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Abstract
The aim of this article is to study the nature of the defects arising on the surface
of silica glass during mechanical processing followed by chemical cleaning and
etching. Such defectsmanifest themselves as a narrowRaman peak near 85 cm–1.
It is shown that chemical etching of the ground surface of silica glass leads to the
formation of microcrystalline defects embedded at the depth of the near-surface
layer. Defects of this kind create heterogeneities in the structure of the atomic
network and increase internal friction in silica glass mechanical resonators. This
phenomenon should be taken into account when developing the technology for
fabrication of high-Q resonators.
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1 INTRODUCTION

Mechanical resonators fabricated from pure silica glass
show extremely low levels of mechanical loss. The Q-
factor of such resonators (equal to the reciprocal of the
loss) exceeds 108.1,2 Low mechanical loss is exploited in
hemispherical resonator gyroscopes used for the purpose
of navigation.3–5 Another example of low loss (high-Q)
resonators are the test masses of modern interferomet-
ric gravitational-wave detectors.6–8 The technology for fab-
ricating high-Q resonators includes mechanical grinding
(utilized for removing the flaw-rich surface layer) and pol-
ishing, followed by (or alternated with) chemical cleaning
and etching. Such treatment activates numerous physical-
chemical processes on the glass surface. These processes
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are stimulated, for example, by the pressure and the high
local temperatures that occur at points of contact between
grains of the grinding material and the glass surface. The
chemical treatment of the silica glass modifies the struc-
ture of the surface zone, this can also lead to the appear-
ance of various structural defects. Such alterations of the
glass network structure can be detected using Raman spec-
troscopy. In particular, an intense narrow peak appears
in the Raman spectrum near wavenumber 85 cm−1 after
mechanical grinding and chemical treatment of a silica
glass surface. The peak intensity depends on the sur-
face roughness after grinding and disappears after bak-
ing the samples in the flame of an oxy-hydrogen torch.
Several types of surface defects have been reported in the
literature.9–11 However, we have not found information

Int J Appl Glass Sci. 2022;1–9. wileyonlinelibrary.com/journal/ijag 1

https://orcid.org/0000-0001-8073-2559
https://orcid.org/0000-0002-2808-6593
mailto:k.tokmakov@aston.ac.uk
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/ijag
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fijag.16558&domain=pdf&date_stamp=2022-02-24


2 LUNIN and TOKMAKOV

about any defect linked with an 85 cm−1 spectral peak. In
this work, we study the formation and ablation of such
defects on the surface of silica glass and compare these pro-
cesses with experimentally observed changes of mechani-
cal loss (often described in the literature as internal fric-
tion).

2 RESEARCHMETHOD AND
SAMPLES FOR THE EXPERIMENTAL
STUDIES

The samples used in these studies were fabricated from
the Russian silica glass brands KU-1 (silica glass of type
III, using the classification of Bruckner 12) and KS4V (type
IV).13 Silica glass KU-1 (which is similar to Corning 7940)
is produced in the high-temperature pyrolysis reaction of
SiCl4 in a hydrogen-oxygen flame. The level of impurities
in KU-1 is very low, except for the concentration of OH
groups, which is 1000–1300 ppm. Silica glass KS4V is
similar to Suprasil-311. Details of the manufacturing
technology and physical properties have been previously
reported.14 The total content of impurities, including OH
groups, is smaller than 1 ppm.13 For studying surface
defects, flat plates 10 mm × 10 mm × 1 mm from both
brands (KU-1 and KS4V) were used. Some samples were
ground with a bonded abrasive tool, where the size
of the grit particles was 50 μm. The roughness of the
ground surface was measured to be Ra ≈ 0.3–0.4 μm.
Other samples of the same size were polished by the
supplier of the silica glass; the roughness of these polished
samples was as small as Ra ≈ 0.006 μm. Cylindrical
samples with a diameter of 20 mm and a length of 130 mm
fabricated from KS4V were ground by a bonded abrasive
consisting of grit particles of size 10 and 28 μm. These
samples were used to assess the relationship between
the character of surface defects and the level of internal
friction.
The samples were chemically etched and cleaned after

mechanical processing in such a way that the dam-
aged material was removed from the surface layer by
layer. Each cycle of chemical treatment included three
steps:

a) Etching of the surface layer of the silica glass
in an aqueous solution of hydrofluoric acid (HF)
with a concentration of 3.6%. A surfactant—
perfluoropelargonic acid (C9HF17O2)—was added
to the solution. The surfactant concentration in the
ready-to-use solution was 0.002%.

b) Cleaning in sulfuric acid with a concentration of
40%.

c) Cleaning in distilled water.

F IGURE 1 A schematic diagram of the chemical treatment.
The treatment was conducted at room temperature. The average
thickness of the layer removed at each etching cycle was
approximately 0.5 μm

The chemical treatment was performed at room tem-
perature and the duration of each stage was 3 min. A
schematic diagram of this process is shown in Figure 1.
To control the process of etching, the samples were

weighed on a precision balance after three to five consec-
utive cycles of the chemical treatment. The mass wastage
(Δm) was converted to the thickness of the removed layer
(h) as follows:

ℎ =
Δ𝑚

𝜌𝑆
, (1)

where ρ is the density of the silica glass and S is the surface
area of the sample.
The Raman spectraweremeasured using a Fourier spec-

trometer (EQUINOX 55/S “Bruker”) with excitation wave-
length of 1.064 μm. To facilitate comparison of the results
obtained for different samples, the measured scattering
intensity was normalized using the intensity of scattered
radiation near wavenumber ν ≈ 430 cm−1. Figure 2 shows
an example of the normalized Raman spectrum for the
sample made from KU-1 glass with a ground surface. A
narrow peak appears near ν ≈ 85 cm−1. Similar spectra
with a narrow peak were observed for the ground plates
made from the “OH free” glass KS4V. The Raman spectra
were measured at a few points on the surface. Each set of
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F IGURE 2 The Raman spectrum for the sample made from
glass KU-1 with the ground surface

data was normalized using the intensity of the peak near ν
≈ 85/cm (I85) and then the results were averaged.
The analysis of the elemental composition of the silica

surface was undertaken by means of X-ray photoelectron
spectroscopy (XPS) using an Axis Ultra DLD spectrometer
(Kratos Analytical). The phase analysis of chemical com-
pounds on the surface of the silica plateswas done using an
X-ray diffraction technique by means of the diffractometer
DRON15 with Cu Kα radiation in the angle range 3о < 2θ
< 30o in increments of 0.02о. The qualitative analysis of
the diffractogram was carried out with the software pack-
age WinXPow by comparing experimental data with data
from the Powder Diffraction File (PDF-2) database.16 The
structure of the surface of the silica plates and the surface
roughness were studied using an OLYMPUS LEXT laser
microscope and profilometer. We measured surface pro-
files on several randomly selected sections of the sample
surface and calculated the surface roughness. The values
obtained were averaged over all areas of the given sample.
Silica samples with similar roughness were used for fur-
ther studies.
To measure internal friction, the cylindrical sample was

suspended in a vacuum chamber in equilibrium on a thin
tungsten wire (50 μm in diameter). Two pairs of planar
electrodes were installed near both faces. One of them (the
actuator) was used for the excitation of longitudinal oscil-
lations of the cylinder. To excite mechanical oscillations,
we applied an AC voltage of 300–500 V at the resonant
frequency f and a DC offset 500−1000 V to the actuator.
The second pair of electrodeswas part of the capacitive dis-
placement sensor that transformed themechanical oscilla-
tions into an electrical signal. We characterized the inter-
nal friction by the quality factorQ calculated from the time
of free decay τ* of the longitudinal eigenoscillations:

𝑄 = 𝜋𝑓𝜏∗. (2)

F IGURE 3 The Raman spectrum for the samples made out of
glass KU-1: 1: the sample with the ground surface; 2: the same
sample after baking with the flame of a hydrogen-oxygen torch; 3:
spectrum measured on a polished sample

The uncertainty provided by this method of measure-
ment was approximately 2%–3%.
The measurement technique is described in greater

detail in Lunin and Tokmakov.2

3 RESULTS AND DISCUSSION

3.1 Raman peak I85 measured under
different surface conditions

The experimental studies have shown that the size of the
Raman peak I85 is highly dependent on the quality of the
surface treatment. Figure 3 shows the spectrum measured
in a narrow frequency band ν ≈ 60–110 сm-1 for samples
made fromKU-1 silica glass. Curve 1 corresponds to a sam-
ple with a ground surface; Curve 2 shows the spectrum of
the same sample after bakingwith the flame of a hydrogen-
oxygen torch; Curve 3 represents the spectrum measured
on a polished sample.
The spectrum recorded from the ground-surface sample

contains an intense peak near wavenumber ν ≈ 85 cm-1.
However, its height is sharply reduced after flame treat-
ment. The peak is practically non-existent in the spectrum
obtained from the polished sample. The strong depen-
dence of I85 on surface conditions indicates that the defects
causing this peak are located in the thin mechanically-
damaged surface layer. The structure of this layer is rather
complex.17,18 The outer (most damaged) zone consists of a
layer of so-called fissured glass. This zone also contains sil-
ica glass microparticles that were split off duringmechani-
cal processing. The underlying stratum is a deformed zone
containing especially deep cracks while the undamaged
material is located beneath. To study the effect of the
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F IGURE 4 Height of the Raman peak I85 measured on a (1)
ground and (2) polished silica glass sample plotted against the
thickness of the removed surface layer

surface layer zones on the height of the I85 peak, we etched
both ground and polished samples. Typical results are
shown in Figure 4.
As seen in the figure, I85 in the Raman spectra of a

ground surface decreases rapidly when removing a layer
of thickness 2–5 μm, reaching a minimum of I85min ≈ 6 rel-
ative units. Further chemical etching of the sample with a
ground surface leads to a monotonic increase of I85. After
removing 12 μm of the surface layer, the height of the peak
I85 even exceeds the initial level. The value of I85 observed
on polished samples is much smaller. After removal of a
thin layer at the very first stage of etching, I85 has become
close to zero and is not changed by further processing.
The initial decrease of the peak I85 can be linked to the

removal of the outer surface layer. The glass shards (the
silica micro-particles) being removed at this stage from
the ground surface contain a large number of structural
defects. The rougher surface contains more such shards
cleaved off during the grinding process. Thiswould explain
the big difference in I85 for surfaces of different roughness.
The subsequent rise of I85 after further chemical treat-

ment suggests that the defects grow again, likely from
seeds created by mechanical treatment. Such seeds are
located below the removed surface layer (2–5 μm), possibly
close to the bottom of large surface cracks. The depth of
surface cracks corresponding to the measured roughness
of the ground samples can be as large as 18–20 μm.19
Obviously, the polished surface contains no such defects.
That is why I85 does not change during etching of the
polished surface but rises substantially during etching of
the ground surface.
To identify specific defects causing the I85 peak in the

Raman spectrum, we studied the surface using a laser
microscope and profilometer. Figure 5 shows amicrograph

of a silica glass plate after removing ∼15 μm of the surface
layer. The inclusions that arose after the chemical treat-
ment are distinctive due to their different color and struc-
ture.
An additional study was undertaken with the XPS spec-

trometer. Obviously, peaks corresponding to oxygen and
silicon clearly dominated the XPS spectrum. One would
also expect the appearance of any products of chemical
reactions between SiO2 and HF or H2SO4 used in the etch-
ing and cleaning procedure. However, we did not observe
peaks corresponding to fluorine and sulfur.
An X-ray phase analysis of the glass samples also was

carried out. Figure 6 presents a diffractogramof the ground
plate made from KU-1 glass. The reflexes (the peaks)
clearly visible on the diffractogram correspond to angles
2θ = 12.4◦ and 2θ = 24.9◦.
We compared the parameters of these reflexes with

the PDF-2 database16; in our view, the crystalline defects
formed on the surface of the silica glass samples may
plausibly be identified as octahydridooctasilsesquioxane
(H8Si8O12).
This conclusion is consistent with the results

obtained by Raman spectroscopy. According to pre-
vious studies,20–22 the Raman spectrum of H8Si8O12
contains a peak at ν ≈ 84 cm−1. The binding of H8Si8O12
cluster molecules to dangle SiO bonds has also been
reported in the literature.23
It should be noted that the height of the 84 cm−1 peak

observed in the previous studies21,22 was smaller than the
heights of the other peaks in the Raman spectrum. How-
ever, Bärtsch et al.21 and Bornhauser and Calzaferri22 stud-
ied crystalline powdered H8Si8O12. The technology used
for the fabrication of the powder, the surface conditions,
and the size of the particles were not reported. We can
assume that the heights of the peaks may depend on the
size of the crystals, as well as on the concentration of dis-
locations in surface microcrystals or powder grains. The
crystalline defects reported in our article were formed
in very specific conditions: their size and the distribu-
tion of dislocations are almost certainly different. Sup-
posedly, these two factors may affect the Raman spectra.
That is why the discrepancy between our results and the
spectra reported in previous studies21,22 is not necessarily
contradictory. Certainly, though, the H8Si8O12 hypothesis
requires further consideration.
Octahydridooctasilsesquioxane (H8Si8O12) has a crys-

talline structure24; the cluster visualization is shown in
Figure 7. The data obtained here do not allow a clear expla-
nation of the formation of H8Si8O12 under these condi-
tions. We think these defects are formed during the wet
grinding and chemical processing of the surface in aque-
ous solutions, when the intermolecular bonds cleaved by
cracks are being hydroxylated, that is, while theOH groups
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F IGURE 5 Amicrograph of a silica glass plate after removing ∼15 μm of the surface layer

F IGURE 6 The diffractogram of the ground plate made from KU-1 glass
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F IGURE 7 Schematic visualization of the H8Si8O12 cluster

F IGURE 8 Height of the Raman I85 peak plotted against the
annealing duration. Temperature of annealing: 950◦С

are being embedded into the atomic structure. An example
of such a process, the hydroxylation of Si-O ring structures,
is shown in Danchevskaya et al.25

3.2 Breaking up of octahydridooctasil-
sesquioxane clusters during annealing

To verify our assumption about the formation of H8Si8O12
defects, a ground and deeply-etched silica plate was
annealed at 950◦С. The annealing temperature was cho-
sen to be larger than the limit of temperature stability of
H8Si8O12, equal to ∼850◦С according to Nicholson and
Zhang.26 The dependence of the I85 height against the
annealing duration is shown in Figure 8. As was expected,
the annealing leads to a decrease of the I85 peak and this
can be linked with a reduction in the concentration of
octahydridooctasilsesquioxane defects. However, the value
of I85 did not decrease to zero but to a minimum level very

similar to the level of I85min observed after the first stage
of chemical etching (see Figure 4). Thus, some fractions
of the H8Si8O12 clusters are not destroyed under the given
annealing conditions.
This observation that some defects were formed close

to the surface, while other defects were formed at the
bottom of deep cracks, is worth discussion. Note that
Nicholson and Zhang26 described the breaking up of sur-
face oxide layers formed after chemisorption of H8Si8O12
molecules on the surface of silicon crystals. The heating
of the samples up to 850◦С activates a process of evap-
oration of these layers from the surface. Heating up to
700◦С leads to partial destruction of the oxide films, while
some fraction of the clusters remains intact due to sta-
bilization caused by reaction with the bulk of the sub-
strate.We think thismechanism is relevant to theH8Si8O12
clusters observed in this study. However, clusters formed
due to chemical modification of the bulk surface are more
tightly bonded by intermolecular forces than chemisorbed
layers. Clusters located at the bottom of deep cracks are
even more embedded in the glass network since they are
adhered to the bulk of the fused silica by a larger number
of chemical bonds. Destruction and evaporation of such
atomic clusters should require more energy. That is why
the appearance of a small residual I85 peak after anneal-
ing at 950◦С (in contrast to the effect observed in Nichol-
son and Zhang26) does not contradict our hypothesis. Per-
haps crystalline octahydridooctasilsesquioxane defects can
be destroyed at a higher temperature.
The annealed plate was chemically etched and cleaned

again. The height of the I85 peak was immediately restored
to its preannealing level. This indicates that the near-
surface defects were formed again due to hydroxylation of
the silica surface during chemical treatment in water.

3.3 Rise of mechanical loss caused by
octahydridooctasilsesquioxane defects

The hemispherical resonating shells used in navigation
gyroscopes need to meet two requirements: The low-
est mechanical loss and the greatest possible cylindrical
symmetry.27 The lowest mechanical loss (highest Q fac-
tor) was observed on polished, annealed, and carefully
cleaned resonators. However, the polishing process mod-
ifies the shape of the resonators and interferes with their
symmetry. Modern diamond tool lathes provide deviation
from perfect symmetry of less than 1 μm, but the subse-
quent polishing by pressing with a lapping tool noticeably
worsens the geometrical shape. This leads to vibration of
the center of mass and additional losses at the point of
resonator attachment.28,29 This explains why the modern
recommendation is to avoid polishing in the fabrication
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F IGURE 9 Q factors of cylindrical fused silica samples plotted
against depth of the removed surface layer. The samples were
ground by an abrasive with grit particles of size: 1: 28 μm and 2:
10 μm

process.30 The surface of fused silica resonators processed
with a diamond tool is close to a surface ground with a
bonded abrasive tool. The Q-factor observed in such a res-
onator after chemical etching and cleaning may exceed
107.31,32 The precision correction of geometrical imperfec-
tion also can be done by controllable etching of the fused
silica layers.33–35 However, the crystalline H8Si8O12 defects
that appear during etching presumably increase internal
friction, and this effect deserves special attention.
Wemeasured theQ-factor of cylindrical silica glass sam-

ples after chemical etching and cleaning and plotted it
against the depth of the removed surface layer (Figure 9).
The samples were ground by an abrasive with grit parti-
cles of size 10 and 28 μm. As one might expect, the sam-
ple ground by the 10 μm abrasive manifested a larger Q-
factor. However, the Q-factor of both samples depends on
the depth of the removed layer in the same way. Initially,Q
increases rapidly as the damaged surface layer is removed.
Further etching of the surface layer, when the removed
thickness was more than 10 μm, leads to reduction of the
Q-factor. We believe this degradation may be caused by
the growth of surfaceH8Si8O12 defects. The defects embed-
ded in the surface of resonators act as structural hetero-
geneities which scattermechanical energy, that is, increase
dissipation or decrease Q-factor. Certainly, the contribu-
tion of such defects to the overall loss ofmechanical energy
merits further examination.

4 CONCLUSION

Chemical etching of the ground surface of silica glass
provokes the formation and further development of

microcrystalline defects deeply embedded in the atomic
network of the near-surface layer. The chemical com-
position of these defects can be plausibly identified as
H8Si8O12. The formation of such defects is observed in both
water-free silica glass-like KS4V and glass with high OH
content like KU-1. The defects manifest themselves as a
narrow peak near ν ≈ 85 cm−1 in the Raman spectrum and
as reflexes 2θ = 12.4◦ and 2θ = 24.9◦ on the diffractogram
obtained by X-ray phase analysis. These defects were also
detected by microscopic examination of the surface. The
H8Si8O12 hypothesis has not only strengths but also some
weaknesses. In particular, the relative height of the main
Raman peaks observed in our experiments is different
from the spectra reported in the literature. However,
surface micro-crystalline defects were formed under very
specific conditions; they are likely different in terms of
size and the concentration of dislocations from crystalline
samples reported before. That is why the H8Si8O12 hypoth-
esis still merits consideration. The crystalline defects
create structural heterogeneities in the near-surface layer
of silica glass and increase dissipation. This phenomenon
should be taken into account in the development of the
technology of high-Q silica resonator fabrication.
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