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ABSTRACT: We report a simple, low-cost and lift-off free
fabrication approach for periodic structures with adjustable
nanometer gaps for interdigitated electrode arrays (IDAs).
It combines an initial structure and two deposition process
steps; first a dielectric layer is deposited, followed by a
metal evaporation. The initial structure can be realized by
lithography or any other structuring technique (e.g., nano
imprint, hot embossing or injection molding). This method
allows the fabrication of nanometer sized gaps and
completely eliminates the need for a lift-off process.
Different substrate materials like silicon, Pyrex or polymers can be used. The electrode gap is controlled primarily by
sputter deposition of the initial structure, and thus, adjustable gaps in the nanometer range can be realized independently
of the mask or stamp pattern. Electrochemical characterizations using redox cycling in ferrocenemethanol (FcMeOH)
demonstrate signal amplification factors of more than 110 together with collection factors higher than 99%. Furthermore,
the correlation between the gap width and the amplification factor was studied to obtain an electrochemical performance
assessment of the nano gap electrodes. The results demonstrate an exponential relationship between amplification factor
and gap width.
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Biosensors can be classified by their transducer principles,
and the most common one is the electrochemical
biosensor.1 It converts an analyte concentration into an

electrical signal using a biocomponent, typically an enzyme. To
enhance the sensitivity of the conventional electrodes and to
obtain low capacitive currents and small resistance effects,
interdigitated electrode arrays (IDAs) are often applied in
electrochemistry with thin-film electrodes.2−10 When the
electrode size shrinks down to submicron and nanometer
sizes, more advanced manufacturing technologies are required
such as e-beam, focused ion beam, nano imprint, phase shift
lithography, interference lithography, deep ultraviolet-, extreme
ultraviolet- or projection photolithography.3,11−22 However,
these processes are more expensive, and some are more time-
consuming and cause specific requirements to substrate and
photoresist. One limitation of the mass-fabrication of highly
sensitive realizing biosensor devices is the ability to miniaturize
the transduction principle in a cost-effective manner.23 The
fabrication of IDAs in nanometer dimensions comprises in
principle a combination of high resolution patterning method

and a subsequent lift-off process. In all of these techniques the
most critical step is the lift-off process, which has to be
successful without any redeposition or residues to guarantee
high yields. This can be achieved when the profile of the
pattern shows a negative flank (slope) angle or undercut,
otherwise the side slopes get coated during evaporation with
the conductive electrode material. Consequently, specific
requirements regarding the photoresist profile are mandatory.
The demands on process reliability and stability are increasing
with the shrinking gaps between the fingers. Thinking of
electrochemical methods like redox cycling, one important
aspect is that the electrode width plays a secondary role for a
high signal amplification factor. Primarily, the gap between the
electrodes determines the amplification.8,12,13,24,25 On the basis
of this perception and our empirical knowledge a novel
fabrication process was developed. The presented method is a

Received: October 12, 2015
Accepted: December 1, 2015

A
rtic

le
www.acsnano.org

© XXXX American Chemical Society A DOI: 10.1021/acsnano.5b06405
ACS Nano XXXX, XXX, XXX−XXX

www.acsnano.org
http://dx.doi.org/10.1021/acsnano.5b06405


combination of an initial structure and two deposition
processes. An initial structure can be created by lithography
or any other structuring technique with rather low resolution (1
μm l/s) followed by two deposition processes to form the
undercut and the electrodes (see Figure 1).

The fabrication method completely eliminates the lift-off
process and does not depend on high end structuring
principles. This makes it most suitable for mass production.
A detailed description of the fabrication process can be found in
the Materials and Methods.

RESULTS
The presented fabrication process allows the realization of
electrode gaps in the sub 100 nm range. The electrode gap can
be adjusted without changing the mask design, only by varying
the thickness of the sputter deposited dielectric layer. Different
thicknesses of SiO2 layers were tested as well as varying the
pitch of the initial structures (see Figure 2c). Gap sizes down to
43 nm have been fabricated successfully (see Figure 2b). For
this small gap size, the initial structure exhibits a pitch of 1.44
μm. Subsequently, a 700 nm thick SiO2 layer was sputtered to
form the gap of 43 nm between electrodes.
For our first electrochemical measurements an initial pattern

with 2 μm pitch (1 μm gap and 1 μm feature) was chosen.

Subsequently, a layer of 500 nm SiO2 was sputter deposited
followed by a 100 nm Au evaporation. An electrode gap of
∼160 nm was achieved, measured with SEM after electro-
chemical characterization.
A 100 nm thick layer of Au was chosen to define the

interdigitated electrodes (see Figure 2a). Figure 3 shows the

undercut profile and the successful separation of the electrodes.
The characteristic formation of an undercut profile is used to
obtain an electrical separation of the top and bottom surface.
For the sputter deposited 500 nm SiO2 layer an undercut of
more than 100 nm can be observed. This is more than sufficient
for a complete separation of the electrodes.
Different investigations were done to verify the formation of

the undercut profile for submicron structures. The correlation
between initial structure and final gap size is of interest as well

Figure 1. Fabrication process: (1) Forming of the initial structure;
(2) 1. Deposition process (sputter deposition) to form the
undercut; (3) 2. Deposition process (evaporation) to form the
electrodes.

Figure 2. (a) SEM image of the formed undercut profile after 500 nm SiO2 sputtering and 100 nm Au evaporation. The initial dry etched
structure has a gap of 1 μm and a period of 2 μm. (b) Cross section of a 700 nm line and space (l/s) structure with 700 nm SiO2. The
minimum distance is ∼43 nm on top and ∼300 nm on the bottom. (c) 1 μm l/s test pattern after deposition of 500 nm SiO2. The gap is ∼390
nm with an electrode size of ∼1.7 μm.

Figure 3. Cross section of a 1 μm l/s structure etched 1 μm deep
into silicon. A 500 nm SiO2 layer was sputtered, followed by a 100
nm thick Au evaporation resulting in a final gap size of 340 nm.
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as the dimension of the formed undercut. For the verification,
the deposited dielectric layer was kept constant and exhibits a
thickness of 400 nm (Figure 5). The structures were etched 1
μm deep into silicon and were kept constant for all samples.
The aspect ratio dependent etch rate (ARDE) which describes
the etch rate change for different trench widths was taken into
account for the characterization.26,27 Figure 4 shows important

parameters for the characterization of the formed undercut
profile. The initial feature is defined by trench height (th) and
trench width (tw). The structure width (sw) is not influencing
the formation of the undercut profile. The minimum distance
(dmin) and the maximum distance (dmax) after SiO2 deposition
are measured to calculate the undercut angle. In addition, the
influence of the aspect ratio on the profile shape is illustrated in
Figure 4.
The relation between the initial feature size (tw) and the

resulting distances were measured and are reported in Figure 5.

The distance between the elevated initial structures is named as
initial feature size in the diagram (abscissa) and corresponds to
tw. The minimum and maximum distance (ordinate) describes
the resulting distance between the two structures after SiO2
deposition. The blue dots show the measured distance on the
bottom of the resulting structure (dmax) and the red triangles

the upper distance dmin (which is related to the effective
electrode distance). For example, an initial structure has an
etched feature size of 500 nm. After deposition of 400 nm SiO2,
the gap between the structures will be 150 nm. With the second
deposition process the upper distance decreases further. For
instance, evaporating 100 nm Au results in a ∼10 nm reduction.
For this feature an undercut of around 100 nm per side was
measured. The diagram also shows that the dimension of the
formed undercut is nearly constant, independent of tw. At
higher aspect ratios less deposited material will be entering the
clearance between the structures, which results in lower film
thickness on the bottom of the trench (compare Figure 3 and
Figure 6).

Initial structures down to around 180 nm width separated by
gaps of about 340 nm were fabricated. The etch depth (th) was
about 880 nm resulting in an aspect ratio of 5:1 (trench height
to structure width). For the formation of the undercut profile
the trench height to trench width is more characteristic (aspect
ratio of 2.6:1). Because of the higher aspect ratio and the small
distance between the elevated structures the penetration depth
of the deposited material is lower. The resulting shape is shown
in Figure 6. The electrode gap is 23 nm and a very thin layer of
SiO2 is covering the bottom of the initial structure. Clearly
evident are the sidewall ripples of the initial structure which are
formed in the dry etching step (gas chopping).28 These ripples
get more intense during SiO2 deposition because the deposited
material accumulates on the hillock. This phenomenon does
not influence the undercut profile in a negative way. Quite in
reverse: The ripples are causing a columnar growth of the SiO2
and the spacing between the columns would prevent an
electrical contact in case they would get coated with Au.
However, at very high aspect ratios the thickness of the SiO2
layer between the columns becomes thinner and in worst case
results in uncovered Si. During electrochemical measurements
this circumstance could enable a leakage current between the
fingers through the Si substrate.
For interpretation of undercut profile formation the aspect

ratio of initial trench height to trench width is more
representative (instead of the commonly used ratio of height
to elevated structure width), since the width of the elevated

Figure 4. Schematic of the formed undercut profile with the most
important parameters for the characterization at low and high
aspect ratio.

Figure 5. Measurement data for a 1 μm deep dry etched structure
and the resulting minimum gap size formed by sputtering of 400
nm SiO2. The blue dots are the measured distance at the bottom of
the structure with the largest distance. The red triangles are the
measured distance on the top of the structure.

Figure 6. SEM image of the cross section of a test pattern with high
aspect ratio. The initial elevated structure has a width of about 180
nm and is separated by about 340 nm. The 400 nm SiO2 layer
results in a gap of 23 nm.
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structure has no influence on the profile shape. Plotting the
trench aspect ratio and the undercut angle vs the initial feature
size it becomes obvious, that the undercut angle is nearly
independent of the initial feature size (see Figure 7a, red dots).
For all features measured in the submicron region the undercut
angle is between about 6° to about 7.5°. Furthermore, the
diagram shows that the undercut angle is nearly independent of
the trench aspect ratio. The undercut angle vs aspect ratio plot
confirms the assumption of the independency (Figure 7b).
Nevertheless, it is observed that at higher aspect ratios the
undercut profile is more shifted to a bottle like shape as
illustrated in the SEM image in Figure 6. For a 300 nm initial
trench width the SiO2 layer on the bottom exhibits a thickness
of 50 nm. The SiO2 sidewall thickness is even lower. In
comparison, a structure with 610 nm initial trench width shows
an SiO2 bottom thickness of 100 nm and SiO2 sidewall
thickness of about 85 nm, with the sidewall thickness increasing
more rapidly in the top region of the structure.
Electrochemical Characterization. In redox cycling at

IDAs, the redox active species oxidized at one finger electrode
(generator) diffuses most probably to the neighboring electrode
(collector) applied to a reduction potential where it is reduced
again back to the initial form. The result is an electrochemical
amplification of both the generator and collector current
signals. This “feedback effect” is also known as the generator/
collector mode in the context of the scanning electrochemical
microscopy (SECM) and has been extensively studied in the
past.29−31

The results of the electrochemical characterization are
summarized in Figure 8. First, cyclic voltammograms (CVs)
have been recorded in normal mode (by polarizing only one
pair of IDA) to identify the redox potentials of FcMeOH and
then, in scanning mode (by scanning the first IDA pair while
applying on the second pair to a fixed reduction potential) to
demonstrate the feasibility of redox cycling.

+ ↔− +FcMeOH e FcMeOH

As displayed in Figure 8b, the use of FcMeOH as redox
system leads to a stable signal amplification by redox cycling.
Here, at the first working electrode (generator) a CV was
recorded with the second working electrode (collector) set to a
potential of 0 V allowing the simultaneous reduction of
FcMeOH+ back to FcMeOH.

Amperometric measurements using the fabricated gold IDAs
with 160 nm electrode gap were carried out in 0.1 M PBS with
1 mM FcMeOH as shown in Figure 8c. In the redox cycling
mode, one of IDA fingers was polarized to an oxidation
potential of +500 mV vs Ag/AgCl as the first working electrode
(WE1), while the other finger to a reduction potential of 0 V vs
Ag/AgCl as the second working electrode (WE2). Comparing
with the normal mode, an increase in signal sensitivity was
observed about 116 times for the redox cycling. Moreover, the
resulted collection factor (the ratio between the absolute values
of the collector and the generator currents32−34) was
approximately 99.5%. Besides, the effect of the electrode gap
size on the electrochemical amplification was investigated to
demonstrate the applicability of the fabrication process. IDAs
with different electrode gap widths including 160, 180, 195,
200, 220, 250, 270 nm and 1 μm were employed in duplicates.
The amplification factors calculated from these measurements
are displayed in Figure 8d. Here, the well-known exponential
behavior32−34 of the redox cycling amplification is clearly
observed. As described in Aoki et al.,34 the redox cycling
currents at IDAs under steady-state conditions are inversely
proportional to the gap width between the IDA electrodes and
displays an exponential behavior. The achieved signal
amplification compared to the conventional amperometry is
mainly caused by the enhanced mass transport of the redox
active substances. A decrease in the size of the electrode gap
leads to a shortening of the diffusion length of electroactive
species and thus an increase in electrochemical amplification
factor.

DISCUSSION
Traditional fabrication methods define the critical structures by
lithography.11,12,35 In our novel approach the critical dimension
(gap between the electrodes) is determined not primarily by
photolithography, but by the precise and easily controllable
sputter deposition process. The thickness of the deposited layer
can be controlled within the nanometer range. This allows a
very precise adjustment of the gap between the electrode
structures. Furthermore, the sputtering process enables a
variation of the gap width without a change in the mask
design. This means different gap sizes can be realized without
additional costs, even in the sub 100 nm range. The
reproducibility is primarily reliant on the initial structure

Figure 7. Diagram (a) shows the measured aspect ratio of the initial structure vs the initial feature size (blue dots). The red triangles are
showing the undercut angle vs the initial feature size. Diagram (b) shows the undercut angle vs the trench aspect ratio of the initial structure.
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which was fabricated by mask aligner lithography with
subsequent dry etching. The resolution of mask aligner
lithography strongly depends on the contact between mask
and wafer. For high yield and precise control of resolution,
projection lithography, laser direct writing, hot embossing or
injection molding are preferred.
Another outstanding advantage of this fabrication method is

the elimination of the lift-off process. The lift-off process is one
of the critical steps in nanoelectrode fabrication. First, it is
difficult to produce sub 100 nm features with sufficient
undercut profile. Second, eventual short-circuits will most
probably be generated during the lift-off step. By completely
eliminating the lift-off process, the necessary undercut profile is
generated automatically and no metal residue is generated.
Therefore, any short-circuit between the electrodes can be
avoided.
The results of the electrochemical characterization demon-

strate that the presented electrode design manufactured
applying the novel fabrication method is very well suitable for
redox cycling measurements. Furthermore, this method enables
to control the gap width precisely and easily (even in nm
range) in comparison to the state of art fabrication
techniques.36−39 Subsequently, redox cycling measurements

on the gold IDAs with different electrode gaps were performed
in ferrocenemethanol. Consequently, signal amplification
factors of about 116 and collection factors of more than 99%
were observed for the IDAs with 160 nm electrode gap.
Moreover, the study of the correlation between the gap width
and the amplification factor proves an exponential behavior of
the measured electrochemical response which matches well
with the theory of redox cycling.32−34

CONCLUSION
In conclusion, a simple and low-cost fabrication method for the
IDAs with adjustable nano gaps is introduced offering high
amplification factors in redox cycling measurements. The
presented method is a combination of an initial structure and
two deposition processes. The initial structure can be created
by lithography or any other structuring technique with lower
resolution (micrometer range). For instance, the initial
structure can be produced with injection molding, which
makes the process suitable for mass production. Even patterned
photoresist as an initial structure would be applicable. The
choice of substrate material is relatively uncritical (only
temperature stability in the deposition process plays a role)
and thus, polymers can easily be employed as a substrate. With

Figure 8. (a) Cyclic voltammograms in 0.1 M phosphate buffered saline (PBS) and 1 mM FcMeOH at the gold working electrode with a scan
rate of 100 mV s−1. All applied potentials are reported with respect to the on-chip silver/silver chloride pseudoreference electrode. (b) CVs in
0.1 M PBS with 1 mM FcMeOH using normal mode (black curve) and scanning mode (red curve) with redox cycling, applying 0 V at the
second working electrode. (c) Amperometric measurements using the fabricated gold IDAs with 160 nm electrode gap in 0.1 M PBS with 1
mM FcMeOH. The first working electrode (WE1, red curve) was set at an oxidation potential of 500 mV vs Ag/AgCl, while the second
working electrode (WE2, black curve) at a reduction potential of 0 V vs Ag/AgCl. Comparing to the normal mode, an amplification factor of
116 and a collection factor of 99.5% was demonstrated by redox cycling. (d) The correlation between the gap width and the amplification
factor shows an exponential increase of the electrochemical response using redox cycling. An electrochemical amplification can be obtained by
decreasing the size of the gap between the finger electrodes.
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this fabrication sequence, it is possible to generate gaps in the
range of sub 100 nm without any lift-off process (a gap size of
23 nm is presented in this paper). Therefore, very high yield
and precision is possible. Another major advantage is that the
gap between the electrodes can be controlled primarily by
sputter deposition, thus the gap can be adjusted almost
independently of the mask pattern. Different gap widths can be
obtained with a single mask later on. This way, determination
of the optimum gap size for a specific application gets very
simple. With the invented fabrication technique we demon-
strated an amplification factor of 116 together with a collection
factor of 99.5%. This is, to the best of our knowledge, the
highest amplification factor achieved by redox cycling so far.
Furthermore, an exponential behavior of the measured
electrochemical signals was clearly observed by decreasing the
gap width between the finger structures. The employment of
IDA structures with nano gaps is not only limited to
amperometric techniques in electrochemistry. Also for electro-
chemical impedance spectroscopy (EIS) for label-free detection
the nano gaps are of high interest. The great increase in
detection ability using nano interdigitated electrodes in
biomolecular and cellular analysis are well-known known and
frequently reported.20,40,41 Our fabrication method has the
ability to bring electrochemical sensing innovations to mass
production.

MATERIALS AND METHODS
The presented method is a combination of an initial structure and two
deposition processes. Figure 9 shows the simple method to fabricate

the nano IDAs. The undercut for electrode definition is automatically
formed during sputtering process. Assistant features are integrated in
mask design to ensure a sufficient separation of the electrodes.
Primarily, these features are necessary for outer electrodes and
connector areas. A sufficient undercut is formed only if a nearby
structure is present. The die size is 20 × 5.5 mm and includes two fully
functional IDA chips. The large size of the chip facilitates a
comfortable implementation of microfluidics and easy sample
handling.39,42 The initial structure for the finger pattern is 1 μm
electrode size with a 1 μm distance to each other. There are 300 finger
pairs with finger length of 149 μm resulting in an effective sensing/
electrode area of 0.175 mm2. Furthermore, for each chip, a reference
electrode with an area of 0.258 mm2 is implemented as well as a third
electrode acting as counter electrode.
For the chip fabrication, silicon as a substrate and photoresist AZ

701 MiR (purchased from Microchemicals GmbH, Germany) as a
masking layer for dry etching of silicon were used. The thickness of the
photoresist was 760 nm measured with a Dektak 8 (Bruker, USA).
The wafer was exposed with a SUSS mask aligner MA6 (SUSS
MicroTec AG, Germany) and MO Exposure Optics43 in vacuum

contact mode. For the development of the photoresist the developer
AZ 726 MIF was used to dissolve the exposed areas. The initial
structure size was 1 μm electrode width and 1 μm gap between the
finger electrodes. The structures were etched 1 μm deep into silicon by
a dry etching process with gas chopping technique28,44 (SF6, C4F8) for
52 s. This step was performed on a deep reactive ion etching (DRIE)
ICP system Adixon AMS100 (Alcatel Vacuum technology, France).
After transferring the pattern into silicon the photoresist was removed
using oxygen plasma. To form the undercut profile, a 700 nm thick
SiO2 layer was sputtered (LLS EVO, Oerlikon Balzers, Liechtenstein).
Subsequently, a 100 nm thick layer of Au was evaporated in high
vacuum (Univex 500, Oerlikon Leybold Vacuum GmbH, Germany) to
define the electrodes. Because of the undercut formed during the
sputtering process, the electrodes are electrically separated. After
evaporation the wafer was spin-coated with SU8−3005 with a final
thickness of 5 μm to define the electrode areas and the contact pads.
An on-chip reference electrode is provided by electrodeposition of
silver (Ag) and afterward partial electrochemical conversion of the
silver to silver chloride (AgCl). The wafer was singularized into
individual sensor chips by fs-laser dicing (3DMicromac, Germany).
Scanning electron microscopy (SEM) images and measurements were
taken with FEI XL30 ESEM FEG (FEI, USA) and JEOL 7100F (JEOL
Ltd., Japan), equipment. The characterization of the sputtered SiO2
layer was performed by spectroscopic ellipsometry on a VASE system
(J.A. Woollam Co., Inc., USA). The final gold IDAs with different
electrode gaps were characterized using 0.1 M phosphate buffered
saline (PBS) solution with 0.1 M NaCl containing 1 mM FcMeOH
under steady-state conditions (no flow). The resistance between the
interdigitated electrode structures was verified to be higher than 20
MΩ in its dry-state prior to any experiment. All electrochemical
measurements were done using a bipotentiostat (CompactStat.e,
Ivium Technologies B.V., Netherlands). On-chip silver/silver chloride
(Ag/AgCl) and a gold electrode were employed as reference and
counter electrode, respectively.
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