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Extended Design Space of
Silicon-on-Nothing MEMS

Yu-Po Wong , Simón Lorenzo, Yu Miao, Jeremy Bregman, and Olav Solgaard , Fellow, IEEE

Abstract— Complex monolithic Si MEMS can be created using
a single mask by extending the empty-space-in-silicon (ESS)
or silicon-on-nothing (SON) technology. The fabrication com-
bines isotropic and anisotropic etching with selective removal
of passivation layers followed by hydrogen annealing. The
resulting expanded design space includes multilayer structures
and embedded cavities. The MEMS formation by the hydrogen
annealing is simulated both at large scales and microscopic
scales that together predict the shape of the finished MEMS.
We demonstrate the accuracy of our process and simulations by
fabricating single- and double-layer evacuated silicon voids that
form Fabry-Perot optical pressure sensors with the sealed voids
as pressure references. We also create multi-layered sensors with
an integrated photonic crystals sensing diaphragm for improved
optical readout. The sensors have a calculated 6.7 µV/Pa sen-
sitivity and low noise over a dynamic range of over 70.9 kPa.
[2019-0091]

Index Terms— Silicon-on-nothing, photonic crystals, fiber sen-
sor.

I. INTRODUCTION

MEMS pressure sensors are widely used, and fiber-optical
readout is preferred in many applications due to its

immunity to electromagnetic interference and suitability for
remote sensing [1], [2]. To achieve high resolution pres-
sure sensing in a small formfactor with low-cost fabrication,
it is desirable to create monolithic structures to avoid multi-
material sensors that exhibit high temperature sensitivity and
long-term instability due to material stress and stress gradients.
Monolithic Si sensors have been created by empty-space-in-
silicon (ESS) technology [3] and the closely related silicon-
on-nothing (SON) technology [4]. These technologies, and
our extension, are all based on hydrogen annealing, in which
Si is reflowed at high-temperature (900∼1100◦C) and low-
pressure (∼10 torr) in a hydrogen environment. This process
reshapes silicon by surface diffusion, and it is widely used
to increase surface quality of silicon-based electronic and
photonic devices [5]–[8].
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Fig. 1. Empty-space-in-silicon processes forming different geometries
a) a ball, b) a pipe, and c) a plate. Reprinted with permission from [3];
©2000 American Institute of Physics.

The ESS/SON processes can be used to create sealed
cavities, or voids, inside bulk c-Si. Single-layer voids in the
shape of balls, pipes, and plates can be produced as shown
in Fig. 1. The diaphragms formed over plate-shaped cavities
have been used as capacitive pressure sensors with metal
electrodes added for electrical readout and have demonstrated
good stability [9]. An important aspect of structures made
by hydrogen annealing is that their vertical dimensions are
controlled by etch depths, leading to better vertical control
than other MEMS technologies, including structures based on
Si-on-Insulator (SOI) materials.

In this paper, we describe a process that retains the advan-
tages of ESS/SON, but offers more flexibility, larger design
space, and the creation of more complex structures. This is
achieved by introducing under-etching and selective removal
of passivation layers, allowing multiple layers of voids to be
fabricated using a single mask. We demonstrate this capability
in simulations and experiments. Our sensor demonstrations use
optical readouts, but electrical interfaces can be added.

II. GSON PROCESS

Figure 2 shows how under-etching and selective removal of
passivation layers can extend the design space by de-coupling
the diaphragm and void thickness. The process (GSON) is a
combination of the GOPhER process [10] and ESS/SON [11].

The standard one-layer GSON process follows these steps:
1) start with a standard silicon wafer, 2) thermal oxidation,
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Fig. 2. Single layer GSON process.

3) pattern and etch trenches on an oxide film with CHF3
chemistry, 4) etch directionally into silicon with a reactive
ion etch (RIE) with HBr chemistry, 5) thermal oxidation for
side wall protection, 6) etch directionally by RIE with CHF3
chemistry to remove oxide at the bottom of the holes, 7) etch
deeper into silicon by RIE with HBr chemistry, 8) undercut the
top layer by isotropic silicon etch with SF6 chemistry, 9) strip
oxide with a hydrofluoric acid (HF) wet etch, 10) hydrogen
anneal.

Just as important as the extended design space, is the
capability of GSON process to create multiple-layer MEMS
as shown in Fig. 3 using only a single mask. This two-layer
process follows the steps of the standard process until step 8.
To create the second structural layer, steps 4 to 8 are repeated
(9-13). In the example shown in Fig. 3, the second layer has
larger, connected spherical holes to create a plate shaped void
after hydrogen annealing. The process is completed by etching
in vapor hydrofluoric acid (HF) to remove all oxide (14), and
the key step, hydrogen annealing, that transforms the structure
to its final form (15). In this particular example, the first
layer forms a Photonic Crystal of near spherical voids and
the second layer is a plate-shaped void to act as an absolute
pressure sensor.

III. HYDROGEN ANNEALING SIMULATION

The shape evolution of hydrogen annealing is governed by
surface diffusion that minimizes the surface energy. We simu-
late separately two regimes of this evolution: the macroscopic
regime involving the formation of the overall cavity geometry
and the microscopic regime involving the formation of the
individual crystalline surfaces. For a full simulation, we first
study a single unit cell in the macroscopic regime. Once it
is topologically stable, i.e. not splitting or merging voids,
we study the microscopic development.

IV. MACROSCOPIC REGIME

Macroscopic evolution is described by the Mullins surface
diffusion equation:

vn = B
∂2κ

∂s2 , (1)

Fig. 3. Process flow for double layer MEMS structures.

where vn is the migration velocity normal to the surface, B
is the migration rate coefficient dependent on material and
annealing condition, κ is the curvature, and ∂2κ

∂s2 is the surface
Laplacian of the mean surface curvature.

In the macroscopic regime, a level-set method is
used [12]–[14]. This method represents the surface as a
set: � = {x, t|ϕ (x, t) = 0}, and the curvature can be
calculated by:

κ = ∇ · ∇ϕ

|∇ϕ| , (2)

where ∇· is the divergence.
Note that κ is a second order term and vn is a fourth order

term. The migration is updated as:

∂ϕ

∂ t
+ vn |∇ϕ| = 0. (3)

In order to do a stable numerical calculation on this fourth
order partial differential equation, a velocity extension [15] is
applied. This simulation is based on the code from R. Kant’s
thesis [16] and the Level-set Tool box [17].

A simulated shape evolution of a single cell of a silicon
structure is shown in Fig. 4. The lateral boundary is set with
a periodic boundary condition (PBC). The time unit in the
annealing simulation is based on the migration rate coefficient,
but it is not critical for the structures we are studying, because
they are annealed to their equilibrium state. Fabrication of
structures that are not at their annealed equilibrium will require
precise determination of the migration rate coefficient. This
has to be done experimentally. For the simulation shown in
Fig. 4, the structures before and after annealing are described
in Table 1.

A. Microscopic Regime

Microscopic simulations are used to study the formation
of crystalline surfaces in the voids. The following equations
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Fig. 4. Macroscopic hydrogen annealing simulation of a single cell. Time
unit: arbitrary unit. Spatial unit: 200nm. Left: isometric view. Right: x-z plane
view.

TABLE I

DIMENSIONS FOR ANNEALING SIMULATION IN FIG. 4

in this section is from the work by Sudoh et al. [4]. The
microscopic evolution is modeled by the mean chemical
potential for each crystalline facet:

μi = μ0 + �Ki , (4)

where μi is the mean chemical potential of the ith facet, μ0 is
the bulk chemical potential, � is the single atom volume, and
is the weighted mean curvature of the ith facet defined in [4].

Fig. 5. Microscopic hydrogen annealing simulation of a single cell. Time
unit: arbitrary unit. Left: view from [110] direction. Right: view from [111]
direction.

Adatom flux between facets can be modeled from the mean
chemical potential as:

Ji j = Dc0

kT

μi − μ j

�xi j
, (5)

where Ji j is the adatom flux from jth facet into ith facet,
D is the diffusion coefficient for the surface diffusion, c0 is
the equilibrium adatom concentration for a surface with zero
curvature, k is the Boltzmann constant, T is the temperature,
�xi j = √

Si +√
S j is the estimation of the diffusion distance

between facets, and Si is the area of the facet. Finally,
the normal velocity of each facet can be calculated by:

vi = �

Si

∑

j

li j Ji j , (6)

where the summation sums over all the neighboring facets,
and li j is the length of the intersection between facet i and
facet j . Further details are described in [4].

The results of a microscopic annealing simulation are shown
in Fig. 5. This simulation is an effective method for studying
the facet shape evolution and for determining the crystalline
surfaces of the equilibrium state.
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Fig. 6. Design space of the standard silicon-on-nothing process. Flat surface
without structure, 1 ellipsoid and 2 ellipsoids are shown in both plot of design
space. The thickness of diaphragm (a) and void layer (b) are plotted in the
design space area for SON structure.

B. Design Space of SON Process

Sato et al. experimentally studied hydrogen annealing in the
standard ESS/SON process using arrays of cylindrical holes
[18] and developed empirical equations to relate the structural
geometry before and after the annealing process. In our
studies, we combine these empirical equations with numerical
simulations to map a wider range of the design space. The
three parameters that define the initial arrays of cylindrical
holes are pitch (p), hole diameter (d), and hole depth (t).

The key result of the ESS/SON studies on cylindrical hole
arrays is that the final structure after hydrogen annealing
depends only on the initial relative shapes. Absolute dimen-
sions only affect the time needed to reach the final equilibrium
state. With this in mind, we set the period of the square array
of cylindrical holes to 1 μm, and chose practical ranges for
hole diameters and depths. The evolution of other sizes can
then be inferred by scaling all three dimensions linearly. To
stay within practically achievable lithography limits, we set the
minimum hole diameters at 300 nm. Maximum hole diameter
is set at 800 nm to avoid divergence in numerical simulation.
The hole depth is up to a maximum of 3.5 μm, given by
the achievable aspect ratio of typical reactive-ion etch (RIE)
etch tools.

The results of the design space study show how the four
different geometrical outcomes of hydrogen annealing depend
on the starting geometry (Fig. 6a):

Fig. 7. Hydrogen annealing in the GSON process. The top layer is
approximated (black arrow) as a free-standing diaphragm with an array of
holes. After annealing of the diaphragm (red arrow), the final structure can be
open/unstable, simple diaphragm (a), or diaphragm with ellipsoidal voids (b).

1. Flat surface: Low aspect ratios (t/d<3.0) make the holes
disappear and leave flat and smooth surfaces.

2. Single ellipsoid: Small hole diameters and medium
aspect ratios (3<t/d<9.5) transform the holes into sealed
ellipsoids that don’t connect to nearest neighbors.

3. Double ellipsoid: Small hole diameters and high aspect
ratios (t/d>9.5), transform each hole into two ellipsoids
that don’t connect to nearest neighbors.

4. Plate-shaped void: Large hole diameters and high aspect
ratios, transform the holes into ellipsoids that connect to
nearest neighbor, creating a plate-shaped void.

Pitch, hole diameter, and hole depth are all critical para-
meters in the structure formation. The ratio between depth
and diameter determines the number of ellipsoids in vertical
direction. The ratio between pitch and diameter determines
whether the ellipsoids connect into plate-shaped void.

In Fig. 6 (a) and (b), we describe the possible geometries of
the plate-shaped voids when starting with arrays of holes on
a 1μm pitc. The diaphragm thickness ranges from 0.67 μm
to 1.76 μm, while the void thickness ranges from 0.54 μm to
1.75 μm. These two geometrical dimensions are not indepen-
dent and show a strong negative correlation which severely
limits the available design space.

In contrast, our GSON process does not limit the void
thickness, because the under etching (steps 7 and 8 in Fig. 2)
can be extended through a combination of RIE and isotropic
etching, which can be deeper than μm. The thickness of the
diaphragm will be limited, however, because at a given depth,
the cylindrical holes will lead to the formation of spherical
voids. To explore these limits, we model hydrogen annealing
of free-standing diaphragms with two-dimensional arrays of
cylindrical holes as shown in Fig. 7. As before, all dimensions
scale linearly with the pitch, which is set to 1 um.

In the simulations, we vary the hole diameter and thickness
of the initial diaphragm. The diaphragm thickness is given by:
tpc = detch − riso, where detch is the anisotropic silicon etch
depth in the GOPhER process and riso is the radius of the
isotropic etch in the GOPhER process. The results (Fig. 8)
show the three different geometrical outcomes:

1. Open: A low aspect ratio (t/d<1.0) yields an open
structure as there is not enough material to seal the
diaphragm.
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Fig. 8. Design space for the GSON process. Open unsealed structure
and diaphragm with array of ellipsoidal voids are shown in design space.
Thickness of diaphragm is plotted in the design space of diaphragm structure.

Fig. 9. Comparison of design spaces for the standard SON and GSON
processes.

2. Diaphragm: Medium aspect ratios (1.0<t/d<2.8) yield
continuous uniform diaphragms over a plate-shaped
void.

3. Diaphragm with array of ellipsoidal voids: High aspect
ratios (t/d>2.8) yield a diaphragm with ellipsoidal voids.

The final design spaces of the two processes are compared
in Fig. 9. The voids can be extended to arbitrary thicknesses
in the GSON process, so in this dimension, the new process
provides a clear advantage. The diaphragm thickness ranges
from 0.3 μm to 1.2 μm inGSON, while the standard process
gives thicker diaphragms from of 0.67μm to 1.76μm for the
same 1 um pitc. For the same lithography resolution limit,
GSON process can give us thinner diaphragms, which leads
to higher sensitivity.

C. Sensor Design, Fabrication and Characterization

To experimentally demonstrate the benefits of the GSON
process, we developed three different MEMS structures.

Fig. 10. SEMs taken at 52◦ view angle of a single crystalline pressure
sensor fabricated by process shown in Fig. 2: a) edge of the SON structure.
b) thinned substrate. A Focused Ion Beam (FIB) has been used to cut the
wafer to reveal the structure. The FIB leaves residue that can be observed in
the SEMs.

The first is an absolute pressure sensor fabricated in the
one-layer GSON process (Fig. 2) and designed to have a nearly
circular top diaphragm. The photolithography mask has an
array of holes with a 1 μm pitch arranged in a circular array
100μm in diameter. The structure before hydrogen annealing
has a diaphragm thickness of ∼1.6 μm and etched hole diame-
ters of ∼650 nm (Fig. 7). The hydrogen annealing equipment
is Centura Epi from Applied Materials. The temperature of
annealing process is 1100°C and lasts for 10 minutes. The
process pressure is 10 Torr and hydrogen flow rate is 5 SLM.

After completion of the standard GSON process, LPCVD
low-stress silicon nitride is deposited as a hard mask and
patterned on the backside of the wafer, and a carefully-timed
KOH etch without an etch stop is used to thin the wafer
underneath the sensors for fiber-optic access. The backside of
the sensor is designed to be thick enough to negate mechanical
displacement under pressure. However, excessive thickness
causes optical coupling loss between the fiber and the device,
reducing the overall signal amplitude. We therefore time the
KOH etch step to yield backsides approximately 20 μm thick
(Fig. 10 b).

Cross sections at this stage in the processing are shown
in Fig. 10. All measured lengths are compensated for the
viewing angle. The diaphragm is uniform with a thickness
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TABLE II

PRESSURE SENSOR DEVICE DIMENSIONS

Fig. 11. Optical profiler measurement for the SON structure.

of 1.04 μm, and the void layer is 1.68 μm thic (Fig. 10a),
while the substrate under the SON structure is thinned to
23.36μm (Fig. 10b). The fabrication is completed by evap-
orating 5 nm of chromium and 40 nm of gold onto the top
surface to enhance reflectivity. The dimensions of the final
device are summarized in Table 2. Using the GSON process
design map of Fig. 8 and the measured structural dimensions
before annealing, we estimated the diaphragm thickness after
annealing to be ∼1.03 μm. This agrees well with the 1.04 μm
measured thickness.

After cooling down to room-temperature, the sealed voids
in the GSON sensors are at low pressure (∼2.1 Torr =
280Pa). This pressure value is calculated from equipment
pressure at the end of the annealing process. When the device
is at room-temperature and standard atmospheric pressure,
the pressure difference between two sides of the diaphragm
bends the diaphragm inward. To characterize this deflection,
we tested the surface profile of the diaphragm with an optical
profiler under two different conditions: atmospheric pressure
and zero differential pressure due to a vent hole cut into the
diaphragm using a Focused Ion Beam (FIB). These surface
profiles are shown in Fig. 11. With the vent hole, there is
no applied differential pressure across the diaphragm, but the
diaphragm remains recessed by 225 ±31 nm. This is due to
the silicon reflowing to fill and seal the etched holes. When
the device is under atmospheric pressure, the center of the
diaphragm is 0.727 ±0.004 μm elow the wafer surface, which
means the diaphragm center deflects 0.472±0.010μm. This
measured displacement is close to the 0.50μm displacement
predicted by COMSOL simulatios.

We assemble the sensor chip with a single-mode fiber
(Corning model#: SMF-28e+) to create a fiber-tip pressure

Fig. 12. Experimental setup for pressure sensor testing.

Fig. 13. The sensitivity of our pressure sensor is above 6.7 μV/Pa for
pressures up to 0.7 atm (=70.9 kPa), and above 2.7 μV/Pa for pressures up
to 1 atm (101 kPa).

sensor that is calibrated in the set-up of Fig. 12. The vacuum
chamber used for the experiment includes a pump port, a vent
port, a pressure gauge, and a fiber feedthrough for fiber-
based interrogation. With the pressure sensor in the chamber,
the fiber is connected to the optical system. It consists of a
broadband source, a fiber circulator, and an optical spectrum
analyzer that collects reflectivity spectra of the sensor under
different pressures.

Using two wavelengths to interrogate the sensor, we can
uniquely determine pressure with excellent sensitivity.
The sensitivity is defined as the gradient of output over
pressure. In our case, the output is the voltage signal from the
photodiode. We show the combined sensitivity of interrogating
the sensor at both 1548 nm and 1550 nm wavelengths
(Fig. 13). The sensitivity at all wavelengths is affected by the
nonlinear mechanical displacement of the diaphragm. This
causes reduced sensitivity at high pressures. The sensitivity
of a single wavelength is proportional to the derivative of its
Fabry-Perot spectrum. Each wavelength has distinct pressure
regions with large spectral derivatives. By combining these
regions from 0 to 1 atm, we maximize sensitivity and the
sensor’s dynamic range (Fig. 13). Both wavelengths have high
sensitivity near ∼0.4 atm, resulting in the peak of Fig. 13.

To demonstrate the capability of GSON to create
multiple-layers of MEMS structures, we fabricated absolute
pressure sensors with integrated photonic crystal (PC) mirrors,
following the process described in Fig. 3 [11]. The macro-
scopic annealing simulation of this device is shown in Fig. 4,
and the SEM image of the device is shown in Fig. 14. The
oxide passivation layers of the GSON process successfully
protect the hole sidewalls during the isotropic etch steps.
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Fig. 14. SEMs of a double GSON process (Fig. 3): a) 52◦ tilted SEM
image before annealing. b) Top view SEM image before annealing. The
diamond-shape marks are residue from oxide strip by vapor HF [19], which
was not completely removed before imaging but properly removed before
annealing. c) 52◦ tilted SEM image after annealing. Reprinted with permission
from [11].

The preserved sidewalls, shown after oxide removal in
Fig. 14a, are vital to the successful formation multiple-layer
structures. The details of the etch profiles will, however, lead
to discrepancies between the experiments and simulations as
discussed below.

From Fig. 14c, the dimensions after annealing are:
diaphragm thickness = 2.2 μm, void thickness = 1.21 μm,
ball radius = 440 nm, ball depth = 1 μm. These values
deviate from the simulation results in Table 1. This can be
explained by two imperfections in the simulation: 1) the
macroscopic simulation does not consider the microscopic
crystalline surfaces on integrated PC. 2) the complex etching
profile of isotropic silicon etches isn’t captured by the simple
geometry used in the simulation.

The array of ellipsoidal voids in the diaphragm creates a
high reflectivity PC mirror [20], [21] that removes the need for
metallization to increase reflectivity as was done in the single
MEMS layer pressure sensor. We used the microscopic hydro-
gen annealing simulations (Fig. 5) to calculate the detailed
shape of the ellipsoidal voids. We compare these simulations
in Fig. 15a to the fabricated structures in Fig. 15b, and
see that the simulations predict the outcome with very good
precision. There are some differences caused by gravity during
annealing, which is not included in the simulation model.

The crystalline quality of hydrogen annealed Si has been
reported in the literature [4]. It has no detectable stress by
Raman measurement, no defects by transmission electron
microscopy (TEM), and similar roughness as standard sili-
con wafers [4]. For our sample, we demonstrated that the
crystalline surfaces formed on integrated PC during annealing

Fig. 15. a) Simulated equilibrium state from Fig.5, b) cross-section of PC
mirror created by arrays of voids, c) measured reflectivity profile. Reprinted
with permission from [11].

agree with those of single-crystalline silicon (Fig. 15ab),
indicating that the membrane has largely returned to the single-
crystalline state. For mechanical properties, bending of the
diaphragm under pressure agrees with model using crystalline
silicon mechanical properties. The diaphragm should therefore
have similar mechanical properties to single-crystalline silicon.

The measured reflection spectrum of the PC mirrors in
Fig. 15c shows that we achieve reflectivity over 90% over
a ∼10 nm range close to 1340 nm wavelength.

We characterized the pressure sensor with the integrated PC
mirror using the two different fiber configurations shown in
Fig. 16a and b. For the first method, we collimated light from
a SMF-28 fiber using a fiber collimator with a 2 mm focal
length. We then used the resulting Gaussian beam, with an
80μm FWHM, to directly read the reflectivity of the device at
different pressures. The result is shown in Fig. 16 (c) where
we see high reflectivity between 1530 nm and 1570 nm at
low pressure, demonstrating the high reflectivity of the PC
mirror. Resonances from PC mirrors can be seen at 1571 nm
and 1584 nm. The reflectivity drops with increasing pressure,
due to the increasing beam clipping as the diaphragm surface
curves under increasing differential pressure.

We then coated a SMF-28 fiber with 15 nm of gold and
positioned it 65 μm above the sensor without a collimator
to perform Fabry-Perot sensing. In Fig. 16 (d), we see a
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Fig. 16. Experimental setups and results for free-space testing of a GSON
device with an integrated PC mirror. a) setup for reflectivity. b) setup for
Fabry-Perot spectra. c) reflectivity spectra. d) Fabry-Perot spectra.

red-shifting of the Fabry-Perot spectra with increasing pres-
sure. This corresponds to the cavity length increasing under
increasing pressure.

We expect a smaller functional pressure range for this PC
mirror sensor as the fabricated void layer is thinner. There is
therefore less space for the diaphragm to displace into before
touching down.

V. CONCLUSION

Monolithic Si MEMS created by SON/ESS processes have
numerous advantages due to the excellent mechanical, electri-
cal, thermal, and chemical properties of Si. By adding selective
removal of passivation and isotropic under etch as in the
GSON process, the design space for monolithic Si MEMS is
extended and complex, multilayered structures can be created
using a single lithography step. The key process step, hydrogen
annealing, can be precisely modeled both on the macroscopic
level and down to the details of appearance of crystalline
planes in voids. The simulations therefore allow detailed pre-
dictions of the outcomes of complex designs. In this paper the
experimental focus is on pressure sensors with optical readout.
We demonstrate both simple pressure sensing diaphragms over
reference cavities and more complex structures with integrated

Photonic Crystal mirrors in the diaphragms to enhance reflec-
tivity. Both sensors are miniaturized with sensing diaphragms
approximately 100 μm in diameter and 1 μm in thickness, and
both exhibit excellent sensitivity and stability. These sensors
are examples of the types of structures that can be created
using the GSON process with a single mask. With additional
lithography steps, the GSON process can be used for a wide
range of MEMS, including electrical sensors, actuators and
resonators.
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