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Highlights

What are the main findings?

e  Elucidated the mechanism of surface loss induced by subsurface damage, based on
the friction generated between micro-interfaces formed by cracks;

e  Established a surface loss model that revealed the linear relationship between surface
loss and subsurface crack area.

What are the implications of the main findings?

e  The surface loss mechanism serves as a warning that subsurface damage should be
strictly prohibited in the manufacture of high-performance fused silica resonators;

e  The surface loss model can offer theoretical guidance and a parameter basis for chemi-
cal etching and other fused silica surface treatments.

Abstract

Mitigating the surface loss induced by subsurface damage is of critical importance in the
manufacturing of fused silica devices with ultra-low mechanical loss. Chemical etching
technology has been applied as an effective approach in controlling surface loss, while
fundamental research on its mechanism is still lacking. In this work, chemical etching
treatment on lapped fused silica samples was carried out for different periods of time. The
evolution of surface micro-topography and roughness was observed. A set of apparatus
for the Q-factor measurement was built, and an evaluation method for surface loss was
proposed. The changes in the Q-factor and surface loss of samples during the etching
process were demonstrated. The mechanism of surface loss induced by subsurface damage
was revealed based on the friction of micro-interfaces. A surface loss model was derived
from the definition of surface loss and the perspective of kinetic energy conservation. The

results show that the surface micro-topography and roughness of samples depend on
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the evolution of subsurface cracks in etching. The Q-factor of samples is improved by
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1. Introduction

Synthetic high-purity fused silica has been used as a unique structural material for
applications demanding precision and stability, such as micro-electro-mechanical systems
and solid-wave gyroscopes [1-3]. Besides its excellent structural uniformity, low thermal
expansion coefficient, and good machinability, the ultra-low intrinsic mechanical loss plays
a crucial role in these applications. The intrinsic mechanical loss of fused silica is lower
than the 1078 level [4], which enables the mechanical quality factor (Q-factor) of resonators
to reach 20 million [5,6]. The Q-factor equals the ratio of the total energy stored in the
resonator to the energy loss of the resonator in a vibration cycle, and a higher Q-factor
improves the sensitivity and reliability of resonators.

However, this advantage of fused silica in mechanical loss could be overshadowed by
three primary energy-dissipation resources in practical application, including air damping,
anchor loss, and surface loss [7-9]. Air damping is the process in which the moving part
loses its kinetic energy due to the resistance or friction provided by the surrounding air.
Anchor loss originates from the vibrational energy that leaks out of the resonating structure
through its physical supports or anchors into the non-resonating substrate or base. Air
damping and anchor loss are both external losses that can be mitigated by maintaining a
high vacuum or optimizing the support structure. In contrast, surface loss is an internal
loss, which is associated with the surface integrity and state of the resonators. Therefore,
for fused silica resonators with optimized structures and operating under high-vacuum
conditions, surface loss dominates the loss mechanism.

The mechanism of surface loss is multi-source [10-12]. One of the main sources is the
subsurface damage induced in the machining stage of resonators. Grinding and lapping
are typical methods in the forming process of resonators for their accuracy and efficiency,
while the subsurface damage is inevitable because of the material removal mechanism of
brittle fracture [13,14]. Experimental results of Penn et al. indicated that even a tiny solitary
physical defect on the surface can cause significant surface loss [15]. Lunin et al. took the
damaged layer on the glass surface as the deteriorated material whose intrinsic loss was
much stronger than that associated with dissipation in the bulk of resonators [16].

As the subsurface damage is a key factor causing surface loss and limiting the Q-factor
of resonators, a lot of research on surface treatment was carried out, trying to minimize
the influence of subsurface damage on the Q-factor. Heptonstall et al. developed a laser
polishing technique that reduced the surface loss of fused silica fibers by 30% [17]. Zeng
et al. treated fused silica cylindrical-shell resonators with rounds of chemical etching,
and the Q-factor increased dramatically, exceeding 2.5 x 107 [6]. Wang et al. improved
the Q-factor of fused silica hemispherical resonators by about 25 times, according to the
chemical etching treatment [18]. Ma et al. used a magnetorheological polishing technique
to process the surface of fused silica hemispherical resonators, increasing the Q-factor from
hundreds of thousands to 2.01 x 107 [19]. Among these surface treatment techniques,
chemical etching is most widely used for its effectiveness and efficiency. As a universal
surface treatment technology, chemical etching has also shown advantages in improving the
optical performance of fused silica [20,21]. However, most of the research on the chemical
etching of resonators focuses on optimizing the etching process to pursue a higher Q-factor;
the evolution of subsurface damage in etching and its influence on surface loss is less
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explored. Moreover, the fundamental mechanism of surface loss induced by subsurface
damage is of critical importance in designing and manufacturing resonators.

In this work, chemical etching on lapped fused silica samples was carried out to
investigate the evolution of subsurface damage and its influence on surface loss. First, the
measurement apparatus based on the ring-down method was established for testing the
Q-factor. Subsequently, samples were chemically etched for different times, and the surface
topography evolution, variation in surface roughness, and the Q-factor were demonstrated.
Furthermore, a method of evaluating surface loss was proposed, and the surface loss at
different etching stages was calculated. Finally, the mechanism of surface loss induced
by subsurface damage was analyzed based on the friction of micro-interfaces, and the
evaluation formula of surface loss related to the subsurface crack area was derived.

2. Materials and Methods
2.1. Sample Preparation

Samples were designed as cylindrical substrates with a diameter of 60 mm and a
thickness of 3 mm from 7980-0F fused silica blanks (Corning Incorporated, Corning, NY,
USA). The manufacturing sequence comprised four stages: diamond wire slicing, computer
numerical control (CNC) contour machining, double-sided lapping, and wet etching. The
cylindrical surface of samples was machined on a SPM60 CNC machine (Satisloh AG,
Baar, Switzerland) using a metal-bonded diamond grinding wheel with a D15 grain size.
To ensure the parallelism of the end faces and dimensional uniformity, all samples were
simultaneously subjected to double-sided lapping with loose abrasives. The corresponding
lapping process parameters are summarized in Table 1.

Table 1. Process parameters of lapping.

Process Parameter Value
Lapping pressure (kg/cm?) 0.06
Diameter of plate (mm) 640
Plate rotation speed (r/min) 10
Mesh number of alumina abrasives 1000
Flow rate of slurry (L/min) 8

Thirty fused silica samples were prepared according to the lapping procedure detailed
previously. These samples were divided into ten groups for controlled etching intervals of
0 min, 0.5 min, 1 min, 2 min, 4 min, 7 min, 11 min, 16 min, 22 min, and 29 min.

Chemical etching based on the chemical reaction between hydrofluoric acid (HF) and
silica was used to remove the damaged layer, as reported in references [6,18]. The etching
solution consisted of a mixture of pure water, HF (20 vol%), and acetic acid (5 vol%). To
ensure etching uniformity, the solution temperature was precisely maintained at 26 °C
using a temperature-controlled reservoir, and the solution was continuously circulated
between the etching tank and the reservoir. Following etching, each sample was thoroughly
rinsed with pure water, immersed in pure water for 10 min, and finally dried by hot
wind. Sample thickness was measured using a digital thickness gauge with a resolution of
0.001 mm.

2.2. Surface Topography and Roughness Characterization

Surface topography and roughness of the samples were characterized using a 3D
laser scanning confocal microscope VK-X200 (Keyence Corporation, Osaka, Japan) with
a 50x objective. Measurements were performed over a 285 um x 214 pm field of view.
Surface roughness parameters were characterized using areal parameters derived from the
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full scanned test area. Specifically, Sa (arithmetic mean height) and Sz (maximum height)
were used to represent the overall roughness and peak-to-valley variation, respectively.
These parameters provide a more comprehensive description of the surface topography
compared to profile-based metrics. Sa and Sz for each sample were determined as the
arithmetic mean of five measurement results. The final Sa and Sz values were the average
of the measurement results of the three samples.

2.3. Q-Factor Measurement

The ring-down method serves as an effective means for testing the Q-factor of res-
onators. The Q-factor was calculated using the following formula [4,22,23]:

Q=nfr (1)

where Q is the value of the Q-factor, and f is the natural frequency of the component, and ©
is the duration from the initial amplitude to its 1/e decay.

In our experiments, a Q-factor test system based on the ring-down method was
established. The schematic diagram and the experimental setup of this system are shown
in Figure 1.

Laser Vibrometer

Vacuum Tank

Window

Excitor

Trigger Switch . ‘ 1 N
___Lo I:l é = =N ~1 A Spectrum
Spectrum Analyzer Computer i - S Analy%cl‘
(a) (b)

Figure 1. Q-factor measurement system: (a) schematic diagram; (b) experimental setup.

To minimize air damping effects, all tests were carried out in a vacuum tank at
an atmospheric pressure below 0.05 Pa. The sample was a fused silica disc (Figure 2a),
considering the center of the disc has no displacement along the cylindrical axis when
the disc vibrates at its natural frequency. Modal shape simulation (Figure 2b) confirms
vibration in its natural vibration mode (n = 2 mode), characterized by four antinodes and
four nodal lines. While the circumferential positions of these features may shift depending
on the excitation point, the center remains a fixed node.

To locate exactly the center point of the disc, the automatic centering function of the
CNC machine was adopted, and the center point was marked with a marker. Two ruby
balls with a diameter of 3 mm were used to support the sample. There was a spring device
behind the upper ruby, which provided proper pressure on the sample to keep it stable.
Vibration of samples was excited by a rigid plastic impactor, which was driven by an
electromagnetic trigger. A laser vibrometer VEX-F-110 (Polytec China Ltd., Beijing, China)
was applied to collect the vibration information, including the natural frequency, amplitude,
and attenuation curve. In the measurements, the Q-factor of each sample was tested three
times, and the final Q-factor was taken as the maximum value from the measurement
results of the three samples.
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(b)

Figure 2. (a) Sample picture; (b) Modal shape simulation of sample vibrating in the mode of n = 2.

3. Results
3.1. Surface Topography

The surface topography of the samples after different etching durations is shown in
Figure 3, which includes both 2D and 3D images. The 2D images facilitate the observation
of textural detail, while the 3D images effectively reflect the local concave and convex areas
of the surface topography.

Figure 3a,b show the surface topography of lapped samples prior to etching. Our ob-
servations reveal that the lapped surface consists of numerous micro-cracks and conchoidal
chips, consistent with the results on loose abrasive lapping of brittle materials based on brit-
tle fracture [24,25]. The micro-cracks and tiny conchoidal chips are intricately intertwined,
as shown in Figure 3a, making it difficult to distinguish independent cracks or conchoidal
chips. The local concave and convex areas are clearly visible in the corresponding 3D image
(Figure 3b).

At the beginning of etching, there is no significant change in surface topography,
except that the Sz increases slightly, as seen in Figure 3c,d. With the increase in etching
time, the tiny conchoidal chips corroded and dissolved in the etching solution. As a result,
cracks that had been hidden under chips were revealed. Meanwhile, the etching solution
began to infiltrate into cracks, and the boundaries between cracks and conchoidal chips
became more distinct, as shown in Figure 3e,f.

Subsequently, the etching solution penetrated deeper into the cracks. Interfaces formed
by cracks were uniformly attacked due to the isotropic nature of fused silica and the non-
selective characteristic of chemical wet etching. This process resulted in the enlargement of
both crack length and width, forming distinct etching pits. Furthermore, adjacent etching
pits expanded in length and width, and eventually coalesced (Figure 3g,h). As the etching
process progressed, adjacent pits further merged with each other, as clearly observed
in Figure 3i,j. This evolution of surface topography aligns with results reported for the
chemical etching of hemispherical resonators and the Ar/CFy plasma etching of fused silica
samples [26,27]. These observations indicate that the etched surface topography of fused
silica with subsurface damage is predominantly governed by the morphological evolution
of cracks during the etching process.
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Figure 3. Surface topography evolution with etching time: (a) 0 min, 2D; (b) 0 min, 3D; (c) 0.5 min, 2D;
(d) 0.5 min, 3D; (e) 7 min, 2D; (f) 7 min, 3D; (g) 16 min, 2D; (h) 16 min, 3D; (i) 29 min, 2D; (j) 29 min, 3D.
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3.2. Surface Roughness

The relationship between the surface roughness of samples and etching time is shown
in Figure 4. Both Sz and Sa exhibit similar variations with increasing etching time, although
Sz is much greater than Sa. Prior to etching, the lapped surfaces exhibited initial roughness
values of Sa = 0.36 um and Sz = 7.86 pm. In the initial etching stage (0—4 min), both
parameters increased linearly with etching time. From 4 min to 16 min, surface roughness
continued to rise, but the rate of increase gradually diminished. Maximum values for Sa
and Sz, at approximately twice their initial values, were attained at 16 min. Beyond this
point, further etching reduced the surface roughness, with Sa and Sz declining to 93% and
70% of their peak values, respectively, by 29 min.
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Figure 4. Variations in surface roughness with etching time.

The pre-etched surface roughness of samples was governed by the loose abrasive size,
lapping plate hardness, and other process parameters of lapping. The observed temporal
evolution of roughness arises from etching-induced topographical changes.

3.3. Q-Factor

Figure 5 describes the evolution of the sample Q-factor during the etching process.
Based on the observed trend, the Q-factor curve can be divided into three regimes: a rapid
increase (0~1 min), a gradual increase (1~11 min), and a stable plateau (11~29 min). Notably,
the initial Q-factor was 2.736 x 10, rising to 8.367 x 10° after the rapid increase phase,
representing an approximately 30-fold enhancement. During the gradual increase stage,
the Q-factor exhibited a linear dependence on etching time, reaching its maximum value
of 1.338 x 107 at 11 min. After that, the Q-factor stabilized at approximately 1.3 x 107
throughout the plateau stage. The Q-factor was improved by about 48 times throughout
the entire etching process.
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Figure 5. Variation in Q-factor with etching time.
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The observed trend in Q-factor evolution aligns with those reported for fused silica
resonators treated by chemical etching or magnetorheological polishing [6,18,19]. This
consistency underscores that surface loss constitutes the primary limiting factor for the Q-
factor of machined fused silica components. Meanwhile, key differences exist among these
experimental results. First, the maximum achieved Q-factors vary: approximately 2.5 x 107
for cylindrical resonators [6], 2 X 107 for hemispherical resonators [18,19], and 1.3 x 107
for the disc samples used in this experiment. This difference may derive from several
factors, such as material intrinsic loss, sample geometry, and measurement conditions. A
second difference lies in the time required for the Q-factor to reach its maximum from
the onset of etching. This is related to the condition of the etching process in which HF
concentration and temperature play important roles [28]. The comparison indicates that
the etching duration could be shortened by optimizing the etching process parameters to
improve the production efficiency of fused silica resonators [6,18,26].

4. Discussion
4.1. Evolution Mechanism of Subsurface Damage in Etching

The variations in surface topography and roughness in etching indicate that the
evolution of subsurface damage plays a leading role. Figure 6 presents a schematic diagram
illustrating the morphological evolution of adjacent cracks during etching, elucidating its
effect on surface topography and roughness. Figure 6(i) depicts two adjacent cracks with
different depths prior to etching. Upon exposure to the etchant (Figure 6(ii)), the etching
solution penetrates the cracks, partially opening the interfaces via erosion, and initiating
pit formation. Continued etching increases the peak-to-valley roughness (Sz) and pit depth
(Dg) and width, increasing surface roughness, as shown in Figure 4. However, the number
of effective cracks contributing to new pit formation decreases with increasing depth [14],
resulting in a gradual reduction in the roughness growth rate.

- —-Hy D —max l/
| RN

® (i) (i) (iv)

Figure 6. Schematic diagram of the morphological evolution of adjacent cracks in etching: (i) Two
adjacent cracks with different depths prior to etching; (ii) Etching pits at initial stage; (iii) Etching pits
with maximum depth; (iv) Etching pits at later stage.

Apparent etching depth (H,) is defined to characterize the total thickness of the surface
layer removed by etching.
H, = Hy + Hy + H3 - - - H; ()

where H; is the thickness removed by the ith etching.
Effective etching depth (H,) is defined as the maximum depth that the etching solution
can reach in a subsurface layer.
H,=H,+ Dg 3

where D is the depth of etching pits.

As the lateral etching rate is approximately twice the vertical etching rate, causing the
gradual disappearance of the walls between adjacent pits, this process promotes surface
planarization. When the competing effects—planarization via pit coalescence and roughen-
ing via etching crack enlarging pit depth—achieve a transient balance, etching pits reach
the maximum depth (Dg_yx) and Sz, as shown in Figure 6(iii) and Figure 4. Further etching
leads to a reduction in pit depth (D), as shown in Figure 6(iv). This mechanism drives the
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morphological evolution and the variation in roughness of the silica surface during etching,
consistent with the observations for chemically etched fused silica resonators [26,29].

4.2. Evaluation of Surface Loss

To further reveal the relationship between surface loss and etching time, surface loss
at different etching times is calculated. Surface loss can be calculated from the Q-factor of
samples. In the Q-factor measurement, the total loss @ (reciprocal of Q-factor) comprises
contributions from multiple sources, including air damping (®,;,), support loss (Psp),
surface loss (Py,,), intrinsic loss of material (®;,;), and other loss (P,y,), as expressed by [7]:

D = Py + (Dsup + (Dsurf + Dint + Doy (4)

In this experiment, only the surface loss decreases during etching, while the other
contributions remained constant across measurements. When the Q-factor reached its
maximum, the total loss of the sample reached its minimum (&,,;;,). Meanwhile, the
surface loss, @gf, caused by subsurface damage, substantially reduced the minimum
value, (psurf—min:

D = Dy = Pyir + @sup + Pint + Doty + (Dsurffmin ®)

Then, at any etching time, the total loss of the sample ($;) can be expressed by &,,;,, and
the surface loss of the sample at the etching time (Pg,,,4):

D = (Pmin + (I)surf,t (6)

Thus,
©surf,t = @t — Dyiiy )

As shown in Figure 6, the Q-factor reaches its maximum value of 1.338 x 107 at 11
min, and the corresponding ®,,;, = 0.75 x 10~7. Thus, the surface loss at a certain etching
time can be calculated as:

Dypfp = P — 075 x 1077 8)

In this experiment, the etching rate of silica can be calculated as 1 pm/min, and the
subsurface damage depth of the samples is about 11 pum after etching for 11 min. Taking the
etching rate of cracks as a constant, the etching depth at different times can be evaluated,
and the surface loss can be calculated according to Equation (8). The relationship between
the surface loss and the etching depth is shown in Figure 7.
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Figure 7. Variation in surface loss with etching depth.
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It can be seen that the surface loss decreases dramatically with the increase in etching
depth, especially in the initial stage of etching. After the 0.5 um surface layer was etched,
the surface loss drops from 3.58 x 107° to 9.72 x 10~%, representing a 97% reduction
relative to the initial value. In the following etching process, the surface loss reduces slowly,
with only an additional 3% reduction in total surface loss.

4.3. Surface Loss Mechanism Based on Friction of Micro-Interfaces

The experimental results show that the chemical etching treatment has a significant in-
fluence on the surface topography and roughness; meanwhile, the surface loss is mitigated
effectively. Based on these findings, this section analyzes the mechanism governing the
surface loss.

Firstly, the effect of the surface-to-volume ratio (S/V) on the Q-factor should be
discussed. As shown in Figures 3 and 4, sample surfaces become increasingly rugged and
rough with etching time up to 16 min. This enhanced roughness increases the effective
surface area, thereby elevating the value of S/V. According to reference [30,31], a higher
S/V typically reduces the Q-factor. However, the Q-factor of the samples increases and
shows no downtrend in the whole etching process. The results indicate that the S/V effect
on the Q-factor is not dominant in this experiment.

Another notable change in the etching process is the evolution from the initial state
of a tight-contact micro-interface crack to a state of loose contact, up to the state of open
etching pits. Figure 8 illustrates the deformation of cracks and etching pits under vibration.
As shown in Figure 8, during vibration, the subsurface zone switches repeatedly between
the tensile state and the compression state, where friction occurs when the micro-interfaces
in a crack press against each other and cause relative displacement. Each micro-interface
becomes a source of energy dissipation, as friction consumes mechanical energy, which is
believed to be the dominant mechanism of surface loss induced by subsurface damage. In
contrast, open etching pits do not experience this frictional dissipation, as the opposing
micro-interfaces are isolated.

Section View

Directionof | 1 _____________________________ G ______________ Top View

Static |
State

Tensile

State Side View

Compression
State

Figure 8. Schematic diagram of deformation of cracks and etching pits under vibration.

4.4. A Model of the Relationship Between Surface Loss and Micro-Interfaces

As the friction of micro-interfaces dominates the surface loss induced by subsurface
damage, a model is proposed to describe the relationship between the surface loss and
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micro-interfaces. Based on the definition of surface loss, the formula for the surface loss
can be expressed as

Esyr f

Dy f = 27Er

©)

where E,, is the energy consumed by all micro-interfaces in a single vibration cycle, and
Ert is the total energy stored in the resonator. Considering the structural complexity and
diversity of resonators, a local mass unit of the vibrating body is taken as the object of
analysis. The Et of the mass unit is equal to its maximum elastic potential energy

Er = %kAZ (10)

where k is the elastic coefficient, and A is the maximum amplitude. To calculate the E,f,
the energy loss E; per unit area of the micro-interface is first evaluated.

E; = uFs (11)

where y is the coefficient of friction; F is the positive force between interfaces; and s is
the relative displacement. It is worth noting that F and s depend on the deformation of
interfaces, and this deformation is small, about hundreds of nanometers. As a result, the F
and d are approximately regarded as a linear function of the deformation, thus

F =aAls = BAl (12)

where « and S are coefficients, and Al is the deformation. Substituting formula into formula
and integrating the consumed energy within the range of maximum deformation, the
energy consumed per unit area of the micro-interface in one cycle is

A
E =4 / jal Bl = 20 pA? (13)
0

Assuming that the total area of the micro-interfaces contained in the mass unit is S,
the total energy dissipation of the mass unit is

Equr = SE; = 2SuapA® (14)
Thus, R
25uaBA°  25uap
Poury = 27tk A2 - mk (15)

It should be noted that the linear assumptions in Equations (11) and (12) represent
a simplification of the complex contact behavior at micro-interfaces. These assumptions
are based on the small-deformation regime characteristic of high-Q resonators, where the
deformation at the micro-interface is on the order of hundreds of nanometers, and the mass
unit can be treated as an ideal elastic body following Hooke’s law. Under such conditions,
a linear approximation is physically reasonable as a first-order description. Furthermore,
the derived model predicts that surface loss is independent of vibration amplitude, which
is consistent with our experimental observation that the measured Q-factor remains stable
across different initial excitation amplitudes. This consistency provides indirect support for
the linear assumptions. Formula (15) shows that the surface loss has a linear relationship
with the total area of the micro-interfaces. Our previous work showed that the area of
micro-interfaces decreased as an exponential function of depth [14]. It is indicated that the
surface loss also has an exponential relationship with the subsurface damage depth, which
coincides well with the results shown in Figure 7.
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While quantitative metrics, such as pit area fraction, pit density, and depth distribu-
tion, would provide a more detailed characterization of surface topography evolution,
the high density of cracks and etching pits—combined with the continuous nature of the
chemical etching process—make an accurate extraction of these parameters challenging.
In particular, the merging of adjacent cracks during etching complicates the determina-
tion of individual crack dimensions and counts. Therefore, the present study focuses on
the evolution of surface morphology and roughness as effective indicators of subsurface
crack behavior, which, together with Q-factor measurements, elucidate the mechanism of
surface loss mitigation. Establishing a direct quantitative relationship between Q-factor
or surface loss and crack/pit metrics remains a key objective for future work, for which
techniques such as magnetorheological polishing or chemical mechanical polishing may
offer greater suitability.

5. Conclusions

In this work, chemical etching treatment on lapped fused silica samples was carried
out to investigate the evolution of subsurface damage and its influence on surface loss.
An evaluation method for surface loss based on the Q-factor measuring apparatus was
proposed. The experimental results show that the morphological evolution of subsurface
cracks dominates the surface topography, surface roughness, Q-factor, and surface loss of
samples in the whole etching process. The surface of the samples becomes uneven and
is eventually covered by elliptical etching pits. Surface roughness initially increases, and
reaches its maximum—approximately double the initial values—then shows a downward
trend. The Q-factor exhibits remarkable growth after etching treatment, increasing from
2.736 x 10° to 1.338 x 10”. The variation in surface loss with etching depth indicates
that 97% of the total surface loss is caused by cracks in the near-surface layer and that in
the deeper layer contributes to the remaining 3%. Friction of micro-interfaces formed by
subsurface cracks is the dominating mechanism of surface loss. The surface loss evaluation
model elucidates the linear relationship between surface loss and subsurface crack area.
This work could offer theoretical guidance for the chemical etching process and for high-
performance manufacturing of fused silica resonators.
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