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COMMUNICATIONS

PYROLYZED PHOTORESIST FILM ELECTRODES
FOR APPLICATION IN ELECTROANALYSIS

Vlastimil Rehaéek "— Ivan Hotovy ¥ Marian Vo js *
— Maério Kotlar *— Thomas Kups " Lothar Spiess **

Pyrolyzed photoresist film (PPF) electrodes for application in electroanalysis were prepared on alumina substrates. These
electrodes were characterized for their electrical, microstructural (by Raman spectroscopy) and electrochemical properties.
As a support, the PPF electrodes were tested for simultaneous determination of Pb(II), Cd(II) and Zn(II) in an aqueous
solution on in-situ formed bismuth film by square wave voltammetry (SWV). The dependence of the stripping responses
on the concentration of target metals was linear in the range from 1 x 1078 to 9 x 10”8 mol/L. The effect of activation
of the PPF surface by argon plasma on analytical performance of bismuth film electrode (BiFE) on PPF support was also

investigated.

Keywords: pyrolyzed photoresist film, Bismuth film electrode, anodic stripping voltammetry

1 INTRODUCTION

General trends for environmentally friendly analyti-
cal methods and alternative materials have continuously
been sought. From this point of view bismuth film elec-
trodes are very promising in the field of electrochemical
analysis. Bismuth has a potential to replace toxic mer-
cury used most frequently for determination of heavy
metals (such as Cu, Cd, Pb, Zn) by anodic stripping
voltammetry (ASV) [1,2]. The attractive properties of
bismuth films include simple preparation, high sensitivity,
excellent peak resolution, insensitivity to dissolved oxy-
gen in aqueous solutions, negligible toxicity and ability
to operate in highly alkaline media [3-5]. Anodic strip-
ping voltammetry is a very attractive electroanalytical
technique for determination of trace heavy metals. The
method is characterized by remarkable sensitivity and ex-
tremely low detection limits (<ppb). Other advantages
such as the ability to determine simultaneously several
metals with high selectivity, rapidity, simplicity and low
cost of the analyses are important. The high sensitivity
and low detection limits are mainly given by the first step
involving preconcentration of the analyte species in accu-
mulating bismuth film, which is carried out under a fixed
reduction potential for a predetermined time. In the sec-
ond, stripping step, the accumulated species are stripped
from bismuth into the solution by reoxidation. The strip-
ping current peaks are proportional to the concentration
of the species accumulated in bismuth and, hence, to the
concentration in the analyte. Toxic metals can simulta-
neously be determined for concentration levels down to
sub-ppb by pulse techniques such as differential pulse

voltammetry (DPV) and mainly square wave voltamme-
try (SWV). The stripping analysis by SWV eliminates
the time-consuming deaeration step because the strip-
ping step is less sensitive to irreversible processes at high
square wave frequency such as reduction of oxygen dis-
solved in aqueous solutions [6,7]. Thanks to this tech-
nique, the oxygen interference with analytical signal is
strongly reduced. In general, the performance of anodic
stripping voltammetry with accumulating metal film is
strongly affected by the supporting electrode material.
An ideal electrode should possess low ohmic resistance,
chemical and electrochemical inertness, good mechanical
properties, high hydrogen and oxygen overvoltage (wide
potential window), low background current and ease of
reproduction of the electrode surface. The choice of the
electrode support that bismuth is deposited onto is cru-
cial. Carbonaceous substrates such as glassy carbon [8-
11], carbon paste [8,12], carbon fibre (3,13, 14], impreg-
nated graphite [8], pencil-lead [15], diamond-like carbon
(DLC) [16,17], boron-doped diamond (BDD) but also
gold [5,13], platinum [5] and others [4,5] have been re-
ported for bismuth deposition. A pyrolyzed photoresist
film of sp?-bonded carbon is an attractive alternative to
other carbon electrodes for application in electroanaly-
ses [18]. Generally, PPF films are highly electrically con-
ductive materials (~ 5 x 1073Qcm) with microstructure
much like that of glassy carbon. In addition, PPF films
are low in surface oxygen (O/C =~ 2 %), probably due to
hydrogen termination during the pyrolysis, and therefore
are slightly resistant to oxidation on air. The main benefit
of PPF films is their very high smoothness and possibil-
ity to pattern the films before pyrolysis by photolithogra-
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Fig. 1. Raman spectrum of pyrolyzed photoresist film
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Fig. 2. Cyclic voltammograms of PPF electrode in nondeaerated
and deareated 0.1 mol/L acetate buffer solution (pH 4.5) at a scan
rate of 50 mV/s

phy. Moreover, their fabrication is inexpensive in compar-
ison with glassy carbon. PPF is prepared by spin coat-
ing a thin layer of photoresist onto a clean substrate (Si,
Al;O3). The thickness of the photoresist layer (usually a
few micrometers) is controlled by the spin speed and pho-
toresist viscosity. After the coated substrate is softbaked
at approximately 90-100°C for 2 min on a hotplate, the
substrate is placed in a quartz tube furnace for pyrolysis.
The pyrolysis is usually conducted at 1000 °C for 1 hour
under inert gas atmosphere (for example in forming gas).
Of course, certain film shrinkage occurs, primarily in the
film thickness, due to decomposition of the photoresist.
In this work, pyrolyzed photoresist film electrodes as a
support for bismuth film electroplating are characterized.
Finally, the results of heavy metal determination by an-
odic stripping voltammetry with bismuth electrodes on
PPF are presented.

2 EXPERIMENTAL

Pyrolyzed photoresist film electrodes were fabricated
by spin coating a thin layer of photoresist S 1813 SP15

(Shipley) at 3000 rpm (~ 1.4 pm in thickness) on alu-
mina substrates. The areas (4 x 4mm?) which act as
working electrodes were defined photolithographically.
Pyrolysis was carried out at 1000 °C for 1 hour under in-
ert gas atmosphere (95 %Ar + 5 %Hs, at 200 sccm flow)
in a quartz tube furnace (20°Cmin~! of temperature
ramp). After pyrolysis, the samples were cooled slowly
to ambient temperature under constant flow inert gas.
Before the PPF electrodes were used in electrochemical
experiments, electrode pretreatment involving condition-
ing the surface morphology, microstructure and chem-
istry was performed. In general, pretreatment is used
in order to obtain high-quality, reproducible measure-
ments. This is because contaminants from the ambient
air which are adsorbed onto the surface. Moreover, air
oxidation as well as potential-induced oxidation of car-
bon materials in the electrolyte can produce changes
in the surface chemistry. Therefore, every carbon elec-
trode needs to be pretreated before its use. There are
several procedures for carbon materials treatment [18].
Our standard pretreatment protocol for activation of
PPF electrode involved solvent cleaning at first. Soak-
ing the electrode in isopropanol for 30 min effectively
dissolved contaminants from the surface without any mi-
crostructural damage. This procedure was applied once
only after the electrode was prepared. Immediately be-
fore each measurement, the electrode was polarized by
cycling (5 of cycles) in 0.1 mol/L acetate buffer solution
between —1.5 and 1.5V at a scan rate of 50 mV/s. All
the stock solutions were prepared from analytical grade
chemicals (Bi(NO3); x 5H,0 — 99.999 %, Pb(NO3)s,
— 99.0%, Cd(N03)2 X 4H20 — 99.0%, ZH(NO3)2 X
6H20 — 99.0%, CH3COOH — 99.8%, CH3COONa
— 99.0%) in 18 MQcm deionised water. Voltammet-
ric experiments were performed with an electrochemical
sensor interface (PalmSens, Palm Instruments BV) in
combination with a magnetic stirrer and personal com-
puter. SWV was used in the measurement of the strip-
ping voltammograms. A three-electrode arrangement was
used in all experiments. As a reference, a home-made
Ag/AgCl/agar Cl(3mol/L)/agarNO3 (1 mol/L) electro-
de and, as a counter electrode, a platinum wire were used.
Acetate buffer solution with concentration of 0.1 mol/L
(pH=4.5) was used in all electrochemical measurements.
Electrochemical properties of PPF electrodes were inves-
tigated by cyclic voltammetry (CV). The morphology and
microstructure of PPF films was investigated by SEM and
Raman spectroscopy.

3 RESULTS AND DISCUSSION

3.1 Characterization of pyrolyzed photoresist
film

Thin pyrolyzed photoresist film electrodes were first
analyzed for their electrical properties. By a 4-point
probes method we have found a sheet resistance of film of
44 Q /0. This electrode resistance can be more reduced if
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Fig. 3. Square wave stripping voltammograms (Estep = 25 mV,
Epuise = 80mV and frequency 25 Hz). Dependence of current
response of BiFE on PPF on concentration of Bi(III) in 0.1 mol/L
acetate buffer (pH4.5); concentration of each of metals:

2 x 1078 mol/L, 120 s preconcentration at —1.3 V
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Fig. 4. Square wave stripping voltammograms (Estep = 25 mV,
Epuse = 80mV and frequency 25 Hz). Dependence of current
response of BiFE on PPF on concentration of target metals in
0.1 mol/L acetate buffer (pH 4.5); Bi(III) concentration
7 x 10~ "mol/L, 180 s preconcentration at —1.3 V
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Fig. 5. Square wave stripping voltammograms (Estep = 25 mV,
Epuse = 80 mV and frequency 25 Hz). Influence of activation of
PPF surface by Ar plasma (162 mTorr at 100 sccm of Ar and
100 W) on current responses of BiFE; concentration of target metals
2 x 108 mol/L of each and Bi(III) 7 x 10~ mol/L in 0.1 mol/L
acetate buffer (pH4.5); 180 s preconcentration at —1.3 V

we coat a substrate by a thicker photoresist film and/or
use a conductive sublayer before photoresist coating. For
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example, if we used as a support an alumina substrate
with Pt layer, prepared by thick film technology, the sheet
resistance was excellently reduced to 0.07Q2/0. A useful
tool for characterizing the microstructure of carbon ma-
terials is, in general, Raman spectroscopy. Raman spec-
tra for PPF reveal two characteristic bands at ~ 1358
(“D”) band) and ~ 1580 (“G” band) cm™! with inten-
sity ratio “D”/ “G” in the range of 1.2-1.5 [18]. This
ratio correlates with the extent of microstructural dis-
order. Similar spectra are reported also for glassy car-
bon material. In Fig. 1, a typical Raman spectra of our
sample is shown. In our case the two bands are slightly
shifted (1326 and 1589 cm™') but their positions can re-
flect tensile or compressive stress within the film. Also,
the intensity ratio “D”/“G” of our PPF was found lower
(1.1). It can be explained that the microstructure of the
film is less disordered and that it contains more graphitic
structure. Electrochemical behaviour of PPF electrode
was characterized by cyclic voltammetry in 0.1 mol/L ac-
etate buffer solution with pH value of 4.5 in a potential
range from —1.3 to 0.3V at a scan rate of 50 mV/s.
For analyses of metals by ASV a low background cur-
rent is very important in a broad potential range so as
to achieve the highest signal to noise ratio and, thereby,
the highest sensitivity. In Fig. 2, the current differences
obtained with the same PPF electrode in a solution be-
fore and after deaeration with nitrogen for 10 min are
shown. In the case of nondeaerated solution, the currents
are much higher due to the reduction reaction of oxygen
in the solution. At approximately —0.8 V, a character-
istic increase of the reduction current from this reaction
was observed. A sharp increase of the current over a po-
tential approximately —1.1 V stems from hydrogen evo-
lution. On the other hand, the electrode in the deaerated
solution is characterized by a high hydrogen overvoltage
and the current dependence is linear in the whole range
from 0.3 to ~ —1.3 V.

3.2 Analytical performance of BiFE on PPF

The concentration of Bi(III) used for formation of the
bismuth film on carbon electrodes is known to influence
the height of the stripping peaks of the target metals
[8,11, 15]. Stripping voltammograms with the PPF elec-
trode for the solution with 2 x 10~®mol/L concentration
of each of Pb(II), Cd(II) and Zn(II) in 0.1 mol/L acetate
buffer are shown in Fig. 3. They were recorded at differ-
ent contents of Bi(III) from 1 x 10~7 (bismuth-to-metals
ratio of 5:1) to 9 x 10~"mol/L (bismuth-to-metals ratio
of 45:1). As the Bi(III) concentration increased, all the
peaks increased in height up to a ratio of ~ 35 : 1 and
the current responses of all metals became independent
of additional increasing of Bi(III). We suppose that the
dependence of the stripping responses on Bi(III) concen-
tration at lower bismuth-to-metals ratios (< 35) is prob-
ably influenced by the fact that under these conditions
the surface of PPF electrode is not covered by bismuth
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completely. The ability of using the BiFE for simulta-
neous determination of Pb(II), Cd(II) and Zn(II) with
optimized SWV parameters for these PPF electrodes is
illustrated in Fig. 4. All the peaks are well resolved and in-
crease linearly with the metal concentration in the range
from 1 x 1078 to 9 x 1078 mol/L. The resulting calibra-
tion plots were used for estimating the detection limits.
On the basis of criteria for calculation of the detection
limit (Y intercept + 3x SD) the detection limits were es-
timated as 1.8 x 10~®mol/L for Pb(II), 1.0 x 10~ 3mol/L
for Cd(II) and 1.0 x 10~8mol/L for Zn(II). In addition to
our standard pretreatment protocol we have also inves-
tigated the effect of argon plasma used for activation of
the PPF surface upon the analytical performance of the
PPF electrode. A short 5 min treatment in Ar plasma
strongly affected the surface properties of the electrode
and thereby its analytical performance in stripping anal-
ysis as can be seen in Fig. 5. In many cases we have
observed an appearance of a double peak of bismuth in
voltammograms, with the main peak at —0.185 V and a
very small one at 0.035 V. The reason of this splitting
seems to be related to stripping of bismuth from differ-
ent sites of PPF surface. So it is evident from Raman
spectrum that PPF has exposed not only the basal but
also edge planes whose the reactivity to contaminants is
higher than that of the basal plane sites. Probably, the
increased carbon-oxygen functionality at the edge plane
sites could decelerate the rate of electron transfer when
bismuth is stripped from the surface of PPF. A longer
exposure (15min) of PPF to Ar plasma confirmed our
presumption. Unfortunately, an attempt to improve the
performance of PPF electrodes in stripping analysis of
target metals by treatment in Ar plasma was not suc-
cessful.

4 CONCLUSION

A pyrolyzed photoresist film of sp?-bonded carbon is
an attractive alternative to other carbon electrodes for
application in electroanalyses. The main benefit of PPF
films is their very high smoothness and possibility to pat-
tern the films before pyrolysis by photolithography. More-
over, their fabrication is not expensive. PPF electrodes
prepared on alumina substrates were characterized for
their electrical, microstructural and electrochemical prop-
erties. It was found that PPFs formed by pyrolysis of pho-
toresist S-1813 SP 15 at 1000 °C for 1 hour were highly
electrically conductive with a sheet resistance of 44 /0.
Raman spectra showed two characteristic “D” and “G”
bands for PPF with their intensity ratio 1.1 which is
slightly lower than the value reported for this material.
It can be explained that the microstructure of film is less
disordered and contains more of the graphitic structure.
Electrochemical behaviour of PPF electrodes was charac-
terized by cyclic voltammetry in 0.1 mol/L acetate buffer
solution. The current dependence of PPF was linear in
the whole range from 0.3 to ~ —1.3 V in deaerated so-
lution. As a support, the PPF electrodes were tested for
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simultaneous determination of Pb(II), Cd(II) and Zn(II)
in an aqueous solution on in-situ formed bismuth film by
square wave voltammetry. The dependence of the strip-
ping responses on the concentration of target metals was
linear in the range from 1 x 10 to 9 x 108 mol/L. Un-
fortunately, pretreatment of PPF surface by Ar plasma
caused degradation of the analytical performance of bis-
muth film electrode (BiFE) on PPF support in stripping
analysis of target metals.
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