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Abstract

The present paper describes the results related to the optical and electrochemical characterization
of thin carbon films fabricated by spin coating and pyrolysis of AZ P4330-RS photoresist. The
goal of this paper is to provide comprehensive information allowing for the rational the selection
of the conditions to fabricate optically-transparent carbon electrodes (OTCE) with specific electro-
optical properties. According to our results, these electrodes could be appropriate choices as
electrochemical transducers to monitor electrophoretic separations. At the core of this manuscript
is the development and critical evaluation of a new optical model to calculate the thickness of the
OTCE by variable angle spectroscopic ellipsometry (VASE). Such data was complemented with
topography and roughness (obtained by AFM), electrochemical properties (obtained by cyclic
voltammetry), electrical properties (obtained by electrochemical impedance spectroscopy), and
structural composition (obtained by Raman spectroscopy). Although the described OTCE were
used as substrates to investigate the effect of electrode potential on the real-time adsorption of
proteins by ellipsometry, these results could enable the development of other biosensors that can
be then integrated into various CE platforms.
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1. Introduction

Among other materials that have been used to develop electrochemical and opto-
electrochemical systems [1-3], carbon-based materials offer significant advantages towards
the design of analytical applications [4]. Although the reasons for the selection of one
particular allotrope over another are largely influenced by experience and cost, a variety of
carbon-based materials [4, 5] are currently available. Besides offering good electrical
conductivity, low background currents, and the possibility to catalyze pertinent reactions [6],
nanostructured carbon-based materials display a unique density of functional groups [7], can
promote the attachment of biorecognition elements, and can enhance the electron transfer
rate, in some cases even with a direct transfer process [8-14]. Though not typically
considered among those having unique properties resulting from the presence of nanosized
features, thin carbon films (in the nm range) offer remarkable advantages with respect to
more traditional materials. It is also important to highlight that these carbon-based films are
transparent (due to the thickness) [15, 16], amenable to standard microfabrication
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procedures [17, 18], and allow tailoring their properties by selecting the appropriate starting
material [19] and/or fabrication conditions [1, 20]. Furthermore, these electrodes (typically
referred to as optically-transparent carbon electrodes, OTCE) are valuable for a number of
applications ranging from basic spectroelectrochemical research to top-end technological
applications involving light-emitting diodes and photovoltaic cells [21]. Furthermore, due to
their optical and electrochemical properties OTCE could enable the integration separation
science with multiple detection schemes, including optical, electrochemical, and
spectroelectrochemical [17, 22, 23]. Such versatility is key to the integration of OTCE with
CE and microchip-CE and the development of additional applications [17, 22] and
integration procedures [24, 25].

An extensive body of literature related to the fabrication [15, 19, 26] and characterization [1,
16, 27, 28] of OTCE is currently available. However, most of these studies have focused on
either the optical (mostly in the visible region of the electromagnetic spectrum) or
electrochemical properties of OTCE. Aiming to provide rational guidelines for the
development of OTCE, this manuscript provides a comprehensive description of the optical
and electrochemical properties of these electrodes. In order to allow other researchers to
build upon the results presented in this manuscript, standard materials and fabrication
procedures were selected. In order to demonstrate their potential application, selected
electrodes were then used to investigate the adsorption process of proteins upon the
application of an electric field. These results could enable the development of biosensors
that can be then integrated into various CE platforms.

2. Materials and Methods

Reagents and Solutions

Optically transparent carbon electrodes were fabricated by spin coating and pyrolysis of
photoresist (AZ P4330-RS, AZ Electronic Materials USA Corp; Somerville, NJ). In order to
control the thickness of the electrodes, dilutions of the commercial photoresist were
prepared with propylene glycol monomethyl ether acetate (PGMEA, 99% Alfa Aesar; Ward
Hill, MA) at a concentration of 20, 40, 60, 80, or 100% v/v of the as-received material. In all
cases, the photoresist (and the corresponding dilutions) was stored in the dark until use.
Agqueous solutions used to perform electrochemical experiments were prepared using 18
MQ-cm water (NANOpure Diamond, Barnstead; Dubuque, 1A) and analytical-grade
reagents. Sulfuric Acid (ACS/FCC, BDH ARISTAR, 95.0-98.0%) was purchased from
VWR (Pittsburgh, PA). Potassium hexacyanoferrate (111) and bovine serum albumin (BSA)
were obtained from Sigma-Aldrich (Saint Louis, MO).

Fabrication of the OTCE

OTCE were prepared using either <111> silicon wafers (Si/SiO5, Sumco; Phoenix, AZ) or
quartz glass slides (Technical Glass Inc., Painesville, OH) as substrates. The wafers were
initially scored using a computer-controlled engraver (Gravograph 1S400, Gravotech;
Duluth, GA) and then manually cut. The process defined silicon substrates of 1 cm in width
and 3 cm in length and square quartz substrates of 2.5 cm x 2.5 cm that were then cleaned
by immersion in piranha solution (30% hydrogen peroxide and 70% sulfuric acid) at 90 °C
for 30 min. After thorough rinsing, the substrates were stored in ultrapure water until use. In
order to coat the substrates, a procedure developed by Donner et al [15] was slightly
modified and used. Briefly, the clean substrates were first dried at 80 °C for 30 min and then
placed in the spin coater (WS-400-6NPP, Laurel Technologies; North Wales, PA). Next, the
atmosphere of the spin-coater chamber was saturated with PGMEA.. Preliminary
experiments showed that this step avoids the rapid evaporation of the solvent in the film
during the coating process, yielding more uniform films. Then, 1 mL of the corresponding
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solution of photoresist was dispensed on the substrate and spun at 6000 rpm for 30 s. The
substrates were then placed in a convection oven to evaporate the solvent at 110 °C for 60 s,
and finally transferred to a tube furnace (Thermolyne F21135, Barnstead International,
Dubuque, IA) for carbonization. In order to avoid combustion reactions that could ultimately
remove all carbon from the surface, the pyrolysis step began by flushing the system with the
forming gas (5% Hy / 95% Ar) at 1 L-min~1 for 5 min at room temperature. Next, the
temperature was increased to 1000 °C using a ramp of 20 °C-min~2. The temperature was
held at 1000 °C for 1 h while the forming gas was flowing continuously at 1 L-min~1
through the quartz tube. Finally, the system was allowed to cool down back to room
temperature, maintaining a constant flow of forming gas. The OTCE were stored before use
in a Petri dish for a minimum of 3 days to allow stabilization of the surface by spontaneous
oxidation [15]. Electrical contact to the OTCE was achieved by sputtering a gold contact (60
sec at 0.2 mA, Cressington 108 Auto; Watford, England). Finally, a standard copper wire
was fixed to the OTCE with a drop of silver paint (SPI Supplies; West Chester, PA). For all
experiments, electrodes of 1 cm x 1 cm were defined by either wrapping the electrode with
Teflon tape or applying an insulating spray (cat. # 422, MG Chemicals).

Spectroscopic Ellipsometry (SE) and Transmittance (T)

Ellipsometry is an optical technique that measures changes in the reflectance and phase
difference between the parallel (Rp) and perpendicular(Rg) components of a polarized light
beam upon reflection from a surface. Using Equation 1, the intensity ratio of Rp and Rgcan
be related to the amplitude ratio (tan (¥)) and the phase difference (A) between the two
components.

. R
tan(w)elAZR—P Equation 1
S

Therefore, ellipsometry can be used to determine the optical properties (index of refraction
(n) and extinction coefficient (k)) and film thickness (d) of both single- and multi-layer
systems. Ellipsometric and transmittance experiments were performed using a variable angle
spectroscopic ellipsometer (WVASE, J.A. Woollam Co.; Lincoln, NE) following a
procedure described elsewhere [29-32]. The experimental results were then interpreted using
an ad-hoc optical model, also developed using the WVASE software package (J.A.
Woollam Co.; Lincoln, NE). The model (that describes the substrate microstructure in terms
of n, k, and d) consisted in three uniaxial layers with optical axes parallel to the substrate
surface. The dielectric functions of each layer were described by a layer of Si (bulk; d =1
mm), a layer of SiO, (d = 2.1 £ 0.5 nm), and a layer of carbon. The optical constants of the
latter were calculated from a combination of transmittance and ellipsometric experiments,
also carried out using the WV ASE system. The accuracy between the experimental and
model-general data was evaluated using the mean square error (MSE) [33], a built-in
function in WVASE based on Equation 2,

N mod CXp 2 mod €xXp 2
1 mod _ ¢ Amod _ A
MSE=——_3%"| [ & i i i
2N — i=1 [( UZ;X? ) +< azq? )

1 2  Equation
2N — M 2

where N is the number of ¥ and A pairs used in the measurement, M is the number of
parameters varied in the regression analysis, and o is the standard deviation of the
experimental data points. In agreement with previous reports [34, 35], MSE < 15 were
considered acceptable.
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Atomic Force Microscopy (AFM)

AFM was used to verify the thickness of the OTCE and evaluate the topography of the
substrates. Experiments were performed using a Veeco diMultimode Nanoscope V scanning
probe microscope operating in tapping and non-contact mode. The thickness of the OTCE
layer was measured by performing a depth profile of a groove created by removing a portion
of the carbon film with a scalpel.

Raman Spectroscopy

Electrochem

A confocal Raman automated imaging spectrometer (iHR320, Horiba Jobin Yvon) was used
to study the molecular morphology of the OTCE. The Raman spectrometer was equipped
with a Synapse CCD detector, with 785 nm wavelength of the excitation laser. The Raman
spectra were collected in the 800-2000 cm™ range, with an exposure time of 2 sec, an
accumulation factor of 2, and with a 100X objective.

ical techniques

Cyclic voltammetry (CV) was used to investigate the electrochemical performance of the
OTCE. Experiments were performed using 100 mmol-L~1 H,SO, as supporting electrolyte
and 1.0 mmol-L~1 Fe(CN)g3~/Fe(CN)g*™, as the redox couple. All solutions were
deoxygenated by bubbling N, for at least 5 min. CV experiments were carried out using a
CHI812 Electrochemical Analyzer (CH Instruments, Inc.; Austin, TX), a silver/silver
chloride (Ag/AgCl, saturated KCI) reference electrode, and a platinum wire as the counter
electrode. Electrochemical impedance spectroscopy (EIS) was used to investigate the
evolution of the electrochemical properties of the OTCE and complement the information
collected by CV. Impedance measurements were also performed using 1.0 mmol-L™1
Fe(CN)g3~/Fe(CN)g*~ dissolved in 100 mmol-L=1 H,SO, as supporting electrolyte, at —0.4
V and between 1072 and 10° Hz. The applied potential was selected to maximize the
faradaic current (under the selected experimental conditions). To determine the contribution
of each electrical element, a Randles-type equivalent circuit (vide infra) was used and fit
with the simulation software Zview-lmpedance®, version 2.4a.

Safety considerations

3. Results

The described procedure for the preparation of OTCEs involves the use of heat (1000 °C)
and a mixture of 5% H, / 95% Ar; consequently, should be carefully handled. Hydrogen can
form a flammable mixture with air over a wide range of concentrations, and very low energy
is needed to ignite hydrogen-air mixtures. Extreme care should be taken while handling the
tube furnace, as the quartz may be very hot even though it is no longer glowing. Piranha
solution (30% H,0, and 70% sulfuric acid) is a strongly oxidizing cleaning solution used to
remove organic residues from substrates. As such, piranha solution is extremely corrosive,
reactive, and potentially explosive so that should be also carefully handled.

and Discussion

Thickness of the OTCE

As it generally defines the transparency and electrical resistance of the OTCE, one of the
critical parameters to investigate is the thickness of the formed films. In the experiments
herein described, the thickness of the OTCE was controlled by using different dilutions of
the selected photoresist in PGMEA. As the previous models [30, 31, 36-38] were not able to
accurately describe the optical properties of the resulting OTCE (therefore precluding the
calculation of the thickness by ellipsometry), the thickness of the substrates was initially
investigated by AFM. Figure 1A shows a representative image of the film and the location
of the groove used to calculate the thickness of the film.
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It is worth mentioning that at least five grooves were analyzed in each substrate, discarding
those that did not reach the underlying Si/SiO, substrate. As it can be observed in Figure 1B,
increasing the concentration of the photoresist resulted in significant changes in the
thickness of the electrodes. As expected, the thickness of the OTCE layer shows an
exponential dependence with respect to the concentration of photoresist. It is also important
to note that although preliminary experiments performed by SEM rendered similar thickness
values, the limited precision of such measurements did not allow performing additional
calculations.

AFM was also used to measure the topography of the surface of the OTCE. In agreement
with previous reports, all images showed continuous structures of OTCE on the Si/SiO,
substrates, with abundant nanostructured features throughout the surface. The overall
roughness of the surface was calculated to be £ 0.5 nm, for all the investigated films.

Resistance and Transmittance

OTCE are interesting substrates in the field of adsorption science and nanotechnology
because they enable performing both electrochemical and optical experiments. However, the
film resistance and transparency must be carefully balanced. As previously reported,
although thicker electrodes display lower resistance, significant decreases in transparency
are often associated with thick films [15, 16, 28, 39, 40]. Therefore, and aiming to rationally
select the most suitable OTCE for both electrochemical and ellipsometry measurements, the
carbon films obtained were characterized in terms of resistance and optical transparency.
The electrical behavior of OTCESs as a function of thickness was initially assessed by
measuring the resistance of each carbon film between two gold contacts (sputtered with a 1
cm gap) using a standard multimeter (2-point probe). As can be observed in Figure 2A, a
gradual decay in the resistance of the carbon films was observed as the film thickness
increases, reaching 248 (2 for the OTCE fabricated with 100% photoresist (thickness = 106.2
+ 0.3 nm). This trend, which is good agreement with previous literature reports [41, 42], has
been attributed to a progressive restriction of hopping conductivity (low temperature
conduction in systems composed of localized and disordered domains) [15]. As previously
stated, there is a trade-off between transparency and resistivity of the films. Consequently,
the transparency of the electrodes was evaluated in the 200-1000 nm wavelength range using
OTCE deposited on quartz substrates from different dilutions of the photoresist. All
substrates showed a slight decrease in transmittance as the wavelength decreases, leading to
a well-defined absorption peak at 250 nm (see Supplementary Information). Similar profiles
have been previously reported for other carbon-based nanomaterials [21]. Figure 2B shows a
summary of the overall trend observed, where the overall light transmittance of the
substrates was significantly influenced by the thickness of the OTCE deposited.

It is also worth noting that, under the conditions selected for the preparation of this OTCE, a
linear relationship between the transmittance and the resistance was obtained (R () = 962.6
To) + 180), enabling the estimation of % transmittance from much simpler, electrical
measurements.

Optical Characterization

In order to describe the optical behavior of the OTCE, the optical constants (n and k) of the
film should be extracted. However, fitting for those parameters in thin films is rather
challenging because the models tend to couple those parameters with the film thickness,
potentially leading to wrong interpretations. Aiming to minimize the chances of obtaining an
inaccurate set of optical constants, three independent approaches were applied to calculate
the optical constants of the films. In all cases, the built-in WVASE software package (J.A.
Woollam Co.; Lincoln, NE) was used to fit the experimental data and calculate the optical
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constants. In the first case, the optical properties of arc-evaporated carbon [36, 43] were
used as reference material to fit the data obtained from the ellipsometric and transmittance
experiments, performed on OTCE deposited on quartz substrates. It is worth noting that
thicker films (> 30 nm, see Figure 2B) exhibited very low transmittance (< 30%), greatly
reducing the signal/noise, and therefore precluding their analysis. Consequently, the optical
properties of the selected films were modeled by a layer of SiO, (bulk; d = 1 mm) and the
layer of optically transparent carbon. Although the constants calculated by this method were
in agreement with respect to those reported for other carbon films [41], they were only used
as a first approximation to the model parameters.

In the second approach, the spectroscopic ellipsometry data (¥ and A vs \) obtained from
films deposited in silicon wafers were used to refine the preliminary model obtained by the
first approach. In this case, the model was composed of a layer of Si (bulk, d =1 mm), a
layer of SiO, (d = 2.1 £ 0.5 nm), the layer of optically transparent carbon, and a fourth layer
accounting for the roughness of the films (also observed by AFM). As it can be observed in
Figure 3A, a good agreement (MSE < 10) between the experimental and the model-
generated data was obtained. Such agreement allowed calculating the thickness of the OTCE
and extracting the optical constants for the carbon layer (Figure 3B). This refined optical
model should allow the calculation of the thickness of other OTCE fabricated under similar
conditions. As it can be observed in Figure 1B, an excellent agreement (R? = 0.99) was
obtained between the thickness calculated by AFM and those values calculated by
ellipsometry, further confirming the appropriateness of the model.

The third approach used to calculate the optical constants of the OTCE consisted in feeding
the model with the thickness values obtained by AFM and letting the optical constants
fluctuate. This strategy yielded identical optical constants (data not shown) and was only
used to confirm the results. It is also important to mention that the three selected approaches
rendered similar results (within their corresponding errors) and were considered to be
complementary with each other.

Microstructure of the Films

It is well known that carbon has several allotropes and can exist in a wide range of
disordered forms. Raman spectroscopy was found to be sensitive to the presence of such
structures and to changes that perturb the translational symmetry of the sample [44]. For this
reason, Raman spectroscopy was used to obtain structural information related to the OTCE
produced with different concentrations of photoresist. A representative example of the
spectra obtained is shown in Figure 4. The results were then analyzed to calculate the
intensity of the G band (at 1587 cm™1) and the D band (at 1296 cm~1), which have been
attributed to the breathing of C-C bonds in graphite-like carbon (sp?) and the breakdown of
such symmetry, respectively. Additionally, a shoulder at 1151 cm~1 assigned to the presence
of nanocrystalline diamond phases (sp® carbon) [45] was also observed. Therefore, the
Raman spectra were deconvoluted into three Lorentzian [46] peaks centered at 1151 cm™,
1296 cm™1, and 1587 cm™L. In agreement with previous reports performed under similar
conditions (785 nm) [47], the D/Eg2 ratio was found to be (4.2 £ 0.1). This ratio, which has
been previously reported for pyrolytic carbon substrates [48], suggests that the disorder of
the layer could avoid the proper alignment of atomic orbitals of the graphene sheets and
consequently preclude the formation of a large 7~conjugated systems [49]. These results not
only support the necessity of performing an accurate characterization of the films but also
are in agreement with the previously-discussed electrical properties of the OTCE.
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Electrochemical Characterization

The electrochemical performance of the produced OTCE was initially studied by steady-
state cyclic voltammetry. Experiments were performed in 100 mmol-L™1 H,SO, solution, as
supporting electrolyte, containing 1.0 mmol-L™1 K3Fe(CN)g/K4Fe(CN)g, as a model
electrochemically-reversible redox couple. The working-potential window of the OTCE
ranged (under normal operational conditions) from -0.6 V to 1.5 V, and it was slightly
narrower than the value reported for other carbon electrodes [50]. In all cyclic voltammetry
experiments (performed in the —0.4 / 1.2 V range), well-defined peaks for the oxidation and
reduction of the redox couple were observed during the anodic and cathodic sweeps,
respectively. Initially, the effect of the electrode thickness (which affects the resistance and
transparency of the layer, see Figure 2) on the peak current (Ip) and peak potential (Ep) was
investigated using a sweep rate of 50 mV-s™1. As it can be observed in Figure 5A, increasing
the thickness of the OTCE resulted in systematic improvements in the peak current of both
processes. The ratio between the anodic and cathodic Ip showed only slight improvements,
decreasing from 1.15 to 1.01 for the 6.5 nm and 106.2 nm OTCE, respectively. As shown in
Figure 5B, increasing the thickness of the OTCE also decreased the peak potential
difference, reaching a minimum of 173 mV, for the 106.2 nm OTCE. In agreement with
Nicholson [51], this value (which is almost three times the ideal AEp = 0.059 V/n), suggests
that the oxidation and reduction process are not related and can be treated separately, just
like any other irreversible process.

Based on these results, and considering that the one of the advantages of the proposed
substrates is the possibility to perform experiments coupling spectroscopic and
electrochemical techniques, OTCE prepared from 40% and 60% dilutions of photoresists
were considered more appropriate and further characterized. As a representative example,
the results obtained with the OTCE prepared from the 60% dilution of photoresist in
PGMEA (d =20.9 nm, T =43%, and R = 631 2) are herein discussed. For these
experiments, the peak current and peak potential obtained from cyclic voltammograms
performed at different scan rates (in the 10-200 mV-s~1 range, 1.0 mmol-L~1 K3Fe(CN)g/
K4Fe(CN)g in 100 mmol-L™1 H,SO,) are discussed. The results showed a linear dependence
of both the peak current (anodic and cathodic) as well as the peak potential with respect to
the square root of the scan rate (v1/2). However, the large AEp and its dependence with
respect to the scan rate (AEp(mv) = 13.3 v12 + 92 4) indicates a decreasing degree of
reversibility as scan rates increase, approaching the limit for irreversible electrochemical
behavior (= 0) [52]. In order to confirm that these limitations can be attributed to the
resistive nature of the OTCE films (IR drop); the effect of the concentration of the
electroactive species was investigated. In this case, decreasing the concentration of
K3Fe(CN)g/K4Fe(CN)g from 1.0 mmol-L ™1 to 0.5 mmol-L~1 produced a decrease in the
anodic peak potential of 42 mV and an increase in the anodic peak potential of the same
magnitude. These resistive effects are a common drawback of many carbon-based electrodes
[53].

In order to characterize the prepared electrodes in terms of their electrical behavior, the
OTCE prepared from the 60% dilution of photoresist in PGMEA (d = 20.9 nm, T = 43%,
and R = 631 ) was investigated by electrochemical impedance spectroscopy. Figure 6
shows a representative example of a Nyquist plot obtained with the selected electrode.

In order to calculate the value of each component of the equivalent circuit, the spectrum was
simulated with the equivalent circuit included in Figure 6 (see insert), where Rgo, RiNT:
RcT, and Cyn corresponds to the resistance of the electrolyte, the internal resistance of the
film, the charge-transfer resistance and the internal capacitance of the film. The circuit also
included a constant phase element (CPE) with an exponent (o = 0.59 + 0.01) in order to
account for the roughness of the surface [54]. The values calculated for each element were:
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RsoL, ko =0.18 £ 0.01, RyNT, ko = 13.7 £ 0.6, ReT, kQ2=1.24+0.02, CINT pfls = 262 +1,
and CPE ,r/s = 0.71 £ 0.03. The quality of the fitting was evaluated using a built-in function
in the software (% error < 5%), which was considered adequate. The difference between the
values obtained under AC conditions and those obtained under DC conditions, suggests that
the OTCE show the typical frequency dependence observed in other thin films [55, 56].

Adsorption of Bovine Serum Albumin (BSA)

As previously discussed, the OTCE herein described were conceived as an alternative option
towards the development of electrochemical biosensors. The particular importance of OTCE
is that (besides being conductive, nanostructured, and uniform in terms of thickness) they
enable the simultaneous use of optical and electrochemical techniques. Following previous
papers from our group [30, 36, 38, 57, 58], it was considered important to investigate the
adsorption of proteins at various the electrode surfaces. This information could lead to the
rational development of biosensors with improved sensitivity. Although the development of
biosensors is outside the scope of the present manuscript, the possibility of applying the
OTCE for such experiments is herein demonstrated. For these experiments, a previously
described procedure was followed [30, 36, 38, 57]. Briefly, the ellipsometry cell [59] was
filled with buffer (10 mmol-L~1 phosphate buffer, pH = 4.7) and aligned. Solution was
pumped through the cell for 10 min and the ellipsometric angles measured to establish the
baseline. Then, a solution containing the selected protein was injected in the cell at a flow
rate of 1 mL-min~1 until a plateau was observed (typically within 60 min). During that time,
the ellipsometric angles (v and A) were measured as a function of time, using 500 nm as the
incident wavelength. The collected data was then used to determine the thickness (d,
expressed in nm) of the protein layer adsorbed to the OTCE. Finally, the amount of adsorbed
BSA (T, expressed in mg-m~2) can be calculated using Equation 3,

d(n —ng)

= (dn/dc)

Equation 3

where n and n, are the refractive index of the protein and of the ambient (aqueous buffer),
respectively and dn/dc is the increment of refractive index for the proteins in the adsorbed
layer. As a representative example, Figure 7 shows the dynamic adsorption experiment of
BSA on the surface of the OTCE. As expected, a rather fast process was observed in both
cases leading to the formation of a compact layer of protein on the surface of the OTCE. As
it can also be observed in Figure 7, the containing either 1.54 + 0.04 or 2.18 + 0.04 mg-m~2
of BSA depending on the applied potential at the OTCE-solution interface (OCP and 650
mV, respectively). Experiments involving a wider selection of proteins and experimental
conditions are currently underway and will be reported separately.

4. Conclusions

Uniform thin carbon films of different thicknesses were obtained by pyrolysis of different
dilutions of AZ P4330-RS photoresist coating silicon wafers. The electrodes were
characterized by atomic force microscopy, cyclic voltammetry, electrochemical impedance
spectroscopy and Raman spectroscopy. That information allowed the development of a
simple model to describe the optical properties of both the OTCE and the subsequent protein
layer, enabling other researchers to build upon this information. Furthermore, and as a
balance between electrochemical properties and optical transparency, the carbon film
prepared with 60% of photoresist was selected as the most appropriate substrate to
investigate the effect of electrode potential on the adsorption of BSA. The obtained results
demonstrate that the potential applied to the surface has a significant effect on the adsorption
process (kinetics and saturation amount) of BSA. Finally, the wide operational potential
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window of these electrodes (from —0.6 V to 1.5 V) can be used to investigate the effect of
the applied potential on the OTCE in the molecular adsorption processes as well as to bolster
the development of other opto-electrical devices such as detectors for microchip devices.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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11,1 nm
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Figure 1A.

AFM micrograph of the OTCE fabricated by spin coating a 20% dilution of photoresist onto
silicon wafers. The micrograph also shows the groove created to measure the thickness of
the film by AFM.
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Figure 1B.

Relationship between the thicknesses of carbon films (obtained by AFM and SE) versus the
concentration of photoresist used to prepare the OTCE. Data points and error bars
(contained within the points) represent the average and standard deviation, respectively, of
at least five measurements.
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Figure2A.
Dependence of the resistance as a function of the thickness of the OTCE. Conditions as
described in the Experimental section.
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Figure 2B.
Dependence of the transmittance at 600 nm as a function of the thickness of the OTCE
deposited on quartz glass slides. Other conditions as described in the Experimental section.
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Figure 3A.

Dependence of the ellipsometric angles (¥ and A) as a function of the wavelength (nm) of
the incident light beam, collected at three different angles (as noted in the figure). Data
points correspond to experimental data and lines correspond to model-generated values.
Other conditions as described in the Experimental section.
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Figure 3B.

Dependence of the refractive index (n) and extinction coefficient (k) of the films as a
function of the wavelength (nm) of the incident light beam. Other conditions as described in
the Experimental section.
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Raman spectrum of OTCE produced with 100% of photoresist in PGMEA. Data line
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corresponds to experimental data and points correspond to deconvoluted Lorentzian peaks.
Other conditions as described in the Experimental section.
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Figure5A.
Dependence of the anodic and cathodic peak current (Ip) as a function of the thickness of the
OTCE. Conditions as described in the Experimental section.
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Dependence of the peak potential difference (AEp) as a function of the thickness of the
OTCE. Conditions as described in the Experimental section.
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Figure6.

Nyquist plot obtained from OTCE prepared with 60% photoresist in PGMEA. Data points
correspond to experimental data and line correspond to model-generated values. The insert
show the equivalent circuit used to fit experimental data. Conditions as described in the
experimental section.
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Figure7.

Adsorption kinetic of 0.5 mg-mL~1 BSA on the OTCE fixed with 60% of photoresist at OCP
(full square) and 650 mV (empty square). The experiment was performed in 10 mmol.L™1
phosphate buffer at pH = 4.7 and a flow rate of 1 mL-min.
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