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Abstract— To meet the dimensional requirements for
bioelectronic medicine, new packaging solutions are needed
that could enable small, light-weight and flexible implants. For
protecting the implantable electronics against biofluids,
recently various atomic layer deposited (ALD) coatings have
been proposed with high barrier properties. Before
implantation, however, the protective coating should be
evaluated for any defects which could otherwise lead to leakage
and device failure. In these cases, the conventional helium leak
test method can no longer be used due to the millimeter size of
the implant. Therefore, an in-situ sensing platform is needed
that could evaluate the coating and justify the implantation of
the final device. In this work, we explore the possibility of using
the CMOS bulk for such a platform. Towards this aim, as a
proof of concept, test chips were made in a standard 6-metal
0.18 pm CMOS process and for the connection to the bulk, a
p+ diffusion was used. A group of samples was then coated with
an ALD multilayer. For coating evaluation,
off-chip DC current leakage and impedance measurements
were carried out in saline between the CMOS bulk and a
platinum reference electrode. Results were compared between
non-coated and coated chips that clearly demonstrated the
potential of using the bulk as a sensing platform for coating
evaluations. This novel approach could pave the way towards
an all integrated in-situ hermeticity test, currently missing in
mm-size implants.

I. INTRODUCTION

The main aim of bioelectronic medicine is to one day
replace conventional chemical drugs with millimeter sized
implants. This way, tiny electrical pulses will be locally
delivered to a small group of neurons in order to influence
and modify biological functions. Developing such implants,
however, has brought many new challenges both in the
technological and biological domains. One such technical
challenge is the packaging of such tiny devices [1].
Conventional active medical implants such as pacemakers
have relied on a titanium (Ti) case for packaging the
implantable electronics. In recent years, driven by the
increased functionality offered by CMOS technologies and
the need for further miniaturization, tremendous efforts have
been made in designing miniaturized implants and integrating
the majority of the components on a single chip [2-3]. Such a
single-chip approach, however, would require novel
packaging solutions since the Ti case would consume
significantly more weight and volume compared to the chip
and greatly limit the flexibility of the final implant.
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Figure 1. Schematic illustration of a CMOS die coated with an ALD
coating layer (dimensions not to scale).

Atomic layer deposition (ALD) is a chemical vapor
deposition process that can create a thin (ten to a few hundred
nanometers) and conformal coating layer with near hermetic
barrier properties [2], [4]. Previous studies have also reported
on the biocompatibility and biostability of these layers,
making them an attractive packaging solution for
mm-sized implants [5]. Such layers, however, could contain
micro flaws and defects [6] that could reduce their coating
performance and lead to device failure. In conventional Ti
packages, the helium leak test is a common method for
hermeticity evaluation [7]. This test method, however, is not
suitable for mm-sized devices given the lack of cavities
within such tiny implants. In the absence of permeable
polymers, previously reported humidity sensors are also not
applicable [3].

For evaluating the coating performance of ALD layers,
DC current leakage and impedance measurements have been
reported as sensitive methods for detecting defects in the
layer [2], [4], [8]. So far, these measurements have been
performed on ALD-coated 2D planar structures and/or on
unrepresentative material substrates which will differ from
the  final  device. The  barrier  properties  of
thin-coatings, however, are greatly affected by the surface
characteristics of the substrate, such as contamination,
roughness and aspect ratio [8]. As a result, once the coating
has been evaluated and optimized on 2D structures, there is
still uncertainty regarding the hermeticity when applied on
more complex 3D structures such as an implantable chip.
Hence, an evaluation test is still needed for the final device to
justify its implantation.

In this study, for the first time, we explore the possibility
of using the bulk of the implantable chip as a platform for
evaluating the barrier properties of its protective coating. The
evaluation method is based on measuring the DC leakage or
impedance between the bulk and an exposed platinum (Pt)
electrode. This simple approach takes advantage of the
conductivity of the bulk and would allow a 3D in-situ
evaluation of the coating, thus increasing the confidence in its
hermeticity prior to implantation. Fig. 1 schematically
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illustrates the concept where a bare CMOS chip is coated
with a thin ALD layer. The majority volume in such a single-
chip implant is occupied by the conductive CMOS bulk,
while the metals and active circuits in the chip are protected
by the interlayer dielectrics (ILD) and passivation layer. We,
therefore, have selected the bulk to be the sensing platform.
The advantage of this approach is its simplicity and obviating
the need for the design and fabrication of a dedicated sensing
platform within the implant.

For this study, test chips have been fabricated in a
standard CMOS technology. Section II describes the sample
design, the coating process and the experimental set-up used
for this work. The measurement results together with a
discussion are given in Section III. Finally, the conclusions
are drawn in Section IV with a brief description of the future
work.

II. EXPERIMENTAL DETAILS

A. Sample

1) CMOS chip

The bulk within standard CMOS processes is typically
made of lightly doped silicon. This makes the substrate a
low-ohmic layer which will be used in this work as a
measurement platform. As a proof of concept, chips were
fabricated in a standard 6-metal 0.18 pum CMOS process. For
connection to the bulk, a p+ diffusion area of 10 pumx10 pm
was used. This creates a low-ohmic contact to the bulk. The
chips were glued on a ceramic (alumina) plate and wire-
bonded to a metal connection on the plate. For mechanical
protection of the wire-bonds and electrical insulation of the
metals on the alumina ceramic, polydimethylsiloxane
(PDMS) was used. This would enable us to only measure
through the bulk and exclude the metal interconnects. PDMS
was applied carefully with a dispenser to intentionally leave
part of the bulk (bottom and sidewalls) exposed (Fig. 2).

2) ALD coating

Two samples out of four were coated with an alternating
ALD multilayer. The samples were first cleaned with
isopropyl alcohol and then dried. The thermal ALD process
was made using the Picosun R-200 Advanced ALD reactor
under reduced pressure (N2 atmosphere) of about
1 mbar. The ALD is layer-by-layer deposited with N2-purge
in between to separate the different precursors. The
deposition started with the growth of the first ALD-material
with the needed amount of precursor cycles to reach the
required thickness. The same procedure was followed for the
second ALD-material. The deposition of the first and second
material was repeated 10 times, resulting in a 100 nm ALD-
multilayer. More information regarding the ALD multilayer
can be found in [2]. Fig. 3 gives a schematic illustration of
the ALD coated chips used for this study.

B. Experimental Set-up

All samples (2 non-coated and 2 ALD-coated) were
placed in soak within 50 ml vials filled with 1X phosphate
buffered saline (PBS) with a composition of 0.0027 M KC1
and 0.0137 M NaCl having a pH of 7.4. All experiments
were done at room temperature (23 °C). For this work, DC
current leakage and electrochemical impedance spectroscopy
(EIS) was used to evaluate the barrier properties of the ALD
coating. Both measurements were carried out using the

Figure 2. A microscopic image of a chip sample after wire-bonding
and PDMS coating.
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Figure 3. Schematic illustration of the multilayer ALD coating
deposited on the sample (dimensions not to scale).

Solartron Modulab where for EIS, the potentiostat in
combination with a frequency response analyzer (FRA) was
used. In addition, for measuring sub-picoamp current levels,
a femtoammeter was connected in series with the module
while placing all samples inside a dedicated Faraday cage
(more information regarding the measurement module can be
found in [9]). All measurements were performed using a two-
cell electrode configuration between the CMOS bulk, being
the working electrode (WE), and a 2 mm Pt wire, being the
counter electrode (CE). Fig. 4 gives a schematic illustration
of the soak set-up. DC leakage measurements were carried
out by applying a 0.6 V signal between the WE and CE,
keeping the WE at ground potential. For EIS, a 10 mV RMS
sinusoidal signal in the frequency range of 10 mHz to
100 kHz was used. A low amplitude signal has been chosen
to minimize the effects from the measurement signal on the
samples. During EIS measurements, the open circuit potential
(OCP) between the WE and CE was set to -0.4 V (with the
bulk being negative to the Pt). This OCP was measured
between the bulk of a non-coated sample and the Pt wire. The
OCP for ALD coated samples, however, could not be
measured due to the presence of the ALD insulation.
Therefore, this potential was used for all EIS measurements.

III. RESULTS AND DISCUSSION

A. Measurement Results

Fig. 5 shows the DC measurements results for two ALD
coated samples. For comparison, results for one of the
non-coated samples is also given in which the current is
measured between the bulk and the Pt wire. Results show that
for both of the coated samples the leakage currents were
<1 pA, while for the non-coated samples the current is four
orders of magnitude larger. These results are in agreement
with previously evaluated ALD multilayers, confirming their
high barrier properties [2]. Impedance measurements were
used to characterize and compare the non-coated and coated
samples.



DC leakage & EIS
CE

Solartron

Teflon

PBS

Figure 4. Schematic illustration of the set-up used for DC leakage and
EIS measurements.

Fig. 6 shows the impedance data given as Bode magnitude
(1Z]) and phase angle plots over the measured frequency
range. For the non-coated sample, a clear constant phase
element (CPE) behavior is seen in the middle frequencies (1-
100 Hz). The higher frequencies represent the spreading
resistance together with the parasitic capacitance present
between the connecting WE and CE cables. However, the
resistance is more dominant which results in a phase angle
around -40°. For the two ALD coated samples, a more
capacitive behavior is dominant across the entire measured
spectrum. This is the expected behavior when considering the
interface to be a parallel plate capacitor with the ALD as the
dielectric. The slightly higher impedance magnitude for
ALD-coated#2 is mainly due to the manual dispensing of the
PDMS, which covered one sample more than the other.

To better understand the impedance data, Fig. 7 gives the
equivalent circuit model for the non-coated and coated
samples. For the exposed bulk (Fig. 7(a)), the silicon creates
a thin native oxide layer with a thickness in the range of a
few nanometers. As it is seen from the Bode plots, however,
this layer is not uniform and thick enough to create a
capacitive behavior. Therefore, the exposed bulk to
electrolyte interface can be modeled as a CPE in parallel with
a resistor representing the polarization resistance (Rr). For
the ALD coated sample (Fig. 7(b)), in the absence of any
defects, the interface can be represented by a capacitor. Given
the higher thickness of the ALD compared the to the native
oxide, a lower interface capacitance and therefore, higher
impedance is measured for the ALD coated samples. A defect
in the layer, however, would expose the silicon bulk to the
electrolyte creating a parallel CPE path. Depending on the
ratio of these paths, the EIS data will change with the phase
angle deviating from an ideal capacitor (-90°) to a more CPE
like value (-70° to -80°). The total impedance response of
such an interface, therefore, will depend on the aggregate
dimensions of these defects and how they will dominate the
impedance response at different frequency regimes.

To investigate how the level of defects could be captured
in the impedance results, scratch tests were performed on a
coated chip, ALD-coated#2. Scratch testing is a standard
technique for adhesion evaluation of thin-film coatings on
various substrates [10]. In this work, however, the goal was
to intentionally introduce a defect in the ALD layer and
observe the change in impedance. Two scratches were made
on the edge of the bulk with the second scratch being more
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Figure 5. Measured DC current leakage over a duration of 10 min.
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Figure 6. EIS measurements presented as Bode magnitude and phase
angle (inset) plots.
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Figure 7. Schematic illustration of the equivalent circuit model for (a)
bulk-saline interface, and (b) bulk/ALD-saline interface. (dimensions
not to scale).

aggressive. Measurements were performed in between by
placing the sample back in PBS. Scratches were made using
a microprobe needle with a 10 pm tip. Fig. 8 shows the
impedance magnitude and phase after the first (Scratch #1)
and second scratch (Scratch #2). By comparing the results, it
can be seen that as more ALD layer is being removed, the
impedance results deviate from the initial capacitive
behavior and exhibits more an CPE behavior, similar to the
non-coated sample. To investigate the reproducibility of the
test, a scratch was also created on first coated sample which
also resulted in a similar drop in impedance. These results
show that EIS measurements with the bulk as the sensing
platform, can be used for detecting defects in the ALD layer.
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Figure 8. EIS measurement results for an ALD coated sample after first
(Scratch#l) and second (Scratch#2) scratch tests on the ALD surface.

B. Discussion

Thin-film coatings are a promising packaging solution for
bioelectronic medicine. Failure of the coating, however, will
result in various chemical and electrochemical reactions that
could, in turn, result in performance loss or total device
failure [7], [11]. The focus of our group is realizing sensing
and monitoring platforms for in-situ evaluation of hermeticity
for thin-film coated bioelectronic medicine. In [12] we
introduced a monitoring platform for tracking water/ion
ingress within the different ILD stacks of CMOS chips.
Water/ion ingress, however, will only be sensed once
penetrated through the top coating, passivation and ILD
oxide layer. Evaluation of the outer coating, therefore, would
require a different sensing platform which is the focus of this
work. Using the bulk, takes advantage of the conductivity of
the CMOS substrate and enables a simple in-situ evaluation
platform for detecting cracks or defects in the outer coating.

The ultimate goal of this work is to have an on-chip
measurement unit with the bulk being the sensing platform.
This would enable an implant with autonomous in-situ
hermeticity evaluation. Such an autonomous platform could
also be used for long-term hermeticity evaluation during the
implant’s lifetime. For this reason, we opt for a low-voltage
impedance measurement method since the measurement
signal is biphasic and no DC current is applied to the exposed
electrode. It this study, measurements were carried out
between the bulk and a Pt wire. Within the implant, however,
it is envisioned that the measurements will be done on chip,
between the bulk and a Pt micro-electrode (the electrode
intended for stimulation/recording). We do believe that the
results reported here are still representative, given that the
impedance is dominated by the coated substrate in respect to
the exposed Pt wire.

In microelectronic design, the bulk of the chip is usually
connected to the ground of the circuit, i.e. the lowest
potential. Using the bulk as a sensing platform would,
therefore, require novelty in the circuit design. For example,
the added circuitry should neither increase the noise nor
interfere with the normal operation of the implant. Currently,
we are working on the design of such a circuit that could
perform the measurements on-chip.

IV. CONCLUSION & FUTURE WORK

In this work, we demonstrate for the first time the
feasibility of using the CMOS bulk as a platform for
evaluating the hermeticity of thin coating layers on
implantable chips. As a proof of concept, off-chip DC
leakage and EIS measurements were performed in saline on
chips fabricated in a standard CMOS process with and
without a deposited coating layer. The coating used in this
study was an ALD multilayer with a total thickness of
100 nm. EIS was chosen over DC leakage as a more suitable
measurement technique. Future work will focus on designing
an on-chip measurement circuit that will enable a fully
integrated platform for hermeticity testing.
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