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A silicon 3D-array capacitor dedicated for an implantable bradycardia pacemaker is presented. The integrated
3D-shape of the capacitors are designed by fabricating a high ratio micropore array inside the silicon wafer.
This special shape enhances the developed surface of the dielectric layer, leading to high capacitance densities,
critical for the application in such a biomedical system. The process control, based on nano-characterizations
performed on an Atomic Force Microscopy, is deployed for the three major critical fabrication steps: the
dielectric conformity, the in-situ phosphorus-doped polycrystalline silicon pore filling and the uniformity of
the doping of the electrodes of the SIS capacitor. After the chemical revelation of the deposited dielectric
layer, the conformity of the layer and the effectiveness of the filling are proven by AFM topographies.
Moreover, the delineation of the electrode doping is examined with the electrical Scanning Capacitance Mode
by recording the spatial extension and the carrier concentration. Macroscopic characterisations of the
dielectric properties show the stability of the 3D-patterning silicon capacitors concerning the applied voltage
and the temperature. Finally, a high integration solution, where the 3D-capacitor are embedded and
sandwiched into a multilayer printed circuit board, is exposed by employing thin epoxy laminates prepreg

sheets.

1 INTRODUCTION

Implanted medical systems and connected healthcare
with small intelligent physiological sensors require
microelectronic components with high electrical
reliability, high stability and with very low leakage
current (Porter et al., 2008).

For the bradyarrhythmia treatment, over one
million pacemakers are implanted in the pectoral
region annually (Mond & Proclemer, 2011).
Conventional pacemakers consist of an extravascular
pulse generator and electrodes for the cardiac
myocardium connections. The microelectronic
system senses cardiac activity and generates
depolarizing pulses. Nowadays, even though leadless
pacemakers have been developed (Beurskens et al.,
2019; Lee et al., 2018), conventional system are still
the most appropriate for patients who require special
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treatment such as the dual-chamber pacing. Despite
some device-related complications and the periodical
surgical replacement, the effectiveness of implantable
pacemakers has been well demonstrated, as a life-
long treatment to prevent sudden cardiac failure and
death (Joung, 2013; Beck et al., 2010). Today,
research and development to integrate high-density
microelectronic device with more reliability, are still
on-going.

With the goal to offer highly integrated
microelectronic die solutions, in microelectronic
industry, the third dimension inside the
semiconductor wafer is more and more used to design
and fabricate integrated devices. This trend is also
monitored for the design of devices dedicated for
biomedical applications such as cardiac implantable
electronic devices (CIED). Driven by the system
integration and miniaturization, among these devices,
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highly integrated passive components, such as
inductors, resistors and capacitors are required. The
pacemaker, implanted to provide electrical
stimulation to the heart, needs amplifier circuits to
sense the cardiac activity and to filter signal
interferences  (Busygina,  2019). In  the
microelectronic  sensing chain acquisition, the
capacitors act as an integrated electromagnetic
interference (EMI) filter and DC blocking
components (Haddad et al., 2006). These functions
are essential for the design of the microelectronic
chain. In this article, we present an integrated 3D-
silicon capacitor dedicated for an implantable
bradycardia pacemaker and we report nano-
characterizations of the dielectric layer and local
electrical measurements, performed on an Atomic
Force Microscopy (Vandervorst et al., 2017; Zhong
& Yan, 2015).

The integrated 3D-shape of the capacitors
enhances the developed surface of the dielectric layer
of the biomedical implanted Semiconductor-
Insulator-Semiconductor (SIS) system. Such a high
internal interface allows for high capacitance values,
although with a small footprint of the capacitor, ideal
for integration. A recent publication presents the state
of the art of integrated on-chip capacitors also called
microcapacitors (Hourdakis & Nassiopoulou, 2020).
2D and 3D patterning devices, reported in the
literature, are compared in terms of density and
electrical properties. The presented capacitors have
been integrated in a microporous silicon wafer to
reach the capacitance of 20 nF/mm?, with a very low
leakage current, a high breakdown voltage and a high
reliability. However, the 3D structure leads to a
higher number of possible defect sources, due to its
complex structure. The deposition of the active layers
inside the pores has to be very well controlled in order
to ensure the conformity of the thickness of the layers
even at the bottom of the pores, and the absence of
clogging and resulting voids in the filling material, for
example. Therefore, highly controlled fabrication
processes are used, and adapted characterisation
techniques for these special aspects were developed.

In this contribution, we will present a detailed
study on different issues related to the use of 3D
structures. Using an Atomic Force Microscopy
(AFM), the integrity of the dielectric layer inside the
3D structures, i.e. the micrometric pores, is
investigated. Selective etching of a cross-section
sample allows for the direct observation of the
thickness of the dielectric layer along the pore edge.
The same method is also employed to characterize the
poly-silicon filling of the pores. In addition, AFM
nano-electrical analysis is deployed to map the active
dopant distribution of the semiconductor, especially
important for the here used geometry of the electrical
contacts, where both top and bottom electrode have to
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be accessible on the surface of the die in order to
allow for its integration into the pacemaker circuits.
Macroscopic electrical characterizations (current —
voltage, capacitance — voltage and capacitance —
temperature) of the integrated device are also
presented, confirming the high stability of the
dielectric performances of these capacitors. Finally, a
possible solution of an advanced integrated
packaging of the passive devices in a CIED is
developed.

2 EXPERIMENTAL DETAILS

2.1 SIS Capacitor Fabrication Process

In the fabrication process, passive components such
as high-Q inductors, isolation diodes and accurate
resistors, are co-integrated with high-density SIS
capacitors inside the biomedical devices. In order to
obtain a high capacitance per surface area, a three-
dimensional structuring of the silicon wafer was
chosen (Brunet & Kleimann, 2013; Murray et al.,
2007; Roozeboom et al., 2006).

Wafer surface

a)

Cross-sectional view

b)

Figure 1: Silicon wafer after the etching of micropores
inside the substrate, a) top-view and cross-sectional optical
images of the wafer and b) cross-sectional SEM
observations before filling.

The starting material is a p-type (boron doped)
highly ohmic (1k€Q.cm) (001)-oriented single crystal
silicon wafer, with a thickness of 675 um. To
fabricate the highly integrated capacitor, an array of
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micropores is created inside the silicon substrate by
reactive ion etching (RIE) with a high aspect ratio
around 20. The so-called Bosch process is used, with
alternating steps of SF¢/O, plasma etching and
passivation to dig into the silicon wafer (Gomez et al.,
2004). The goal of the process is to increase the
device density and multiply of the effective surface of
the capacitance.

Figure 1.a) and b) show optical views of the
silicon substrate surface after the RIE process, where
the shape of the RIE etched micropores array can be
observed. In Figure 1.b), cross-sectional SEM
observations of the same pores are presented. The
hole diameter is 1 pm, with a distance 1 um between
the trench holes for a depth of 17 um. Therefore, the
effective capacitor surface of the device is increased
by the circular trench holes inside the semiconductor.

In order to assure high reliability (high breakdown
voltage and lower failure rates) a multilayer dielectric
are designed (Kobayashi et al., 1990; Spitzer &
Baunach, 1989). The triple layered dielectric consists
of an Oxide-Nitride-Oxide (ONO) stack. After the
etching step, the ONO stack is deposited inside the
pore array. The first oxide layer (10 nm) is created by
thermal processing in dry O,. The nitride layer is a
LPCVD (low pressure chemical vapor deposition)
nitride from SiH,Cl, and NHj. The thickness of the
sandwiched nitride layer is 13 nm. The last deposited
layer is a thin oxide deposited by LPCVD from
tetraethylorthosilicate (TEOS) for the second oxide,
with a thickness of 12 nm.

Finally, a doped poly-silicon layer is deposited
inside the pores as top electrode by PECVD (Plasma
enhanced chemical vapour deposition) from SiH4 and
PHs.

2.2 AFM Characterizations

AFM characterizations are performed on a
Dimension Icon Atomic Force Microscope by
Bruker. Measurements were done at room
temperature. Experiments presented here were
performed on carefully prepared cross-sections: after
cleaving the wafer, successive polishing steps were
carried out, in order to obtain a very smooth surface
to be analyzed.

Two AFM modes were deployed to analyse the
integrated capacitor. First, the Peak-Force Tapping
mode is used to acquire the topography of the cross-
section. With this mode, the conformity of the
dielectric layer will be demonstrated. A silicon nitride
AFM tip with a radius of 2 nm and a spring constant
of 0.4 N/m was used to map the surface of the sample.
The frequency of the cantilever is 70 kHz.

Second, the electrical Scanning Capacitance
microscopy (SCM) (De Wolf et al., 2001; Mody &

Nxumalo, 2019) mode was employed in order to
localize the active dopants of the integrated 3D-
capacitors. For this mode, a Platinum-Iridium coated,
electrically conductive tip probes the surface, allows
to unveil the local electrical properties of the silicon.
The conductive tip, in contact with the sample, plays
the role of the metal electrode in a nanometric Metal-
Oxide-Semiconductor (MOS) structure (Figure 2.a).
The necessary oxide layer on the cross-section is
created by an annealing step at 270 °C during 30 min
in air, resulting in a high-quality surface with constant
thickness. A constant (DC) bias voltage is applied
between the tip and the sample during the contact,
while a simultaneously applied low frequency AC
voltage modulates the local capacitance. With the
SCM sensor, the measurement of the local differential
capacitance allows to extract a 2D-map of the active
dopants of the semiconductor. The variation of this
nano-MOS capacitance is detected and measured
with a highly sensitive capacitance sensor, as small as
10" F/(Hz)'?. At each pixel, the capacitance
variations ( @ C/ @ V) depend on the charge
concentration of the majority carriers and therefore,
the local active doping concentration.

In order to minimize the influence of the AFM
laser light, the laser beam was not focused on the tip
edge but on the cantilever. Moreover, an anti-
vibration table was used to eliminate any ground
vibrations and/or acoustic noise. The AFM image
resolution was 512 % 512 points.

«—
scM RK/
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« Topography
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. g Amplitude
dv

Figure 2: Schematic of the SCM mode based on an AFM,
topography and local capacitance variation on the nano-
MOS (the conductive tip in contact with the semiconductor)
in phase and amplitude, simultaneously.

3 RESULTS

3.1 Conformity of the Dielectric Layer
and Polycrystalline Silicon Filling

The reliability of the integrated SIS capacitor is

directly related to the nature, quality, thickness
control and conformity of the dielectric layer in the
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high aspect ratio structure (Jacqueline et al., 2013).
The crucial point is the conformal filling of the
bottom of the micropores. First, the deposition being
done from the top of the pores, the pore bottom will
be the most vulnerable position in case of a non-
perfect deposition of the layers. Second, from an
electrical point of view, the capacitor has in this arca
a curvature of the electrodes, and therefore a locally
enhanced electrical field. Conformity problems of the
dielectric layer in this part of the pore will therefore
have a strong effect on the leakage currents and the
breakdown of the capacitor. Thus, a special attention
should be paid to the conformity in this area of the
capacitor.

Figure 3.a) represents the AFM topography of the
bottom of the pores after dielectric deposition. In
order to analyse the dielectric layer, we performed a
plasma etching with a high selectivity of silicon
compared to the nitride and the oxide. In Figure 3.b),
the surface topography after the plasma etching is
presented. The dielectric layer can be clearly
identified as the areas with a larger height compared
to the Si wafer and the poly-Si pore filling. The
selective etching therefore reveals the dielectric layer,
and its thickness conformity down to the bottom parts
of the pores is clearly visible in the topography
measurement. A close-up of the interesting area is
shown in Figure 3 b) and c), after the filling of the
pores, i.e. in the final device.

As deposited

500.0 nm

After Etching

130.0 nm

Figure 3: AFM topography measurements of the dielectric
layers in the 3D structures 5 pm X 5 pm, a) as-prepared, b)
after plasma etching to reveal the dielectric layer, before
filling of the pores.
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After the deposition of the dielectric, the
micropores are filled with an in-situ n-doped
polycrystalline silicon. The topography of the cross-
sectioned sample is shown in Figure 3 a). The
polycrystalline structure of the filling can be very
well acknowledged by the topographical contrast in
this area. The preparation of the cross-section by
cleaving and polishing has a different effect on the
different crystalline directions of the poly-Si filling,
leading to different heights for different grains.

200.0 nm
a)
Silicon Wafer
6 UM X 6 pm
b)
2 umx 2 pm
c)

500 nm x 500 nm

Figure 4: a) Scan of 6 pm x 6 um of the bottom of the SIS
capacitor after polysilicon filling, b) topography of 2pm %
2 um and ¢) zoom 500 nm X 500 nm.

Again, to highlight the dielectric layer, the cross-
sectioned sample is also plasma-etched. In Figure
4.a), the complete filling of the polysilicon layer,
without voids, is observed. The scan represented in
Figure 4.b) shows the polysilicon grains and the
mechanical robustness of the dielectric layer, at the
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bottom of the pore. No deformation, delamination or
crack has been observed on the AFM acquisitions.
During deposition and thermal annealing, the wafer
can undergo high local mechanical stress, thus AFM
topographies prove the very high mechanical strength
of the thin dielectric layer.

3.2 Local Electrical Measurement
based on an AFM

In order to facilitate the integration of the capacitors
in the pacemaker circuit, the contact to both the top
(the poly-Si filling) and the bottom electrode (the Si
wafer around the micropores) of the SIS capacitor are
designed and made with metallic contacts on the
surface of the die. This point is important because in
general, the backside of the silicon wafer is simply
doped to create the contact. But in the case of the
pacemaker circuit, a high degree of integration of the
passive is needed, so that the contacts to both top and
bottom electrodes must be accessible on the same
wafer side (Figure 5.a)). In order to reduce the
parasitic serial contact resistance and increase the
conduction of the bottom electrode, an n-type doping
implantation of the Si wafer in the pore areas is
carried out, followed by a thermal diffusion step. The
challenge of this step is to well define the bottom
electrode of the 3D-array SIS capacitors, i.e. to
achieve a highly doped Si zone along and at the
bottom of the pores with a spatial extension allowing
for an efficient electrical contact to the pore
interstitials.

To characterize the effective dopant carrier
distribution in the 3D structure, the sample is
analysed with the SCM mode. For this mode a
dedicated conductive AFM tip is used. SCM
parameters, such the applied bias Vpc and Vac were
optimized (Appendix). The results are presented in
Figure 5 b) and c). For this acquisition, the two
applied bias to the tip-surface system are Vac=2 V
and Vpc =1 V. The map of the Figure 5.a) is the phase
of'the capacitance change ( d C/ d V) recorded at each
pixel during the scan. The image contrast is due to the
variation of the dopant type (Appendix, Figure 11).
The p-type substrate has a light grey colour while the
implanted region is identified by a negative phase
signal in dark grey colour. With this analysis, it is
possible to characterize the effective depth of the
doped wafer areas, after implantation and diffusion
steps. As described, this local doping delimits the
conduction area of the bottom electrode of the
integrated capacitor. To reach electrical requirements
such as a very low electrical resistance, the implanted
and diffused high doping uniform must be very

uniform in the 3D-structure. As we can see, in Figure
5. ¢), the doping depth exceeds well the micropore
depth. From the analysis of the SCM profiles, the
effective doping extends to a depth of 1.3 um from
the bottom of the structures. This parameter ensures a
very good conduction of the layer without possible
leakage.

This doping distribution is confirmed by the SCM
amplitude signal, with, in addition, the highlighting
of the Si P-N junction. Since the SCM amplitude is
related to the C-V dependence of the tip-sample nano-
MOS, the signal is inversely proportional to the
doping concentration. The high carrier concentration
in the implanted area at the bottom of the micropores
can be therefore observed very clearly.

Contact

Contact

3D- Capa SIS
Si

a)

Amplitude
150.0 mV

0.0

b) c)

5um x 10 pm

Figure 5: SCM results, scan size: Sum x 10pm a)
Schematics of the capacitor structure, with top and bottom
electrodes on the same wafer side. b) SCM phase signal and
¢) SCM amplitude cartography of the area marked by a
rectangle in a).

3.3 Global Electrical Characterizations
of the SIS Capacitor

In medical applications, the stability of CIED
including the passive devices is extremely important.
Being implanted, a failure of the devices may not only
have a heavy impact on the health of the patient, but
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may also generate important risks for their
replacement. The different parts have to have a stable
and predictable output for the signal treatment, and
this on long timescales.

Figure 6 shows the typical current-voltage of the
3D-Capacitor array, up to 28 V. Three distinct
transport mechanisms govern the conduction
mechanism in the SIS structure: the Poole-Frenkel
conduction, the Fowler—Nordheim tunneling of
carriers and the hot carrier injection (Palumbo et al.,
2020; Spitzer & Baunach, 1989). A breakdown
voltage of around 23 V is measured for the designed
3D SIS.

Moreover, the leakage current represents also a
key parameter for microelectronic reliability of
CIED. For the integrated SIS silicon capacitors, in an
implantable pacemaker, the nominal supply voltages
are up to 3.5 V and for this range the leakage current
remains below 0.5 nA for 25 nF/mm?. We can note
that the capacitors are qualified for voltagesupto 7 V.

T T T T T
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10‘5 Breakdown
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- 10 W T/

4.0x10°1 o=l :

0 5 10 15 20 25 30
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0 5 10 15 20 25 30

VTop-VBot (V)

Figure 6: Current — Voltage characteristics of the 3D
capacitor. The inset shows the same data in a logarithmic
scale.

Therefore, the output capacitance of the here
investigated 3D capacitances has been characterized
as a function of voltage and temperature. Figure 7
shows the capacitance as a function of the voltage for
the 3D-SIS capacitor. For small and positive voltages,
the capacitance is in the so-called accumulation
regime, leading to a stable output capacitance. Only
for negative voltages, where the capacitor enters the
depletion regime, the output capacitance decreases.
However, this decrease corresponds to only 0.8 % for
the highest applied voltage of -6 V, illustrating the
wide range of stability of the capacitor.
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Figure 7: Capacitance variation of the SIS capacitor as a
function of the applied voltage, Co = 25 nF/mm?.

Dedicated for biomedical applications, the
temperature of the environment may also vary,
although these variations are rather small. In order to
investigate the stability on the typical human body
temperature range, the variation of the capacitance in
the temperature range from -50 °C to 125 °C is
evaluated (Figure 8). For the full temperature range,
the evolution of the capacitance is observed to be 3
per mille per °C, which is a largely satisfactory value
for the use in pacemakers.

1.004
o

0.998 n
| |

0.996
80 -40 0 40 80 120

Temp (°C)

Figure 8: Capacitance variation of the SIS capacitor as a
function of the temperature.

3.4 Device Integration into Printed
Circuit Board

Another important point to consider is the integration
issue of the chip in the circuit. Indeed, the thickness
reduction and integration of the component allows
controlling circuit space requirement. For that, the
processed silicon wafer is thinned for the device
assembly. The 3D-silicon capacitor offers the
possibility to be ultra-low profile and can be
embedded into the inner layers of the printed circuit
board. Consequently, comparing to the classical
surface-mounted substrates, embedded devices
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increase the integration density of the package. For
this packaging process we chose to use a FR4
substrate. The FR4, glass-reinforced epoxy laminate
prepreg material (Kugler et al., 2011), is used for its
low process temperature and its high mechanical
reliability. To illustrate the device integration
capability, Figure 9 shows the SIS -capacitors
embedded into a FR4 material. Eight layers of FR4
are stacked together to obtain a total thickness of 0.65
mm. The interconnections (metallic contacts) of the
SIS capacitor chip are form with microvias. Then, a
multilayer package including the semiconductor is
fabricated.

Contact Contact

Figure 9: SIS capacitors embedded into a FR4 packaging.

Another advantage to embed the die into the
printed circuit board is to reduce the parasitic
inductance between the compounds. In addition, with
this embedded technique, both active and passive
chips can be integrated in the same multilayer system.
This high integration solution also allows for the use
of the 3D-capacitors for the design of future
implantable, wearable and flexible circuits for
medical application.

4 CONCLUSIONS

The local and macroscopic electrical characteristics
of a 3D-integrated capacitor for implantable
bradycardia ~ pacemaker applications were
investigated. The use of Atomic Force Microscopy
has allowed to highlight the conformity of the
deposited dielectric layer even in the bottom parts of
the pores, as well as the complete filling of the pores
with poly-Si. In addition, Scanning Capacitance
Microscopy was used to investigate the spatial
extension and the carrier concentration of the
differently doped zones in the structure. Furthermore,
macroscopic capacitance measurements show the
stability of these capacitors as a function of voltage
and temperature, making them ideal devices for the

use in biomedical applications. And even more, their
high reliability, especially compared to ceramic
technology, is an important asset for critical life
support applications. Finally, a highly integrated
solution into a printed circuit board is shown by
embedding the 3D-capacitors with laminate sheets.
This device configuration opens future fields of
application as future advances of implantable,
Internet of Medical Things (IMedT), Internet of
Things (IoT), as well as wearable and flexible circuits
for handheld diagnostic devices.
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APPENDIX

In this section, SCM measurements and the
optimization of the parameters are described. In the
SCM mode, the local contact of the tip apex with the
sample forms a nano-MOS contact. During
measurements, two voltages Vpc and Vac are applied
(Figure 10).

Figure 10: Scanning Capacitance measurement.

This mode allows to characterize majority carrier
concentrations and carrier types in semiconductors. In
fact, the electrically conductive tip is scanned in
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contact with the analysed sample surface. The nano-
contact, between the tip and probed local sample
volume, represents a nanometric Metal-Insulator-
Semiconductor (MIS) structure. A Vac signal is
superimposed to the applied Vpc in order to record
the derivative local capacitance under the tip. The low
frequency of the AC voltage is typically around 100
kHz. The role of this voltage is to generate the
movement of free carriers in the material under the
probe contact. The capacitance variation is measured
with a highly sensitive capacitance sensor with
sensitivity around 10" F/(Hz)"2.

In order to well distinguish the active dopant the
Ve during measurement must be located at the value
where the slope of the C-V is maximum. Figure 11
shows calculated curves for various doping levels for
n- and p- type. In our case, to detect the high n-doping
of the silicon we fix the Vpcat 1 V. A Vacof 2 V is
applied, in order to also reveal the p-doping type of
the silicon substrate.
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Figure 11: Optimization of SCM parameters, C-V
calculated for various doping types and levels.
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