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Abstract

Objective. To evaluate plasma-enhanced, chemically vapor deposited (PECVD) amorphous
silicon carbide (α-SiC:H) as a protective coating for retinal prostheses and other implantable
devices, and to study their failure mechanisms in vivo. Approach. Retinal prostheses were
implanted in rats sub-retinally for up to 1 year. Degradation of implants was characterized by
optical and scanning electron microscopy. Dissolution rates of SiC, SiNx and thermal SiO2 were
measured in accelerated soaking tests in saline at 87 °C. Defects in SiC ﬁlms were revealed and
analyzed by selectively removing the materials underneath those defects. Main results. At 87 °C
SiNx dissolved at 18.3±0.3 nm d−1, while SiO2 grown at high temperature (1000 °C) dissolved
at 0.104±0.008 nm d−1. SiC ﬁlms demonstrated the best stability, with no quantiﬁable change
after 112 d. Defects in thin SiC ﬁlms appeared primarily over complicated topography and rough
surfaces. Signiﬁcance. SiC coatings demonstrating no erosion in accelerated aging test for 112 d
at 87 °C, equivalent to about 10 years in vivo, can offer effective protection of the implants.
Photovoltaic retinal prostheses with PECVD SiC coatings exhibited effective protection from
erosion during the 4 month follow-up in vivo. The optimal thickness of SiC layers is about
560 nm, as deﬁned by anti-reﬂective properties and by sufﬁcient coverage to eliminate defects.
Keywords: SiC, silicon carbide, retinal prostheses, protective coating, neural stimulation, chronic
implant
(Some ﬁgures may appear in colour only in the online journal)
Introduction

cable feed-throughs to protect the electronics from exposure
to body ﬂuids and associated corrosion [10, 14, 15, 18]. This
approach results in rather bulky implants and difﬁcult surgeries that involve separate placements for the power supplies and electrode arrays, and routing of interconnecting
cables.
Our group developed a silicon photodiode array
implanted sub-retinally for restoration of sight to patients
blinded by degenerative retinal diseases, such as age-related
macular degeneration and retinitis pigmentosa [16, 17]. With
pulsed near-infrared light providing both power and visual

The spectrum of implantable electro-neural interfaces for
restoration and control of sensory, motor, and other brain
functions is rapidly expanding. Examples include cochlear
implants [1–3], deep brain stimulators [4–7], cortical motor
prostheses [8–10], cortical visual prostheses [11, 12] and
retinal prostheses [13–17], amongst others. The majority of
electrical implants employ metal or ceramic enclosures with
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information, the implant is completely wireless, greatly
reducing implant size and simplifying surgery.
Since this implant is not packaged in a hermetic metal
enclosure, it is exposed to body ﬂuids. Without an optimized
protective coating, the device remained functional in shortterm (under 1 year) studies in vitro and in vivo, but with
detectable degradation. For long-term use of integrated circuit
(IC) and micro-electro-mechanical systems (MEMS)-based
biomedical devices, a biocompatible encapsulation layer is
necessary to provide stable protection against water and ion
ingress.
Dielectric materials deposited by low-pressure chemical
vapor deposition (LPCVD) at high temperatures (800 °C–
900 °C) have exhibited good stability and barrier properties in
long-term in vivo studies [19–21]. However, such temperatures are incompatible with encapsulation of ICs. Development of an encapsulation layer which can be deposited at
temperatures below 400 °C would be tremendously beneﬁcial
since it would allow its use for protection of ICs [22]. Low
temperature (395 °C) LPCVD silicon oxide (SiO2) implanted
sub-retinally in rabbits was found to dissolve after
6–12 months [23]. Polymers, such as Parylene, are used in the
medical industry for encapsulation of the neural implants [24–
26]. Due to its low relative permittivity, high resistivity,
biocompatibility and conformal deposition, Parylene is suitable as an electrical isolation material for implantable devices. Adhesion of Parylene to inorganic substrates can be
improved by adhesion promoter and thermal treatment [27].
However, Parylene has relatively high water vapor transmission rate compared to many dielectric materials [26, 28],
therefore Parylene by itself is not sufﬁcient to protect
implanted ICs. Atomic layer deposited Al2O3 is conformal
and hermetic, yet found to dissolve in water [26, 29]. An
Al2O3 and Parylene bilayer structure was proposed to
improve its resistance to moisture and the encapsulation
lifetime [26]. Diamond-like carbon coatings [30] and ultranano-crystalline diamond coatings [31–33] have demonstrated biocompatibility, resistance to corrosion and wear, and
are being used in medical implants, with some concerns
regarding delamination in an aqueous environment caused by
high residual stress, leakage current, pinholes near sharp
corners, and a relatively high deposition temperature.
As an alternative, amorphous silicon carbide (α-SiC:H)
deposited at a low temperature was proposed as a protective
coating due to its availability in semiconductor processing,
compatibility with IC technology, biocompatibility [34–36],
contamination barrier properties [37–40] and low dissolution
rate in saline, compared to other commonly used dielectric
materials for IC passivation, such as silicon nitride (SiNx) and
low-temperature SiO2 [41–44].
In this study, we implanted retinal prosthetic devices for
up to 1 year and characterized their degradation by optical and
scanning electron microscopy (SEM) to assess the device
failure mechanisms in vivo. We also measured the dissolution
rates of SiC, SiNx and thermal SiO2 in accelerated soaking
tests to compare stability of those dielectric materials. We
revealed and analyzed the defects in SiC ﬁlms, and deﬁned

the optimal thickness of SiC layer for reliable protection of
the chronic implants.

Methods
Material deposition

Amorphous silicon carbide (α-SiC:H) was deposited by
plasma-enhanced chemical vapor deposition (PECVD) at
EIC Laboratories, Inc. (Norwood, MA). The precursors were
SiH4 and CH4 (1:3 ratio of SiH4/CH4) in an Ar carrier gas.
The deposition temperature was 325 °C at a pressure of
800 mTorr and an RF power frequency of 13.56 MHz. The
SiNx used in dissolution rate tests was deposited by PECVD
at the Stanford Nanofabrication Facility (SNF) using surface
technology systems (STS) PECVD. The precursors were
SiH4 and NH3 (40:33.5 ratio of SiH4/NH3) at a deposition
temperature of 350 °C and pressure of 650 mTorr. Dual
frequency (13.56 MHz and 187.5 kHz) deposition was used.
SiNx was deposited as the top surface coating of retinal
prostheses by PECVD at SNF (Plasma-Therm Shuttlelock
SLR-730-PECVD). This tool used a capacitive-coupled
plasma with 13.56 MHz RF power. Precursors were SiH4
and NH3 (5:3 ratio of SiH4/NH3), with He and N2 carrier
gases. The deposition temperature was 350 °C at a pressure
of 950 mTorr. SiO2 was grown by wet thermal oxidation in a
resistance-heated oxidation furnace at 1000 °C.
Device fabrication

Three types of structures were used in this study. To minimize
confusion, they are denoted as Type I, II and III, respectively.
Type I structures are retinal prosthetic implants fabricated
at SNF using complementary metal–oxide–semiconductor and
MEMS technologies. The fabrication process includes eight
lithography steps on silicon-on-insulator wafers with 30 μm
silicon device layers [45]. Each implant consists of an array of
142 hexagonal pixels, which are 70 μm in width. An individual
pixel contains 2 or 3 photodiodes connected in series between
active and return electrodes. Photodiodes and pixels are isolated by 5 μm wide trenches ﬁlled with undoped polysilicon
(ﬁgure 1(a)). The implants are 1 mm in diameter and 30 μm
thick. The main difference in the current devices from the
previously described devices [45] is that the electrodes are
connected to PN junctions with the opposite polarity—the
active electrode connected to the p-type silicon region. This
provides anodic-ﬁrst pulses of current, optimal for sub-retinal
stimulation [18, 46]. Devices were fabricated on two wafers,
both having 60 nm of PECVD SiNx (Plasma-Therm) on top of
70–80 nm of thermally grown SiO2 (thermal oxide) on the
surface. One wafer has an additional 240 nm layer of SiC on
the top surface. The backside and sidewalls of all implants were
covered with 480 nm of thermally grown SiO2. Three Type I
implants from each wafer were used in in vivo experiments. All
of the 142 pixels of each implant were tested.
To facilitate defect analysis in SiC coatings, Type II
structures were fabricated similarly to Type I devices but on
2
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Figure 1. Optical microscopy of retinal prostheses (Type I) without SiC coating. (a) A 2-diode pixel device before implantation. (b) One pixel

of the device in (a); 1—active electrode, 2—return electrode, 3—trenches ﬁlled with polysilicon. (c) and (d) Four months after sub-retinal
implantation in a rat eye. The drastic color change and exposed metal wires (4, bright yellow) indicate the dissolution of SiNx.

[17, 47] and performed in agreement with Stanford University institutional guidelines and the Statement for the Use
of Animals in Ophthalmic and Vision Research. After a
period of time (from 4 months to 1 year), implants were
extracted from the tissue and cleaned in an enzyme solution
(Tergazyme, 1%) for 1 d, and then further cleaned with
deionized water and isopropyl alcohol (IPA). Explanted
devices were examined with optical microscopy and SEM.
Some devices were sputter coated with a thin layer of metal
(∼10 nm) to improve the SEM imaging by reducing the
charging effects. It was not always possible to compare the
same device and the same pixel before and after the
implantation due to randomness of the defect locations.
However, each optical and SEM image is representative of
the type of implant in terms of the device structure and
changes after the implantation.

bulk silicon wafers, making the total array thickness
∼520 μm. In addition to the 240 nm thick SiC ﬁlms, some of
Type II arrays had a thicker SiC coating—560 nm. These
thick arrays were not used for in vivo experiments.
Type III structures are bulk silicon substrates (520 μm
thickness) with 5 μm wide and 33 μm deep trenches etched
using the Bosch process (Surface Technology Systems
STSetch2) at SNF. A thermal oxidation at 1000 °C for
100 min followed the trench etching to conformally grow
480 nm SiO2 on the samples. SiC ﬁlms of 560 nm thickness
were then deposited on the top surface of some samples, and
180 nm thick SiC ﬁlms were deposited on others. Type III
structures were used for the defect analysis, but not for in vivo
experiments.
In vivo experiments

Each of the six Type I retinal prostheses (three with SiC
coating and three without) were implanted sub-retinally in a
different rat (six rats in total). The implantation technique
was similar to the one previously reported by our group

Dissolution rate

Dissolution rates of dielectric materials in saline were measured in accelerated soaking tests. SiC, SiNx, and SiO2-coated
3
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silicon substrates (520 μm thickness) were sealed in glass
vials ﬁlled with saline, and placed in an oven with the
temperature maintained at 87 °C for up to 112 d. Samples
were periodically taken out of the chamber, rinsed with
deionized water, dried and analyzed. The dissolution rate
study at elevated temperature was performed in a low-phosphate saline (LPS), comprised of 126 mM NaCl, 5 mM
Na2HPO4, and 1.4 mM NaH2PO4.
Five samples each of the SiC, SiNx and SiO2 coatings
were used in the accelerated aging tests. SiC and SiNx were
grown on double-side polished silicon substrates. Before the
soaking test, the thickness of SiC and SiNx ﬁlms was directly
measured by selectively etching away the dielectric materials
in a small region and measuring the step using surface proﬁlometry. SiC ﬁlms were 694±10 nm thick on each side,
and SiNx ﬁlms were 520±5 nm thick on each side. SiO2
ﬁlms were grown on single-side polished silicon substrates.
Thickness of SiO2 ﬁlms on silicon substrates was measured
using spectral reﬂectometry (Nanometrics Nanospec 210XP),
assuming the refractive index of SiO2 to be 1.45 in the visible
range. The ﬁve SiO2 samples were found to be 511±3 nm
thick.
During the soaking tests of SiC and SiNx, transmissionmode Fourier transform infrared spectroscopy (FTIR,
Nicolet 6700) measurements were taken periodically on
each sample to monitor changes of the ﬁlms. The transmission FTIR spectra peaks were ﬁtted, assuming Gaussian
peak shapes, near the Si–C (∼758 cm−1) or Si–N
(∼820 cm−1, 930 cm−1) stretch frequencies, and the areas
under the peaks were integrated. Prior to the soaking tests,
we calibrated the integrated areas of ﬁtted Gaussian peaks
measured by FTIR to the thickness measured by surface
proﬁlometry by linear regression on samples of four different thicknesses for both SiC and SiNx. All subsequent
FTIR peak areas were converted to ﬁlm thickness using
these ﬁtted linear models. Assuming the dissolution rates on
both sides of the sample exposed to the same electrolyte are
the same, the dissolution rate of a single exposed surface
was calculated as half of the observed dissolution rate from
two surfaces. For SiO2 ﬁlms, spectral reﬂectometry was
performed periodically during the soaking test. The dissolution rate of each ﬁlm was calculated by plotting the total
ﬁlm thickness versus soaking time.

(XeF2) gas (Xactix e-1) to remove several microns of silicon.
For cross-sectional SEM analysis of samples coated with
560 nm SiC ﬁlms, an additional SiO2 etch in BOE 6:1 for 40 s
was performed after cross sectioning the sample in order to
recess the oxide and emphasize the SiC layer.

Results
Degradation of the implants in vivo

Implants without SiC coating degraded signiﬁcantly during
the 4 month sub-retinal implantation. SiNx layer was completely dissolved on all pixels and devices, which was evident
from the color change of the devices after implantation
(ﬁgures 1(c) and (d) compared to 1(a) and (b)). Platinum
wires connecting the PN junctions to electrodes became
exposed (ﬁgure 1(d)). On one implant, polysilicon in the
trench started to degrade (ﬁgure 2(c)), while on the other
implant (ﬁgure 2(b)), this region did not show any visible
changes (ﬁgure 2(a)).
All pixels without SiC coating implanted for 1 year showed
visible degradation. However, the degradation was not uniform
across a device, as shown in ﬁgure 3(a); some pixels exhibit
more degradation than others. In some of the trenches, polysilicon was completely dissolved, leaving a thin SiO2 membrane covering the trench top (ﬁgure 3(b), 1). As a result, the
metal wires on top of these empty trenches were mechanically
compromised (ﬁgures 3(b), 2, and (c), 2). Some thin SiO2 ﬁlms
that originally covered the trench top were displaced after the
polysilicon underneath was dissolved (ﬁgures 3(c), 3).
Despite the degradation, the implanted devices continued
to function until they were explanted at least 7 months later
[17], indicating that the SiO2 ﬁlms with metal wires on top of
the empty trenches were displaced only during explantation
(ﬁgure 3). Prolonged exposure of the implants in vivo will
eventually lead to complete dissolution of the polysilicon in
the trenches, which is likely to result in the loss of mechanical
support, leading to device failure. During very long in vivo
exposure, we speculate that the 70 nm of SiO2 will eventually
dissolve as well [48]. Once the active area (single-crystal
silicon) of the devices is exposed to physiological environment, the silicon is expected to dissolve rapidly [43], and the
devices will eventually stop functioning.
To evaluate the protective properties of SiC, three
devices with 240 nm of SiC coating were implanted in three
different rats for 4 months. One implant did not show any
visible degradation under the optical microscope
(ﬁgures 4(c) and (d)). Two other implants had minor
degradation at isolated defect points, visible as small patches
of color change near the middle of the polysilicon-ﬁlled
trenches (ﬁgures 4(e) and (f), arrows) compared to the image
before implantation (ﬁgures 4(a) and (b)). These defects
were seen on 51 out of 142 pixels on one device, and 41 out
of 142 on another. The patches of color changes indicate the
presence of defects in the SiC ﬁlms near the middle of the
polysilicon-ﬁlled trenches, which allowed dissolution of the
underlying SiNx.

Defect analysis

Defect analysis was performed only on SiC ﬁlms since all
other coatings were gradually dissolving. To reveal the
defects in the SiC ﬁlms, Type II arrays were soaked in buffered oxide etch (BOE) 6:1 (volume ratio of 40% NH4F in
water to 49% HF in water) for 10 min to etch SiNx and SiO2
through any defects in the SiC ﬁlms. After etching, the defects
became visible under an optical microscope. Type III structures were analyzed similarly by etching materials underneath
the SiC to reveal defects in the SiC ﬁlms. Speciﬁcally, samples were soaked in BOE 6:1 for 7 min to etch SiO2. Some
samples were further etched isotropically by xenon diﬂuoride
4
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Figure 3. Scanning electron microscopy of retinal prostheses (Type

I) without SiC coating after 1-year implantation. (a) All pixels in this
device have visible degradation, albeit not uniform across the device.
Both 3-diode pixels in (b) and (c) exhibit signiﬁcant degradation.
Polysilicon in some trenches is largely dissolved, leaving only a thin
SiO2 ﬁlm covering the trench top (b1). Metal wires on top of the
dissolved trenches could break (b2), (c2). Some SiO2 ﬁlms that
originally covered the trench top were displaced (c3).

Figure 2. Scanning electron microscopy of retinal prostheses (Type I)
without SiC coating. (a) A 2-diode pixel before implantation. (b) and
(c) Four months after sub-retinal implantation in a rat eye. The implant
in (c) exhibits degradation in the polysilicon trench region (arrow),
while (b) did not show visible changes compared to (a). All implants
shown in this ﬁgure are from the same wafer. Only one pixel of each
implant is shown, but all pixels on an implant have similar degradation.

Dissolution rates of protective coatings

Following the observation of the device degradation and
dissolution of SiNx in vivo, we measured the dissolution rate
of SiNx, SiC, and SiO2 ﬁlms under accelerated aging test
conditions—soaking the devices in saline at 87 °C.

In summary, unprotected retinal implants degrade during
prolonged in vivo exposure, while SiC ﬁlms provided effective protection of the implants.

5
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Figure 4. Retinal prostheses (Type I) with 240 nm SiC coating. (a) and (b) A 2-diode pixel before implantation. (c)–(f) Four months after sub-

retinal implantation in a rat eye. (c) and (d) exhibits no signs of degradation, while (e) and (f) showed small patches of color change in the
middle of the polysilicon-ﬁlled trench (arrows), indicating defects in the SiC ﬁlm.

SiNx exhibited a highly reproducible and linear dissolution rate of 18.3±0.3 nm d−1 (single surface) over the
course of 28 d at 87 °C (ﬁgure 5(a)). In addition, water
penetration and bubbling was visible by day 1, and color
changes indicative of thinning occurred throughout the
course of soaking. By day 28, white dots appeared,

suggesting wafer oxidation. Overnight between days 28 and
29, the remaining silicon nitride on each sample (15–23 nm
per side) dissolved, and the wafers oxidized extensively.
This result corresponded well with the observations in vivo,
where SiNx ﬁlms on the retinal prostheses completely dissolved after 4 months.
6
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−1

Figure 5. Dissolution rate of dielectric materials in saline at 87 °C. (a) PECVD SiNx dissolved at 18.3±0.3 nm d

showed no quantiﬁable dissolution up to 112 d. (b) Thermal SiO2 dissolved at 0.104±0.008 nm d
thickness of SiO2 on day 0).

In contrast, the ﬁve samples coated with SiC exhibited
excellent stability. After more than 16 weeks in LPS at 87 °C,
they showed neither visible degradation nor quantiﬁable
dissolution (ﬁgure 5(a)). This result is in agreement with the
earlier measurement of SiC dissolution rate over 28 d at 90 °C
[41], and explains why SiC-coated devices were much more
stable in vivo. The measured ﬁlm thickness ﬂuctuated within
∼2% (standard deviation) over the course of soaking—likely
an artifact of the peak ﬁtting procedure. Defects in the SiC
ﬁlms could also contribute to variation in the measurement, if
silicon under the defects oxidizes and dissolves, forming
localized corrosion that could scatter light during the FTIR
measurements.
Thermally grown SiO2 dissolved very slowly but steadily
at 0.104±0.008 nm d−1 in saline at 87 °C (ﬁgure 5(b)). Thus
a SiO2 coating of 70 nm would last for ∼700 d under the
accelerated aging conditions, corresponding to tens of years
in vivo. This explains why the single-crystal silicon part of the
implant did not degrade in vivo after 1 year, with 70–80 nm of
SiO2 covering it.

−1

, while PECVD SiC
(data were normalized to the average

(ﬁgures 7(a) and (b)). For 180 nm SiC ﬁlms, the trench
sidewalls were covered by SiC only down to ∼4.5 μm depth
(ﬁgures 7(c) and (e)). A thin layer (tens of nanometers) of SiC
covered the bottom of the trenches. Overhanging SiC ﬁlms at
the corners are visible (ﬁgure 7(d)) and are emphasized by
deliberately etching the underlying SiO2 layer.
Similar tests on Type II arrays coated with 240 nm SiC
ﬁlms revealed defects exclusively in the middle of the polysilicon-ﬁlled trenches (ﬁgure 8(b)). This result matches well
the defects observed after the 4 month in vivo implantation
(ﬁgures 4(e) and (f)). For samples coated with 560 nm SiC, no
defects were found anywhere on the structures (ﬁgure 8(d)).
The defect density in SiC ﬁlms depended on both the device
topography and the ﬁlm thickness. The 5 μm wide trenches
were oxidized and ﬁlled with polysilicon for electrical isolation and mechanical support (ﬁgure 9(a)). The middle of the
trenches has a small seam where polysilicon grown from the
sidewalls joins (indicated by the arrow in ﬁgure 9(b)). The
small gaps near the surface are likely to result in defects, if not
adequately covered. The 240 nm of SiC coating did not cover
these gaps (ﬁgure 9(c)), while a 560 nm layer completely
coated the gaps (ﬁgure 9(d)). Therefore, to properly protect
the steps on the surface of the device and eliminate the
associated defects in the SiC ﬁlms, a minimum thickness of
the coating, which depends on the topography of the device,
must be used. For our retinal prostheses, a SiC thickness of
560 nm appears to provide sufﬁcient protection, although this
must still be conﬁrmed pending the 1 year in vivo follow-up.

Defect analysis

Continuity of the protective coatings is critical for device
longevity. Any defect in the ﬁlm will expose the underlying
materials to the harsh environment. Figure 5 demonstrates a
measurable dissolution rate of SiNx and SiO2, while the
thickness of SiC did not change over the course of soaking
tests. Therefore, we only performed defect analysis on SiC
ﬁlms deposited on different structures to ﬁnd weak points in
these ﬁlms, which may lead to degradation of the devices.
For 560 nm SiC ﬁlms, examination of a total area of
11 cm2 of the top surface of Type III structures showed no
defects (ﬁgure 6(a)). Occasional defects were found on the
sidewalls of the trenches covered with SiC (ﬁgure 6(b)). The
scalloping on the sidewall due to the Bosch process likely
increased the defect occurrence. SiC covered the trench
sidewalls and bottoms continuously to the bottom

Discussion
Devices not coated with SiC exhibited considerable degradation
after 4 months in vivo, as shown in ﬁgure 2. Devices with open
trenches around each pixel (ﬁgure 2(c)) exhibited more erosion
than the ones with ﬁlled trenches (ﬁgure 2(b)). But regardless the
extent of degradation, the fact that it is noticeable in all uncoated
devices indicates the need for a good protective coating.
7
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Figure 6. Defect characterization of SiC ﬁlms (Type III). (a) Top view of 560 nm SiC ﬁlm deposited on a smooth surface of 480 nm thermal

SiO2 on a bulk Si substrate with etched and oxidized trenches. No defects were found on 11 cm2 of the top surface examined. (b) A defect on
a trench sidewall.

Figure 7. Trench coverage of SiC ﬁlms (Type III). (a) and (b) 560 nm SiC deposited on 480 nm SiO2 on a bulk Si substrate with etched and
oxidized trenches. The continuous SiC ﬁlm on the sidewall and bottom is pointed out by the arrows. (c)–(e) 180 nm SiC deposited on 480 nm
SiO2 on Si substrate with etched and oxidized trenches. The SiC ﬁlm was continuous only at the top ∼4.5 μm of the trench.

and ﬂuids [49, 50] and degrades after interactions with cell
cultures [51]. In aqueous media, SiNx is oxidized to form SiO2
and NH3, and SiO2 hydrolyzes into Si(OH)4 [52–54]. Therefore, a silicon implant with SiO2 and SiNx coatings will not
survive long enough for chronic human use. SiC is known to
react with O2 and H2O at very high temperatures (800 °C–
1000 °C) [55–57], however, it is chemically inert under physiological conditions. Except for a possible observation of SiC
surface oxidation [43], no chemical reactions involving SiC
under physiological conditions have been reported.
To estimate the SiC coating lifetime, we assumed an
acceleration factor of 2ΔT/10, which has been used for polymers in medical devices and other applications [58], assuming
ﬁrst-order rate kinetics for the dissolution process. Under this

SiC ﬁlms appear to protect the silicon wafers very well:
we have not observed dissolution of this coating in accelerated aging, nor any defects in thick (∼1 μm) SiC ﬁlms
deposited on ﬂat surfaces. However, we observed a few
defects or weak spots in 200–300 nm thick SiC ﬁlms in the
middle of the ﬁlled trenches (ﬁgure 8(b)), where the surface of
the underlying polysilicon is not smooth (ﬁgure 9(c)). Eliminating such seams in the trenches would improve the stability
of such devices. Alternatively, using thicker SiC can completely cover these rough features, as shown in ﬁgure 9(d)
with 560 nm coating.
Si(001) is known to dissolve in saline along preferential
crystallographic planes, generating rectangular or square defects
[43]. Silicon also reacts actively with many biological enzymes
8
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Figure 8. Defect characterization of SiC ﬁlms deposited on retinal prostheses (Type II). (a) and (b) 3-diode array with 240 nm of SiC. (c) and

(d) 3-diode array with 560 nm of SiC. (b) and (d) After etching in BOE 6:1 for 10 min to reveal defects in the SiC ﬁlms. (b) With 240 nm SiC,
defects were visible in the middle of polysilicon ﬁlled trenches (arrow). (d) No defects were visible with 560 nm SiC.

scheme, the aging factor at 87 °C compared to physiological
temperature (37 °C) is 2(87-37)/10=25=32, which means
that a day of accelerated aging corresponds to about a month
at physiological temperature. In this study, the SiC coatings
did not change after 112 d at 87 °C, translating to no detectable degradation for roughly 10 years under physiological
conditions.
Dissolution of SiNx coatings and polysilicon in the trenches was the primary cause of device failure in this study.
Eliminating SiNx and polysilicon should greatly increase the
lifetime of the devices. SiC can not only replace SiNx as the
protective coating, but also serve as a part of the anti-reﬂective
coating for the retinal implant, in combination with the
underlying SiO2. Simulation by the transfer matrix method
[59, 60] (ﬁgure 10) showed that 560 nm of SiC on top of
310–380 nm of SiO2 could reduce reﬂection of 880 nm light
below 10% at vertical incidence. SiO2 and SiC ﬁlms of such
thickness exhibit low defect densities even in areas of complex
topography, and therefore can provide effective protection.
The backside of the retinal prostheses can be coated with
SiC at a much lower temperature to be compatible with the

sputtered iridium oxide ﬁlm (SIROF) electrode used in our
devices. Amorphous SiC can be deposited at 175 °C by electron cyclotron resonance PECVD [61], at <200 °C by PECVD
[43, 62], and even at room temperature by RF magnetron
sputtering [63], although the stability of those ﬁlms in saline
solution needs to be investigated. Therefore, SiC coating can
be deposited after SIROF deposition and release of the devices.
Sidewalls of the devices can be coated with SiC by a combination of depositions from the top and bottom. Alternatively,
the back and sidewalls of the implant can be coated with metal.
Aside from increasing the SiC ﬁlm thickness, the defect
density can be reduced by growth interruption during the SiC
deposition. The defects in SiC ﬁlms on the trench sidewalls
can also be reduced by decreasing the scalloping related to the
Bosch process used to etch trenches in the silicon. H2
annealing at an elevated temperature has been demonstrated
to smooth sidewalls [64–66].
The dissolution rate of SiC and other dielectric materials
might be different with an electric ﬁeld applied. Further study
of the retinal prostheses in vivo with chronic photovoltaic
activation will shed more light on this topic.
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Figure 9. Cross-section of retinal prostheses (Type II) in the trench region. (a) Sample with no SiC coating, showing the top ∼5 μm of the

polysilicon-ﬁlled trench. (b) Zoom-in image of the middle of the trench (yellow dashed rectangle) of (a). White arrow points to the gap in
polysilicon. (c) A sample with 240 nm SiC coating. Small gap in the middle of the trench not fully covered by SiC is indicated by the white
arrow. (d) Sample with 560 nm SiC coating completely covering the gap.

Conclusions
Signiﬁcant degradation of unprotected photovoltaic retinal
prostheses was found after 4 month implantation, especially in
the polysilicon-ﬁlled trenches. PECVD SiC ﬁlms were much
more effective than SiNx and SiO2 coatings in protecting the
devices in vivo. Accelerated aging tests did not change the
thickness of SiC ﬁlm after 112 d in saline at 87 °C. The SiNx
coating was much less stable, and dissolved at
18.3±0.3 nm d−1 at 87 °C. Thermal SiO2 grown at high
temperature (1000 °C) was more stable, but still dissolved very
slowly at 0.104±0.008 nm d−1 at 87 °C in saline. SiC ﬁlms
exhibited some defects on complicated topography and rough
surfaces. The defect density could be reduced or eliminated by
smoothening the underlying surface or by increasing the SiC
ﬁlm thickness. Overall, PECVD SiC ﬁlms have desirable
properties as protective coatings for implantable electronics. A
combination of thermal SiO2 with a PECVD SiC ﬁlm should
be adequate for providing anti-reﬂective coating and protecting
retinal prostheses for long-term use.

Figure 10. Calculated optical reﬂectivity of the SiC and thermal
SiO2 stack in saline. 560 nm of SiC on top of 310–380 nm of SiO2
could reduce reﬂection of 880 nm light below 10% at vertical
incidence.
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