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Abstract
This paper introduces the deep isotropic chemical etching (DICE) process developed for
wafer-scale manufacturing of highly symmetric hemispherical silicon molds. The DICE process
uses silicon nitride concentric rings as a masking layer during hydrofluoric, nitric, acetic etching
of ⟨111⟩ silicon substrate. These concentric rings pop up and widen the etch aperture as etch
depth increases, thereby allowing control of vertical and lateral etch rates until reaching the
desired mold dimensions. Our comparative experiments demonstrate that the pop-up rings are
remarkable at creating molds with enhanced symmetry compared to the conventional pinhole
masks. We have demonstrated the effectiveness of our approach compared to single pinholes by
producing a super-symmetric 0.1 mm hemispherical mold (RZ/RX = 1) using two concentric
rings surrounding a pinhole. We have then shown how the DICE process can be used to
fabricate larger silicon molds and presented the results of a single concentric ring that achieves
fabrication of a 0.25 mm-deep mold with an aspect ratio of RZ/RX ≈ 0.75.

Keywords: MEMS, hemispherical resonator, hemispherical resonator gyroscope,
micro/nanofabrication

(Some figures may appear in colour only in the online journal)

1. Introduction

Hemispherical shells are an essential structural part of various
inertial and optical devices [1–9], and recently gaining interest
in magnetic sensing systems [10, 11]. A well-known example
is hemispherical resonator gyroscopes (HRGs) [3], a high-
performance angular rate or rotation sensor. The HRG is made
out of a structural shell that is anchored by a stem. The size and
shape of the structural layer are critical for reaching optimum
sensor performance where large and symmetric shells enable
higher mechanical quality factor (Q), small mode-frequency
split, and enhanced acceleration insensitivity [4, 12]. Northrop
Grumman manufactures the most sensitive mm-scale quartz
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HRGs for high-speed projectiles [13]. However, these quartz
gyroscopes are extremely expensive due to serial manufactur-
ing, polishing, and assembly process. Micro-HRGs have been
recently demonstrated by (a) depositing structural thin-films
on pre-definedmolds [12, 14–18] and (b) glass-blowing or loc-
ally blow-torching the resonator [19, 20]. These technologies
are not only used for wafer-level manufacturing of HRGs, but
also for various optical and magnetic sensing devices. There-
fore, they evolved into ‘bird-baths’ [21], ‘glass-blown’ [22–
24], ‘cylinders’ [17], ‘whispering gallery-mode [7, 25]’, and
‘pierced-shell’ [26] resonators.

The pre-defined mold is commonly formed by utilizing a
pinhole mask on a silicon substrate and performing a type of
isotropic etch usingHNA (hydrofluoric, nitric, acetic) or XeF2.
However, this method has limited use due to insufficient geo-
metry control. In the case of using a small pinhole, the etching

1361-6439/21/075005+7$33.00 1 © 2021 IOP Publishing Ltd Printed in the UK

https://doi.org/10.1088/1361-6439/ac0323
https://orcid.org/0000-0001-9625-669X
https://orcid.org/0000-0001-7193-2241
mailto:merttorunbalci85@gmail.com
mailto:bhave@purdue.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6439/ac0323&domain=pdf&date_stamp=2021-6-7


J. Micromech. Microeng. 31 (2021) 075005 C M Jones et al

Figure 1. Main steps of the DICE process: (a) silicon nitride pop-up ring mask is patterned using a maskless aligner and etched with RIE,
(b) pop-up rings fly off by etching the silicon with 1:4:1 HNA, (c) HNA etches the silicon until reaching to desired mold dimensions,
(d) silicon nitride mask is stripped in hot phosphoric acid at 170◦.

Figure 2. SEM pictures of molds etched using different HNA concentrations: (a) HNA (3:6:1), (b) HNA (1:2:1), and (c) HNA (1:4:1). The
HNA concentration of 1:4:1 provides relatively faster etch rates and optimum surface roughness; thereby it is used for all experiments in the
study.

process becomes diffusion-limited at a short depth. On the
other hand, a large pinhole produces shallower molds as lateral
dimensions become significantly larger than vertical. Altern-
atively, micro-glass blowing uses the combined effect of glass
softening, surface tension, and internal gas pressure in order
to fabricate 3D shells with very high surface quality. A similar
method is blow torching that relies on the local heating and
pressure difference to form very smooth 3D molds. However,
both techniques have limited use since they require complex
process steps and high temperatures (>1600 ◦C) for forming
the molds. Therefore, there is a demand for a process techno-
logy that enables the manufacturing of mm-scale and highly-
symmetric hemispherical molds for inertial, optical, and mag-
netic sensing applications. This new technology will be not
only used to fabricate mm-scale, super-symmetric shells but
also structural molds in any size and shape and be applicable
to a wide range of materials. With a spectrum of size, shape,
material possibilities, these molds become a low-cost, quick
solution to the inefficiencies in current sensing applications.

In this work, we propose deep isotropic chemical etch-
ing (DICE) process that uses concentric rings around the pin-
hole for enhanced control of vertical and lateral etch rates.
With the addition of these rings, the HNA mixture is forced

into the center of the hemispherical mold first, before each
ring from the center to the outside flies off and completes the
hemispherical mold. In comparison to the single pinholemask,
the size of the openings and the rings can be altered in order
to change the general shape and symmetry, providing excel-
lent geometry control while maintaining the process simpler.
A major benefit of the DICE process is that control of the final
structure solely relies on any changes done to the ring design
without major changes being needed for the actual process
flow.

2. DICE process

Figure 1 presents the main steps of the DICE process. The
process starts with the deposition of a 650 nm-thick silicon
nitride film on a 1 mm-thick silicon substrate by using Low
Pressure Chemical Vapor Deposition (LPCVD). The orienta-
tion of the silicon substrate is selected as ⟨111⟩ as in [27] in
order to obtain better isotropic etching properties. The pop-
up rings are patterned by spinning an AZ1518 photoresist on
the silicon nitride film and then performing contactless expos-
ure with a 405 nm wavelength using the Heidelberg maskless
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Table 1. Summary of different masking structures and related design variations used throughout the paper.

Experiment Design Pinhole (µm) Ring-1 (µm) Ring-2 (µm) Gap-1 (µm) Gap-2 (µm) Design variation

(A) Pinhole & gaps 1 10–50 — — — — Pinhole
2 10–50 6 8 4 2 Pinhole with fixed rings

and gaps
3 10–260 6 8 4–30 2 Pinhole + Gap-1
4 50–260 6 8 4–30 2–15 Pinhole + Gap-1 + Gap-2

(B) Rings & gaps 5 80–260 12–60 16–80 12–30 2 Pinhole + Ring1 + Ring2
+ Gap1

6 80–260 12–60 — 12-30 — Pinhole + Ring1 + Gap1
(Single ring)

aligner. The silicon nitride film is etched by using a CHF3 and
O2 gas mixture with Reactive Ion Etching (RIE) (figure 1(a)).
An isotropic wet etch using HNA is performed to produce
the silicon mold. Figure 2 compares different HNA concen-
trations in terms of surface roughness. The HNA concentra-
tion is selected as 1:4:1 for enabling relatively faster etch rates
and smooth mold surfaces. The pop-up rings allow for HNA
to perform a deep isotropic etch for the center of the mold
first before popping off the inside ring, with an exothermic
reaction (figure 1(b)). The etch is then completed by popping
off the outside ring to create the symmetrical hemispherical
mold (figure 1(c)). All HNA etches are performed at room
temperature with chips laying flat and face up. The etching
is done until approximately 150 nm of the silicon nitride mask
is left (approximately for 90 min) in order to maintain the
integrity of the mold while maximizing etch depth. The sil-
icon nitride mask is finally removed in hot phosphoric acid
(figure 1(d)) at 170 ◦C for 30 min. The mold dimensions and
mask integrity are monitored using an SEM and a surface
profilometer.

3. Design of experiments and results

We performed two sets of experiments in order to fabricate
mm-scale hemispherical silicon molds with an aspect ratio
close to 1. The target aspect ratio of 1 is determined based
on [12] in which a perfect hemisphere is shown to achieve
enhanced acceleration insensitivity. Table 1 summarizes dif-
ferent masking structures such as a single pinhole, a pinhole
surrounded by a single ring, and a pinhole with two concent-
ric rings and related design variations used throughout the
paper. Figure 3 illustrates the cross-section and top view of
a pop-up ring design that consists of a center pinhole sur-
rounded by two concentric rings. For all experiments, we used
completely identical process conditions and methodology in
order to make a precise comparison. The aspect ratio is calcu-
lated by dividing vertical etch depth (RZ) to lateral etch depth
(RX).

The first experiment includes four different structural
designs for testing the vertical etch limits by incrementally
varying the dimensions of pinhole and gaps. Figure 4 presents
the fabrication results of Design-1 and Design-2. For Design-
1, a smaller single pinhole creates a symmetric but only
smaller molds (up to 70 µm). We observed that the etch rate

Figure 3. Cross-section and top views of pop-up rings. The main
design parameters are the dimensions of the pinhole (P), rings
(Ring-1 and Ring-2), and gaps (Gap-1 and Gap-2).

becomes significantly slower after a certain depth. Due to dif-
fusion limitation, HNA etch has a tendency to etch horizont-
ally rather than vertically, causing a shallow mold. There is a
limited etch time that can occur before HNA completely con-
sumes the silicon nitride mask. Similarly, a larger pinhole res-
ults in shallower molds since the initial etch window is very
large. Design-2 relatively solves the issue of single pinholes
by allowing for more controlled openings spread across a lar-
ger area that allow for the deeper etch before the mask is
completely consumed by HNA. However, after a certain limit,
Design-2 shares similar characteristics to Design-1. This is
because by only opening up the center pinhole, the area that is
being etched is not able to increase and the etch is still being
focused in the center limiting it to similar sizes. These results
show that Design-1 is a satisfying option for symmetric molds
up to 70 µm and Design-2 is a good candidate for 100 µm
deep symmetric molds. However, these designs are not use-
ful for larger hemispheres (>100 µm) since they both become
diffusion-limited after a certain depth.

In order to further scale these designs, the pinhole, gap-
1, and gap-2 are increased in a controlled way. In Design-
3, the pinhole is increased 10 to 260 µm in almost 30 µm
increments while also increasing the inner gap-1. On the other
hand, Design-4 includes similar structures but this time gap-
2 is also increased. Figure 5 presents the fabrication results
of Design-3 and Design-4. These results show that scaling
is not linear by just increasing the pinhole and gap dimen-
sions and the vertical etch depth is limited at around 150 µm
for these structures. The exothermic reaction that allows the
pop-up rings to fly off and create a hemispheric mold depends
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Figure 4. Fabrication results of Design-1 and Design-2: (a) Design-1 (only pinhole) is excellent for fabricating highly symmetric but only
smaller hemispherical molds up to ≈ 70 µm. However, when the initial pinhole opening increases (D1, P = 80 µm), the final mold becomes
shallower. (b) Design-2 (a pinhole with two concentric rings) can achieve an excellent symmetry for larger devices (up to ≈ 100 µm) but
after a while, it behaves like a single pinhole and gets diffusion-limited.

Figure 5. Fabrication results of Design-3 and Design-4: (a) in Design-3, pinhole, and gap-1 are incrementally increased. This approach
works well until the mold dimensions reach a depth of 150 µm. The mold does not scale linearly as we increase the pinhole and gap-1 more.
(b) In Design-4, pinhole, gap-1, and gap-2 are incrementally increased. It is observed that increasing the gap-2 results in larger RX and the
final mold became very shallow.

on how much HNA is allowed into the mold. Designs 3–
4 have shown that openings become much larger since the
rings flew off too quickly. The fly-off time can be reduced by
increasing the width of the silicon nitride rings. This way, a
longer vertical etch can be done before the rings fly off. There-
fore, in the second experiment, we investigated the effect of
ring width and different ring combinations on the mold sym-
metry. In Design-5, the width of two concentric rings, pin-
hole, and gap-1 are incrementally increased while keeping the
gap-2 fixed. We also compared the number of pop-up rings
for achieving the best aspect ratio. Therefore, in Design-6, the
width of a single ring and pinhole is swept while keeping the
gap-1 the same. Figure 6 compares the fabrication results of
Design-5 and Design-6. It is observed that Design-6 presents
larger molds that have more symmetric hemispherical shapes.
Design-5 is shown to create larger molds with deeper etches,
but the aspect ratio trends more toward shallower structures.

Moreover, Design-6 includes only a single ring, simplifying
the design variations and control. Overall, Design-5 may allow
different shapes for different applications but will be limited
or difficult to manage when trying to create larger, highly
symmetric hemispheric molds. In comparison, the Design-6
provides an enhanced design control due to the design’s ability
to create larger more symmetric molds with greater ease than
the two ring design. Figure 7 compares the cross-section SEM
pictures as well as surface profilometer measurements of shal-
low and hemispherical silicon molds fabricated using Design-
5 andDesign-6. The cross-section SEM images are taken using
control samples that are simultaneously etched with the main
samples. These control chips are then cleaved and etch pro-
files are relatively compared. The cross-section SEM images
demonstrate that Design-6 achieves a more hemispherical etch
profile. On the other hand, the radius of the mold (RX) is meas-
ured by taking a top-view SEM of the main sample. The main
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Figure 6. Fabrication results of Design-5 and Design-6: (a) in Design-5, the width of two concentric rings, pinhole, and gap-1 are
incrementally increased while keeping the gap-2 fixed, (b) in Design-6, the width of a single ring and pinhole are swept while keeping
the gap the same. A single pop-up ring gives the symmetry of 0.73 for a wide range of dimensions.

Figure 7. SEM pictures of (a) shallow and (b) hemispherical silicon molds fabricated using different ring designs, (c) surface profilometer
measurements of Design-5 and Design-6. Design-6, a single ring with a pinhole, achieves fabrication of a 0.25 mm-deep silicon mold with
an aspect ratio of 0.73 whereas it is 0.58 for Design-5, two concentric rings with a pinhole, resulting in a shallower mold.

samples are also used to measure the etch depth (RZ) with
a surface profilometer. It is hard to accurately measure the
steep periphery region with the existing surface profilometer.
Therefore, the slope region is not used as a parameter for the
comparison. A single ring with a pinhole achieves fabrication
of a 0.25 mm-deep silicon mold with an aspect ratio of 0.73
whereas it is 0.58 for two concentric rings with a pinhole, pro-
ducing a shallower mold.

In summary, it is found that Design-1 is practical for
applications that require hemispherical structures smaller than
70 µm. These structures would be too small for optimum

device operation for inertial sensing applications. For the ini-
tial proof-of-concept, Design-2 is created to show the effect-
iveness of concentric rings to fabricate larger hemispheric
structures while having more control over the aspect ratio. An
aspect ratio (RZ/RX = 1) of 1 is achieved for structures around
100 µm but severely degrades as the design reaches beyond
150 µm. With Designs 4–5, we have observed that a larger
ring width is needed to prevent the rings fly off so quickly for
balancing vertical and lateral etch rates for deeper etches. After
implementing the wider rings, a deeper etch is achieved with
Design-5, but the amount of design factors involved makes it
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difficult to control the aspect ratio as the etch becomes deeper.
Therefore, Design-6 has become the optimum solution to the
issues found in the other types of designs. This single ring sur-
rounding a pinhole is not only able to create a deeper etch
(0.25 mm) while maintaining the aspect ratio close to 1 but
also reduces the number of design factors that are difficult to
control as the structure grows larger.

4. Conclusions

We have proposed the DICE process, a novel method for
wafer-level fabrication of highly symmetric silicon molds.
This unique process uses concentric pop-up rings to enable
precise control of vertical and lateral etch rates in silicon
etching with HNA. We have experimentally shown that the
DICE process is much better at creating molds with balanced
symmetry and size compared to the conventional approaches.
Another key advantage of the DICE process is its flexibility:
different pop-up designs can produce molds with the desired
shape, dimensions, or roughness by using appropriate process
conditions. Furthermore, the method can be applied to various
materials and etchants for different applications. The geometry
control can be improved by implementing predictive model-
ing. This will make even deeper etches with a better aspect
ratio possible. We believe that the DICE process is a powerful
platform with its simplicity and flexibility and may become
a unique solution to the fabrication inefficiencies in inertial,
optical, and magnetic sensing applications.
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