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Abstract— Electronic microsystems are foundational to today’s
computational, sensing, communication, and information process-
ing capabilities, therefore impacting industries, such as micro-
electronics, chemical, healthcare, manufacturing, and aerospace.
As demand grows for more capable microsystems to help address
today’s rapidly growing needs, new packaging materials that are
compatible with high-precision silicon microfabrication must be
developed in order to enable the integration of individual and dis-
parate components into systems with complex functionality. This
article aims to demonstrate the potential for using a silicate-based
inorganic composite to encapsulate and three-dimensionally inte-
grate individual components into complex systems in a heteroge-
neous 3-D integration approach. Through the use of liquid alkali
sodium silicate (water glass) and nanoparticle fillers, composites
can be synthesized and cured at low temperatures into chemically,
mechanically, and thermally (up to 400 ◦C) stable structures
using high-throughput processing methods, such as spin and
spray coating. This work demonstrates that this material can
be processed into thick layers (tens to hundreds of micrometers),
can fill high aspect ratio gaps (13:1), can withstand common
microfabrication processes (wet process chemicals, photolithog-
raphy, polishing, and thermal stability), and have its coefficient
of thermal expansion tailored for compatibility with a variety of
substrates. These demonstrations position this composite material
for use in heterogeneous 3-D integration approaches that enable
a wider range of complex microsystems.

Index Terms— Gap fill, heterogeneous integration, inorganic
composite, molding material, silicate.

I. INTRODUCTION

THERE is a growing demand for smaller electronic
systems with low mass and volumes that consume

less power, without sacrificing functionality and complexity
[1]–[3]. Traditional approaches for enabling complexity and
functionality, i.e., microfabrication and packaging, are limited
by fabrication tooling constraints (contamination and process
temperature) or density of active system components that
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can be integrated (MEMS, microfluidics, microprocessors, and
power electronics). One emerging effort to address challenges
in heterogeneous integration is the “chiplet” approach where
reusable, smaller, cheaper, and modular microsystems with
various functionalities could all be snapped into a universal
bus to create a multifunctional system [3]. Alternatively,
3-D integration has existed as a more mature method for
allowing greater volumetric packaging efficiency of varied
and disparate components and shorter interconnects, therefore
enabling complex functionality and improved efficiency with
simpler designs for electronic systems [4]–[7]. Current 3-D
integration techniques include through-silicon vias (TSV),
die bonding, and molding [8]–[13]. Molding is of particular
interest as it is commonly used in fan-out wafer-level pack-
aging (FOWLP) and fan-out panel-level packaging (FOPLP)
to integrate and encapsulate commercial off-the-shelf (COTS)
components into high-density packages [2], [14], [15]. Ulti-
mately, epoxy molding compounds (EMCs) have the potential
to enable components to be heterogeneously 3-D-integrated
into highly capable microsystems that benefit from 3-D inte-
gration without needing components to be specially designed
for it. Common commercial EMCs have coefficients of thermal
expansion (CTEs) of around 10 ppm/◦C [14], with some EMCs
in the literature reporting CTE of approximately 6 ppm/◦C [16]
and glass transition temperatures (Tg) ranging from 130 ◦C to
200 ◦C [16], [17]. However, these EMCs face considerable
challenges due to CTE mismatch and low Tg that lead to
warpage, thermal stress build-up, component shifting, and,
ultimately, strict limitations on processing temperatures after
the postmold cure (PMC) [2], [14]–[21].

Therefore, for a molding material to support this heteroge-
neous 3-D integration approach, it must meet the following
criteria.

A. Low-Temperature and High-Throughput Processing

The material must be processed at low temperatures
to remain within the thermal budget of COTS die
(400 ◦C). In addition, this material must be compatible with
high-throughput processing techniques, such as spray coating
or spin coating in order to be cost-effective.

B. Thick Layer Processing

The material must be capable of being formed into a
thick layer (tens to hundreds of micrometers) in order to
completely encapsulate die and provide the next surface for
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subsequent microfabrication in the three-dimensionally inte-
grated microsystem.

C. Gap Fill

The material must completely fill gaps (<10-μm wide and
>50-μm deep) between die components so that there are
no voids or air pockets throughout the entire package, and
structural integrity is maintained.

D. Microfabrication Compatibility and Thermal Stability

The material must be compatible with common microfabri-
cation processes, such as wet cleans, etches, high-temperature
microfabrication processes (up to 400 ◦C), and photolitho-
graphic patterning. Furthermore, the material must be planariz-
able for subsequent photolithographic processes.

E. Coefficient of Thermal Expansion Compatibility

The CTE of the material must be tunable to prevent stress
build-up and potential cracking or delamination when used
on common substrate materials (silicon, gallium arsenide, and
so on). Generally, the CTE should be below 10 ppm/◦C for
consideration as a molding material [8].

Current alternatives to typical EMC do not meet all nec-
essary criteria as they are too thin (<2 μm) to behave as
a structural packaging material [22], [23] or are made from
organic polymer materials that limit their usefulness in harsh
environments [24]–[27].

This work aims to demonstrate the potential for an inorganic
silicate composite, comprised of liquid alkali sodium silicate
and nanoparticle fillers, to support this heterogeneous 3-D
integration approach [28], [29]. Liquid alkali sodium silicate
glass, commonly referred to as “water glass,” is a suitable
precursor for a packaging composite because it can form a
robust inorganic glass and, due to its low viscosity prior to
curing, has the potential to fill high aspect ratio gaps between
die and components to provide structural integrity to the
heterogeneously integrated microsystem.

Previous work shows similar silicate composites being used
as coatings, binders, and adhesives for ceramics, metals,
quartz, and glass, indicating good adhesion properties with
common IC chip materials [30]–[43]. In addition, for use as
an electronic packaging composite, the liquid alkali sodium
silicate must be processed into a neutral glass to induce curing
and form a rigid structure that is chemically, mechanically,
and thermally stable [44], [45]. Common methods for curing
silicate materials, such as adding water or acid, are not viable
for encapsulation because adding water will create excess vol-
ume change when curing and acids tend to liberate silica from
the silicate matrix, compromising mechanical integrity [44].
In this work, silica nanoparticle fillers were added to induce
curing [44], [46]. The addition of silica nanoparticles lowers
the alkalinity due to the slight dissolution of silica and an
overall reduction in sodium content. This results in dense
silicate–silica matrix-filler composite with more bridging oxy-
gen atoms around the tetrahedral silicon than liquid alkali
sodium silicate [44]. Fig. 1 highlights this process.

Fig. 1. Illustration of silicate composite formulation via the addition of
a silica nanoparticle filler, not to scale. Slight dissolution of SiO2 in alkali
solution creates a branched, rigid silicate matrix with four bridging oxygen
atoms, as opposed to two in alkali solution [44].

Fig. 2. Chart depicting processing options for silicate composite.

The addition of silica nanoparticles provides additional
important advantages. First, they can be used to tailor the CTE
to better match common substrates (silicon, gallium arsenide,
and so on) [20], [47], [48]. Second, they can be used to tune the
viscosity, making this material extremely versatile for many
low-temperature processing techniques, such as drop casting,
spin coating, spray coating, and injection molding, as shown
in Fig. 2. This work mainly focuses on silicate composites
processed via spin coating and spray coating.

Finally, in order to cure the silicate composite, the water
must be removed from the film. Since water removal is
the sole curing mechanism required after the addition of
silica nanoparticles, this process can be done at very low
temperatures (approximately 100 ◦C). Complete removal of
water is vital to the mechanical and chemical integrity of the
composite because hydrated silicate materials are susceptible
to dissolution [44]. The optimal curing conditions (tempera-
ture, heating rate, time, and gaseous environment) will greatly
depend upon the composite composition, processing method,
and application.

The following will be organized around the five criteria
described in this introduction. We will describe how we tested
these criteria in Section II, followed by a demonstration and
discussion of the composite’s ability to meet these criteria in
Section III.

II. EXPERIMENTAL

A. Low-Temperature and High-Throughput Processing

To demonstrate high-throughput and low-temperature
processing, silicate solutions were formulated for spray coating
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Fig. 3. (a) FTIR spectra comparing quartz standard to the individual compos-
ite components (sodium silicate and silica filler) and the silicate composite.
(b) Raman spectra comparing quartz standard to the individual composite
components (sodium silicate and silica filler) and the silicate composite.

and spin coating. Silicate composite solutions were made
by mixing different variations of silica particles (800-nm
silica from the US Research Nanomaterials, Inc.; Aerosil
200 from Evonik) with reagent grade sodium silicate (Sigma-
Aldrich Reagent Grade). Mixing was done using a Flacktek
Inc. Speedmixer model DAC 600.2VAC-LR at 4000 rpm for
5 min. Spin coating was done by spinning 1 mL of 50%
by weight of 800-nm silica in reagent grade sodium silicate
onto a 50 mm × 50 mm silicon substrate with 500–1000 nm
of PECVD oxide at 5000 rpm for 1 min. After spinning,
the sample was cured on a hot plate brought from room
temperature to 200 ◦C at approximately 20 ◦C/min. The
sample was held at 200 ◦C for approximately 5 min. This
curing process was chosen over a lower temperature process
in order to more rapidly process samples. Spray coating was
done using a Sono-Tek ExactaCoat 25 kHz Focused Tip with
AccuMist to deposit three different composite compositions:
1) reagent grade sodium silicate without nanoparticle loading;
2) 2.5% by weight of Aerosil 200 in sodium silicate; and
3) 30% by weight of 800-nm silica in sodium silicate. Samples
were left at room temperature for approximately one week
before measurements and characterization. The structure of
the silicate composite was analyzed using absorbance mode
FTIR-ATR (Bruker Vertex 70 with Platinum ATR) and Raman
spectroscopy (Renishaw InVia Confocal Raman Microscope)
with a 532-nm laser at 1% intensity over 100 scans on quartz
standard (Sigma Aldrich), reagent grade sodium silicate, silica
filler, and the silicate composite. This is shown in Fig. 3.
For FTIR, broad peaks at 800 cm−1 indicate Si–O bonding
(present in silica filler and composite), and peaks at 1100 cm−1

indicate Si–O–Si bonding (present in quartz standard, silica
filler, and composite). The lack of a peak at 1100 cm−1 in the
sodium silicate indicates that there is minimal branched Si–
O–Si bonding. Adding silica filler to formulate the composite
results in a Si–O–Si peak, indicating a more branched network
in the composite compared with the reagent grade sodium
silicate. The broad peaks around 1000 cm−1 is characteristic
of amorphous glass materials. For Raman, the spectra are
nearly identical between all samples. Raman peaks at 333 and
465 cm−1 represent symmetric Si–O–Si stretching, again indi-
cating a branched silicate network.

Fig. 4. Depiction of gap-fill substrates where concentric rings are etched
into silicon to create various aspect ratio gaps.

B. Thick Layer Processing

Thick layer samples were prepared by cleaving
standard [001] silicon wafers with 500–1000 nm of
plasma-enhanced chemical vapor deposition (PECVD) silicon
dioxide or thermally grown silicon dioxide and cleaned with
O2 plasma. The silicon oxide films protected the underlying
silicon from being etched by the alkali silicate solution.

Spin- and spray-coating processes were used to deposit sin-
gle and multilayer films. For spin coat layering, the previously
described spin-coat process was performed three consecutive
times on the same sample, with an acetone and isopropyl
alcohol (IPA) rinse followed by an O2 plasma clean (300 W
and 10 min) prior to each deposition. Spray coat layers were
deposited and cured using the previously described spray coat
process with multiple deposition passes over the substrate.
Spray coating was also used for thick single layer deposition
using the previously described method with an increased
volume flow rate.

C. Gap Fill

Gap-fill test substrates were fabricated to test the silicate
composite’s ability to fill gaps and voids. The substrate
fabrication was done using a subtractive Bosch etch to etch
a concentric ring pattern, as shown in [11], into silicon to
generate test gaps. This is represented in Fig. 4.

The line thickness and etch depths of these concentric rings
translate to the gap width and gap depth, respectively. Line
widths range from approximately 5–50 μm, and etch depths
range from approximately 50–100 μm. A thermal oxide layer
was then grown to protect the underlying silicon from being
etched by the alkali silicate solution.

Spray coating was selected to demonstrate the silicate
gap-filling capability. The samples were cleaned and exposed
to O2 plasma before deposition of the silicate composite to
clean the surface and make it hydrophilic. After deposition,
samples were left at room temperature for approximately
one week before substrates were cleaved for cross section
analysis. Morphology and gap fill were characterized using
scanning electron microscopy (Zeiss Gemini SEM). Reagent
grade sodium silicate and 30% by weight of 800-nm silica
composites were analyzed to determine the gap-filling ability
of the composite with and without nanoparticle filler.
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D. Microfabrication Compatibility

Spin coat samples as previously described were used for
compatibility testing with common microfabrication proce-
dures, as described in the following.

1) Wet Etch and Solvent Clean Processing: Wet etch and
solvent clean procedures are outlined in this section.

Aqua Regia: Nitric acid (75 mL, 70% from Honeywell)
was added to hydrochloric acid (225 mL, 36.5%–38% from
J. T. Baker) and mixed well. The silicate sample was then
added to the bath for 20 min. After removal, the sample was
rinsed in deionized water and dried in N2.

Nitric Acid: It (65 mL, 70% from Honeywell) was added
to deionized water (300 mL) and stirred well. The silicate
sample was then placed in the bath for 20 min. After removal,
the sample was rinsed in deionized water and dried in N2.

Piranha: Hydrogen peroxide (30 mL, 30% from Honeywell)
was added to sulfuric acid (80 mL, 96% J. T. Baker) and
was stirred until completely mixed. The solution was then
heated to approximately 80 ◦C, at which time the silicate
sample was added for 10 min. The solution was maintained
at approximately 80 ◦C ± 5 ◦C. After piranha cleaning,
the sample was rinsed in deionized water and dried in N2.

SC2: Hydrochloric acid (25 mL, 36.5%–38% from
J. T. Baker) was added to deionized water (150 mL) and
heated to approximately 70 ◦C. Hydrogen peroxide (25 mL,
30% from Honeywell) was then added to the solution. After
waiting for 2 min, the sample was placed in the bath for
10 min while maintaining a temperature at 70 ◦C ± 5 ◦C.
After removal, the sample was rinsed in deionized water and
dried in N2.

Acetone: A sample was placed in an acetone bath for 20 min
at room temperature and subsequently dried with N2.

IPA: A sample was placed in an IPA bath for 20 min at
room temperature and subsequently dried with N2.

Deionized Water: A sample was placed in a deionized water
bath for 20 min at room temperature and subsequently dried
with N2.

SC1: Ammonium hydroxide (22 mL, 29% from J. T. Baker)
was added to deionized water (110 mL) and heated to
approximately 70 ◦C. Hydrogen peroxide (22 mL, 30% from
Honeywell) was then added to the solution. After waiting for
2 min, the sample was placed into the bath for 10 min while
maintaining the temperature at 70 ◦C ± 5 ◦C. After removal,
the sample was rinsed in deionized water and dried in N2.

Hydrofluoric Acid: It (49% from J. T. Baker) was diluted
in deionized water at a volume ratio of 10:1 H2O:HF. The
silicate sample with patterned resist was then placed into the
HF for 5 min. After the etch bath, the sample was rinsed in
deionized water, followed by acetone resist strip, IPA rinse,
and N2 dry.

TMAH: Tetramethylammonium hydroxide (50 mL, 25%
from Sigma-Aldrich) was added to deionized water (108 mL),
mixed well, and heated to approximately 80 ◦C. The silicate
sample with patterned resist was added to the bath for 30 min
while maintaining a bath temperature of 80 ◦C ± 5 ◦C. After
the bath, the sample was rinsed with deionized water and dried
in N2.

O2 Plasma: The samples were placed in GaSonics O2

plasma asher at 300-W power for 10 min. The max tempera-
ture reached is approximately 100 ◦C.

Thermal Stability: Cured silicate samples were subject to
400 ◦C on a hot plate for 30 min.

2) Photolithography and Patterning: A spin-coated sample
was used for patterning. AZ 1529 resist was spun at 4000 rpm
to a thickness of 2.9 μm. This resist was then baked at 100 ◦C
for 3 min, exposed using an OAI Model 808 Mask Aligner for
20 s using an arbitrary mask with feature sizes on the order
of millimeters in width, developed for 90 s in AZ 300 MIF
developer and postbaked at 110 ◦C for 3 min. This silicate
sample with patterned resist was then placed in a 10:1 DI
H2O:HF bath for 5 min at room temperature for etching.
Finally, the resist was stripped with acetone followed by IPA
and N2 to dry.

3) Polishing: A three-layer spin coat sample (∼26 μm) was
polished via mechanical polishing methods in a three-step
process using Logitech Precision Lapping & Polishing sys-
tems. The substrate was mounted parallel on a polished glass
carrier in a crystal bond wax. The initial stage polish was done
to planarize the surface area by using a Logitech PM5 preci-
sion lapping and polishing system with a cast iron wheel and
an abrasive alumina microgrit slurry for 10 min. The second
stage polish was done by using a Logitech LP50 precision
lapping and polishing system with a slotted felt pad and a
diamond-alumina microgrit slurry for 2 h. The final stage
polish was done using a Logitech LP50 precision lapping and
polishing system with the same slotted pad as stage two, using
a colloidal silica-based polishing slurry for 1 h. Composite
surface profiles were obtained using both a Keyence 3-D Laser
Microscope and a Zygo 3-D Optical Profiler.

E. Coefficient of Thermal Expansion Tuning

To demonstrate CTE engineering via nanoparticle loading,
a composite silicate material was designed and formulated to
bring its CTE closer to that of silicon (2.6 ppm/◦C). The
50% by weight of 800-nm silica nanoparticles in sodium
silicate was deposited on silicon and gallium arsenide of
50-mm wafers via spin coating. Prior to deposition on gallium
arsenide, a 300-nm PECVD oxide was deposited to promote
adhesion to the substrate. The solutions were deposited on
the unpolished backside of the wafer in order to leave the
polished surface available for reflective laser measurements.
The samples were then cured in a dry room temperature
environment for 2 h, followed by 93 ◦C cure for 4 h and
a 275 ◦C cure for 30 min. Each sample was subjected to
stress–temperature measurement using a Toho FLX 2320-S
Thin Film Stress Measurement tool. This test ramps the
samples up to 400 ◦C and back to room temperature while
intermittently measuring the substrate bow via laser reflec-
tions to calculate stress. The heating profile was: 5 ◦C/min
until 100 ◦C, 8 ◦C/min until 200 ◦C, and 16 ◦C/min until
400 ◦C. The cooling profile was the reverse order. The CTE
was then estimated using this experimental data via methods
described in Toho FLX 2320-S user manual chapters 7.2 and 9
and [49], [50].
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Fig. 5. SEM micrographs depicting a thick three-layer film (∼26 μm; 50%
by weight of nanoparticle filler) via spin coating and a thick single layer
(∼430 μm; no filler loading) via spray coating.

III. RESULTS

A. Thick Layer Processing

Thick silicate composite layers were successfully created
through layer-by-layer stacking and single layer processing.
Fig. 5 demonstrates the thick film processing results via spin
coating and spray coating. The spin coating produced individ-
ual films of approximately 8–10 μm that were stacked into
one 26-μm-thick film with no discernable seams or interfaces
between layers. This indicates that the deposited liquid silicate
layer slightly dissolves the underlying silicate layer before
curing. Spray-coated reagent grade sodium silicate without
nanoparticle filler produced a single layer that is hundreds of
microns thick.

Small voids formed within the spin-coated composite while
curing, likely due to water evaporation during rapid heating
from room temperature to 200 ◦C while curing. It is suspected
that these voids can be prevented using a lower temperature
(<100 ◦C), dry N2 cure over a longer time period. The hot
plate cure was preferred in this work due to its ability to
process films quickly. The void present in the spray-coated
sample is, based on SEM inspection, highly uncommon and
not representative of the bulk spray-coated silicate films.
It is suspected that any gas trapped within the voids during
processing can be safely evacuated, as these films were placed
in a vacuum (4 × 10−7 Torr) for multiple hours and showed
no structural or mechanical changes.

B. Gap Fill

Ultrasonic spray coating was successful at filling gaps with
various composite compositions, as depicted in Fig. 6. Using
ultrasonic spray coating, the reagent grade sodium silicate
filled gaps at aspect ratios ranging from 2:1 to 13:1 without
any voids, with dimensions of the highest aspect ratio gap
being approximately 4-μm wide × 55-μm deep. In addition,
silicate composites with high particle loading (30% by weight
of 800-nm silica nanoparticles) filled gaps at aspect ratios of
approximately 7:1.

The silicate composite’s gap-filling ability is attributed to
the combination of the ultrasonic spray coating and the mate-
rial viscosity upon deposition. The ultrasonic spray-coating
process deposits droplets that are small enough to fill these
narrow and high aspect ratio gaps, and the low viscos-
ity allows the material to easily flow into the gaps before
curing.

Fig. 6. SEM micrographs depicting silicate gap fill at various aspect ratios
with and without silica nanoparticle filler.

C. Microfabrication and Thermal Compatibility

1) Wet Process and Temperature Compatibility: Visual
inspections were done to evaluate the compatibility of
the silicate material with various wet clean processes and
high-temperature exposure. Fig. 7 summarizes the results
of the wet process compatibility testing. Low-pH processes,
specifically nitric acid and piranha solution, compromised the
film’s mechanical integrity due to liberation of silica from the
silicate matrix, as discussed in the literature [44]. The high-pH
processes also compromised mechanical integrity, likely due to
the solubility of silica and silicates in highly alkali solutions.
The etch rate of this silicate composite in hydrofluoric acid
was not precisely measured. However, it was estimated to
etch at a rate of 2–5 μm/min. In comparison, other standard
microfabrication oxides, such as thermal and low-pressure
chemical vapor deposition (LPCVD), etch at rates of tens and
hundreds of nanometer/minute, respectively [51]. All other
wet processes appear to have minimal or no effect on the
silicate composite, based on visual inspection. In general, it is
anticipated that this material will etch via the same processes
as other common microfabrication oxides (thermal, LPCVD,
and PECVD) but at a much faster rate due to the amorphous
structure and composite network.

2) Photolithography and Patterning: The silicate material
withstood photolithographic patterning and subsequent wet
etching, as shown in Fig. 8.

There was a noticeable undercut from the etch that is
typical of isotropic wet etch processes. The morphology of
the composite after the etch is highlighted in Fig. 9. It is
suspected that switching to a reactive ion etch (RIE) would
minimize or eliminate the undercut and disparity in etch rate
differences between the silicate binder and silica nanoparticles.
It is speculated that the silicate binder etches extremely fast,
while the wet bath washes away the now-loose silica particles.
The SEM images in Fig. 9 indicate that the silicate matrix
etched significantly faster than the silica particles. The region
labeled as trace silica particles appears to contain interparticle
voids that indicate where the silicate matrix previously was
located compared with the bulk region where no voids are
present.

3) Polishing: Mechanical polishing techniques were
demonstrated to be effective in planarizing the as-deposited
silicate composite, as shown in Fig. 10. The as-deposited
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Fig. 7. Wet process and temperature compatibility.

Fig. 8. Silicate composite at consecutive stages throughout a typical
photoresist process.

silicate composite has a matte surface finish, whereas the
polished silicate composite has a reflective surface finish.
Surface profiles indicate that the estimated rms surface
roughness was reduced from approximately 2.4 μm to
approximately 50 nm after mechanical polishing. The rms
surface roughness values of the polished sample excluded
obvious defect areas shown by the darker regions in the
profile.

D. Coefficient of Thermal Expansion

Silica nanoparticle fillers were effective at modifying the
CTE of the composite to be compatible with silicon.

Fig. 11 depicts stress–temperature curves of the silicate
composite on silicon and gallium arsenide substrates. The
average stress–temperature derivatives, kSi and kGaAs, from

Fig. 9. SEM micrographs depicting the morphology of the silicate composite
after the wet etch, highlighting the wet etch undercut and the tendency for
the silicate matrix to etch faster than the silica nanoparticle filler.

Fig. 10. Top: photographs comparing the silicate composite before and after
mechanical polishing, with unpolished and polished samples having matte and
reflective finishes, respectively. Bottom: surface profiles of silicate composite
before and after polishing.

20 ◦C to 200 ◦C of the silicate composite were determined to
be 0.0727 MPa/◦C on silicon and −0.0282 MPa/◦C on gallium
arsenide. These values were used to estimate the CTE of the
composite to be approximately 4.9 ppm/◦C using methods
from [50], as shown in the following equation:

kSi = 0.0727 MPa/◦C (1)

kGaAs = −0.0282 MPa/◦C (2)

αSi = 2.6 ppm/◦C (3)

αGaAs = 5.73 ppm/◦C (4)

α f = kSi ∗ αGaAs − kGaAs ∗ αSi

kSi − kGaAs
(5)

α f = 4.9 ppm/◦C. (6)

In addition, a rule of mixtures model was used to estimate
the CTE of the composite to be approximately 3.9 ppm/◦C.
This was done using the calculations and associated assump-
tions shown in the following, where the individual CTE of
the 800-nm silica nanoparticles (αsilica) and the reagent grade
sodium silicate (αsilicate) were determined to be 0.64 and
12.72 ppm/◦C, respectively, using linear approximation on
results reported in Shermer’s work [52]. This is shown in the
following.

1) The solution is comprised of 10 g of silica nanoparticles
and 10 g of reagent grade sodium silicate.
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Fig. 11. Stress–temperature curves from 20 ◦C to 200 ◦C of 50% by weight
of silica in sodium silicate on silicon (left) and gallium arsenide (right).

2) Reagent grade sodium silicate is 10.6% by weight of
Na2O, 26.5% by weight of SiO2, and 62.9% by weight
of H2O.

3) The ratio of silica to silicate in composite is maintained
before and after spin coating.

4) The density of silica nanoparticles and SiO2 in solution
is 2.20 g/mL, and Na2O in solution is 2.27 g/mL.

5) All water initially in reagent grade sodium silicate is
removed during cure

α f = αsilica ∗ Vsilica + αsilicate ∗ Vsilicate

Vcomposite
(7)

α f = (0.64 ppm/C∗4.55 mL)+(12.72 ppm/C∗1.67 mL)

6.22 mL
(8)

α f = 3.9 ppm/◦C. (9)

The stress–temperature measurement data from 20 ◦C to
200 ◦C was extracted from an experimental data set that went
up to 400 ◦C. This was done because, when curing, the sili-
cate films reached a maximum temperature of approximately
275 ◦C. Therefore, stress values beyond 275 ◦C may have
additional chemical or material dynamics occurring that may
render the measured values inaccurate. This may help explain
any variations between the heating and cooling curves.

The equations used to experimentally determine the CTE
assume complete substrate coverage, perfect adhesion, and
binary systems (one film on one substrate without any addi-
tional films). However, for samples used in this work, there is
slight film flaking toward the middle of the sample due to the
fact that, when spin-coated, the center of the substrate is not
experiencing the same rotational dynamics as the outside of the
wafer, resulting in slightly different drying characteristics of
the silicate composite. After spin coating and before curing,
the middle portion of the silicate film contains more water
than the rest of the film, resulting in minor bubbling and
flaking while curing. In addition, the silicate composite does
not adhere well to the gallium arsenide substrate as it does
on the silicon substrate. Therefore, a 300-nm PECVD oxide
was deposited on the gallium arsenide prior to the composite
to promote adhesion. The effects of these two deviations are
assumed to be minimal because the flaked area is a very small
percentage of the total substrate area and the PECVD oxide
thickness (300 nm) is minimal compared with the thickness of
the substrate (∼300 μm) and composite (∼10 μm) and, there-
fore, are not accounted for in CTE estimations. Given these
deviations, it is concluded that the experimentally determined
CTE of 4.9 ppm/◦C and the estimated CTE of 3.9 ppm/◦C

based on the rule of mixtures are generally in agreement
and indicate that the CTE is low enough to be viable for
heterogeneous integration in silicon-based microsystems.

IV. CONCLUSION

This inorganic silicate composite has been demonstrated
as a promising molding material for heterogeneous 3-D inte-
gration that is mechanically, chemically, and thermally sta-
ble and, therefore, compatible with common microfabrication
techniques (chemicals, photolithographic patterning, and pol-
ishing). Furthermore, this silicate composite has been shown
to withstand temperatures of up to 400 ◦C and is expected
to withstand even higher temperatures, indicating that it will
not introduce thermal processing constraints. In addition, this
silicate composite has shown to withstand vacuum as low as
3.6 × 10−7 Torr for multiple hours, indicating the suitability
for use in vacuum. This silicate composite has shown to be
suitable for spray coating and spin coating and is, therefore,
assumed to be compatible with other low-temperature and
high-throughput processing techniques, such as drop cast-
ing and injection molding. The silicate composite has been
processed into thick films ranging from tens to hundreds of
micrometers, which would allow for complete IC encapsu-
lation for heterogeneous integration. It has demonstrated the
ability to achieve conformal and high aspect ratio (13:1) gap
fill with and without particle loading, another important feature
necessary for the encapsulation of high-density components.
Finally, the thermal expansion coefficient of this silicate com-
posite has been estimated to be 4.9 ppm/◦C, much lower than
other EMC in the literature and within the compatible range
for silicon substrates [8], [16], [20], [21], [48], [53]–[55].

Understanding the characteristics and capabilities of this
silicate composite is vital to informing its integration into
the fabrication of complex microsystems via a heterogeneous
3-D integration approach. Future work will explore optimizing
curing procedures for a given composition, processing method,
and application in order to reduce warpage and thermal stress,
as well as negative-CTE particle loading for more flexibility
with CTE matching, the impact that the anticipated high stiff-
ness (Young’s Modulus) has on warpage, methods to prevent
sodium ion contamination of encapsulated microsystems by
exchanging Na+ ions with NH+

4 ions [56] or using nitride
barrier layers, functional particle loading for uses outside
of structural packaging material, and integration into other
processing techniques.
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