked area becomes soluble in basic
aqueous solutions. After the initial UV exposure, for image-reversal the
photoresist is heated to drive off the carboxylic acid side chain as CO,. A flood
exposure then creates carboxylic acid side chains in the rest of the polymer,
which can then be dissolved in aqueous base. Thus, the pattern of exposed
silicon is an exact image of the portion of the mask that blocks UV light.

The image-reversal process is important in the fabrication of these
types of structures, because the negative-sloping sidewalls of the resist that
this process creates (Fig 2C) greatly reduce the possibility of an incomplete lift-
off. The SEM of an incomplete liftoff is shown in figure 3. In some areas of
this pattern, metal could not be removed from between the patterned lines.

- This probably resulted from an improperly done image-reversal, which
allowed the fhetal to form an unbroken layer covering both the exposed

silicon and the photoresist. Properly developed photoresist using the image-
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reversal process has sidewalls that slope in such a manner as to cause the
metal to be deposited in discrete layers, preventing unwanted metal from
being anchored to the silicon.

The electron-beam lithography process works in a fundamentally
different manner than conventional photolithography, but produces
essentially the same results'. The electfon beam is focused to a narrow spot
which is moved over the substrate in the desired pattern. Where the beam
strikes the photoresist it breaks up the molecules of the polymer, and
subsequent development removes the exposed area. This process is for
practical purposes limited to a minimum of ~100 nm feature size. This limit
is a consequence of several factors. The spot size of the electon-beam, which
is adjusted by increasing or decreasing the current in the electron-beam, has a
minimum size of approximately 30 nm. Thus, features with dimensions of
~30 nm could conceivably be drawn. However, decreasing the current causes
the rate of exposure of the photoresist to also decrease, and this increases the
time required to draw a line of a given length. The 4 mm® pattern of 100 nm
lines separated by 400 nm (figure 4) required approximately 80 hours of
electron-beam time'2. Increasing the time required to draw a pattern will also
increase the likelihood of drift (where the beam wanders from the
programmed pattern) and current spikes (which producé large, undesired
. areas éf exposed photoresist, essentially “holes” in the pattern).

In genéral, our devices did not experience many problems with poor

adhesion that is typically found when depositing gold or platinum directly on
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silicon. The oxygeh plasma ashing and final HF etch done after photoresist
development and immediately before metal deposition remove any traces of
photoresist and silicon oxides from the developed areas of the pattern and
create a clean silicon surface for metal deposition. Another factor that was
probably involved in the good metal/silicon adhesion of our devices is the
lack of airborne particles in the clean-room air. There are approximately 10°
times more particles in a given volume of normal Los Angeles air than in
clean-room air; these pafticles can adhere to the silicon surface and interfere
with adhesion of the deposited metal to the silicon. Metals deposited in the
clean-room on silicon had excellent adhesion lasting months after deposition,

and could not be peeled off by Scotch Tape (a common testing procedure).

29



Figure 3: SEM of incomplete liftoff. The bright narrow lines are the desired
metal pattern. Between several of the metal lines, areas of metal that should

have been removed during the liftoff procedure remain firmly attached.
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Figure 4: SEM of deposited metal lines having a width of ~100 nm.
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Part 2: I-V Characteristics of Silicon/Gold Junctions

Figure 5 shows a plot of the current-voltage data under illumination of
silicon electrodes patterned with 5 um-wide metal lines in MepFc+/0-

methanol solution, as a function of total metal coverage. Plotting the log of
the photocurrent against the photovoltage yields a straight line with a y-
intercept equal to I,. I, essentially represents current that is not flowing in the
required direction through the cell; as the value of I;increases, the efficiency
of the electrode decreases’®. The data for each metal coverage ratio was
reproducible within 5% for at least five different electrodes.

Tan’s treatment states that at metal line-widths much larger than the
solution-induced depletion region in the silicon, these devices will merely
exhibit area—weighfed averages of silicon/solution and silicon/metal I-V
properties®. As predicted, a shift in photovoitage was seen for the electrodes
with 5um wide lines as the coverage of metal was varied; a larger ratio of bare
silicon to metal covered silicon (and thus smaller absolute amount of metal)
produced a larger photovoltage at a given photocurrent. The increasing
silicon/solution junction area relative to the silicon/metal junction area
resulted in a larger average depletion width in the silicon. This resulted in a
more efficient separation of photogenerated charge carriers, and thus a higher
photovoltage. Alternatively, one can picture a decrease in the average I, as a
~larger percentage of the silicon is exposed to the solution; V. increases
logarithmiéally as 1, decreases’. It should be noted, however, that even for an

electrode with only a 1% metal coverage the current-voltage characteristics
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are significantly different from those of a bare Si electrode in the same

solution, i.e. the metal is still “evident”.
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Figure 5: Plot of In (photocurrent) vs. photovoltage for silicon electrodes
patterned with 5 um-wide metal lines in MepFc+/0-methanol solution, as a

function of total metal coverage. The different points for each data set are
taken at various light intensities. The legend indicates the ratio of the area of

exposed silicon to the area of metal covered silicon.
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Figure 6: Plot of In (photocurrent) vs. photovoltage at various light intensities
for silicon electrodes patterned with 5 um-wide metal lines in MepFc+/0-

methanol solution, as a function of total metal coverage. The legend
indicates the ratio of the area of exposed silicon to the area of metal covered
silicon. In addition, data for a silicon electrode patterned with 200 nm-wide

metal lines has been incorporated into this plot. Note the difference between
this electrode and the electrode patterned with 5 um-wide metal lines at the

same metal coverage ratio (4:1).
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Figure 6 shows selected data from figure 5, but also includes the data
from an electrode with 100 nm-wide gold lines for comparison. The current-

voltage properties of this electrode are very different from those of the
electrode with equal area of metal coverage with 5 um-wide gold lines. For a

given voltage the current obtained from the electrode with the 100 nm-wide
gold lines is much less than would be expected based on the amount of metal
contacting the silicon. This can be explained by assuming that the solution
depletion region is extending underneath the metal contacts and partially
shielding the metal depletion region; this results in an effective decreased
area of metal as seen by the electrode. However, the solution contacts do not
in this case fully overlap to completely shield the silicon from the metal
depletion regions, as the current-voltage characteristics would then be
identical to the bare Si electrode in solution.

Another way to examine this data is by plotting the photocurrent
divided by the metal area of the electrode vs. the open circuit photovoltage.
This plot (figure 7) uses the assumption that the photocurrent of the electrode
was due mainly to the silicon/metal interface. This is a good assumption for
the electrodes that had a higher percentage of metal coverage because the I,
for the metal/silicon junction was ~2-3 orders of magnitude greater than that
of the solution/silicon junction, so it is reasonable to expect that most of the
- charge-transfer occured through the silicon/metal junction. By plotting this
data for electrodes with two different ratios of metal coverage, it is more

evident that the metal contact dominated the I-V properties; if there were a

36



significant amount of charge-transfer through the silicon/solution junction,
then the different areas of solution/silicon contact for each electrode would

give different “current density” values when normalized to the metal area.
As can be seen in figure 7, the data for two electrodes with 5 um-wide metal
lines but with different metal areas line up together when plotted this way.
Thus the photocurrent per metal area was constant for electrodes with 5 um-
wide metal lines. However, the electrode with 100 nm-wide lines lies
somewhere between the electrodes with the 5 um-wide metal lines and the

bare silicon electrode in its I-V properties. This indicates that the electrode

with 100 nm-wide lines had a lower current than the electrodes with the 5
um-wide metal lines, at the same area of metal coverage. Thus, the

silicon/gold junction formed in the electrode with 100 nm-wide lines can be
considered to have a smaller effective junction area than was expected based

on the geometrical area of the gold pattern.
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Figure 7 Plot of In {photocurrent/Au coated area) vs. photovoltage for silicon

electrodes patterned with 5 um-wide metal lines in MepFc*/0-methanol
solution, as a function of total metal coverage. The legend indicates the ratio
of the area of exposed silicon to the area of metal covered silicon. The
electrode patterned with 100 nm-wide gold lines had a smaller photocurrent

density than would be expected based on the total area of metal coverage.
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Figure 8: Plot showing I-V data gathered on the same silicon electrode
(patterned with 100 nm-wide metal lines, in MeFct/0-methanol solution) on
three successive days. In between each measurement, the electrode was left in
air for ~24 hours, and was etched in HF immediately before immersion into

solution.
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Stability of Silicon/Gold ‘]unc\tions

As can be seen in figure 8, there were some problems with the stability
of the gold/silicon contacts of the electrodes patterned with 100 nm-wide gold
lines. ‘During the electrochemical measurements in solution, a shift in the
current-voltage properties of the same electrode was observed over several
succesive measurements; between each measurement, the electrode was left
in air, and then re-etched in the buffered HF solution before being placed back
into the electrochemical solution cell. This shift, towards higher
photovoltages at similar photocurrent, can be interpreted as a decrease in the
effective metal/silicon contact area. SEM of this electrode (figure 9) revealed
numerous areas where the gold adhesion to the silicon had failed, and the
metal lines had become detached from the surface.

One explanation may be that in air, a thin layer of silicon on the surface
could have oxidized. This oxide growth could have undercut the edges of the
metal lines. Removal of the oxide layer by etching in HF would leave the
edges of the metal no longer in contact with the silicon. Repetition of this
process would reach further underneath the gold lines and would result in
the metal Complétely losing contact with the silicon, and the metal lines
would become detached from the surface. The shift in the current-voltage
characteristics that occurs with the electrodes is not seenv for the electrodes
- with 5 pm-wide lines over analogous time periods and etching procedures,
possibly becéuse the amount of undercutting at the edge of the metal line

relative to the width of the metal line is quite small.
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An interesting feature in figure 9 is that a “shadow” image of the
original metal lines is evident on the silicon surface where the metal lines
have become detached. It is unknown if this is indicative of metal-silicide
formation, or if it is merely that the silicon beneath the metal lines is at a

slightly different héight from the surrounding areas.
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Figure 9: SEM showing the partial removal of 100 nm-wide gold lines from
the silicon surface during electrochemical measurements in MepFc+/0-
methanol solution. After several experiments, the gold was easily removed
from the entire surface by using Scotch Tape. Note the faint line patterns
remaining on the silicon underneath the detached gold lines. This problem

did not occur with platinum.
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Part 3: Moaification of Electrode Design

One of the main reasons for using the metal-line patterns in this study
was that the area of metal/silicon contact would be accurately known.
However, this knowledge is less useful if it cannot be determined that all of
the metal makes a good junction with the silicon. The fact that there is a shift
in the solution current-voltage properties of the electrode with 100 nm-wide
gold lines is evidence that there is initially electrical contact between the
metal and the silicon. It is difficult to determine, however, if the initial
electrical junction érea between the gold and the silicon is equal to the
measured area of the metal lines. The initial set of data could represent an
already partially degraded connection, and subsequent data sets merely track
the worsening connection. It became evident after this experiment that an
alternative method of determining the extent of the silicon/metal contact
would be needed. We developed several methods which could be used to
measure the true area of Schottky junction formation on a given electrode.

The first method attempted was simply to solder a wire to a small piece
of a razor blade, and lower this to the surface of the electrode in an attempt to
contact all of the metal lines. In this way, I-V measurements of the metal/
silicon junction could be made and compared with the expected results based
on the measured metal area. Thus, any difference in the‘ data collected in this
- manner as compared to the data collected in the solution cell would be
evidence of a. shielding effect on the metal areas by the solution depletion

region. However, the razor proved to be very rough on the metal lines, and
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often scraped up large areas of the pattern. In addition, there was again no
way to determine if all of the lines were a.ctually being contacted (eg. any
notch in the razor would fail to contact the underlying line).

‘The second method attempted is depicted in Figure 10. First, two
insulating silicon oxide layers were grown on the silicon surface, and a metal
contact pad was deposited on top of these oxide layers. Then, metal lines were
deposited onto the silicon in the same manner as previously described such
that they overlapped the metal contact pads. The metal lines running left to
right in Figure 10 were to be simultaneously in contact with the silicon and
the two metal contact pads on either side. These contact pads would not in
any way affect the current-voltage properties of the device, because they are
insulated from the silicon by the oxide layer.

This device design would allow all of the current coming through the
front of the electrode to be collected directly from the contact pads for
measurements done in air. In addition, current could still be measured while
the electrode is in solution. Thus, in solution, if the metal areas become
shielded from the semiconductor by the solution depletion region, the
current-voltage properties of this electrode should be different from those

measured in air.
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Figure 10: Schematic of a design that would allow measurement of current
through the metal-silicon junction directly, as well as the junction formed in
solution. Various difficulties encountered in the fabrication process

prevented the device from successfully being made.
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This design, however, incorporated several additional difficult
fabrication stepé. The metal contact pads on the sides of the metal line pattern
had to be deposited in a separate step; platinum and gold have very poor
adhesion to silicon oxide, and a chromium/gold or titanium/platinum
bilayer was required for this step. Then, the standard fabrication procedure
for the metal line pattern was followed. However, due to undercutting of the
oxide layer during the HF etching step, no connection was made between the
lines and the contact pads. At this time, this design was determined to be too
difficult to fabricate.

A slight modification of the original electrode design was attempted,
involving a similar concept. One thicker metal bar (e.g. 10 um wide) was
deposited across the array of metal lines such that the thicker cross-bar was in
contact with all of the other lines (figure 11). The lines were all deposited in
the same metal evaporation step, thus avoiding the possible problems of poor
adhesion and electrical contact between different layers of metal. By
contacting this thicker line and using it to collect current for measurements of
silicon/metal junction properties made out of solution, a similar comparison
of solution vs. non-solution current-voltage characteristics was made. The
10 um wide crossbar made less than a 1% contribution to the overall metal

area.
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Figure 11: SEM of redesigned metal-line pattern, showing the 10 um-wide

line perpendicular to the ~340 nm-wide lines and used as a contact for
collecting current. The net area increase cause by the contact line is less than
1% of the total metal area, and therefore has only a small contribution to the

net current-voltage properties of the electrode. The 340 nm-wide lines are
somewhat wider in the vicinity of the 10 pm-wide line due to the scattering of

the electron-beam at the higher current level used to write the cross-line.

47



Part 4: I-V Characteristics of Silicon/Platinum Junctions

The decisiom1 to use platinum instead of gold was arrived at for several
reasons. Platinum was found to have better adhesion properties than gold,
and unlike gold, platinum had a long-term stability in regard to the electric
junctions formed with silicon. Several weeks after fabrication of the
platinum devices, the current-voltage properties remained unchanged, while
those for the gold devices changed markedly. In addition, several of the
previous studies involving discontinuous films and small particles deposited
on the surface of silicon had been done using platinum>’. Thus, using

platinum for the lines seemed a more direct study of the mechanisms in

these systems.

The solution I-V properties of the electrodes with 5 pm-wide platinum
lines were found to depend on metal coverage in a similar manner to the
electrodes patterned with 5 pm wide gold lines, i.e. a larger percentage of
metal coverage elicited a smaller V. at a given photocﬁrrent level. The
electrodes with 5 um-wide platinum lines were fabricated with 10 or 20 um

crossbars, which were contacted in air with a platinum wire to measure the
silicon/metal electrical junction properties. It was found that contacting the
crossbar at several different spots on any given electrode gave similar I-V
measurements, indicating that this was an effective method for determining

the extent of formation of the silicon/platinum junction.

48



-8.5 T~
[ J
J |
-1.8 o o
‘ [ ]
] I
— b &1
<  -1.5- 0 .
3 @
— 8 | oN
5 -20- ° o "
[olo/m]
o [ )
o u o #1 wire contact
-2.5 % - O #2 wire contact
2 e #1 in solution
°q L ®  #2 in solution
o | |
-3.0 —Lt——r— 777 T
240 260 280 300 328 3406 360
Voc (mV)

Figure 12: I-V properties of two separate silicon electrodes patterned with 5
um-wide platinum lines, both in Me,Fc+/0-methanol solution and in air

(measured by platinum wire contacts to the cross-lines). The closed data
symbols are for measurements for each electrode made in solution; the open

symbols are for measurements made in air.
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Figure 13: I-V properties of two separate silicon electrodes patterned with
340 nm-wide platinum lines, both in MeyFc+/0-methanol solution and in air
(measured by platinum wire contacts to the cross-lines). The closed data
symbols are for measurements for each electrode made in solution; the open

symbols are for measurements made in air.
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A comparison of the data for the electrodes patterned with 5 um-wide

platinum lines is shown in figure 12. Current-voltage measurements made
in air exhibit V__ and I, values that are expected for a silicon/platinum
Schottky junction (represented on the graph by the open symbols).
Measuring the current-voltage properties of the same electrode in solution
(represented by the closed symbols) showed a shift towards lower current at a

given V,, possibly meaning that even for this system the metal lines are

oc’/

partially shielded by the undercutting of the solution depletion region.
However, the I,values determined for the electrodes patterned with 5 um-
wide platinum lines in solution are again the expected values for a
silicon/platinum Schottky junction.

The examination of silicon electrodes patterned with sub-micron-wide
platinum lines resulted in data that are difficult to interpret. When these
electrodes were placed into solution, they exhibited lower photovoltages for
similar current levels relative to the results obtained for the electrodes with
5 um-wide platinum lines. However, the I;values determined for the
electrodes with sub-micron-wide platinum lines is very similar to the values
obtained for the electrodes with 5 pm-wide platinum lines. In other words, in

solution the electrodes’ current-voltage behavior appeared to be independent
~ of line width.
The current-voltage properties of the electrodes with sub-micron-wide

platinum lines were also examined out of solution, using the same platinum-
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wire front contact. These electrodes exhibited larger V, values out of
solution (figure 13); however, the I, values measured in air were two orders
of magnitude smaller than expected for a silicon/ platinum Schottky junction,

based on the area of metal coverage.
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Conclusion
Based on these results, it is difficult to determine what processes are
taking place near the surface of these metal-line coated electrodes. Using gold
lines resulted in data that seemed to validate the theory; however, the
inabil‘ity of gold to form a long-term, stable contact with silicon raises doubts
as to the interpretation of this data. The electrodes with sub-micron-wide
platinum lines exhibited almost no difference in current-voltage properties

relative to the electrodes with the larger width platinum lines. The I, values
found for the electrodes with 5 pm-wide platinum lines, both in air and in

solution, were as expected for a typical silicon/platinum Schottky junction.
The electrodes with the sub-micron-wide platinum lines also exhibited these
expected values in solution; as measured in air, however, they showed a
much lower I, value than expected. This result seemed to contradict not only
the theory, but also the results obtained for the electrodes with gold lines.
However, the differences in results could easily be attributed to incomplete
current collection from the front contact. If only a fraction of the current was
collected from the silicon/platinum junction in air, it would appear to have a
much lower current than would be expected based on the metal/silicon
junction area.

Future work should focus on the difficulty in measuring the current-
voltage properties of these electrodes outside of solution, i.e. determining the
area of the metal/silicon junction. A clear, accurate and reproducible method

for measuring this data would allow the differentiation to be made between
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faulty current-voltage measurements and data which reinforces the proposed
theory. One other possible method of doing this, besides those mentioned in
this thesis, would be to passivate the silicon surface C)f the electrode,
preferably by reversibly binding some compound to the surface that will
electrically insulate the silicon from the solution. The current-voltage
properties of the metal/silicon junction can then be measured in solution,
using the solution as the front contact for the metal lines.

Future work could also follow the route of using p-type silicon instead
of n-type. It has been shown that p-type silicon forms ohmic contacts with
metals, but is rectifying in solution®. This way, instead of attempting to
measure a shift in current-voltage properties between two rectifying systems,
a more definite difference would be produced, that of rectifying compared to

ohmic.
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