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The electrical and mechanical properties of conducting polymer
poly(3,4-ethylenedioxythiophene) coatings on microfabricated neural probes have been
evaluated by electrochemical impedance spectroscopy and nanoindentation techniques.
Our results reveal that for poly(3,4-ethylenedioxythiophene) coatings, the minimum
impedance correlates well with the mechanical properties. The lowest impedance films
are also those that are the softest. This is consistent with microstructural observations
by atomic force microscopy and scanning electron microscopy showing an increase in
the effective surface area (“fuzziness”) of the coatings. The presence of these
conducting polymer coatings provides an intermediate step along the interface between
the devices and brain tissue. This information provides clues for the design of
strategies for improving the long-term performance of these electrodes in vivo.

I. INTRODUCTION

Microfabricated silicon-based neural prosthetic de-
vices facilitate the functional stimulation of and record-
ing from neurons of the central nervous system. The bulk
modulus of silicon is ∼170 GPa, whereas a value of
∼0.1 MPa for the modulus of human brain was obtained.1

This corresponds to a 7-order of magnitude difference
between the modulus of devices and brain tissue. This
may lead to local strains at the sample surface during
chronic implantations in living tissue that could enhance
glial cell inflammation and thus reduce the biocompat-
ibility of the device. The conducting polymer poly(3,4-
ethylenedioxythiophene) (PEDOT) has been used for
biomedical applications because of its excellent long-
term stability and relatively high transparency.2,3 This
material exhibits significantly better electrical conductiv-
ity and chemical stability than polypyrrole (PPy).4 In our
laboratory, we have been investigating the use of con-
ducting PEDOT coatings for improving the long-term
performance of microfabricated neural prosthetic devices
that are directly implanted into the central nervous

system. We have found that soft, low impedance, and
biologically active conducting PEDOT coatings can be
prepared by electrochemical deposition on the electrode
sites.5 More recently, we also have explored a number of
methods to create features of well-defined size and high
surface area in nanostructured conducting PEDOT thin
films using templating and surfactant-mediated tech-
niques.6–8 By correlating measurements of probe electri-
cal properties with their surface morphologies, we have
found that maximizing the effective surface area of the
electrode coating makes it possible to minimize the elec-
trical impedance. This is consistent with the interpreta-
tion that the high surface area of the films promotes the
most facile charge transport.

The presence of conducting polymer thin films on neu-
ral probes can provide an intermediate step along the
interface between the devices and brain tissues. How-
ever, the conducting polymer thin films may have differ-
ent mechanical properties from the bulk. To monitor the
coating property changes with polymerization condition,
methods of mechanical testing with the ability to char-
acterize surface properties on a micron to nanometer
scale spatial resolution are required. There are a number
of methods for measuring the mechanical properties
(hardness, stiffness, and modulus) of polymer thin films
or coatings on substrates, such as peeling, scratching,
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stretching, and microhardness. For example, the me-
chanical properties of ∼100-�m-thick polythiophene,9

PPy,10 and PEDOT composites11 have been investigated
by means of stress-strain tests. Significant evidence for
the effects of film thickness and the electrochemical po-
lymerization conditions on mechanical properties were
found. Our conducting PEDOT coatings are directly de-
posited on neural probes and are typically less than 10 �m
thick; in many cases, they are less than 1 �m. In addition,
these coatings are deposited on the electrode sites that are
only ∼40 �m in diameter, so it is considerably more
difficult to obtain mechanical profiles of these small
amounts of conducting polymer using traditional testing
techniques. Nanoindentation is a relatively new tech-
nique that relies on the local deformation of a materials
surface using an indenter with a known geometry under
the application of a given load. This method is particu-
larly suited for thin films. It has been used to generate
information about the deformation behavior of a number
of polymer thin films, coatings, blends, and compos-
ites.12–15 However, few studies of conducting polymer
thin films have yet been presented.

This article evaluates the mechanical properties of
conducting polymer PEDOT coatings by using nanoin-
dentation and compares them with their electrical prop-
erties. The morphological structures in the film were ex-
amined with scanning electron microscopy (SEM) and
atomic force microscopy (AFM).

II. EXPERIMENTAL

3,4-ethylenedioxylthiophene (EDOT, >97%) mono-
mer was obtained from Bayer AG (Elkhart, IN). Lithium
perchlorate (LiClO4) was purchased from Aldrich (Mil-
waukee, WI) and was used without any previous purifi-
cation. Microfabricated neural probes with gold-coated
eight sites along the shank (1256 �m2 in area per site)
were provided by the University of Michigan Center for
Neural Communication Technology.

The PEDOT/LiClO4-conducting polymer coating was
electrochemically polymerized directly on the electrode
sites under galvanostatic conditions at room temperature
using a current density of 0.5 mA/cm2 in an aqueous
solution of 0.01 M EDOT and 0.01 M LiClO4. The elec-
trical supply was an Autolab potentiostat/galvanostat
PGStat12 (EcoChimie, Utrecht, The Netherlands). The
electrochemical polymerization was performed in a con-
ventional three-electrode cell. A platinum foil was used
as the counter electrode, a saturated calomel electrode
was used as the reference electrode, and the probe sites
were used as the working electrode. The amount of poly-
mer coated on the electrode site (film thickness) was
controlled by the total charge passed during polymeriza-
tion. After the electrochemical deposition was com-
pleted, the electrode probes were washed with deionized
water to remove any residual monomer or counterions.

An electrochemical impedance system (AutoLab po-
tentiostat/galvanostat; EcoChimie) was used to obtain
electrochemical impedance spectra (EIS) of PEDOT-
coated electrodes. A solution of 0.1 M phosphate-
buffered solution (pH 7) was used as the electrolyte in
the cell. The impedance spectra were recorded at 15 dis-
crete frequencies over a frequency range from 1 Hz to
100 kHz. The charge capacity of PEDOT-coated elec-
trodes was measured by means of cyclic voltammetry
(CV). CV was performed with the same instrument as
EIS by sweeping between −0.9 to +0.5 V versus satu-
rated calomel electrode, with a scan rate of 100 mV/s.
Five eight-site gold-coated probes were tested under the
same conditions. Each time, we measured the impedance
and CV at least four times. The impedance at 1 kHz was
examined in detail because this frequency corresponds to
the characteristic temporal width of a typical neural signal.

A Nano II (Nano Instruments, Oak Ridge, TN) was
used to perform the nanoindendation tests. A pyramidal-
shaped (Berkovitch) diamond tip (65.3° angle) was pro-
gressively pressed onto the same surface by a �N-scale
force (maximum force of 900 mN). A series of five in-
dentations (indentation spacing: 5 �m) were performed
for each site, and the results were averaged to generate a
mean load-displacement curve. A quartz standard sample
was used to calibrate the instrument and calculate the tip
area function.

Optical microscopy was conducted with a Optiphot
POL (Nikon, Melville, NY), having the capability for
reflected and transmitted light observations. Images were
acquired with a Spot RT digital camera running on a
computer workstation (Dell, Round Rock, TX). SEM
micrographs were taken by using a XL30 (Philips, Eind-
hoven, The Netherlands) with a typical voltage of 5 kV.
AFM images of PEDOT coatings on the electrode sites
were obtained with a Nanoscope III with a multimode
head (Digital Instruments, Santa Barbara, CA). Surface
scans from the AFM were analyzed using NanoScope III
software (version 5.12r3; Digital Instruments). Charac-
teristic analyses of the sample surface profiles were ob-
tained.

III. RESULTS AND DISCUSSION

A. PEDOT-coated electrode probes

Optical micrographs such as those shown in Fig. 1
confirmed that conducting polymer PEDOT coatings
doped with LiClO4 could be electrochemically deposited
on the sites of neural probe under galvanostatic condi-
tions. The PEDOT/LiClO4 was formed directly over the
conducting site (40 �m in diameter) and was dark blue/
black in color. Figure 2 shows SEM micrographs of the
top view of PEDOT/LiClO4 films electrochemically de-
posited on the electrode sites as a function of deposition
charge under galvanostatic conditions. In this case, the
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current density during the polymerization was controlled
at 0.5 mA/cm2. As can be seen from Fig. 2, the PEDOT
coatings grew in thickness as the deposition charge in-
creased, and further spread out of the sites at higher
deposition charge. The thickness of the coatings could be
roughly estimated from the side view of optical micro-
graphs using National Institutes of Health image soft-
ware and could then be measured accurately from side
view SEM images using Photoshop software (Adobe
Systems, Mountain View, CA). It can be seen from
Fig. 3 that the thickness of PEDOT coatings increased
systematically with the deposition charge. With EDOT
and LiClO4 concentrations of 0.01 M, and a current den-
sity of 0.5 mA/cm2 for electrochemical polymerization, a
4-�m thickness coating was deposited on a 1256-�m2

site with a deposition charge of approximately 11 �C (or
a deposition time of 30 min). Therefore, we can easily
control the amount of PEDOT coatings on the electrodes
by the deposition charge.

To characterize the surface topography as the film
grows, AFM was performed on a PEDOT/LiClO4-coated
eight-site electrode probe as a function of the total depo-
sition charge. Figure 4 shows AFM images of PEDOT/
LiClO4-coated sites with increasing deposition charge
from Figs. 4(a) to 4(f). The surface appeared to be com-
posed of round globular particles, and the average glob-
ule diameter increased with increasing of the coating
thickness (Fig. 5). Figure 5 shows that for a film with
a nominal thickness of 1.7 �m (deposition charge of
1.8 �C), the surface contained small globules, and the
average size of the globule was only 0.05 �m. As the
film grew thicker than 6 �m (deposition charge of
22 �C), the size of the globules increased to 0.13 �m
[Fig. 5(e)]. The globule size increased to 0.2 �m for a
film thickness of 10 �m (deposition charge of 43 �C).

B. Electrical properties

The impedance and charge capacity of PEDOT-coated
electrodes were measured by EIS and CV. Figure 6
shows the impedance spectra of a series of PEDOT-
coated electrodes as a function of deposition charge in
comparison with the uncoated gold electrode. The
PEDOT-coated electrodes showed lower impedances
over the whole frequency range of 1 Hz to 100 kHz than
those of uncoated gold electrode. The impedance de-
creased with increasing frequency in low frequency
range, reaching a minimum between 2 and 3 kHz, and
then increased slightly at the higher frequency range. In
addition, the impedance of the PEDOT-coated electrodes
over the whole frequency range (1–100 kHz) decreased
with increasing deposition charge. Furthermore, the
amount of stored charge (charge capacity) of the
PEDOT-coated electrodes increased approximately lin-
early with deposition charge (Fig. 7). Our previous re-
sults have shown that the higher effective surface area of
PEDOT-coated electrodes is responsible for the de-
creased impedance and the improved charge capacity.
Surfactant-templated–ordered PEDOT has a higher
charge capacity than that of nodular PEDOT or nodular
PPy at the same deposition charge because the charge
capacity was affected by the surface morphology.8

C. Nanoindentation measurement

The mechanical properties of conducting PEDOT-
coated electrode were characterized using nanoindenta-
tion. In the nanoindentation measurement, a pyramidal-
shaped (Berkovitch) diamond tip was progressively
pressed onto the sample surface with a �N-scale force,
which initiated the loading cycle. After reaching the
maximum indentation depth, the tip was gradually re-
moved from the sample, which initiated the unloading
cycle, leaving behind an indentation on the sample sur-
face. The indent depth and the stiffness of the measured
material were recorded, and the mechanical properties
such as hardness and modulus of the thin films were
calculated. The apparent plastic hardness (H) of the films
was calculated by dividing the maximum applied load
(Pmax) at a given displacement (h) by the contact area (A)
of the resulting indent

H = Pmax�A ,

where the contact area is a function of displacement and
is determined according to the following form

A�h� = 24.5 h2 .

A constant of 24.5 was used because it is assumed that a
Berkovich indenter has a perfect tip.16 The effective elas-
tic modulus (stiffness, S) was also calculated from the
unloading portion of the curves. Stiffness is defined as:

FIG. 1. Optical micrograph of conducting PEDOT/LiClO4-coated
eight-site neural probe (inset numbers show deposition charge). The
concentration of EDOT and LiClO4 was 0.01 M, and the growth
current density is 0.5 mA/cm2.
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S = dP�dA .

Figure 8(a) shows typical load-displacement curves
for a variety of PEDOT-coated electrodes under the same
maximum load of 1 mN. The two main steps, loading
cycle and unloading cycle, are noted in these figures.
There are three important parameters in these figures:
maximum load (Pmax), maximum displacement (hmax),
and plastic deformation (hp, displacement from origin to
the end point of unloading cycle). For example, for the
PEDOT-coated electrode site obtained by passing
through a deposition charge of 3.6 �C (or 10 min), the
Pmax, hmax, and hp are 0.92 mN, 548 nm, and 512 nm,
respectively. The AFM image of this indent is shown in
Fig. 8(b). The triangular shape left by the Berkovich
indenter can be clearly seen. The section analysis under
the image illustrates an indentation depth of 520 nm,
which is consistent with the plastic deformation data (hp)

FIG. 2. SEM micrographs of PEDOT/LiClO4 coatings deposited on gold-coated sites with deposition charge from (a) to (f) of 1.8 �C, 3.6 �C,
7.2 �C, 10.8 �C, 21.6 �C, and 43.2 �C. The concentration of EDOT and LiClO4 was 0.01 M, and the growth current density was 0.5 mA/cm2.

FIG. 3. The relationship between the PEDOT/LiClO4 coating thick-
ness and deposition charge.
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mentioned above (512 nm). The maximum displacement
for different PEDOT-coated sites having different coat-
ing thicknesses was in the range of 900 nm, correspond-
ing to the deposition charge of 11 �C (or deposition time
of 30 min), whereas it was only 134 nm for a gold-coated
silicon site under the same load. On the other hand, we
found that the maximum displacement for PEDOT-
coated sites began to decrease from 900 nm when the

deposition charge was above 11 �C. These load versus
displacement curves illustrate the much softer nature of
conducting polymer compared with the harder silicon
devices. The softer conducting polymer surface requires
lower normal loads to induce a comparable indenter pen-
etration.

As we have discussed above, the impedances of
PEDOT-coated electrodes over the whole range of

FIG. 4. AFM images of PEDOT/LiClO4 coatings deposited on gold-coated sites with deposition charge from (a) to (f) of 1.8 �C, 3.6 �C, 7.2 �C,
10.8 �C, 21.6 �C, and 43.2 �C. The scanning length was 2 �m.
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frequency (1–100 kHz) decreased with increasing fre-
quency (Fig. 6). Because most neural activity is around
0.3 to kHz, the impedance at 1 kHz has been used as
a standard measure of the coated electrode quality.17

Figure 9 shows the relationship between the coating
thickness and impedance magnitude at 1 kHz for differ-
ent PEDOT-coated electrodes. We can see that the im-
pedance at 1 kHz decreased sharply after coating with
PEDOT and continued to gradually decrease as the coat-
ing thickness increased (bold square curve in Fig. 9). The
impedance dropped to a minimum at a coating thickness
of about 4 �m (or 11 �C deposition charge), and then
increased with increasing coating thickness. This corre-
lated with increase in the effective area of the deposited
polymer on the surface. Similar results have been found
in our previous work.5,7,8

We found that the mechanical properties and electrical
properties of PEDOT coatings varied in a systematic
manner with coating thickness and surface morphology.

As can be seen from Fig. 9 (open square curve), the
maximum displacement of the PEDOT-coated electrodes
with different coating thicknesses correlates with imped-
ance magnitude measured at 1 kHz. The displacement
first increased and then decreased with increasing coat-
ing thickness. The lowest impedance of the PEDOT-
coated electrode (solid square curve) at a coating thick-
ness of about 4 �m is the coating that has the softest,
largest displacement of 900 nm (open square curve), and
thus has the most compliant mechanical response. In ad-
dition, the relationship between the hardness, the effec-
tive elastic modulus (stiffness), and the coating thickness
are also shown in Fig. 10. We can see that the effective
stiffness and the hardness decreased with increasing
coating thickness, reaching a minimum at about a coating
thickness of 4 �m, and then increased with a further
increase in the coating thickness. They have the same
trend as the relationships between the impedance mag-
nitude at 1 kHz and coating thickness (Fig. 9, bold square
curve). Therefore, our nanoindentation studies confirm
that the PEDOT coatings on the electrode sites first be-
come open and soft, and then stiffen and get more fully
dense as the polymerization continues (Fig. 11). The
lowest impedance films are those that have highest sur-
face area and the softest, most compliant mechanical re-
sponse. This is consistent with the interpretation that the
high effective surface area of the films promotes the most
facile charge transport.

To characterize the surface roughness as a function of
coating thickness, the root mean square (RMS) rough-
ness of PEDOT coatings deposited on electrode sites was
calculated using NanoScope III software (version 5.12r3;
Digital Instruments). The results in Fig. 12 show that the
roughness of the coatings increased as the increase of
coating thickness, reaching a maximum at a coating

FIG. 5. The single globule average diameter of PEDOT/LiClO4 coat-
ings on gold-coated electrodes as a function of coating thickness.

FIG. 6. Impedance spectroscopy of PEDOT/LiClO4 electrodeposited
on the electrodes (area is 1250 �m2) as a function of frequency com-
pared with an uncoated gold electrode.

FIG. 7. The charge capacities of PEDOT/LiClO4-coated electrodes as
a function of deposition charge.
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thickness of 4 �m, and then decreased sharply and fol-
lowed by slower rate of increase as the increase of coat-
ing thickness. The results revel that for highest rough
surfaces of electrochemically polymerized PEDOT-
coated electrodes, the minimum impedance also corre-
lates well with the mechanical properties. The RMS just

gives a single value of roughness averaged over the
length scale of observation, but does not demonstrate the
length scale dependence of the surface roughness. Our
previous work has reported a conducting polymer PPy
electrochemically deposited on the electrode with fractal
surface that can be quantitatively analyzed using power
spectral density (PSD) method.18 Figure 13 shows the
PSD spectrum [log(PSD)∼log(f) curves] of PEDOT coat-
ing taken from the 1.7-�m-thick film in Fig. 4. It shows
a self-affine topography, and the two linear part of the
plot (dash line) indicated that there were two different
fractal regimes in this film. As can be measured from Fig.
13, the wave number at the transition point of PSD spec-
trum of 1.7-�m-thick PEDOT film is about 1.25 �m−1,
corresponding to a wavelength of ∼0.08 �m. The rela-
tionships between the wavelength and the coating thick-
ness of PEDOT coatings are shown in Table I.

From the PSD analysis, it is possible to calculate the
fractal dimension (Ds) of the surface using a double loga-
rithmic plot of spectral density versus wave number. The

FIG. 8. (a) Load versus displacement curves for PEDOT/LiClO4-
coated sites with different deposition charge (thickness) and (b) AFM
indent image and section analysis of a selected site (corresponding to
a deposition charge of 3.6 �C).

FIG. 9. The impedance magnitude at 1 kHz and the maximum dis-
placement as a function of coating thickness. The displacements were
obtained from nanoindentation tests with an applied load of 1 mN and
a loading rate of 0.1 mN/s.

FIG. 10. The relationship between the coating thickness and the hard-
ness and effective elastic modulus at an applied load of 1 mN with a
loading rate of 0.1 mN/s.
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Ds represents a length-scale-invariant parameter related
to the slope of the power spectral density of the surface,
�, by

Ds = 0.5�7-�� [ref. 18–19] .

The values of two effective Ds as a function of coating

thickness are plotted in Fig. 14. In the high frequency
range, Ds increased with increasing coating thickness,
reaching a maximum at a thickness of 4 �m, and then
decreased with further increase of the coating thickness.

FIG. 11. Schematic illustration of surface morphology on electrode
sites as a function of coating thickness (or deposition charge). The
arrow shows that the electrode site has largest effective area corre-
sponding to lowest impedance and softest coating.

FIG. 12. The roughness (RMS) of different thicknesses of PEDOT/
LiClO4 coatings on gold-coated electrodes.

FIG. 13. PSD spectrum for 1.7-�m-thick PEDOT/LiClO4 film elec-
trochemically deposited on an electrode. The slope (�) can be obtained
from the curve-fitting equation.

TABLE I. The wavelength at transition point with different coat-
ing thickness.

Thickness (�m)
Deposition

charge (�C)
Average wavelength at
transition point (�m)

1.7 1.8 0.075
2.4 3.6 0.102
3.1 7.2 0.121
4.1 10.8 0.143
5.9 21.6 0.140

10.2 43.2 0.154
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The results further confirm that the low frequency linear
region of PSD was related to the roughness of the whole
surface, whereas the high frequency part corresponded to
the surface roughness of single globules (RMS). The
PSD analysis was performed for 2 × 2-�m images be-
cause, in this case, we have good spatial resolution for
the single globules and the overall film surface structure.
Correlations taken at other scan sizes such as 5 × 5 �m
and 10 × 10 �m were not as consistent. These observa-
tions suggest that a critical length scale might be in-
volved in the mechanisms of plasticity and charge trans-
port, and that a more detailed study of surface geometry
would be worthwhile in the future.

IV. CONCLUSIONS

The electrical properties and mechanical properties of
conducting PEDOT/LiClO4 coatings on electrode probes
have been evaluated as a function of thickness by EIS
and nanoindentation. These results have been compared
with morphological studies by SEM and AFM. Our re-
sults reveal that for electrochemically deposited conduct-
ing PEDOT coatings on electrode sites, the minimum
impedance correlates well with the surface microstruc-
ture and the mechanical properties. The lowest imped-
ance films are those that have the highest surface area
and roughness, and the most compliant mechanical re-
sponse. The electrical and mechanical properties of these
conducting polymer coatings are expected to have a
strong influence on the long-term performance of micro-
fabricated neural probes.
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