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Abstract

Miniature electrodes are in growing demand for applications such as medical sensing and al-

ternative energy technologies. The potential for increasing the capacitance of such electrodes

by roughening the surface was investigated, which may allow for further miniaturization.

Although roughening the surface did increase the capacitance, nanometer-scale roughness

seems to reduce the capacitor ideality. This indicates that the roughening techniques should

increase micron-scale roughness while minimizing nanometer-scale roughness. Electrodepo-

sition of gold nanoparticles was found to achieve this goal.
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Executive Summary

A great deal of interest lies in the area of miniaturizing medical sensors and other electro-

chemical devices. Such reductions in size could lead to development of implantable glucose

sensors, as well as increased efficiency of fuel cells and solar panels. One of the most impor-

tant electrical properties of sensing electrodes is the double-layer capacitance, and an ability

to increase the capacitance density would be a significant step towards miniaturization. We

hypothesize that roughening the surface, and thereby increasing the surface area, will lead

to an increased capacitance per unit electrode area.

In addition to the increased capacitance, we also hypothesize that small-scale roughness

(nanometers and smaller) is responsible for a reduction in the ideality of the capacitive layer,

making the electrode unsuitable for use. In the case that these two hypotheses are borne

out, it is desirable to engineer a surface with large roughness, but which is smooth on the

nanometer scale.

The double-layer capacitance is created at an electrolyte interface by the Coulomb at-

traction between the charged electrode and the ions in the electrolyte solution. The ions are

attracted toward the electrode, and the charge separation can be created by any dielectric

molecules present at the surface. In our experiment, we apply a self-assembled monolayer

of dodecanethiol to the surface to provide consistent charge separation. Due to the small

thickness of the separating layer, the capacitance values are actually significant, on the order

of microFarads per square centimeter.

The hypothesis that increased surface area should increase the capacitance follows directly

vi



from the traditional definition of capacitance, which is proportional to the surface area and

inversely proportional to the charge separation. One must be careful, however, because

roughening the surface is also likely to cause imperfections in the charge separation. This

creates an effect known as capacitor non-ideality, or “Constant phase element” behavior (for

more information on the CPE behavior and ideality, please refer to Appendix A). In short,

a non-ideal capacitor can be described using a magnitude (analogous to capacitance) as well

as an ideality parameter between 0 and 1. A value of 1 corresponds to an ideal capacitor,

and a value of 0 corresponds to a resistor.

The preceding discussion leads us to two main experimental goals:

1. Determine whether increased roughness causes an increased capacitance

2. Determine the exact scale upon which the roughness causes a drop in ideality.

Samples were prepared with the goal of controlling both the micron-scale and nanometer-

scale roughness separately. Several methods were used; however, a method employing elec-

trochemical deposition of gold nanoparticles was ultimately favored due to time constraints.

This method was able to increase the surface area of the gold slides without introducing-

nanometer scale roughness. In a separate experiment, an electrochemical etching process

was used to introduce nanometer-scale roughness to the substrate, and enabled us to ob-

serve the effect of this roughness on the capacitor ideality. After surface treatment, the

samples were coated with a self-assembled monolayer of dodecanethiol, which provided the

capacitive charge separation as well as protection against the accumulation of dirt.

The samples were characterized by Atomic Force Microscopy (AFM) to obtain both

qualitative and quantitative information about the nature of the surface morphology. The

AFM images were measured to determine RMS roughness (standard deviation in height)

as well as typical surface feature sizes for each sample. Images were qualitatively analyzed

using Fourier Transforms to observe the “jaggedness” or abruptness of changes in the height,

which we believe may be responsible for the reduced capacitor ideality.
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The electrical properties were determined using Electrochemical Impedance Spectroscopy

(EIS). By fitting the impedance data to a model circuit, we were able to obtain values for

the capacitance and capacitor ideality. These values were then combined directly with the

AFM data to observe the relationship between surface morphology and capacitance.

Based on qualitative analysis of AFM images, the electrochemical deposition method was

successful in increasing the surface area of the gold substrate while also reducing nanometer-

scale roughness. The capacitance of these samples increased approximately linearly with the

RMS roughness of the surface, indicating that the capacitance is indeed a function of the

microscopic surface area.

The electrochemical etching procedure increased the nanometer-scale roughness and in-

troduced jagged, abrupt changes in surface height. This jagged attribute of the surface

appears to be responsible for a decrease in the CPE’s ideality parameter α. The ideality

of the etched samples was consistently lower than the electroplated samples; however, we

were unable to find a correlation between the ideality and any particular measure of surface

roughness.

There are two main reasons for the difficulty in investigating the ideality. We suspect

that the ideality is related to abrupt changes or jaggedness of the surface, which is not

exactly the same as roughness, albeit closely related. In terms of curvature radius, the jagged

features may have very small radii (possibly as small as the atomic scale) interconnected with

comparatively large (nanometer scale) flat areas. The electroplated surfaces, by comparison,

have features on the nanometer scale, with radii of curvature also on the nanometer scale.

This distinction is very difficult to measure with AFM, particularly since the tip radius is

generally accepted to be 10 nm or larger.

This research shows promising evidence that roughening a surface may be an effective way

of increasing the capacitance density of an electrode. We have also found that electrochemical

deposition produces a nanometer-smooth surface, which is useful for applications requiring

a high capacitor ideality. The work that remains lies in investigating which aspects of the
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nanometer-scale roughness are responsible for the reduction in ideality, and developing an

appropriate method to quantitatively measure these properties.
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Chapter 1

Introduction

Electrochemistry is used every day in medical testing, batteries, solar cells, fuel cells, and

many other types of electrochemical technology. A significant research effort has gone into

characterizing the electrodes used and developing more efficient electrodes. Miniature elec-

trodes are used in portable glucose meters for diabetes patients, as well as in batteries to

power cell phones, portable computers, and other portable devices. Particularly with the

ever-growing demand for power density and lightweight batteries, the study of electrodes

in this application has become critical. The global movement to make a transition to sus-

tainable energy sources, combined with a growing demand for energy, has also prompted

research into fuel cells and solar cells. Both of these technologies make use of various types

of electrodes in a variety of sizes.

Any solid-liquid interface, when driven with an alternating (AC) voltage, will exhibit

some capacitive behavior (See Appendix A for a detailed explanation of the double-layer

capacitance and impedance). In this paper, we study the capacitance of surfaces and how

it can be influenced by surface roughness. The capacitive behavior of electrodes can have

significant ramifications with regard to many of their current applications, so the ability to

control and predict this behavior will allow for improvements in the overall performance of

these electrodes.
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Lithium-ion batteries are a relatively new technology being studied in depth (and already

widely implemented) as a lightweight and long-lived alternative to other rechargeable batter-

ies. Today they are commonly used in mobile phones, laptops, tablets, cordless power tools,

and some electric cars. They do, however, possess several disadvantages when compared to

older nickel-cadmium and lead-acid technologies, including a rapid voltage drop at temper-

atures below 0 C. It has been shown [1] that modification of electrode surface geometry and

capacitance may have the potential to mitigate this issue. For development in this and other

technologies to progress steadily, it is imperative to have a concrete understanding of not

only how electrodes behave, but how they can be modified to have optimal properties for a

particular application.

Blood glucose sensors provide another promising area of interest. As of 2000, there were

more than 171 million diabetes patients in the world [2]. Treatment of the disease requires

regular monitoring of blood sugar levels, which is not a trivial task. The medical community

has been in search of a fast, painless, and accurate way to take continuous glucose measure-

ments, and one suggested method is by use of an implantable sensor. Such a sensor would

need to be small and long-lasting. It is believed that development of sensor electrodes with

particular surface roughness and capacitive characteristics has the potential to dramatically

reduce the required electrode size [3], facilitating the development of implantable sensors.

Thin-film organic solar cells may also benefit from modification of electrode characteris-

tics. Specifically, it has been suggested that increasing the area of the electrode substrate

will allow for the attachment of more dye molecules, in turn allowing for greater absorption

of light [4]. This would lead to an increase in efficiency that could make these solar cells

preferable over other, more expensive types.

While many articles express the sentiment that controlled surface roughening could im-

prove the effectiveness of any number of electrical devices, very few have shown conclusively

that this is indeed the case. In all cases, the literature supporting these assertions is scarce.

Before improved electrode designs can be developed, there must be a physical understanding
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of the behavior, as well as a universal model that can be used to predict accurately the

capacitance of an electrode surface given its degree of roughness. This result is the goal of

our project.

In our discussion, we refer to the micron-scale roughness and the nanometer-scale rough-

ness of a surface. Micron-scale roughness refers to any surface features on the order of a

micron or larger, while nanometer-scale roughness refers to smaller features, on the order

of a nanometer. The distinction is important, for on the nanometer scale, features begin to

approach the size of the molecules with which the surface interacts. This complicates the

behavior of the molecules near the surface, thereby affecting the capacitance that arises as

a result of this interaction. With only micron-scale roughness, the molecules interact with

a locally smooth surface, so from an electrochemical standpoint the entire surface can be

regarded as smooth. The ultimate consequence is that nanometer-scale roughness limits the

accuracy with which the capacitance can be measured or predicted, while the only mea-

surable effect of micron-scale roughness is the degree to which it increases the area of the

surface.

Previous work by Douglass et al. [5] shows a general tendency toward a higher capaci-

tance with increased micron-scale roughness, and a lower capacitor ideality with increased

nanometer-scale roughness. The intent of our study is to confirm Douglass’s result and use

a more controlled roughening technique to investigate the effect of nanometer-scale rough-

ness on the ideality. The experimental portion involves roughening gold substrates with

gold nanoparticles to increase the surface area while minimizing nanometer-scale roughness.

We also produce samples treated with an electrochemical etching technique to introduce

nanometer-scale roughness. Following sample preparation, we determine the capacitance

using electrochemical impedance spectroscopy (EIS) and a numerical model circuit fitting

algorithm, and finally imaging the surfaces using atomic force microscopy (AFM). The rough-

ness of the surface is characterized based on the AFM images using RMS roughness, typical

feature height measurements, and FFT analysis.
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To determine the magnitude and ideality of the double-layer surface capacitance, we use

a Simplex algorithm to fit the EIS data to a model circuit. The model is based on a modified

Randles circuit [6], wherein the capacitor has been replaced by a constant-phase element

(CPE), which more accurately imitates the behavior of the double layer. The numerical

fit provides values for both the magnitude and ideality factor of the CPE, which, when

correlated with the roughness factor of the surface, provide the basis for the conclusions of

this research.

The capacitive behavior of rough surfaces is a topic that has been very lightly researched,

yet seems to show promise for the improvement of the design, efficiency, and overall effective-

ness of any number of devices from biological sensors to fuel cells. It is our hope that through

this research, others will be able to see opportunities for improvement of their own designs,

by increasing or decreasing electrode capacitance as necessary for specific applications.

The remainder of this report is divided into four main chapters. The Literature Review

chapter discusses existing literature on surface roughness, roughening techniques, and ca-

pacitance. The Methods chapter focuses on the experimental techniques used to roughen

samples, measure the capacitance, and characterize the roughness of the surfaces. In the

Results & Discussion chapter, we present the data collected and discuss the origin of correla-

tions that we find in the data. Finally, the Conclusions & Future Work chapter will provide

a summary of the results of the project and discussion of the implications that these results

have in terms of the improvement of current application areas, as well as suggestions for the

direction of research in subsequent projects.
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Chapter 2

Literature Review

2.1 A brief overview of the double-layer capacitance

Electrical capacitance is a phenomenon whereby energy is stored in an electric field due

to a separation of charges by a dielectric. The term “double-layer capacitance” refers to a

capacitance that arises naturally at the interface between a solid electrode and an electrolyte.

When the electrode becomes negatively charged, for example, this charge attracts positive

ions out of the bulk solution toward the electrode. With most electrodes, there is some if not

a great deal of conduction between the electrolyte and the solution. However, a number of

common situations – including imperfections, impurities, and intentionally applied coatings

– can give rise to a charge transfer resistance at the interface, which in turn can create a

significant enough charge separation to cause observable capacitive behavior. This effect is

known as the double-layer capacitance.

Figure 2.1 demonstrates the mechanism of the double-layer capacitance as achieved in

this project. Charge separation is enhanced by applying a self-assembled monolayer (SAM)

of dodecanethiol to the gold surface.

Sneha Kulkarni et al. [7] examined the electrochemical behavior of self-assembled Oc-

tadecyltrichlorosilane (OTS) monolayers on Si electrodes and determined that the SAMs

5



Figure 2.1: Diagram of an electrochemical double-layer capacitor. When the metal electrode
(bottom) is given a negative charge, a positive charge is induced by attracting ions from the
electrolyte solution (top). Charge separation is improved by creating a monolayer of chain molecules
such as dodecanethiol on the metal surface.

have the effect of both increasing and stabilizing the double-layer capacitance as compared

to the bare Si electrodes. The Nyquist plots (Zimag vs. Zreal; Figure 2.2) comparing the

bare Si electrode behavior to the monolayer show a dramatic increase in the charge-transfer

resistance, as is to be expected due to the insulating nature of the monolayer. The Z vs.

frequency plots (Figure 2.3) indicate that the difference in the impedance behavior is mainly

observable at low frequencies, below 1 Hz. While the OTS-coated sample had a phase off-

set of nearly 90◦, the bare Si electrode only briefly reached 80◦, indicating both a lower

capacitance and a lower ideality.

2.2 The Debye Length

The Debye length is a characteristic of any molecular system, and refers to the shortest

distance over which there can be an effective separation of charges [8]. The Debye length

arises naturally from thermodynamic calculations relating to large bodies of mobile charge

Gawain Thomas 6 Miniature Electrode Roughness



Figure 2.2: Nyquist plot showing the impedance of bare Si (top) and OTS-derivatized Si (bottom).
The charge-transfer resistance (radius of curvature) is greatly increased by the SAM.

Figure 2.3: Bode plots showing the phase offset (left) and impedance magnitude (right) of bare
Si compared to OTS-derivatized Si. The phase angle approaching 0◦ at low frequencies for the bare
Si is an indication of a lower and less ideal capacitance than the OTS SAM.
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carriers. For an electrolyte, the Debye length is given by

κ−1 =

√
εrε0kBT

2NAe2I
,

where many of these factors are physical constants, so the Debye length actually is only

dependent upon the temperature, electrolyte concentration, and permittivity of the medium.

For water at 25◦C, the Debye length is given by

κ−1(nm) =
0.304√

I
,

where I is the ionic strength expressed in moles per liter. For typical electrolyte concentra-

tions, this expression yields a Debye length on the order of 5 nm.

2.3 Roughness

2.3.1 Scale of roughness

When discussing the roughness of a surface in the context of measuring physical behavior

of samples, every scientist must agree that the use of qualitative terms such as “rough” and

“smooth” is usually inadequate. In fact, even assigning a value to describe exactly how

rough a surface is does not fully describe the nature of the surface. Several articles [5] [9]

have used a characteristic roughness factor

R = Atrue/Ageometric,

which essentially gives the amount of increase in surface area due to the roughness, compared

to a planar surface. However, when examining electrochemical properties such as capaci-

tance, it is necessary also to know the scale of the roughness. In this report, we make use

of a characteristic roughness length equal to the average radius of curvature of the features
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on the surface. This allows for quantitative analysis of the scale of roughness, as well as the

increase in surface area.

2.3.2 Roughness and SAMs

Shu-feng Liu et al. [10] performed several tests comparing the adhesion and electrical proper-

ties of SAMs on planar gold electrodes with those on electrodes roughened by gold nanopar-

ticles. The results showed not only an increased surface area (as is to be expected) but

an improvement in the bonding between the MPA (mercaptopropionic acid) SAM and the

gold substrate (Figure 2.4). Liu attributed this to the ability of the surface roughness to

prevent the formation of hydrogen bonds at the surface, which would otherwise form on the

planar gold and weaken the MPA monolayer. This has significant applications in the field of

chemical and biological sensing, where the need for high surface area electrodes is combined

with a need for electrode surfaces with high integrity.

2.3.3 Roughness and Capacitance

The work by Daikhin et al. [9] lays out a clear model for the influence of surface roughness on

the double-layer capacitance. According to this work, the capacitive behavior is influenced

by an interplay between the characteristic roughness length and the Debye length associated

with the surface-electrolyte interface. We can envision three scenarios here: one in which

the surface features are considerably smaller than the Debye length, one in which they are

larger, and a third case when the roughness length and the Debye length are roughly the

same.

In the first case, we consider a surface with only very small-scale roughness. This can be

visualized by imagining a sheet of aluminum foil that has been wadded up, then unfolded

and repeatedly smoothed out on a flat table. Despite containing creases, the surface appears

macroscopically smooth, and this is how it would behave if it were used as a plate in a

parallel-plate capacitor, since the variations in surface height would be small compared to
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Figure 2.4: Cyclic Voltammetry of bare gold (solid) and MPA (dashed) on a flat substrate (a) and
an Au-nanoparticle substrate (b). The high peaks in the lower dashed curve, compared with the
upper dashed curve, indicate that the Au nanoparticles improved the bonding between the MPA
and the gold surface.
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the plate separation. Analogously, Daikhin asserts that in a double-layer capacitor when

the surface roughness is considerably smaller than the charge separation (Debye) length, the

roughness will have no effect whatsoever on the capacitance.

In the second case, we consider a surface with only large-scale roughness. This surface

may have large bumps and valleys, but when observed on the nanoscale it appears completely

smooth and flat. Thus, the electrochemical double-layer will follow the surface closely and

be parallel to it at every point, so the effect on the capacitance will be due only to an overall

increase in surface area.

It may not be immediately obvious what happens to the capacitance during the crossover

between these two cases. In the parallel-plate approximation, the capacitance depends upon

the surface area and separation of the plates. However, if the separation distance varies

greatly, we must return to the fundamental definition of capacitance, which depends upon

the accumulated electric charge and strength of the electric field at each point between the

two layers. In the case of nanoscale roughness, there may be instances (as demonstrated

in Figure 2.5) in which the local charge separation becomes much less than the overall

separation distance, and indeed potentially less than the Debye length. This allows the

interface to become locally conductive at such a point, destroying the capacitance in its

immediate vicinity.

Depending on the roughness length, these disruptions in the capacitive layer can occur

fairly close together, causing the sample as a whole to exhibit a noticeable deviation from

the ideally capacitive behavior described by the theory of the double-layer capacitance. This

phenomenon is known as capacitor non-ideality, and is manifested in impedance spectra by

a phase response that is somewhere between the values of 90◦ (ideal capacitor) and 0◦ (ideal

resistor). This, in turn, leads us to the adoption of the constant-phase circuit component,

as described below, for modeling purposes.

Daikhin’s earlier work [11] provided an explicit expression for the double-layer capacitance

of a metal electrode given its Debye length, geometric surface area, and a roughness function
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Figure 2.5: Variations in surface topography can cause the separation distance to be less than
the Debye length in certain places.

R̃(κ). Daikhin provided several examples of possible roughness functions based on different

types of randomness in the surface geometry (Figure 2.5). This work is an instructive

exercise in predicting the capacitance for a known surface geometry, but does not provide

much insight in terms of predicting capacitance given only a small amount of ex-situ AFM

data. The use of Daikhin’s approach is restricted to the assumption of theoretically uniform

roughness, or at least uniform randomness within the roughness.

Supporting Work

There has been some experimental work that supports Daikhin’s theory to a limited extent.

A study by E. Lust et al. [12] examined the behavior of bismuth electrodes and discovered

agreement between their data and Daikhin’s model, but only at electrolyte concentrations

above 0.01 M. Below this level, there was a considerable deviation from the predicted be-

havior. Figure 2.7 shows the roughness function at various Debye lengths, compared with

several theoretical models. Lust suggests that the contradiction can be attributed to the

crystallographic effect of the polycrystalline surfaces.
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Figure 2.6: Various surface morphologies compared to the Debye length. (a) only macroscopic
roughness will increase capacitance due to an increase in surface area; (b) random roughness on
the order of the Debye length will cause a drop in ideality; (c) occasional small features will cause a
slight drop in ideality; (d) roughness much smaller than the Debye length will have no effect, only
that which is larger.
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Figure 2.7: Experimental data for a bismuth electrode. There is considerable deviation from the
predictive model only at electrolyte concentrations below 0.01 M. Horizontal axis represents inverse
debye length, and the vertical axis is Daikhin’s roughness function.

It is unlikely in our work that it will be necessary to take this correction into account

explicitly. For the purpose of capacitance measurements, it will be sufficient to keep the

electrolyte concentration high (0.1 M) and treat this discovery as sufficient confirmation of

Daikhin’s theory.

This result has more significant ramifications, however, for the application areas. We

have learned that the capacitive behavior is not only a function of the surface and its char-

acteristics, but also heavily dependent upon the solution. A polycrystalline surface could be

used as a highly sensitive detector for small changes in the concentration of a solution.

Lust’s findings emphasize an important point regarding the manipulation of electrode

capacitance in general. When observing molecular behavior, there is virtually no element of

the system in question that does not play some significant role in determining the capaci-

tance. Furthermore, due to the difficulty of imaging and taking physical measurements on

such a scale, it is nearly impossible to be certain of the surface’s morphology. And since we

have seen that the nanoscale morphology of a surface can have a profound impact on the

capacitance, there is not yet a definitive description of the causal link between roughness
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and capacitance.

Zsolt Kerner and Tamas Pajkossy [13] performed a set of experiments essentially drawing

the same conclusions as Daikhin. These experiments compared the capacitance of a normal

polycrystalline gold electrode to one that had been flame-annealed for 5-10 seconds. The

result showed the annealed electrode exhibiting more ideally capacitive behavior than the

polycrystalline surface. Kerner refers to the “atomic-scale inhomogeneities” (i.e. roughness

smaller than the Debye length) as the cause of the dispersion and frequency-dependence

of the capacitance, and asserts that the annealing process reduces these inhomogeneities

without otherwise altering the morphology.

The result obtained by Kerner has great implications for the study of electrode kinet-

ics, because it indicates that even an initially “flat” surface, untreated with any type of

roughening technique, will naturally possess a certain degree of roughness, making it inap-

propriate to treat the surface as completely flat. In the parallel-plate approximation, the

separation distance is much larger than any of the roughness features, so it doesn’t matter.

However, in the double-layer case, the separation distance becomes small enough that the

naturally-occurring roughness begins to play a role.

This leads us to the expectation that, while the surface roughness certainly does play

a role in determining the capacitance, simply increasing the roughness of a polycrystalline

surface (e.g. by adding nanoparticles) should not have a dramatic effect. In fact, gold

nanoparticles are likely to have smoother surface geometry than the substrate onto which

they are adsorbed, potentially causing an increase in the ideality of the capacitance.

A study by B. W. Park et al. [14] recently investigated the electrochemical characteristics

of gold surfaces coated with binary SAMs. In this study, Park used two gold surfaces: one

that was flat, and one that was electrochemically coated with (∼50 nm) gold nanoparticles

prior to SAM formation. The SAM was created using a mixture of 1-tetradecanethiol (TDT)

and 3-mercaptopropionic acid (MPA). After performing impedance spectroscopy on the com-

plete SAM, the MPA was desorbed electrochemically to create an incomplete monolayer, and

Gawain Thomas 15 Miniature Electrode Roughness



the impedance was measured again.

Park’s impedance results (Figure 2.8) are revealing in terms of the direct effect of the gold

nanoparticles. When comparing the flat gold impedance curves (top) with the nanoparticle

curve (bottom) the observation can be made that the features in the lower plots are shifted

and compressed to the right (toward higher frequency) relative to the upper plots. This is an

indication not only of increased capacitance but also an increased charge-transfer resistance.

Figure 2.8: Impedance plots showing the impedance of binary monolayers on flat gold (top) and
gold nanoparticles (bottom). It is important to note that the features in the lower plots are shifted
and compressed to the right as compared to the upper plots.

In comparing the SAM-coated surfaces with the bare gold surfaces, the SAM was found
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to reduce the double-layer capacitance, in keeping with Kulkarni’s result. This was the case

with both the flat gold substrate and the nanoparticle-modified surface, indicating that the

nanoparticles and the SAM did not have any complicated interaction, and the nanoparticles

simply served to increase the substrate surface area. This is also consistent with part of

Daikhin’s assertion that surface roughness on a scale larger than the Debye length should

only serve to increase the capacitance.

2.3.4 Other Influencing Factors

Tamas Pajkossy [15] has presented a theory on how surface roughness can affect capacitance

through non-Faradaic (i.e. adsorption and dispersion) processes. In his report, he argues that

capacitance non-ideality is due not only to locally conductive areas on the surface, but due to

varying affinity for molecules to be adsorbed onto the surface. He also goes on to argue that

a surface with no characteristic roughness size (in other words, a variety of roughness scales)

will have no characteristic frequency in the impedance curve, indicating CPE behavior.

Pajkossy’s theory aligns with Kulkarni’s observations at low frequencies. Kulkarni’s result

(decreasing phase offset of bare electrodes with lowering frequency) was attributed to a

Warburg effect, and Pajkossy asserts that there may be other chemical processes which

contribute to this effect as well. Needless to say, the presence of a SAM on the surface

can be used to reduce any of these phenomena and improve the observability of the effects

created by surface roughness.

2.4 Conclusion

Overall, the literature agrees that the interaction between surface roughness and double-

layer capacitance is complicated. In general, the double-layer capacitance of electrodes is

not directly proportional to any particular measure of roughness, but rather is determined

by a threshold or characteristic roughness length (the Debye length) and only upon whether
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surface features are larger or smaller than this size. Furthermore, electrodes that are tradi-

tionally considered to be “flat” may very well possess roughness already exceeding this size

and will therefore exhibit the characteristics of a rough surface despite never having been

treated with any roughening techniques.
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Chapter 3

Methodology

In this chapter, we discuss the methods used to prepare samples, characterize surface mor-

phology, and characterize the capacitance of the samples. All materials were laboratory

grade or higher.

3.1 Sample Preparation

Samples were prepared from commercially available gold-coated glass microscope slides.

Each slide was initally 76 mm × 25 mm, and was cut into seven pieces such that each

piece would have an area of approximately 2 cm2.

3.1.1 Surface Cleaning

Three steps were used to purify the gold surface. First, each slide was annealed by passing

it twenty times through a bunsen burner flame. After cooling in a glass petri dish, the slides

were transferred to a piranha solution consisting of 70 mL concentrated sufuric acid and 30

mL of 35% hydrogen peroxide. (Caution: piranha is highly corrosive and flammable. Always

wear gloves and appropriate eye protection when working with piranha.) The slides were left

in the piranha solution for 15 minutes, after which they were transferred to a bath of purified
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deionized (DI) water. The water was flushed several times to remove all traces of piranha,

and then the slides were rinsed with 200-proof ethanol. Each slide was rinsed individually

with both DI water and ethanol, and then dried in a stream of purified compressed air.

The final cleaning step was to transfer the slides to a glass dish and etch them with oxygen

plasma, using a Plasma Prep IITMplasma generator from SPI supplies. The samples were

allowed to etch for 120 seconds, after which they were removed and immediately transferred

to the next stage of preparation.

3.1.2 Roughening Techniques

After the surface was cleaned, the samples were roughened. Throughout the course of the

project, a variety of different roughening methods were used, all of which are described

below:

1. Seed-mediated growth of gold nanoparticles

• Original “hot-plate” method

• Incubator method

2. Electrochemical deposition of gold nanoparticles

3. Electrochemical etching

Ultimately, the electrodeposition and electrochemical etching techniques were favored

due to time constraints.

3.1.3 Monolayer Formation and Seeding

For both the hot-plate method and the incubator method, the slides were derivatized with

a protective self-assembled monolayer (SAM) of 1,8-octanedithiol linker molecules on which

to grow the nanoparticles. This was accomplished by dissolving 200 µL of octanedithiol in

Gawain Thomas 20 Miniature Electrode Roughness



Figure 3.1: Diagrams of the two electrode surface structures. The surface on the left was produced
with the hotplate and incubator methods and includes the octanedithiol linker molecules; the surface
on the right was produced by electroplating the clean gold substrate. The electroplating method was
advantageous not only because it was faster, but because it resulted in a simpler surface structure.

50 mL toluene and immersing the slides in the solution for 24 hours. After this time, the

slides were again rinsed with ethanol and DI water, and dried with purified air.

A Rame-Hart model 100-00 goniometer was used to measure the contact angle of sessile

water droplets on the slides before and after deposition of the octanedithiol layer. These

measurements were used to verify the effectiveness of the derivatization technique. Typical

values were 15◦ - 20◦ for clean gold, and 50◦ - 70◦ for the SAM.

A 25 mL gold seed solution was prepared with 1 mM chloroauric acid trihydrate (H[AuCl4]·

3H2O) and 4 mM sodium citrate dihydrate. Gold reduction was accomplished by adding

approximately 50 µL of 0.05 M ice-cold aqueous sodium borohydride solution [16]. The

solution turned a dark purple color. After reduction was complete (about 30 seconds), the

solution was cleaned with a syringe-tip filter to remove gold black particles, and the slides

were then immersed in the solution for 45 minutes. After seeding, the slides were again

rinsed with DI water and ethanol, dried, and transferred to the growth solution. The seed

solution is shown in Figure 3.2.

3.1.4 Gold Nanoparticle Growth

The growth solution was prepared from 40 mL of 0.1 M aqueous cetyltrimethylammonium

bromide (CTAB) solution in a crystallization dish on a hot plate with a magnetic stirrer.
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Figure 3.2: Samples were placed in a gold seed solution for 45 minutes prior to nanoparticle
growth.

After stirring for several minutes, 800 µL of 0.01 M chloroauric acid solution was added,

turning the solution bright orange. Next, the solution was heated until transparent but

still orange, after which 2 mL of 0.1 M ascorbic acid was introduced, turning the solution

colorless. The solution was removed from the heat and the slides were immersed in the

solution. The dish was then covered and sealed as shown in Figure 3.3.

Hot-plate method

CTAB in solution was observed to crystallize when cooled to room temperature (below about

30 ◦C). This created two problems, one being that the solid CTAB prevented deposition of

gold onto the surface, and the other being the potential for incomplete removal of CTAB

from the surface when rinsing. To avoid this, we initially attempted leaving the solution

on the hotplate at the lowest setting during nanoparticle growth. This kept the solution at

an acceptable temperature and did prevent CTAB deposition. However, even with the dish

sealed and placed in an area with minimal draft, the thermal fluctuations from the hot-plate

cycling caused the solvent to gradually evaporate.
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Figure 3.3: (Left) Growth solution sealed with parafilm and ready for incubation. (Right) Sealed
dodecanethiol SAM solution. The green and red tint on the slides is a result of optical scattering,
indicating the presence of nanoparticles.

There were two major downsides to this: First, changes in the solution concentration

made the growth of nanoparticles unpredictable. Second, if the solution was left unattended

for more than one day, there was a risk that the solution would completely dry out, ruining the

samples. This method was abandoned in search of a better way to deposit gold nanparticles.

Incubator Method

As a second attempt to prevent the CTAB from crystallizing, the sealed growth solution was

placed in a 37 ◦C incubating oven. The advantage of this over the hotplate method was that

the temperature fluctuations in the incubator are minimal to none, as compared with the

hotplate. The increased temperature not only prevented crystallization of the CTAB, but

was also observed to greatly accelerate the growth of nanoparticles. Because the incubator

space was shared with other biological samples, it was necessary to thoroughly sterilize the

outside of the container with 70% ethanol before introducing it to the incubator.

Throughout the growth process, a fresh growth solution was prepared every 24 hours.

The slides were removed from the old solution, rinsed with ethanol and DI water, dried,
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and transferred to the new growth solution. Each day, a number of slides were removed and

derivatized with a protective dodecanethiol layer, resulting in a series of samples grown for

1, 2, 3, 4, and 5 days. Completed samples were stored in sealed plastic petri dishes until

characterization.

Electrochemical deposition of gold nanoparticles

The incubator method worked much better than the hotplate method, but still took more

than a week to prepare samples from start to finish. In an attempt to speed up the progress

of research, we developed a new technique based on the work by Park et al. [14].

Without being derivatized or seeded, the clean gold slides were connected to a poten-

tiostat and immersed in a solution of 0.1 M KNO3 and 0.003 M H[AuCl]4. The potential

was set to -200 mV and allowed to electroplate for times ranging from 90 s to 500 s. Imme-

diately after electroplating, the samples were rinsed with DI water and ethanol, dried, and

transferred to the dodecanethiol solution.

Needless to say, the electrodeposition method was much faster than the growth methods,

as the entire sample preparation could be carried out in a single day. This allowed more

time for experimentation, and once the deposition was determined to be successful by AFM

analysis, the other methods were abandoned.

3.1.5 Electrochemical Etching

For the etching technique, cleaned samples were connected to the potentiostat and immersed

in 0.1 M NaCl with 0.001 M potassium ferricyanide. The voltage was then cycled between

-0.2 V and +1.5 V at 100 mV/s for 50-150 cycles. After the cycling was completed, the

samples were rinsed with DI water and ethanol, dried, and transferred to the dodecanethiol

solution.

The electrochemical etching technique was originally intended to be an electopolishing

technique, which would remove all traces of nanometer-scale roughness from the surface.
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However, we observed a siginificant amount of pitting and surface roughening as a result

of the technique used (This could be caused by any number of laboratory issues; incorrect

potential limits and a defective reference electrode have been suggested). Unfortunately, we

did not have time to investigate the full cause of this unexpected result, but the outcome was

not entirely undesirable. In fact, the roughness observed on the surface by AFM analysis was

perfect for investigating the alleged ideality drop that occurs with nanometer-scale roughness.

So, despite the initial failure of the method to produce the expected surface morphology, it

did create a completely new morphology with interesting electrochemical behavior.

3.2 Electrochemical Analysis

An electrochemical approach was used to characterize the surface area and capacitance

of the samples. The equipment used was a Gamry Instruments Ref 600 potentiostat and

accompanying software. A three-electrode setup was used, incorporating a platinum wire

counter electrode and an Ag/AgCl reference electrode (See Figure 3.4). The electrolyte

solution consisted of 0.1 M NaCl with a 1 mM potassium ferricyanide redox probe. For

additional information on the electrochemical setup, please refer to Appendix B.

3.2.1 Capacitance Characterization

A model circuit approach was used to describe the capacitive behavior of the samples. It was

determined that the most appropriate model is a Randles circuit [6], modified by replacing

the capacitor with a constant-phase element (Figure 3.5; see Literature Review for more in-

formation). Determining the magnitude of each circuit element requires the implementation

of electrochemical impedance spectroscopy as well as model circuit fitting (see Appendix B).

The samples were attached to the potentiostat using an alligator clip, and immersed in

the electrolyte solution to a depth of approximately 1 cm, for an exposed electrode area of

approximatly 1 cm2. The impedance spectroscopy was performed using a starting frequency
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Figure 3.4: Three-electrode cell. Working electrode clip (yellow tape), Platinum counter elec-
trode (back) and Ag/AgCl reference electrode. Solution is 0.1 M NaCl with 0.0001 M Potassium
Ferricyanide.

of 100 kHz, a step of 5 points/decade, and a final frequency of 0.1 Hz. Then, a fit was

performed on the impedance data using the Randles-CPE model circuit [6][17](Figure 3.5).

This fit provided the magnitude as well as the ideality factor of the CPE, which were recorded

and tabulated along with the surface area of each sample.

3.3 Atomic Force Microscopy

Atomic force microscopy (AFM) was used to characterize surface roughness and to confirm

the predicted surface morphology. An MFP-3D atomic force microscope from Asylum Re-

search was used to capture all images. Each sample was mounted on a standard microscope

slide using double-sided tape. Images were collected in intermittent-contact mode using

commercially avaliable silicon cantilever chips. Please refer to Appendix C for additional

information on atomic force microscopy.

The roughness of each sample was characterized in terms of average particle height and

average particle spacing, by measuring images captured with the AFM. This gives a more
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Figure 3.5: Schematic of the Randles-CPE model circuit. CPE represents a constant-phase (ca-
pacitive) element, Rct represents the charge-transfer resistance, and Rsoln represents the electrolyte
solution resistance.

qualitative understanding of how a particular surface morphology affects the capacitance.
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Chapter 4

Results & Discussion

In this chapter, we will discuss the results obtained by the methods described in Chapter 3.

4.1 Contact Angle Goniometry

The primary intent of the contact angle measurements was to verify successful SAM deposi-

tion. It is expected that bare gold will have a much lower contact angle (more hydrophillic)

than the SAM. Table 4.1 shows contact angle measurements for a cleaned gold slide and a

slide coated with octanedithiol from toluene. In all cases, the contact angle on the SAM was

more than twice that of clean gold, indicating good SAM coverage.

Droplet# Contact Angle - SAM (◦) Contact Angle - Clean gold (◦)
1 64.0 16.4
2 71.5 27.9
3 70.6 28.8
4 67.2 30.8

Average 68.32 ± 3.427 25.97 ± 6.497

Table 4.1: Table of contact angle measurements for a slide coated with an octanedithiol SAM
(left) and a clean gold slide (Right).
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Figure 4.1: Comparison of a flat gold slide (A), original CTAB/hotplate method (B), incubator
method (C) and the electrodeposition method (D). Note that image (B) has a larger scale than the
others, due to the large particles on the surface.

4.2 Nanoparticle Deposition

As discussed in Chapter 3, a number of nanoparticle deposition methods were used through-

out the course of the project. To discuss the success with which each method deposited

nanoparticles, we must recall the primary objective of nanoparticle deposition: changing the

roughness of the surface. Figure 4.1 shows AFM images of samples treated with the three

different methods, in contrast with an unroughened slide.

The most notable problem with the original hot-plate method (see page 22) is the ubiq-

uitous appearance of large ∼ 1 µm objects on the surface(Figure 4.1B). These particles are
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large enough and spaced far enough apart that they are probably not gold nanoparticles.

We suspected that they are more likely some organic compounds deposited from the solution

due to the temperature fluctuations and evaporation of the solvent. In terms of electrical

properties and other surface characterization, these particles play the role of dirt, and they

make this method unsuitable for accurate investigation.

The incubator method (see page 23) eliminated the deposition of organic compounds and

produced very uniform, smooth coverage of nanoparticles. This is a great improvement over

the hot-plate method (Figure 4.1C). The electroplating method (page 24) produced a surface

similar in morphology to the incubator method, although not quite as uniform (Figure 4.1D).

This method was ultimately favored due to time constraints (The electroplating method

takes 5 minutes, as compared to 5 days), and also because it eliminated the need for the

octanedithiol linking SAM. Needless to say, both the incubator method and the electroplating

method produced satisfactory nanoparticle coverage, while the hot-plate method did not.

4.3 Analysis of AFM data

AFM images were analyzed using a freely available open-source SPM data analysis program

called Gwyddion. The software was used to gather a variety of roughness-related measure-

ments, as follows. The first two measurements are calculated automatically by the software;

the second two are explained in depth below.

• RMS roughness:

RRMS =

√√√√ 1

MN

M∑
x=1

N∑
y=1

(z(x, y)− zavg)2

(where M and N are the pixel dimensions of the AFM image)

• Roughness ratio:

R =
Atrue

Ageometric
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• Manual height and width measurements of individual surface features

• 2D Fast Fourier Transform analysis

4.3.1 Manual feature measurements

To obtain an ieda of the scale of surface roughness, we qualitatively selected 5-10 features

typical of the surface morphology for each image, then measured and averaged their height

and width. The height measurements were taken by drawing a measurement between adja-

cent low and high spots in the image, and recording the ∆z value returned by the software.

The width was determined similarly by drawing measurements across a particular feature

between points of similar height, then recording the R value. Figure 4.2 demonstrates the

process.

4.3.2 FFT analysis

The underlying concept behind Fourier transforms is that any real-space or time-space signal

can be represented in terms of a set of frequencies and associated amplitudes. When applied

to an AFM image, the frequencies in a Fourier transform represent the spacing between

bumps on a surface. If all bumps are sinusoidally smooth and evenly spaced, there will be

only a single frequency represented in the Fourier transform, and as the surface deviates

farther from this behavior, more and more frequencies will appear.

The objective of FFT analysis was to characterize surfaces in terms of the abruptness of

the topography variations. It may be instructive to recall the Fourier transform of a square

step, which is represented by evenly-spaced frequencies extending to infinity, with decreasing

amplitude (See Figure 4.3). By contrast, smooth sinusoidal bumps will be represented by a

single frequency or a very small range of frequencies. Thus, images whose Fourier transforms

extend to a high frequency range can be said to have more abrupt changes in height (similar

to the square wave) while lower-frequency images are smoother.
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Figure 4.2: Technique for measuring individual features in the AFM images. Height values for
each image are averaged to produce a typical “Roughness Height.”

Figure 4.3: Sketches of the Fourier transforms of a square wave (A) and sinusoidal bumps (B).
The square wave contains frequencies extending to infinity, whereas the smooth function does not.
Note that both axes in the upper graphs represent spatial dimensions, while the lower graphs have
been converted to the inverse-space or frequency domain.
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Figure 4.4: 2D Fourier transforms of an electrochemically etched surface (left) and an electroplated
surface (right). Points in the center of the image represent low frequencies, whereas points near the
edge represent high frequencies. Both images contain low-frequency data, but the etched surface
has significantly more high-frequency data.

We can now employ a direct comparison between two AFM images by their 2D Fourier

transforms. Figure 4.4 shows the Fourier transforms of an electrochemically etched surface

(left) and a surface treated with electrochemical deposition of gold nanoparticles (right).

The electrochemically etched surface contributed significantly more high-frequency data,

evidenced by the appearance of data variations near the edges of the image. This indicates

that its morphology is closer to the square-wave in Figure 4.3A than the electroplated surface.

To further emphasize this point, we can perform FFT-filtering on these images to observe

only the high-frequency data in each image. In the filtering process, only the frequencies

that were prominent in both images were removed, and the same frequencies were removed

from both images. Figure 4.5 shows a comparison of the two original images with their high-

frequency data. Again, the etched surface has much more high-frequency data, indicating

more step-like features. As discussed in the Literature Review, the step-like features are

expected to cause a decrease in capacitor ideality. This claim is supported by data presented

in Section 4.6.
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Figure 4.5: AFM images of electrochemically etched gold (A) and electroplated gold (B). The
lower images (C and D) have been treated with an identical filter to remove low-frequency data. The
etched surface (A) clearly contains more high-frequency data (C), indicating a step-like morphology.
The electroplated sample (B) contains very little high-frequency data (D), indicating that the
features are smooth and continuous.
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4.4 Electrochemical Impedance Spectroscopy

The raw data from the EIS experiments, while they do not give concrete numbers for the

electrical properties of the surface, can give a great deal of qualitative insight when it comes

to comparing different surfaces.

Particularly helpful for this project were the phase vs. frequency plots. The behavior of

the phase offset at low frequencies can give an indication of the circuit’s capacitance: If the

phase offset returns to zero at low frequencies, it has a lower capacitance than if the phase

offset remains at -90◦. This is because a low-value capacitor will become saturated at higher

frequencies than a high-value capacitor. In short, the “width” of the offset phase regime

indicates the value of the capacitance.

Additionally, the minimum (maximum absolute value) point in the phase vs. frequency

plot can give an indication of the capacitor ideality. A circuit whose phase offset reaches all

the way to -90◦ has a high ideality, whereas the ideality is lower if it only reaches part way

down and then reverses direction.

Figure 4.6 shows typical phase vs. frequency EIS data from a variety of samples. The

legend includes descriptions of the capacitive behavior of each sample, to illustrate the links

between phase and capacitance that were described above.

The Nyquist plots and magnitude vs. frequency plots were not as useful for analyzing

the capacitance. The Nyquist plot is typically used for identifying characteristic behavior of

particular circuit models, and the magnitude plot is helpful in comparing the charge-transfer

resistances of two samples. To see the typical data presentation in these forms, please refer

to Appendix A.2.

4.5 Capacitance

To obtain quantitative information about the behavior of the capacitance, it is necessary

to fit the data to a model circuit as discussed in Chapter 3. To determine whether the
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values given by the fit are reasonable, we perform an order-of-magnitude calculation based

on the parallel-plate approximation. Here we shall assume the relative dielectric constant of

dodecanethiol to be approximately 1.4 [18], and the length of the dodecanethiol to be about

1 nm. With a surface area of 1 cm2, we have a capacitance

C ≈ ε0 · 1.4 · 1 cm2

1 nm
= 1.240× 10−6F

This is in good agreement with the data for the low-roughness surfaces presented below.

Overall, the capacitance behaved as expected for nanometer-smooth surfaces. With in-

creased RMS roughness (based on AFM images of the samples), there was an accompanying

increase in capacitance. Figure 4.7 shows the capacitance of four samples plotted against

their RMS roughness values as measured in Gwyddion.

Note about units: The impedance data were fitted using a CPE in place of a capacitor.

The dimensions of capacitance are 1
Ω·s−1 , whereas the dimensions of the CPE magnitude are

given as 1
Ω·s−α , meaning that the physical dimensions of the value are dependent upon the

ideality parameter α. However, when α ≈ 1, the CPE value can be treated as a capacitance

value, and this is what has been done here. If α < 0.95, care must be taken to perform a

proper conversion before the CPE can be treated as a true capacitance.

4.6 Ideality

The second goal of this project, after observing a roughness dependence of the capacitance,

was to investigate what happens to the ideality parameter α in the presence of very small

(nanometer-scale) roughness. Previous papers have asserted that the ideality decreases as a

result of nanometer-scale roughness, and the only theoretical explanation we found was that

the drop in ideality was somehow related to the Debye length of the electrolyte, and its size

relative to the surface roughness.

To quantitatively analyze this behavior, we created plots of the ideality parameter against
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several measures of surface roughness. However, none of these were truly satisfactory. The

difficulty was in finding an appropriate way to quantify the “jaggedness” of surface features

on the nanoscale. Even surfaces with nearly identical RMS roughness values or roughness

heights (see Section 4.3) could have a high or low ideality, depending on how sharply-defined

the features were. See Figure 4.5 for a comparison between the two surface morphologies.

Figure 4.8 shows a plot of the ideality parameter vs. roughness height (measured manu-

ally and averaged) for two different sample treatments. At first glance, it may appear that

the ideality drops suddenly at a roughness height of about 10 nm; however, due to the drastic

difference in behavior of the two different types of samples, it is our suspicion that roughness

height is not actually the determining factor in the ideality. The 2D FFT analysis of AFM

images (Section 4.3.2) provides evidence for a distinction based on the abruptness of changes

in height as a determining factor, but this method only provides a qualitative comparison

and cannot be used to create a quantitative model.

After observing the ideality of surfaces treated with a variety of different techniques and

qualitatively observing the morphologies of the surfaces, we are able to make the following

general statements:

• Surfaces treated with the electroplating method have high ideality (> 0.95), regardless

of electroplating time or measured size of surface features.

• Surfaces treated with the electrochemical etching method generally have a reduced

ideality, between 0.7 and 0.8.

• AFM images of the electroplated surfaces show qualitatively smooth, rounded particles.

• AFM images of the electrochemically etched surfaces have jagged edges and abrupt

changes in height.
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Chapter 5

Conclusions & Future Work

We have observed that electrochemical deposition of gold nanoparticles onto a surface is an

effective means of increasing the double-layer capacitance. The capacitance values aligned

well with AFM measurements of RMS roughness, indicating that surface roughness does

play a direct role in determining the capacitance.

We have also observed reduced capacitor ideality in the presence of jagged or abruptly-

changing surface morphology. It is important to understand the difference between an

abruptly-varying surface and a rapidly-varying surface, as many of the jagged features that

produced a reduction in ideality were approximately the same size as the smooth features

which did not. The main challenge presented by this project was in quantifying this jagged-

ness in a way that could be directly linked to the ideality parameter.

For engineering applications, these initial results are significant. In the area of medical

sensors, for example, it is desirable to create a surface that has a high capacitance, and also

very high ideality. Not all roughening techniques will accomplish this, as some will doubtless

introduce jagged features and nanometer-scale roughness, such as mechanical roughening.

The electrodeposition of gold nanoparticles has been shown to be an effective method of

increasing surface area and capacitance, while also maintaining high ideality.
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5.1 Success of the Project

While the project was essentially successful in achieving the original objectives, the data

supporting our conclusions are limited. The project presented challenges in terms of the

amount of data we were able to collect, due to a time-consuming sample preparation method.

Additionally, there was a steep learning curve during the initial months of the project.

The most notable progress made during this project was the adoption and development of

the electroplating method for roughening samples. This method has two major advantages

over the original method. In addition to being faster and much simpler, it results in a

simpler surface structure as well (see Figure 3.1). This eliminates the potential for multiple

capacitive layers and multiple charge-transfer resistances which may or may not have arisen

due to the octanedithiol linking layer. This increases the certainty with which we can state

that the Randles and Randles-CPE circuits are appropriate models for the surface.

5.2 Future Work

After developing a faster and simpler sample preparation method more than two-thirds

through the year, we were finally able to collect some usable data. We believe that this new

electroplating method (page 24) could be adopted by another student to save the trouble of

the seeded growth approach, allowing much faster progress. This has the potential to make

short work of collecting a wider range of data sets to support our conclusions.

Beyond the task of reinforcing our own conclusions with additional data, an obvious

area of inquiry to follow from this project is an in-depth investigation into the aspects of

nanometer-scale roughness that cause the reduction in capacitor ideality, and determining

the most appropriate way of quantifying this property of the surface. We initially set out with

a very clear hypothesis that “nanometer-scale” roughness would cause a drop in ideality, but

soon realized that the degree of nanometer-scale roughness is very difficult to measure, and

even the definition of nanometer-scale roughness becomes unclear in terms of quantifiable
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properties of the surface. The next step would be to do an in-depth theoretical study of

the surface structure, particularly in light of Daikhin’s work [9] related to the Debye length.

Then, it may be possible to decide whether it is RMS roughness, radius of curvature, or

some other quantity that really determines the scale of the roughness.

Particular attention should be paid to methods of AFM data analysis. With some work,

the 2D FFT analysis may be able to provide quantitative data about the jaggedness of a

surface. There are also many other tools and techniques available for analysis of AFM data,

any number of which may be useful for a quantitative examination of capacitor ideality. After

determining the most appropriate way of characterizing the nanometer-scale roughness, it

will be instructive to test Daikhin’s theory by varying the Debye length of the testing solution,

and compare the nanometer-scale roughness with the Debye length.
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Appendix A

Electrical Impedance

Electrical impedance refers to a circuit’s opposition to an alternating (AC) voltage. Unlike

the DC resistance, impedance is not constant, but a function of the frequency of the applied

signal. Impedance is quantified by a magnitude (defined as voltage divided by current;

analagous to DC resistance) as well as a phase offset, which refers to the difference between

the phase of the applied voltage and the phase of the resulting current. Impedance is typically

denoted by the quantity Z:

Z = |Z|eiθ

where |Z| is the impedance magnitude, and θ is the phase offset. For a purely resistive

circuit, the phase offset is zero because there is no delay in the response current. For a

purely capacitive circuit the phase offset is −90◦, while for an ideal inductor the phase offset

is +90◦. Circuits consisting of a combination of these elements will have different magnitudes

and phase offsets.

A.1 Equivalent Circuit Components

In addition to the traditional electric circuit components, there are some other constructs

which can be useful for describing the impedance behavior of a double-layer capacitor. The
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first is a constant-phase element (CPE). As the name might suggest, this is a component

which exhibits a phase offset independent of frequency [17]. A capacitor is a particular type

of constant-phase element with a phase of −90◦; however, many circuits exhibit a phase shift

of less than 90◦. The magnitude of the CPE is accompanied by an ideality factor, which

describes how far the CPE deviates from the ideally capacitive phase shift. A CPE with an

ideality of 1 is ideal (90◦ offset), whereas a CPE with an ideality of 0 would have no phase

offset whatsoever.

The Warburg impedance element is another tool that is useful for describing electrochem-

ical diffusion at the electrode-electrolyte interface [19]. This behavior is characterized by a

phase shift at low frequencies, which is not typical of any other circuit component. Including

this element in the model circuit accounts for this effect, and can improve the accuracy when

fitting for capacitance. However, use of the Warburg element is sometimes inappropriate;

see Section B.1

A.2 Data Presentation

Electrical impedance data can be plotted in a number of different ways. The most common

types of plots are the Nyquist plot, which simply graphs the imaginary component of the

impedance against the real component, and the Bode plot, which is actually two graphs:

magnitude vs. frequency and phase vs. frequency. The Nyquist plot has the distinct disad-

vantage that each data point cannot be associated with its frequency parameter on a 2D

graph. In contrast, the Bode plot shows the frequency at which each point was recorded.

Despite this, Nyquist plots are commonly used due to the ease with which characteristic

shapes can be recognized. For example, an ideal Randles circuit will have a Nyquist plot in

the shape of a semicircle. Figure A.1 shows examples of Nyquist and Bode plots.
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Figure A.1: Experimental impedance data presented in a Nyquist Plot (top) and a Bode plot
(bottom). The Nyquist plot shows both real and imaginary components on the same graph, but does
not show the frequency dependence. The Bode plot shows the real component and the imaginary
(phase) component separately, each as a function of frequency.
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Appendix B

Electrochemical Impedance

Spectroscopy

As discussed in Appendix A, the impedance of a circuit depends upon the applied frequency.

To measure the impedance of a circuit, therefore, it is necessary to test the magnitude and

phase offset at many different frequencies. This process is know as impedance spectroscopy.

Electrochemical impedance spectroscopy refers to the use of this process to determine the

impedance of an electrode-electrolyte interface. A three-electrode setup is commonly used,

as shown in Figure B.1. During impedance spectroscopy, the potentiostat will cycle the

voltage repeatedly at many different frequencies, and record the data in a Bode or Nyquist

plot.

B.1 Model Circuit Fitting

A circuit with known components will exhibit predictable impedance, in accordance with

theoretical formulae. Specifically,

Zresistor = R Zcapacitor =
e−i

π
2

ωC
Zinductor = ωLei

π
2
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ZCPE =
|Z|

(iω)α
ZWarburg =

σ√
ω

+
σ

i
√
ω
,

where α is a constant of ideality and σ is the Warburg coefficient, and these impedances can

be combined in accordance with electrical circuit theory to predict the overall impedance of

a circuit. Thus, it follows that given the overall impedance and a model of the circuit, the

values for each circuit component can be calculated. Indeed, a Simplex algorithm included

in the Gamry software makes this a simple task.

However, this does not provide a foolproof representation of any sample, for the simple

reason that the calculation is based on a model provided by the user. That model must be

accurate for the results to be meaningful. The software can fit any impedance data to any

model circuit and provide values for the components, so the model has to be based on a

physical understanding of the electrochemical behavior of the sample.

Figure B.1: Schematic of the three-electrode setup. Platinum wire counter electrode (CE),
Ag/AgCl reference electrode (RE), and sample as working electrode (WE) (Modified from Gamry,
2010).
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Appendix C

Atomic Force Microscopy

The principle behind atomic force microscopy is quite simple. A flexible cantilever with a

fine tip is placed in contact with a sample, and deflects as it moves over the topological

features on the surface. The deflection is measured by directing a laser beam at the end

of the cantilever, and then measuring the angle of the reflected beam with a photodode. A

diagram of the most basic AFM setup is provided in Figure C.1. The AFM tip is moved in a

raster pattern along the surface to create an image. The scan rate can range from a fraction

of 1 Hz to several hundred Hz, depending on the application and equipment. A typical scan

rate for this project is 1 Hz.

C.1 Closed-loop Feedback System

The accurate range for measurement of cantilever deflection is a few microns at best, which

makes it difficult to image surfaces with larger features. Because of this, most AFM systems

incorporate a feedback loop and piezoelectric scanner which can move the cantilever up and

down in response to cantilever deflection. Thus, the surface height is actually determined

by the height of the scanner, while the cantilever deflection remains approximately constant.

While this greatly increases the functionality of the instrument, it also increases complexity

by adding parameters such as feedback gain and cantilever deflection set point, which must
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Figure C.1: Basic AFM principle. The deflection of the cantilever as it scans across the surface
is measured by the position of a laser beam reflected from the top of the cantilever. A closed-loop
feedback system then adjusts the height of the cantilever in response to the deflection.

be optimized for each scan. For this project using the Asylum AFM in IC mode (see below),

it is typical to use a set point of 700 mV and an integral gain of 5-6.

C.1.1 Intermittent Contact Mode

In addition to the feedback loop, the piezoelectric scanner can be used in a number of

different ways to image the surface. In the basic principle of AFM, the tip is always kept

in firm contact with the surface; this is known as contact mode. Another common mode is

known as intermittent contact mode, in which the scanner drives the cantilever up and down

at its resonant frequency. This causes the tip to “tap” on the sample surface rather than

dragging across it. In this case, the feedback loop is set to respond to the amplitude of the

cantilever oscillations, rather than the average deflection.

Intermittent contact (IC) mode has a number of advantages over contact mode. When

working with lightly-adhered surface features (such as nanoparticles), contact mode has the

potential to alter the surface by pushing the particles out of the way [21], resulting in an

inaccurate image. IC mode avoids this issue, in addition to reducing tip wear provided that

an appropriate set point is used.
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Parameter Typical Value Units
Set Point 700 mV

Integral gain 5 –
Proportion gain 0 –

Scan size 2 µm
Cantilever frequency 317 Hz

x offset 0 nm
y offset 0 nm

Table C.1: Typical AFM settings used for imaging the samples.

C.2 Scale

The AFM tips used in this project have a nominal radius of 10 nm. Theoretically, any surface

feature larger than 10 nm can be detected by the AFM. However, electrical and acoustic

noise as well as a number of other factors can affect the accuracy of imaging on this scale.

In practice, the AFM can produce reliable images down to a scan size of about 1 × 1 µm.

Below this size, it is often a matter of luck to be able to produce clean and accurate images.
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Appendix D

Sample Preparation Challenges

During the course of the project, a variety of roughening techniques were used. Here, we will

discuss the challenges presented by each method, and the quality of results obtained. For a

full description of the methods used, please refer to Section 3.1.2.

Original Method

The first nanoparticle growth method was taken from the work of Z. Wang on a previous

project. After the first 24 hours of nanoparticle growth, a thick coating of silver-white flakes

had formed on the bottom of the dish and covering the samples. AFM analysis of these

samples after 3 days of growth showed very little deposition of nanoparticles, and this is not

surprising since the coating (which is believed to be CTAB) would almost certainly have

been in the way of anything else being deposited on the surface. Nevertheless, following the

original method, the white substance rinsed off with ethanol and the slides were transferred

to a fresh growth solution each day.

Suspecting that the CTAB crystals were making the growth method ineffective, we mon-

itored the growth solution for 1 hour after it was sealed and removed from the heat. Within

the first 15 minutes, a thin, shiny film had formed at the surface of the solution. At 20

minutes, the film had thickened and flakes began settling to the bottom of the dish. After
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an hour had passed and the solution had cooled to room temperature, the process appeared

to be complete, with a thick coating of flakes on the samples much as it had been found after

a 24-hour period.

Hot-Plate Method

It was obvious that the flakes were forming as the solution cooled, so our first attempt was to

keep the solution warm by leaving it on the hot plate at the lowest setting. This maintained

a solution temperature of about 35◦C, and did eliminate the flakes.

We used this method for about a month, and prepared several batches of samples while

we investigated the other techniques (AFM and EIS). The samples produced, however, were

of low quality (see Figure 4.1B). Additionally, the solution would gradually evaporate during

growth due to temperature fluctuations. There was one incident in which the samples had

to be left over the weekend due to laboratory access restrictions, and the solution dried out

completely. It was clear that we needed to pursue another method that did not involve the

hot plate.

We experimented briefly with a method that involved adding a small amount each of

cyclohexane and acetone [23] to the growth solution. This had mixed results and only

partially prevented the formation of CTAB crystals.

Incubator Method

The final adaptation of the growth method was to place the growth solution in a 37◦ in-

cubator. The temperature in the incubator was stable enough that there was not signifi-

cant evaporation of the solvent. AFM images (Figure 4.1C) show successful deposition of

nanoparticles using this method.

There were, however, still several problems with the sample preparation. Due to the oc-

tanedithiol that was required to link the nanoparticles to the substrate, the surface structure

was very easily damaged. The samples still had to be handled daily, and if any part of the
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sample was scratched or bumped during the transfer, the sample was rendered unusable.

As mentioned in the Methodology chapter, the incubator method took a week to produce

nanoparticles of satisfactory size. This was a limitation in and of itself, and prompted us to

investigate the electroplating method.

An additional failure in our early methodology was that the practice of coating the final

surface (after nanoparticle deposition) with dodecanethiol was not adopted until after we

began using the incubator method. The measurements of capacitance for the bare gold

nanoparticles therefore relied upon the agglomeration of random molecules or slime on the

surface, and was unreliable. The dodecanethiol increased the charge separation and increased

the accuracy of the capacitance measurements.

Electroplating Method

The electroplating method solved nearly all of the issues that we had with each of the previous

methods. One minor problem with the method is the uneven distribution of nanoparticles on

the surface. Based on visual inspection of the discoloration on a macroscopic scale, it appears

that the concentration of nanoparticles is greatest near the edge of the slide, and more sparse

in the center. The dodecanethiol coating ensures that conductivity will be roughly the same

everywhere on the surface; However, care must be taken during AFM imaging to be sure

that the area being imaged is representative of the entire sample, since the capacitance will

vary depending on the local concentration of nanoparticles.
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NSF Highlights 
Nancy A. Burnham, Christopher Lambert, Gawain Thomas, Terri A. Camesano 

Worcester Polytechnic Institute 

Rough Electrode Surfaces Could Lead to Implantable Medical Sensors 

Outcome: Progress is being made toward 

development of implantable medical sensors. 

Our research has shown promising signs that the 

capacitance of medical sensing electrodes could 

be greatly increased by roughening the surface, 

potentially as much as four times that of a flat 

electrode. 

Impact: Recent research efforts have focused on 

developing implantable medical sensing 

electrodes, which are used as a pain-free way of 

measuring blood sugar in diabetics. A complete 

characterization of the electrodes includes the 

capacitance of the system – capacitors are used 

in everyday electronics and can be used to take 

lots of valuable measurements.  Increasing the 

surface area could lead to increased sensor 

efficiency and allow for reductions in size. 

Explanation: A rough surface has a larger surface area than a flat surface, while still having the same 

overall size. Since the capacitance depends on surface area, we investigated the possibility of increasing 

the capacitance by roughening the surface of the electrode.  We created rough electrodes by depositing 

gold nanoparticles onto the flat electrode surface, then measured their capacitance. 

Gold nanoparticles were used to roughen a gold surface. Light 
colors represent high points on the surface, and dark colors 
represent low points. Each particle is about 100 nanometers 
wide. In some cases, the rough surfaces had a much higher 
capacitance than the flat surfaces. 



Does Controlled Roughening of a Surface 

Increase its Capacitance? 
G.M. Thomas1, C.R. Lambert2, and N.A. Burnham1 

1Department of Physics, 2Bioengineering Institute, Worcester Polytechnic Institute, 100 Institute Road, Worcester, MA 01609 

Theory 

Applying a self-assembled monolayer (SAM) of organic thiol molecules to the metal surface 

increases the charge transfer resistance and makes capacitance measurements more accurate. 

Dodecanethiol is a popular and inexpensive choice for this purpose.  

It has been suggested [1] that atomic-scale inhomogeneities on the surface will cause defects in a 

SAM, reducing the effective charge separation. This would cause the surface to exhibit a CPE 

behavior, with a phase angle response of less than 90°.  

Methods 

Summary References 

Miniature electrodes are in growing demand in several areas of science, including the fields of medicine, alternative energy, and nanotechnology. The 
investigation into the effects of surface roughness on the electrical properties of these electrodes could lead to improvements in their efficiency or applicability. 

Introduction 

Gold slides are cleaned in a piranha solution (70% H2SO4, 30% 

H2O2), then etched with oxygen plasma. Gold nanoparticles are 

electrochemically grown on the surface at -200 mV for 5 minutes in 

a solution of 0.1 M KNO3 and 3 mM H[AuCl]4 
[2].After electroplating, 

the surfaces are immersed in a 10 mM ethanolic dodecanethiol 

solution for 24 hours. After each step, slides are rinsed with water 

and ethanol, and blown dry with nitrogen. 

Electrochemical Impedance spectroscopy (EIS) is used to determine the 

impedance of each sample. We use a Ag/AgCl reference electrode and a 0.1 

M NaCl with 1 mM K3[Fe(CN)6] electrolyte solution [3]. The impedance data is 

numerically fitted to the Randles-CPE circuit model to determine the 

capacitance. Electroplated samples are compared with slides that are 

electropolished in 0.05 M H2SO4. 

Atomic Force Microscopy (AFM) is used to characterize the 

roughness of each sample. Typical topography variations are 

10 nm for electropolished surfaces, and 50-100 nm for the 

electroplated surfaces. 

Purpose / Hypothesis 

We are performing experiments to examine quantitatively how the capacitive behavior of 

these monolayers is affected by surface roughness. We predict that rough metal electrodes 

will have a higher double layer capacitance than smooth electrodes as a result of increased 

surface area, and that the  “capacitor ideality” will be reduced in the presence of significant 

nanometer-scale roughness. 

 

Preliminary Results 

(Center) Longer electroplating times caused a slight increase in overall 

capacitance due to the increased surface area. 

 

(Top Left) Samples with smaller roughness size (electropolished) 

exhibited a CPE behavior with a phase offset of less than 90°, while the 

surface with uniform spherical  particles exhibited nearly pure 

capacitance. 

 

(Bottom Left) Cyclic Voltammogram of a nanoparticle-coated electrode. 

Integrating the lower peak yields the charge required for oxide 

desorption, which is proportional to the surface area. 

 

 Increased surface area caused a slight increase in capacitance 

 Small roughness size caused a drop in ideality 

1.00E-06

1.20E-06

1.40E-06

1.60E-06

1.80E-06

2.00E-06

2.20E-06

0 100 200 300 400 500 600

C
a
p

a
c
it

a
n

c
e
 (

F
) 

Electroplating Time (s) 

Capacitance 

1. Z. Kerner and T. Pajkossy. Electrochimica Acta, 46:207-211, 2000. 

2. B.W. Park, D.Y. Yoon, and D.S. Kim. Journal of Electroanalytical Chemistry, 661:329-335, 2011. 

3. E.F. Douglass, P.F. Driscoll, D. Liu, N.A. Burnham, C.R. Lambert, W. G. McGimpsey. Analytical 

Chemistry, 80:7670-7677, 2008. 

Acknowledgement 

We would like to thank the Sigma Xi Grants-in-Aid of Research program for providing partial 

funding for this project. 

Remaining work 

 Characterize surface roughness by particle radius 

 Compare capacitance & ideality with particle radius 

AFM Images of electropolished Au (top) and 

electrochemically grown Au nanoparticles (bottom). 

The nanoparticle-modified surface has features of 

roughly 50 nm in height, whereas the electropolished 

surface has features of only 10 nm. 
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