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Modeling the Effect of
Imperfections in Glassblown
Micro-Wineglass Fused
Quartz Resonators
In this paper, we developed an analytical model, supported by experimental results, on
the effect of imperfections in glassblown micro-wineglass fused quartz resonators. The
analytical model predicting the frequency mismatch due to imperfections was derived
based on a combination of the Rayleigh’s energy method and the generalized collocation
method. The analytically predicted frequency of the n¼ 2 wineglass mode shape was
within 10% of the finite element modeling results and within 20% of the experimental
results for thin shells, showing the fidelity of the predictive model. The postprocessing
methods for improvement of the resonator surface quality were also studied. We con-
cluded that the thermal reflow of fused quartz achieves the best result, followed in effec-
tiveness by the RCA-1 surface treatment. All the analytical models developed in this
paper are to guide the manufacturing methods to reduce the frequency and damping
mismatch, and to increase the mechanical quality factor of the device.
[DOI: 10.1115/1.4036679]
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1 Introduction

There are two modes of microelectromechanical systems
(MEMS) coriolis vibratory gyroscope (CVG) operation: the rate
mode, in which the gyroscope measures the angular rate of
rotation, and the rate-integrating mode, or whole-angle mode, in
which the gyroscope directly measures the angle of rotation.
Advantages of the whole-angle mode gyroscope, such as funda-
mentally unlimited mechanical bandwidth of operation and linear-
ity of response throughout the entire range of operation, are
broadly recognized. The ability of the sensor to operate in the
rate-integrating mode, however, is completely determined by axial
symmetry of the mechanical structure and isotropy of the struc-
tural material. Some initial results toward isotropic designs
have been presented in Refs. [1–3], indicating a potential of
MEMS-fabricated devices for inertial guidance applications.

In addition to structural symmetry, the quality factor is another
critical parameter, which is essential to enhance the performance
of vibratory inertial MEMS devices [4]. A better in-run noise per-
formance, such as bias stability and angle random walk (ARW),
can be achieved with a higher quality factor of resonating struc-
tures. Many factors, such as viscous air damping, anchor losses,
thermo-elastic dissipation, and surface-related losses, influence
the overall quality factor of the resonators. Surface-related losses
were reported to dominate the quality factor of the large-scale
hemispherical resonator gyroscope (HRG), showing an inverse
relationship between the quality factor and the surface-to-volume
ratio [5]. Surface-related losses are believed to be associated with
surface roughness, contaminations, absorbates, moisture, and oxi-
dized layer on the surface, but the results are still not conclusive
on the dominant factors. In this paper, we hypothesized that the
surface roughness of glassblown fused quartz resonators is the

dominant factor of the energy losses and we provide evidences in
support of this hypothesis.

The accuracy of intended geometry of conventional two-
dimensional (2D) MEMS fabrication is limited by lithography and
etching imperfections. For example, a typical resolution of ultra-
violet lithography is on the order of 0.1 micron and a typical
aspect ratio of dry etching of material is 20:1. The whole-angle
mode of operation, however, imposes strict requirements on
structural and damping symmetry as well as the quality factor of
devices, which cannot be readily achieved by conventional 2D
MEMS fabrication due to its limitations in accuracy of lithogra-
phy and etching-based manufacturing. While the conventional
MEMS processes are improving, new design architectures and
fabrication processes for high precision of manufacturing are
emerging [6].

Macroscale HRG has demonstrated high structural symmetry
and low energy losses, and this subsequently led to higher
sensitivity and lower drift, as well as a superior survivability to
environmental shocks and vibrations [7]. Advances in three-
dimensional (3D) macroshell structures inspired the development
of 3D microscale resonators for vibratory inertial MEMS devices,
emphasizing the potential for batch manufacturing and reduced
cost [6]. Generally, there are two main methods that have been
recently explored for fabrication of microscale 3D resonators:
(1) thin film deposition of materials in a predefined microma-
chined mold, lithographic patterning, and chemical release and
(2) thermo-elastic “blowing” of the device layer and a subsequent
mechanical release by mechanical lapping or chemical–
mechanical polishing (CMP).

In the first approach, a hemispherical mold is first defined by
wet etching or machining. Then, a sacrificial layer is deposited in
the mold. It is followed by material deposition on the sacrificial
layer to define the resonator. Finally, the sacrificial layer is chemi-
cally removed to release the resonator. The benefits of this process
include a near-conventional MEMS fabrication process and its
compatibility with a wide range of materials, such as polysilicon,
polydiamond, and silicon dioxide. For example, ultralow
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expansion (ULE) glass hemispherical shell with 1.2 lm thickness
was demonstrated in Ref. [8] with the reported thickness variation
better than 120 ppm and dimensional deviations of less than
0.125 lm. In those first demonstrations, only one resonant peak
was observed and it was explained by a high structural isotropy. A
polysilicon hemispherical resonator formed by deposition in the
mold has also been demonstrated, with the resonant frequency of
6.7 kHz and the quality factor of 8500 [9]. No metrology on thick-
ness variation and deviation in dimensions were reported. The
quality factor as high as 143,000 at 15.6 kHz was measured
on polycrystalline diamond hemispherical resonator with 2 Hz
as-fabricated frequency mismatch [10]. Surface quality and struc-
tural symmetry were usually low for devices fabricated from
mold-associated processes because the roughness and the asym-
metry of the mold were likely to be transferred to the device. The
polycrystalline structure is also likely to increase an intrinsic dis-
sipation of the devices due to the grain structure of the material.
To date, the mold-associated processes were limited in symmetry
and quality factor, and alternative fabrication processes for high-
performance 3D resonators were investigated.

A highly promising technique is a thermo-elastic blowing of
materials. Microglassblowing on a wafer level was first introduced
in Ref. [11]. In this initial study, Pyrex spherical shells were
fabricated demonstrating the surface roughness of less than 1 nm.
Fabrication of Pyrex or fused quartz 3D microresonators without
utilization of molds was first proposed in Ref. [12] by microglass-
blowing technique. This approach took the advantage of pressure
difference and surface tension driven plastic deformation of the
glass wafer to form 3D structures, demonstrated to be compatible
with wafer-level fabrication. A microblowtorch molding process,
which is a variation of the glassblowing technique, was utilized to
fabricate “birdbath” fused quartz shell resonators, demonstrating
1.2� 106 quality factor, 0.5 nm surface roughness, and 6.7 Hz fre-
quency split [13]. Thermoplastic forming of bulk metallic glass
(BMG) was first demonstrated with utilization of mold in
Ref. [14] and an improved fabrication process was demonstrated
with Pt57.5Cu14.7Ni5.3P22.5 bulk metallic glass (Pt-BMG), resulting
in hemispherical shells with the surface roughness less than
0.3 nm [15]. The quality factor of the BMG devices demonstrated
in Ref. [15] was on the level of 6200 and the frequency mismatch
on the level of 4.9 Hz. In these two processes, although molds
were needed to define the geometry of the resonators, the surface
of the resonator did not make a contact with the mold, and there-
fore a high surface quality was achieved. Currently, the blowtorch
and the thermoplastic forming of BMG processes are not com-
pletely compatible with MEMS batch fabrication due to the meth-
ods of heating and applying the pressure difference individually to
each shell. The use of an array of torches has been considered
[16], for scaling the technique to batch fabrication.

In contrast to the technique of material deposition in a mold
(method 1 described above), the structural symmetry of the
“blown” shells (method 2 described above) was leveraged by the
symmetric nature of glassblowing. To further reduce the thermo-
elastic damping (TED), materials with low coefficient of thermal
expansion (CTE), such as fused quartz, were considered [17].
Sub-Hz frequency mismatch, as low as 0.16 Hz, on Pyrex resona-
tors [18] and the quality factor of over 1.1� 106 on fused quartz
resonators have been reported [19]. Despite the potential advan-
tages of 3D microglassblowing, the fabrication imperfections
were still inevitable, with a typical quality factor on the order of
100,000 and the frequency mismatch on the order of 10 Hz. The
observed effects were not merely due to glassblowing process, but
due to the additional mechanical lapping and chemical processing
steps accompanying the process. For example, the fused quartz
wafers would go through many wet etching steps before the final
glassblowing step. These steps include hydrogen fluoride (HF)
etching of the wafer, polysilicon hard mask removal in potassium
hydroxide (KOH), and standard RCA-1 wafer cleaning [18]. All
these steps will influence the surface roughness of the wafers and
their effects may not be eliminated completely by glassblowing

[20]. Additionally, glassblown 3D microshells were released by a
multistep mechanical lapping process to optimize the quality of
the lapped surface. The process may introduce structural imper-
fections to the sensing element if the lapping plane is not com-
pletely aligned [21]. This paper presents an analytical model to
predict the effects of fabrication imperfections due to asymmetric
lapping as one of the sources of imperfections.

In previous studies, 10:1 HF/HCl etching was reported to create
a smoother surface on Pyrex and soda-lime-glass than the HF
etching [22]. Buffered oxide etching (BOE) was reported to
improve the surface of fused quartz devices [13]. However, no
systematic studies and comparative analyses of fused quartz
etching processes have been reported in the literature. In this
work, we investigate the effects of thermal and chemical postpro-
cessing on the surface quality of fused quartz wafers and propose
a method to further smoothen the surface of resonators based on
the obtained results.

An analytical frequency model of hemitoroidal shell is devel-
oped in the paper. The model is used to understand the behavior
of the system and the effects of imperfections in a more direct
way than the finite element model would allow. The operational
frequency and frequency mismatch estimations of macroma-
chined hemispherical shells have been thoroughly studied in
Ref. [23]. Microfabricated shells, however, take shapes closer to
hemitorus than hemisphere (Fig. 1). Directly applying the ana-
lytical models developed for hemispherical shells to hemitoroi-
dal shells may lead to large errors, with modeling errors of over
50% for shells with comparable thickness and outer radius [21].
No analytical models predicting the frequency of hemitoroidal
shells have been previously developed. To fulfill the gap, this
paper develops models predicting the frequency response of
hemitoroidal shells due to imperfections induced by the release
process.

In the following sections, we first present the analytical model
of hemitoroidal shell for predicting the resonant frequency, and
then the experimental verification of the results is discussed in
Sec. 2. This is followed by extension of the model for the fre-
quency mismatch prediction for microscale glassblown structures,
Sec. 3. In Sec. 4, the effects of different thermal and chemical
postprocesses are characterized and analyzed both on flat and
curved surfaces. The thermal reflow of fused quartz achieved the
best result, followed in effectiveness by the RCA-1 surface treat-
ment. In Sec. 5, the fused quartz wineglass resonators with differ-
ent surface quality are characterized, demonstrating the direct
correlation between surface roughness and the quality factor. The
paper concludes with a discussion of results in Sec. 6.

2 Frequency Model

In this section, we introduce an analytical model of hemitoroi-
dal shell based on the inextensional wineglass mode shape
assumption. The natural frequency of a perfectly symmetric
shell was derived by applying the Rayleigh’s energy method and
verified experimentally.

Fig. 1 Hemitoroidal shell fabricated using high-temperature
microglassblowing process of fused quartz

040909-2 / Vol. 139, AUGUST 2017 Transactions of the ASME

Downloaded From: http://vibrationacoustics.asmedigitalcollection.asme.org/ on 03/21/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use



2.1 Derivation of Mode Shapes. Figure 2 shows a thin hemi-
toroidal shell with thickness h and radius R. In spherical coordi-
nates, the shape of the shell can be expressed as r¼ 2R sin h,
where r is the radial distance and h is the polar angle. Since the
shell is axisymmetric, r is independent of u, and the latter is
defined as the azimuth angle. Movement of the shell structure is
completely described by the movement of its middle surface. We
assume the local displacement components of the middle surface
are defined by dr, dh, and du, where dr is the linear displacement
along r, while dh and du are the angular displacements along h
and u, respectively. In the wineglass mode, the displacement
components of two matched modes are expressed as

dr ¼ UðhÞsin nu cos xt
dh ¼ VðhÞsin nu cos xt
du ¼ WðhÞcos nu cos xt

and

dr ¼ UðhÞcos nu cos xt
dh ¼ VðhÞcos nu cos xt
du ¼ WðhÞsin nu cos xt

(1)

where n is called the mode number, x is the angular frequency of
the mode, and U, V, and W are mode shape functions of variable h
[24], and they are to be determined later in this section. The terms
in Eq. (1) containing u define the orientation of the mode shape
and the terms containing x define the frequency. Note that orien-
tations of the mode shapes with respect to the azimuth angle are
separated by p/2n. For n¼ 2 wineglass mode, for example, the
orientations of mode shapes are separated by 45 deg.

Inextensional assumption is applied to calculate the mode shape
functions. It assumes that the strain of the middle surface of the
shell remains zero during the deformation. This assumption holds
if thickness of the shell is much smaller than the other dimensions
[24]. In the case of glassblown structures, the thickness of the
shell is on the order of 100 lm, while the outer radius is on the
order of 10 mm and the height is about 3 mm (Fig. 1). Hence, due
to the ratio of dimensions (100:1 and 30:1), the inextensional
assumption is justifiable to apply for the structures of interest.

Let us consider an arbitrary line element with length ds on the
middle surface of the shell at position (r, h, u) and its length com-
ponents dr, dh, and du. After deformation of the shell, the posi-
tion of the element becomes (rþ dr, hþ dh, uþ du) and its
length becomes dsþ dds. In the spherical coordinate system, the
length of the line element can be expressed as

ðdsþ ddsÞ2 ¼ ðdr þ ddrÞ2 þ ðr þ drÞ2 sin2ðhþ dhÞðduþ dduÞ2

þ ðr þ drÞ2ðdhþ ddhÞ2 (2)

We expand the differential elements in displacement and geom-
etry with respect to coordinates h and u as follows:

ddr ¼ @dr

@h
dhþ @dr

@u
du

ddh ¼ @dh
@h

dhþ @dh
@u

du

ddu ¼ @du
@h

dhþ @du
@u

du

dr ¼ dr

dh
dh

The radial distance of hemitorus r is only dependent on the
polar angle h and not related to the azimuth angle u. Therefore,
there is no du term in the expansion of dr.

When we consider only the first-order terms in Eq. (2), the
resulting equation for the deformation of the line element takes
the form

dds

ds
¼ dr

dh
@dr

@h
þ r2 @dh

@h
þ rdr

� �
dh2

ds2

þ rdr sin2hþ r2 sin h cos hdhþ r2 @du
@u

sin2h

� �
du2

ds2

þ dr

dh
@dr

@u
þ r2 @dh

@u
þ r2 @du

@h
sin2h

� �
dhdu
ds2

(3)

According to the inextensional assumption, the length of the
line element should not change after deformation no matter what
values dr, dh, and du would take, implying that the coefficients of
all terms on the right-hand side of Eq. (3) are zero. Substituting
Eq. (1) in Eq. (3) and canceling the two variables dr and dh would
cancel the common orientation term (sinusoidal term with respect
to u) and the frequency term (sinusoidal term with respect to t).
The resulting fundamental equation of the mode shape of the hem-
itoroidal shell becomes

cos2h� sin2hð Þ d
2ru

dh2
þ 4 sin h cos h

dru

dh
þ 2n2 � 1

sin2h
ru ¼ 0 (4)

where ru¼ r W(h) sin h represents the linear displacement along
the azimuth angle. We are solving Eq. (4) for ru instead of W(h)
to avoid the coefficient of the second-order term from being zero
when h¼ 0. Note that the mode number n is included in Eq. (4),
indicating that the equation allows to calculate the mode shapes of
any order.

Equation (4) is a linear second-order ordinary differential equa-
tion with varying coefficients. A clamped boundary condition was
assumed at h¼ 0, corresponding to the attachment of the stem of
the device to a substrate. The collocation method was applied to
solve the equation numerically [25]. Hermite polynomials of order
three were used to approximate the solution. The solution with
n¼ 2 is shown by the solid line in Fig. 3. The dashed line in Fig. 3
is the normalized result from finite element analysis (FEA); COM-

SOL MULTIPHYSICS package was used for the FEA modeling. Con-
vergence of the analysis was achieved with meshing elements on
the order of 25,000. The largest error was about 1% of the maxi-
mum displacement, where h was about 0.5 rad. The small error
indicates the fidelity of the developed analytical model. Note that
the amplitude of motion is close to zero when h<p/4,

Fig. 2 Coordinate system, middle surface (dashed line), and
parameters of hemitoroidal shell

Fig. 3 Comparison of n 5 2 mode shapes from analytical
model and finite element model. Displacements in u direction
are normalized.
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corresponding to the inner part of the device, and the vibratory
energy is mostly limited in the outer part of the device. It implies
that geometric deviation of the inner part of the real device from
the model will only induce a small disturbance of the resonant fre-
quency of the device, which expands the range where the model
can be applied.

2.2 Calculation of Resonant Frequency. Resonant fre-
quency of the shell was derived by the Rayleigh’s energy method
[23]. First, the kinetic energy K0 and the strain energy U0 of the
shell were calculated based on the mode shape with an arbitrary
amplitude of motion A

K0 ¼
1

2
q
ððð

X

_dr2 þ r2 _dh2 þ r2 sin2h _du2
� �

dV (5)

U0 ¼
1

2

ððð
X

r11e11 þ r22e22 þ r12e12ð ÞdV (6)

where X is the integration region, which is the shape of the shell.
Directions 1 and 2 in Eq. (6) are the two principal axes of the mid-
dle surface, corresponding to h and u directions. For shells with
thicknesses much smaller than the other dimensions, the strain
related to the third direction (normal direction) is zero [26]. This
is the reason why there are only three terms instead of six in
parenthesis of Eq. (6). Then, the Lagrangian was expressed as
L¼U0max�K0max, where U0max and K0max are correspondently
the maximum of the kinetic energy and the strain energy
with respect to time. Finally, solving the Rayleigh’s equation
@L/@A¼ 0 gave us the angular frequency of the shell.

As shown in Fig. 4, the analytical model matches well with the
finite element model for the n¼ 2 mode. The error is within 10%
for the shell with thickness less than 300 lm. Since inextensional
assumption can only be applied to thin shells, larger errors for
thicker shells are expected. In such cases, the complexity of the
model should be increased by eliminating the inextensional
assumption and using the full tensor of deformation.

2.3 Experimental Verification. Frequencies of microshells
with outer diameter of 7 mm and thicknesses of 70 lm, 150 lm,
and 250 lm were tested to verify the analytical model. The shells
were actuated along the stem by a piezoelectric element attached
to the shell by Field’s metal and characterized optically by laser
Doppler vibrometer (LDV) in a vacuum chamber under pressure
on the order of 20 lTorr, so that the viscous air damping is com-
pletely eliminated [19]. The experimental setup is shown in
Fig. 5. The results are presented in Fig. 4, showing the maximum
errors of about 20%, when the shell thickness is less than 150 lm.
The errors are possibly due to nonuniformity of the thickness and

over-release of the devices. For thicker devices, the errors are rel-
atively larger because the shells are not fully developed during
glassblowing and consequently the shape deviates from the
hemitorus.

3 Frequency Mismatch Model

The shell release is a step in the fabrication process where the
substrate of glassblown structure is physically removed [18]. The
mechanical lapping is the method used in our study for release.
An additional frequency mismatch may be introduced if the lap-
ping plane is not strictly perpendicular to the stem of the shell,
Fig. 6. This phenomenon is studied both analytically and
experimentally.

3.1 Analytical Results. The mode shape of a resonator can
be considered unaffected by a small structural disturbance [23].
Therefore, in this study, we only have to change the integration
region in Eqs. (5) and (6) from axisymmetric region to the actual
shape of the shell, without recalculating the mode shape itself. For
a perfectly symmetric shell, the integration results for both modes
are the same and therefore the frequency mismatch is zero. For
shells with lapping imperfections, the integration results will be
different due to the asymmetric integration region, and therefore,
the frequencies of the two mode shapes will be different. The rela-
tion between the angular lapping error (b) and the ratio between
the frequency mismatch and frequency is shown in Fig. 6.

3.2 Experimental Results. Special lapping fixtures were
designed and fabricated by 3D printing to release shells with a

Fig. 4 Relation between resonant frequency of n 5 2 mode and
the thickness of the shell

Fig. 5 Experimental setup to measure the resonant frequency
of the device

Fig. 6 Schematic of lapping error and the analytical result
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specific lapping angle, Fig. 7. The lapping fixtures were designed
to create the tilt angle of 1 deg. This allows the lapping angular
error to increase by 1 deg after each subsequent lapping cycle.
The microfabricated shells were first attached to a silicon die by
Crystalbond 509-3. The silicon die was used as a reference plane
coinciding with the edge of the shell. Then, the silicon die
together with the shell was attached to the lapping fixture. Figure 7
shows a device being asymmetrically lapped and the silicon die
has been lapped away. The shell was cleaned and characterized by
LDV after each asymmetric lapping.

The results shown in Fig. 7 illustrate the predicted effect. The
model confirms the trend of changes. The experimental change of
frequency mismatch increases faster than the model predicts. One
possible reason might be the fact that thickness of the rim of the
shell is much larger than in other regions of the shell. Therefore,
the real effects of asymmetric lapping on the frequency mismatch
might be larger than predicted. The other reason might be the
large initial frequency mismatches of the two shells tested, which
were 105 Hz and 202 Hz, respectively, corresponding to about
1.5% and 3% of the resonant frequency. The large frequency mis-
match causes the shape of the shell to deviate from the model, and
consequently the error might be significant between the model
and the experiment.

4 Postprocessing for Surface Quality

To increase the quality factor of the micro-wineglass fused
quartz resonators, different thermal and chemical postprocessing
techniques were tested to optimize the surface quality of the
device and the results are discussed in this section. In our study,
the effects of thermal and chemical postprocesses were initially
tested on blank fused quartz wafers. Then, the effects of thermal
reflow were tested on curved 3D fused quartz structures to show
that the conclusions derived from blank samples are applicable to
curved surfaces.

4.1 Experimental Procedure on Flat Samples. In our initial
experiments, fused quartz wafers were first diced into 5 mm
� 5 mm samples before different postprocessing methods were
conducted on the samples. The tested postprocessing methods
included thermal reflow, KOH etching, buffered oxide etching
(BOE), 10:1 hydrogen fluoride and hydrogen chloride solution
(HF/HCl) etching, and RCA-1 surface treatment. Atomic force
microscope (AFM) from pacific nanotechnology (Nano-R) was
used to measure the surface roughness of samples and the scan
area was 10 lm� 10 lm for blank fused quartz samples. All sam-
ples were measured at three different points to guarantee the reli-
ability of the measurement. The samples were cleaned by a

standard solvent cleaning procedure (acetone, isopropyl alcohol,
methanol) before each scan. The AFM was run in a close contact
mode, using a 10 nm radius probe tip (Agilent U3120A).

4.2 Results and Discussion

4.2.1 Chemical Postprocessing. Fused quartz wafers went
through a number of chemical processing steps before they were
fabricated into wineglass resonators. All these processing steps
have an influence on the surface quality of samples. Typical proc-
esses included 48% HF etching, 45% KOH hard mask removal,
and RCA-1 cleaning. Some processes also include 10:1 HF/HCl
etching and BOE. The effects of all these treatments on the sur-
face quality of fused quartz were investigated and are reported in
this section. Each treatment was applied to samples for the time
duration that is typical for the fabrication process of wineglass
resonator. The results are summarized in Table 1.

Table 1 shows that both KOH etching and BOE deteriorate the
surface of fused quartz, and HF etching created a lower surface
roughness than 10:1 HF/HCl solution, while RCA-1 surface treat-
ment improved the surface quality of fused quartz samples by
reducing the averaged surface roughness from 6.3 nm Sa to 4.7 nm
Sa. To uncover the active components of RCA-1 solution and to
understand mechanisms of the effect, three fused quartz samples
with the same surface quality were placed into RCA-1 solution
(volume ratio of 1:1:5 for 27% NH4OH, 30% H2O2, and de-
ionized (DI) water), H2O2 solution (0:1:6), and NH4OH solution
(1:0:6), respectively. The reaction temperature was controlled at
80 �C and the reaction time was 20 min for all three samples. The
results are shown in Table 2.

Fig. 7 Schematic of the attachment of device to lapping fixture and a picture of a
device being asymmetrically lapped is presented. Experimental result of the effects
of lapping imperfections is also shown.

Table 1 Effects of different chemical treatments on surface
roughness

Surface roughness Saa (nm)

Comparison Sample status Point 1 Point 2 Point 3 Averaged

1 Original 25.7 25.2 22.6 24.5
10 min KOH 50.5 47.7 47.8 48.7

2 Original 1.2 1.1 1.2 1.2
30 s BOE 5.4 5.2 5.5 5.4

5 h HF 1.7 1.3 1.0 1.3
5 h 10:1 HF/HCl 10.7 12.0 9.4 10.7

3 Original 7.5 5.6 5.8 6.3
20 min RCA-1 4.3 5.1 4.8 4.7

aSa denotes the arithmetic average of a height function of a surface.
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The results show that H2O2 or NH4OH alone did not greatly
change the surface quality; however, their combination reduced
the averaged surface roughness from 6.3 nm Sa to 4.7 nm Sa.
According to Ref. [27], the SiO2 etching rate is on the order of
0.1 nm/min and it increases with increasing NH4OH/H2O2 ratio
and with increasing the temperature. This result suggests that the
surface roughness of a sample may become worse if a higher
etching rate is applied with certain etchants.

4.2.2 Thermal Postprocessing. Fused quartz is an amorphous
material that does not have a precisely defined melting tempera-
ture. As the temperature increases, the material becomes soft and
its viscosity decreases. If the temperature of treatment is high
enough, the surface tension of fused quartz can overcome viscos-
ity and therefore can minimize the surface area, like in a liquid.
Using the reflow phenomenon, the surface roughness can be
improved.

Reflow temperature is one of the critical parameters during the
reflow of 3D devices. On the one hand, the reflow temperature has
to be high enough, so that the surface tension can overcome
viscosity and smoothen the surface. On the other hand, the tem-
perature cannot be too high, so that the sample does not deform
and lose its original symmetry due to gravity. Fused quartz wine-
glass resonators were reflowed for 30 min at different tempera-
tures, ranging from 1100 �C to 1400 �C, with 1300 �C turned out
to be the highest temperature at which no obvious deformation
was observed. Therefore, the reflow temperature was set to be
1300 �C for all experiments.

The change of surface roughness over time was studied. The
thermal reflow at 1300 �C was applied to blank fused quartz sam-
ples with the same surface roughness for different time durations.
The results are shown in Fig. 8. Each sample was measured at
three different points and the red line represents an average value.
The surface roughness was reduced by increasing the time of
treatment and the smoothening effect mainly took place in the first
30 min. It can be concluded from Fig. 8 that the reflow time of 1 h
was sufficient, reducing the averaged surface roughness from
24.5 nm to 1.9 nm.

Figure 8 shows that the averaged surface roughness did not
change significantly during the first 5 min, but was greatly reduced
with an extended duration of the experiment. To understand the
process during the first 5 min, the power spectral density (PSD)
was analyzed. PSD of a surface is related to the 2D Fourier trans-
form of the surface height function and it contains more informa-
tion than an averaged surface roughness. PSD is expressed as

P kð Þ ¼ 1

2pð Þ2

����
ð

X
f xð Þe�ik�xdx

����
2

(7)

where k is the wave number, x is the position vector, and f(x) is
the height function of the surface. Figure 9 shows the PSD of orig-
inal surface and surfaces after reflowing for 1 min, 2 min, and
5 min. It shows that these surfaces can be modeled as self-affined
[28] and surface roughness exponent a can be extracted to charac-
terize the surfaces. The roughness exponent characterizes the
short-range roughness of a self-affined surface and it ranges from
0 to 1. A small value of a implies a rougher local surface, Fig. 10
[28]. For self-affined surfaces, the PSD and surface roughness
exponent have a relation

PðkÞ / k�2�2a; for k� n�1 (8)

where n is the lateral correlation length of the surface. Figure 9
shows that the surface roughness exponent increases from 0.458
to 0.671, indicating that the short-range roughness is improved by
reflow, although the general averaged surface roughness does not
change.

Histograms of the original surface and surfaces after reflowing
for 5 min, 15 min, and 60 min are shown in Fig. 11, which is a

Table 2 Effects of RCA-1 and its components

Surface roughness Sa (nm)

Sample status Point 1 Point 2 Point 3 Averaged

Original 7.5 5.6 5.8 6.3
RCA-1 4.3 5.1 4.8 4.7
H2O2 7.5 6.1 6.2 6.6
NH4OH 6.2 5.5 5.7 5.8

Fig. 8 Surface roughness changes over reflow time

Fig. 9 Power spectral densities of the original surface and
surfaces after reflowing for 1 min, 2 min, and 5 min

Fig. 10 A comparison of the local surface morphology for sim-
ilar surfaces with different values of roughness exponent a
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characterization of the long-term surface morphology. The X-axis
is the height and the Y-axis is the percentage of the area at a corre-
sponding height. The shape and position of the distribution peak
in histogram do not change in the first 5 min and only very high
elevation regions of the surface are affected. This confirms that
only improvement of the short-range roughness happens during
this time period. After the first 5 min, the peak becomes more pro-
nounced and shifts to the left, indicating a better surface quality.

4.3 Experiments on Curved Samples. All the previous
results are reported for blank fused quartz samples. To show that
the same effects can be observed on 3D wineglass structures, the
surfaces were measured before and after the thermal reflow. Two
glassblown samples from the same batch were tested before
and after the 1 h reflow at 1300 �C. The devices were diced into
smaller pieces to make sure no other parts of the sample except
for the point being measured would be in contact with the AFM
tip. The results are shown in Fig. 12. The averaged surface rough-
ness was reduced from 1.9 nm to 0.19 nm. The same smoothening
effect was observed in the 3D structures, implying that all the con-
clusions above are applicable to curved surfaces. Besides, the

surface height distribution is lower and more concentrated, indi-
cating a better surface quality after the thermal reflow.

5 Surface Roughness and Quality Factor

One of the goals of this study is to further improve the quality
factor of fused quartz wineglass resonators. In this section, the
quality factors of resonators with different surface roughnesses
were measured, showing a direct correlation between improve-
ment in the quality factor and an improved surface quality.

The experimental procedure for measurement of the quality
factor of wineglass resonators is exactly the same as the measure-
ment of resonant frequency, as discussed in Sec. 2. All devices
were cleaned by solvent and RCA-1 solution. Next, the devices
were placed in dehydration furnace for 45 min to remove all
absorbates on the surface before characterization.

Three fused quartz wineglass resonators were tested in this
study. First, the resonators were characterized and the quality fac-
tors were measured. Then, 10 min of KOH etching was applied to
the resonators to roughen the surface and the quality factors were
measured again. Then, the resonators were thermally reflowed at
1300 �C for 1 h to improve the surface roughness and the quality
factors were measured for the third time. The results of this
experiment are shown in Table 3. A direct correlation between the
quality factor of resonators and surface roughness can be derived.
The reduction of quality factor related to KOH etching was
17,000 on average and the increase of quality factor due to ther-
mal reflow was about 6000. It indicates that a part of the roughen-
ing effects due to KOH etching can be compensated by thermal
reflow. All other loss mechanisms were remained the same,

Fig. 11 Histograms of the original surface and surfaces after
reflowing for 5 min, 15 min, and 60 min, showing an improve-
ment of long-term surface roughness

Fig. 12 AFM images of the surface of 3D fused quartz struc-
tures and histograms before and after reflow

Table 3 Quality factors of fused quartz resonators after
treatments

Quality factor

Sample number Original After KOH After reflow

1 49.9 k 25.6 k 30.2 k
2 60.1 k 42.5 k 46.3 k
3 16.1 k 6.3 k 15.8 k
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leading to the conclusion that changes in quality factor were due
to surface losses. Quality factors of devices with higher original
quality factors were not completely restored probably due to
imperfections created during the reflow process, such as the defor-
mation and handling of the devices during the reflow.

6 Conclusion

An analytical model on the effect of imperfections due to
release and wet etching of glassblown micro-wineglass fused
quartz resonators was developed and supported by experimental
results. The predictive frequency of the n¼ 2 wineglass mode
shape was within 10% of the finite element results and 20% of the
experimental results for thin shells, demonstrating fidelity of the
predictive model. The postprocessing methods were analyzed for
improvement of the surface quality of fused quartz, concluding
that the thermal reflow achieves the best result, reducing the sur-
face roughness from 24.5 nm to 1.9 nm. The direct correlation
between a better surface quality and a higher quality factor of the
device has been established.
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Nomenclature

A ¼ amplitude of the mode
f(x) ¼ height function of the surface

h ¼ thickness of the hemitoroidal shell
k ¼ wave number of the surface

K0, U0 ¼ kinetic energy and strain energy of the shell
L ¼ Lagrangian of the shell system
n ¼ mode number
P ¼ power spectral density of the surface

r, h, u ¼ radial distance, polar angle, and azimuth angle in
spherical co-ordinates

R ¼ radius of the hemitoroidal shell
ru ¼ linear displacement along the u direction

U, V, W ¼ mode shape functions for dr, dh, and du
a ¼ surface roughness exponent
b ¼ angular lapping error

dr, dh, du ¼ displacement components of the middle surface of
the shell along r, h, and u direction

n ¼ lateral correlation length of the surface
x ¼ angular frequency of the shell
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