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Abstract
Composite materials comprising multilayers of metal and conductive polymer can have
applications in sensing, biomedical, and energy storage/conversion scenarios. One attribute of
such metal/polymer composites is that they typically display highly anisotropic electrical
properties, which makes them useful as materials for microelectronic or magnetic devices.
However, incorporating the deposition of conductive polymers into scalable and manufacturable
fabrication processes can be challenging, as the mechanisms for electropolymerization are
complex. We previously demonstrated an additive approach to fabricate metal/polymer
multilayer structures, using soft magnetic alloys as the metal component and polypyrrole (PPy)
as the polymer component. To extend the utility of these composites, the deposition of many
multiples of alternating metal/polymer pairs within specifically defined lithographic molds is
highly desirable. However, since the lateral growth of electrodeposited PPy is typically faster
than vertical growth, non-uniform layer geometry and growth of the polymer on and above the
patterned molds are often observed. In this work, we achieve suppression of lateral PPy growth
by control of electropolymerization bath counter-anions and passivation of underlying metal
layers during deposition. The lateral-to-vertical growth rate uniformity ratio is reduced by a
factor of six (to approximately unity) through polymerization parameter optimization and
exploiting a continuous five-bath electrodeposition approach. The reduction in lateral growth
rate enhances the scalability of multilayer structures that are fabricated using this additive
electrodeposition-based approach and provides a manufacturable route to additive,
lithographically patterned metal/polymer composites with tunable volume and geometry,
without sacrificing the microstructure and properties of the composite.

Keywords: electropolymerization, microstructures, composites, conductive polymers,
microelectromechanical systems

(Some figures may appear in color only in the online journal)

1. Introduction

Conductive polymers, as a class of materials, can dis-
play a wide range of mechanical, electrical, and thermal

properties, making them highly suitable for incorporation into
microelectromechanical systems (MEMS). Such polymers can
act as structural or active layers in supercapacitors or batteries
[1–4], sensors [5–7], actuators [8–10], biocompatible devices
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[11–13], and magnetic components [14–16]. As their elec-
trical conductivities are typically intermediate between insu-
lators and metals, conductive polymers have been investig-
ated as interlamination materials in multilayer composites,
the overall structure of which comprises alternating layers of
metal and polymer [17]. Such composites have been shown to
display anisotropic conductivities, where current flow through
the structure is drastically different in the vertical and lat-
eral directions. Such directed electrical properties are espe-
cially useful in magnetics and could be an enabler of on-chip
miniaturized magnetic devices [18].

Sequential physical vapor deposition of metal and
polymeric material can create structures with controlled indi-
vidual layer thicknesses down to the nanoscale [19]; however,
these approaches are often challenging to scale to larger total
composite thicknesses due in part to relatively high built-in
stress and long processing deposition times. As an altern-
ative, electrodeposition-based multilayer processes provide
the ability to control individual layer thicknesses as well as
scalability to relatively large material volumes. While direct
electrodeposition of metallic and insulating interlayer mater-
ials (which would be analogous to sequential physical vapor
deposition) is not feasible due to the difficulty of electrode-
positing a metal (or metal alloy) directly on a non-conducting
material, development of additive approaches based on direct,
non-vacuum-based deposition of a semi-insulating interlam-
ination material (such as a conductive polymer) would make
fabrication and exploitation of these composites more viable.

A major challenge to incorporating conductive polymers
into composite materials with micron-scale feature sizes is
depositing the polymer into patterned molds. Electropolymer-
ization (analogous to electroplating) mechanisms for conduct-
ive polymers are complex, and the polymerization reactions
often result in growth rates that are higher in the lateral dir-
ection due to the microstructural morphology of the polymer.
High polymeric lateral growth coats the surface of lithographic
molds (often overdepositing on the edges of the patterns),
resulting in structures with non-uniform geometries, layer
overlap, and potential loss of desired material properties.

In previous work, proof of concept magnetic laminations
were fabricated using an additive, electrodeposition-based
approach whereby a conductive polymer (polypyrrole (PPy))
was utilized as an insulating material within magnetic lay-
ers comprised of a nickel–iron alloy (Ni80Fe20, or permalloy)
[17]. The electrical performance of these PPy–NiFe lamina-
tions was excellent, as the ratio of electrical conductivity in
the lateral-to-vertical direction was over 106. However, the
scalability of these structures was limited, as the lateral growth
of PPy during electropolymerization resulted in large aniso-
tropy in lamination thicknesses at the edges of the patterned
multilayers as compared to the center. Thus, optimization of
the PPy electropolymerization process is necessary to achieve
a manufacturable route that avoids the use of larger molds
for layer deposition (which are harder to fabricate) and also
eliminates wasted material.

In this study, the mechanism for PPy electropolymerization
is analyzed to guide polymerization bath compositions, layer
deposition order, and deposition conditions, resulting in a

Figure 1. Top: schematics of a multilayer composite fabrication
process based on sequential additive deposition. Bottom: a
schematic of a laminated structure, including individual layer
thicknesses of metal and polymer (tm and tp). The total thickness of
the laminated structure is T.

process that can be utilized as a scalable additive fabrica-
tion approach for micro-scale multilayer composite materi-
als within micromolds. The resulting structures were physic-
ally characterized to quantitatively assess the suppression of
sidewall growth as well as ensure that proper layer anisotropy
is maintained.

2. PPy lamination fabrication

Figure 1 shows a schematic of an electrodeposition fabrication
approach for the multilayer magnetic laminations discussed
in [17]. The electropolymerization of the polymer insulating
layer is completed in a deposition bath that consists of pyrrole
monomer and a supporting electrolyte. The process occurs
anodically and is initiated by the oxidation of a monomer
molecule into a radical cation at the surface of the working
electrode [20]. These monomer radicals can then react to form
dimers that subsequently undergo dehydrogenation to form a
stable species. During this process, anions in the supporting
electrolyte migrate to the dimer site to maintain local charge
neutrality and are thus incorporated with the chains as poly-
merization continues. During the initiation process, the sup-
plied current must be sufficiently high that dimers and trimers
can be formed at the surface of the working electrode before
the radical monomers diffuse away or react with the electro-
lyte to form soluble products. Chains with two or more pyrrole
monomer links are more stable after oxidation due to their
ability to delocalize the radical across multiple rings. Termin-
ation of the polymerization reaction occurs when the current
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Figure 2. Top-down SEM images of PPy plated through a positive photoresist pattern of concentric toroids. Inset shows polymer
overgrowth at the sidewalls of the pattern in the region indicated by the arrow, resulting from larger thicknesses at the edge as compared to
the center. In this work, a supporting salicylate anion was utilized.

source is removed, and the further oxidation of monomer rad-
icals ends [20].

During the fabrication of the structure illustrated in figure 1,
it was found that the lateral electrical conductivity of the elec-
tropolymerized PPy was larger than its conductivity in the
vertical direction [17]. Further, it was observed that as the
monomer is polymerized, it grows outward to the edge of the
conductive substrate and the insulating photoresist mold, at
which point it grows laterally up the surface of the wall. It
is hypothesized that the combination of enhanced conductiv-
ity and polymer morphology results in a larger driving force
for growth in the lateral direction, thereby resulting in an
increased thickness of electropolymerized polymer at the side-
walls. This non-uniformity can be quantitatively assessed by
determining the ratio of the thickness of the deposited polymer
layer at the edge of the pattern (tw) to the thickness at the cen-
ter (tc). This measure of anisotropy is defined as α, as shown
in equation (1):

α=
tw
tc
. (1)

A value ofα= 1 indicates uniform electrodeposition, while
larger values of α suggest increasing non-uniformity. A typ-
ical α value measured for the standard PPy deposits discussed
in previous work is approximately six, which leads to over-
plating.

Figure 2 shows typical results of electrodepositing PPy
through a photoresist mold [17]. The deposition of polymer
is demonstrated to be uniform across the area of the sub-
strate, meaning that the polymer thickness was equal across
the entire footprint; however, the uniformity in the vertical
direction within each individual pattern was poor.

The large overgrowth at the edge of the patterns indicates
the increased thickness of polymer at the photoresist wall
interface due to lateral chain growth. In typical metal elec-
trodeposition through a photoresist mold, the material growth
is contained in the vertical direction and thickness uniformity

(α = 1) is observed. In general, high values of α indicate pre-
ferred growth of a material in the lateral direction during elec-
trodeposition/polymerization (which leads to large peaks at
the sides of patterns), while values approaching unity indicate
preferred growth in the vertical direction (the typically desired
state for electrodeposition through lithographically defined
molds). In considering optimization of the polymer deposition
process, the closeness of α to unity will be utilized as a key
optimization parameter.

3. PPy electropolymerization optimization

3.1. Supporting anion optimization

In order to improve the electropolymerization performance
of PPy interlamination layers, the mechanism of polymeriz-
ation was considered. This analysis led to the formation of
three main hypotheses: (a) the monomer concentration in the
polymerization bath affects the extent of the anisotropy in the
growth rates; (b) the type of anion used in the supporting elec-
trolyte plays a role in the deposition type and ultimate proper-
ties of the resulting films [21, 22]; and (c) the current density
used for deposition is crucial in controlling the reaction—there
must be sufficient current supplied to initiate dimer formation
and radicalization, but not so much that the difference in lat-
eral growth rate due to large conductivity anisotropy of the
deposited layers of PPy is enhanced. To test these hypotheses,
a photoresist mold using the toroidal patterns shown in figure 2
is generated by spin casting AZ4620 positive resist (Micro-
Chem) on a 2 × 3 inch glass substrate coated with a seed
layer of sputtered Ti/Au (50 nm/100 nm). After developing
the patterns (~4 cm2 surface area toroidal patterns with vary-
ing widths) into the photoresist, pyrrole is electropolymerized
through the mold using various bath compositions and current
conditions, and the resulting film is characterized via profilo-
metry for thickness (and α calculation) and optical and SEM
microscopy for structural uniformity. Additionally, deposition
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Figure 3. Pattern wall to pattern center thickness ratios (α) as a function of monomer concentration, parameterized by the type of anion in
the polymerization bath. Anion concentration was kept constant at 100 mM. Insets (a) and (b) illustrate example thickness profiles of two
500 µm wide patterned films, using SAL (data point (a) on the left plot) and DBS baths (data point (b) on the left plot), respectively, with
25 mM monomer concentration. The horizontal line at α = 1 on the left plot indicates the optimization goal.

voltage profiles and compatibility with NiFe plating and Ni
surface activation are measured.

The anions used in this study, salicylate (as sodium
salicylate or NaSAL), dodecylbenzensulfonate (as NaDBS),
and saccharin (as NaSac), were obtained from Aldrich, Inc.
and used as received. These supporting electrolyte salts are
some of the most commonly used in PPy manufacturing
[23–27]. Pyrrole monomer was obtained from Aldrich, Inc.
and vacuum distilled prior to use. Polymerization baths were
prepared by adding appropriate quantities of pyrrole to an
aqueous solution of freshly dissolved supporting electrolyte.
A parametric study of monomer concentrations as well as sup-
porting anion type was conducted to identify both the anion
and bath conditions that lead to optimal growth rates. The con-
centration of the pyrrole monomer was adjusted for each bath
while maintaining the anion concentration constant, such that
the effects of the type of anion as well as of the monomer
amount could be analyzed.

To determine the value of α for each parametric condition,
electrodeposition of a single layer of PPy proceeded through
the test photoresist molds described above, following sim-
ilar fabrication procedures as described in [17]. Briefly, mold
thicknesses of 10–12 µm were utilized, and 1 µm electrode-
posited PPy thicknesses were targeted, ensuring that the value
of α could be measured for each condition regardless of the
growth conditions achieved for a particular sample. After the
electropolymerization was completed, the photoresist molds
were removed, and profilometry of the resultant deposited
films was performed to assess the level of anisotropic growth.
Figure 3 shows raw data scans of high and low α value films,
as well as the results of the parametric study, α values para-
meterized by anion type, and monomer concentration. A clear
trend in the data is evident, indicating that reducing the ratio of
the monomer concentration to the anion concentration results
in reducing α for that particular bath combination. Addition-
ally, the DBS anion clearly yields the lowest α values among
the anions and conditions studied.

At the lowest monomer concentrations (10 mM and
25 mM), the DBS bath enables the reduction of α to approx-
imately 1.2, which is close to the optimally flat condition of
α = 1. This is highlighted by the insets in figure 3, where
image (a) shows large peaks in the film profile at the pat-
tern edge due to lateral growth of PPySAL and a high α,
whereas image (b) shows the flat profile with low α achieved
using PPyDBS. A possible mechanism for the reduction of α
using DBS (compared to the salicylate and saccharin anions)
is that the long carbon chain provides steric hindrance to lat-
eral growth of the monomer chains [28]. NaDBS, as a surfact-
ant, forms energetically favorable micelle-like configurations
around the monomer molecules as they are diffusing to the
surface of the working electrode. Upon oxidative polymeriza-
tion, these long chains provide a barrier to growth in the lat-
eral direction and thus greatly reduce the anisotropy in thick-
ness toward the edge of a patterned mold in comparison to the
center. This effect, combined with a reduction in the overall
monomer concentration in the polymerization bath, can sup-
press the lateral growth of the PPy films. The salicylate and
saccharin ions, conversely, do not exhibit this steric hindrance,
and thus demonstrate α values in the four to six range even at
low monomer concentrations.

3.2. Multilayer fabrication optimization

In order to determine the efficacy of using the various
anion-doped polymers in a multilayer construct, sample
metal/polymer test structures were fabricated, using NiFe
as the test metal, similar to the composites described in
[17]. Briefly, a toroidal photoresist mold was prepared on a
2× 3 inch glass substrate coated with a seed layer of sputtered
Ti/Au (50 nm/100 nm). A 20 µm thick photoresist pattern
was developed on the surface of the substrate, and a struc-
ture consisting of NiFe, PPy, an optional activation layer (Ni
strike) to facilitate metal deposition on PPy, and NiFe, was
deposited through the mold via sequential electrodeposition.
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Figure 4. Voltage deposition profiles versus electrodeposition time for (a) PPy electropolymerization, and (b) Ni strike activation with both
SAL and DBS electrolytes.

Target thicknesses for each layer were again 1 µm (except for
the activation layer, which is∼100 nm), such that the growth
anisotropy could be measured. The electrodeposition voltage
profiles were monitored during various steps in the overall
fabrication process, as shown in figure 4.

The deposition characteristics with the DBS-based bath
were first compared to deposition with the SAL bath
(figure 6(a)). At a typical current density of 2.5 mA cm−2, the
deposition potentials of PPyDBS and PPySAL were stabilized
at approximately +1 V and +0.87 V, respectively, relative to
Ag/AgCl; however, a large activation peak can be seen with
the DBS anion, which is hypothesized to be due to underlying
corrosion of the NiFe substrate layer.

The salicylate head group is able to form a complex with
active metals that prevents their complete oxidation during the
initiation of the anodic polymerization process. This has been
demonstrated in the literature by cyclic voltammetry experi-
ments performed with salicylate anions on active metals such
as zinc and copper [29]. It is hypothesized that this complexing
effect reduces the initial voltage peak during polymerization
and slightly passivates the underlying metal surface until com-
plete coverage of the surface with polymer is achieved.

Surface activation of the PPy layer with a low potential Ni
strike was also tested with PPy films deposited with both SAL
and DBS anions (figure 5(b)). At the initial stage of depos-
ition, the Ni reduction onto the PPyDBS surface occurs at a
significantly lower potential compared to the deposition on
the PPySAL, but the Ni deposition potential on the PPyDBS
gradually increases beyond the PPySAL potential. The initial
low Ni deposition potential of PPyDBS corresponds to the
potential measured on a bare NiFe surface (−0.543 V, 0.1 s
after the deposition began). Thus, it is hypothesized that the Ni
deposition reaction could occur not only on the PPyDBS, but
also from the surface of the previously deposited NiFe layer.
As a result, it was observed that attempts to deposit Ni or NiFe
on a DBS surface would result in dendritic or bead-like growth
that would not be suitable for subsequent layer deposition (as
shown in figure 5).

During deposition of Ni on the PPySAL surface, as the
thickness of the Ni film increases, the resistance of the sub-
strate decreases (due to Ni conductivity beingmuch larger than
that of PPy), and the deposition potential decreases as well.

Figure 5. Top-down optical images of a sample toroidal patterned
area after (a) NiFe on PPySAL, (b) NiFe on PPyDBS, and (c) NiFe
on Ni on PPySAL.

The smooth deposition profile indicates that there are no areas
of local Ni deposition directly on the NiFe surface, and the
lower deposition potential of PPySAL on NiFe in figure 5(a)
indicates the passivation of the NiFe surface. The result of
these two phenomena, as shown in the optical images con-
tained in figures 5 and 6, is that successful multilayer lamina-
tions are enhanced by a Ni strike activation on the surface of
a PPySAL polymeric layer.

The images in figure 6 demonstrate that permalloy
deposition is not successful through direct deposition on PPy-
DBS or PPySAL, but rather only through depositing PPySAL,
activated with Ni, and then depositing the NiFe (figure 5(c)).
In figure 5, optical images show the uniformity of metal depos-
its on top of the polymer surfaces. Figure 6(a) shows an image
of a Ni strike layer on a PPyDBS surface. As mentioned pre-
viously, only islands of Ni form through the polymer layer, as
the porosity of the DBS films increases the ability of the Ni
to deposit directly on the underlying NiFe layer. Figures 6(b)
and (c) show uniformNi andNiFe deposition on PPySAL, thus
confirming that the complexing effect of the SAL anion as well
as the denser resulting polymer films facilitate multilayer lam-
ination fabrication. Note that in figure 6(c) it is also clear that
there is more deposition at the edges of the pattern, confirming
the high α characteristic of the PPySAL deposition.

Given the characteristics of all tested anions, combining the
properties of the DBS and SAL baths, either directly or as mul-
tiple separate depositions within a single PPy layer, could lead
to uniformmultilayer deposition with lowα value. To this end,
a set of experiments was performed in which proof of concept
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Figure 6. Top-down, optical images of multilayer structures after metal deposition. Image (a) is Ni strike on NiFe–PPyDBS multilayer,
(b) is Ni strike on NiFe–PPySAL multilayer, and (c) is NiFe on Ni strike on PPySAL–NiFe multilayer. Note, the insets in (b) and (c)
provide images of the films at higher magnification, demonstrating uniformity and lack of porosity on a micro-scale.

Table 1. Summary of mixed DBS and SAL deposition experiments.

Bath type DBS conc (M) SAL conc (M) PPy conc (M)
Current density
(mA cm−2) α average α st. dev.

DBS only 0.1 0 0.01 0.3 1.1 0.04
SAL, low J 0 0.1 0.3 0.3 2.7 0.9
SAL, med J 0 0.1 0.3 1 4.7 0.9
SAL, high J 0 0.1 0.3 2.5 5.2 2.2
SAL pulse low 0 0.1 0.3 2.5 (0.1 s

on, 1 s off)
2.3 1.1

SAL pulse high 0 0.1 0.3 2.5 (0.1 s
on, 10 s off)

1.8 0.5

Mixed DBS SAL 0.3 0.3 0.3 1 1.4 0.2
DBS + SAL
strike

0.1 0.1 (0.01, 0.3) 0.3, 2.5 1.3 0.1

DBS, SAL, Ni,
NiFe

0.1 0.3 (0.01, 0.3) 0.3, 2.5, 0.5, 10 1.4 0.3

NiFe/PPy/NiFe multilayer structures were fabricated (using
the same procedure as described above) while varying the
composition of the electropolymerization bath as well as the
deposition conditions. Deposition solutions were tested with
DBS anions alone, SAL anions alone, and a mixture of both,
while also varying the anion concentrations and deposition
current densities. In addition to an anionic mixture, sequential
deposition of PPy films from individual baths with different
anions were also tested. The data collected from each test con-
sisted of an α measurement for a single PPy layer as well as a
qualitative review of the compatibility of the specific paramet-
ers with scalable multilayer fabrication. Table 1 summarizes
the experimental conditions investigated as well as the result-
ant values of α. Five tests were repeated for each bath type.

Several conclusions can be drawn from the data in table 1.
First, changing the current density of a PPySAL deposition
while keeping the monomer concentration high is insufficient
to minimize the lateral growth rate. However, utilizing pulse
deposition at the same monomer concentration and current
density resulted in a reduced α value of 1.8. Additionally,
using a combination layer of PPyDBS first with a thin PPySAL
strike on top further decreased α to between 1.3 and 1.4.
While using a bath with a mixture of DBS and SAL ions in
the solution resulted in a similar α value, Ni strike activa-
tion on the resulting polymer surface failed, indicating that
it is necessary to have a corrosion-free substrate as well as

a pure PPySAL surface for the activation toward multilayer
deposition in this system.

While the value of α did not appear to directly affect
the properties of the resulting polymerized films, it has been
shown that the choice of anion can impact their characterist-
ics (e.g. the electrical conductivity) [30–32]. Investigation of
such electrical or mechanical properties was outside the scope
of this work.

3.3. Optimized fabrication results

Given the results shown in table 1, finding the optimal PPy
polymerization solution and deposition conditions for mul-
tilayer electrodeposition through lithographically patterned
molds required a balance of minimizing α for the poly-
mer film, ensuring good uniformity and contact during the
multilayer plating process, and consideration of fabrication
time and complexity for each step. For example, both the
plating rate and α decrease for the polymer layer with
decreasing applied current density, yet a minimum threshold
of current is necessary to apply a uniform layer of the polymer
on the metal surface before it is damaged during the anodic
polymer deposition conditions. The anion incorporated into
the polymer film also impacts the plating rate, α value, and
the compatibility with the subsequent metal deposition.
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Table 2. Process summary for batch fabrication of multilayer polymer/metal composites.

Process step Material deposited Deposition bath Deposition conditions

1 NiFe Nickel sulfate, nickel chloride, boric acid, saccharin Cathodic, 10 mA cm−2

2 Au Transene sulfite gold commercial solution Cathodic, 2 mA cm−2, 60 ◦C
3 PPyDBS Pyrrole monomer, sodium dodecylbenzenesulfonate Anodic, 0.25 mA cm−2

4 PPySAL Pyrrole monomer, sodium salicylate Anodic, 2.5 mA cm−2 pulses
5 Ni Nickel chloride anhydrous, boric acid, saccharin Cathodic, 0.5 mA cm−2, 46 ◦C–50 ◦C

Figure 7. Deposition profiles for all layers in the optimized five-bath electrodeposition scheme. The potential was measured between the
working and counter electrodes (W/C) for each electrodeposition/electropolymerization step.

Based on these observations and constraints, a multilayer
deposition procedure comprising a five-step plating process
was designed. This process not only achieved good interfaces
between the metal and polymer layers, but also achieved good
in-mold uniformity. The process steps for each set of layers to
form a composite stack are listed in table 2. This set of pro-
cesses could be repeated to form many multilayers within a
single mold.

In the process described in table 2, the cathodic NiFe
deposition controls the magnetic layer thickness, a thin gold
layer is deposited on top of the NiFe to prevent corrosion dur-
ing subsequent polymer deposition, a thick PPyDBS film is
electropolymerized for insulation and good α characteristics,
a thin PPySAL layer is pulse electropolymerized for intro-
duction of the activation surface, and a Ni strike layer is
cathodically plated for activation of the PPySAL surface
for the next magnetic layer deposition. A current density of
0.3 mA cm−2 for the PPyDBS deposition provided a balance
between achieving a low α value while still maintaining a
reasonable fabrication time for that step in the process. The
pulse PPySAL provides an activated surface for subsequent
metal deposition without resulting in an increased overall α
for the structure. A sample deposition voltage profile is shown
in figure 7.

As seen in figure 7, the deposition profiles are very similar
to the single layer experiments, except in the case of the pulse
deposition of PPySAL,where a 1:100 duty cycle was used. It is
important to note that the Ni activation on the pulse-deposited
PPySAL layer occurs quickly and at low potential, and that
after a ramp-up of current density the second NiFe magnetic
layer deposition occurs at the same potential as the initial layer
coated on top of the sputtered seed metal. This indicates that a
robust process has been established, which is further validated
by the optical and SEM images shown in figure 8.

Figure 8(a) shows the actual plated toroidal sample after
multiple sets of the five-bath process have been completed.
The uppermost layer in figure 8 is NiFe. Excellent plating uni-
formity across the patterned area of the mold is observed, with
no obvious delamination after photoresist removal. Figure 8(b)
shows an optical microscope image of the multi-anion PPy
insulation layer after both DBS and SAL electropolymeriz-
ation. The image shows a smooth surface as well as no vis-
ible growth at the edges of the pattern. Figure 8(c) shows the
top NiFe surface on the same pattern after multiple five-bath
sets have been completed. Again, the plated layers are smooth
and show no indication of lateral growth impact. Lastly, in
figure 8(d), a focused ion beam/SEM cross-sectional image
is shown, highlighting the smooth and distinct PPy and NiFe
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Figure 8. Optical and SEM images of laminated structures generated by the optimized five-bath deposition scheme. (a) Top-down view of
test mask after multilayer plating, (b) optical microscope image of the multi-anion PPy insulating layer, (c) optical microscope image of the
top layer of NiFe after two sets of the five baths were completed, and (d) a focused ion beam/SEM cross-sectional image highlighting the
distinct multilayer laminated sets.

Figure 9. (a) A magnified focused ion beam/SEM cross-sectional image of a two-set laminated stack using the optimized five-bath
multilayer electrodeposition process. The layer corresponding to each bath in the set is labeled. (b) An SEM cross-sectional image at the
edge of a patterned lamination (where the photoresist wall once was), indicating minimized lateral growth of the polymer layers and
increased multilayer uniformity.

laminations after multilayer electrodeposition. In figure 9(a),
a magnified version of figure 8(d) is provided, where each of
the five layers in the set is identified.

As seen in the magnified cross-section, the∼100 nm thick
gold protection layer prevents damage to the NiFe active layer
during PPy electropolymerization, and a uniform Ni strike
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Figure 10. Sample profilometry data for a five-set patterned multilayer laminated structure, where each set consists of
NiFe–Au–PPyDBS–PPySAL–Ni constructs. A schematic of the measured patterned multilayer structure is shown on the right. The metal
and polymer layer thicknesses were optimized (via deposition conditions) to be 1 µm each, resulting in a total laminated structure
approximately 11 µm thick Note that peaks that would indicate lateral polymer growth during deposition are absent in the profilometry data.

activation layer is achieved on the multi-anion PPy insulation
set, resulting in multiple successful NiFe plated layers. After
all layers in the set were deposited, sample thicknesses were
measured in the profilometer to determine α.

It was found that for the individual PPy layer
αave = 1.2± 0.08, and for the overall sets αave = 1.15± 0.14.
This is evident in figure 9(b), which shows the absence of
excess layer thickness in a cross-section at the sidewall,
where the photoresist mold was removed. A sample profilo-
metry scan of a five-set multilayer lamination is provided in
figure 10, in which the lack of peaks at the edge of the pattern
walls (as compared to figure 3(a)) demonstrates the suppres-
sion of polymer lateral growth during electropolymerization
in all layer sets.

These results indicate that using a combination of PPy-
DBS and PPySAL layers was successful in enabling mul-
tilayer structure scaling while maintaining excellent α per-
formance. The combination of these characteristics will enable
the manufacture of multilayer metal/polymer composites with
scalable volume while maintaining beneficial structural prop-
erties due to micro-scale layer thicknesses and material
anisotropies.

4. Conclusions

A five-bath sequential multilayer deposition fabrication
technique was developed to optimize the fabrication of
PPy/permalloy composite materials. In particular, the use of
sidewall-controlled electropolymerization of PPy via multi-
step and multi-anion deposition solutions enables structures
with scalable overall volumes and simultaneously tunable
(and lithographically patterned) geometries. This additive,
aqueous-based fabrication technology could advance the com-
mercialization capabilities of electrodeposited conductive
polymer composites, and further provides a manufacturable
route to materials with anisotropic mechanical and/or elec-
trical properties that provide utility in MEMS sensing, energy,
and/or biomedical applications.
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