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Investigation of the surface layer formed during the processing of quartz
glass using mechanochemical and ionic polishing
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Quantitative studies of the optical parameters of the surface layer formed during the polishing of quartz glass
have been carried out. It is shown that the mechanism of formation of the surface layer when using the methods of
mechanochemical and ion polishing has much in common. In both cases, the appearance of a surface layer, which
differs by a high refractive index from the corresponding bulk properties of glass, is associated with the stress and
breaking of the Si—O—Si bridge bonds during hydrolysis during glass polishing. The hydrolysis of Si—O—Si bonds
is associated with the formation of Si—O and Si—OH groups, which leads to an increase in the refractive index of

the surface layer.
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Altered layer on the surface of optical elements with
properties other than those of the volume, formed during
mechanochemical processing (grinding—polishing), affects
light transmittance in the UV region and radiation resis-
tance [1-4]. The optical properties of this layer were
previously actively studied mainly by the methods of
ellipsometry and spectroscopy [5-10]. At present, for these
problems, the entire arsenal of modern technical means for
monitoring the atomic and molecular composition of defects
in the surface layer is widely used [11-17]. The properties of
the surface layer of quartz glass altered by mechanochemical
polishing (MCP) [18-26] can be improved by subsequent
polishing/ion beam bombardment (IBB) [27-35]. As a
result, UV light transmission is increased, reflection in IR
region is increased, and radiation resistance is noticeably
increased [36-38]. Some of the results of these studies
concerning the properties of the surface layer are presented
in review articles [26-28,33], where various structural and
methodological factors (impurities, local structural defects,
sample preparation and polishing methods, flatness and
surface topography) are considered). Based on a model
approach, this work [39] interprets the distribution of the
depth and length of cracks in the surface layer formed
by the MCM method in terms of key variables, including
the abrasive grade and the load on the polishing pad. All
of the above features of the MCE process can affect the
results of measurements of the optical properties of quartz
glass. The character of these variables manifests itself most
noticeably in the vicinity of the main UV and IR absorption
bands. For quartz glass, the variation in the values of the
IR reflection coefficient, which described in the works of
various authors, is observed in the ranges of 1250—1000

and 950—800 cm ™!, which is usually explained by structural
defects in the surface layer of the glass [ 24-27].

The study of physicochemical factors leading to the devi-
ation of optical properties for different methods of surface
treatment of quartz glass parts is relevant to reduce the
influence of the above factors on the UV light transmission
and IR reflection coefficients [16,32-38]. The study of the
reasons for causes differences in the measured UV and IR
spectra will make it possible to develop ways to optimize
the glass processing technology and form a more correct
model of a polished surface. This is very important for
obtaining reproducible and trustworthy results concerning
the properties of optical materials and methods for mea-
suring the properties of thin adsorbed films on the glass
surface. Since the adsorbed water films at the interface with
the processed optical material (for example, glass) form a
system of layers: the external medium—adsorbed layer of
molecules—surface altered layer—substrate (glass), than this
scheme should be taken into account when studying the
characteristics of the surface by different physical methods.
With traditional MCP [16,24-28] and IBB [29-39] glass
processing methods, depending on the physicochemical
conditions of surface formation and material properties,
the modified surface layer (SL) of glass and adsorbed
layers can introduce significant contribution to the results
of measurements of the bulk properties of the material. For
example, studies of the water and anhydrous regimes of
MCP binary silicate schemes showed that the choice of one
or another polishing technological shemeegives a deviation
in the measurements of the IR reflection coefficient within
0.015—-0.030, that when using the Kramers-Kronig method,
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leads to an error in calculating the optical constants in the
range 0.10—0.15 [26].

At the same time, it should be noted that many studies
related to the study of SL, as well as adsorbed water
films and thin polymer coatings on the surface of polished
glass, were carried out by a single-layer model using
ellipsometry [5-23], since this method has high sensitivity
as applied to the study of thin films. However, in the
study of SL, the presence of adsorbed water films on the
surface gives an additional phase shift of the light beam,
which leads to systemic errors in the calculation of SL
parameters in the framework of a single-layer model [21].
Therefore, taking into account the difficulties in extracting
physical and chemical information about the structure of
an object from ellipsometric measurements in the work [4],
it is emphasized that,the refraction index is an important
parameter for optical materials, but is not of particular
value as a physical and chemical characteristic. For
these proposition, spectroscopy methods are better suited,
although they have a lower sensitivity, but they are more
informative, as a result of which a greater reliability of the
results is achieved The combination of a number of mutually
complementary research methods is optimal for studying
thin films.

The purpose of this work is a comparative study of the
optical and physicochemical properties of a polished surface
for the methods of MCP and IBB processing of quartz glass.

Optical model of the object and research
methods

As model samples, plates with dimensions of
30x30x5mm made of KU-1 quartz glass and K-8 glass
were studied. For KU-1 glass, the influence of the choice
of technological modes of polishing was studied: abrasive
powder, type of emulsion liquid, load on the polishing pad,
polishing time, and other parameters.

Typical single-layer optical model of a polished surface
with an isotropic SL, used in most works [5-23], is shown
in Fig. 1,a.

Although modern methods of ellipsometry and spec-
troscopy make it possible to study the profile shape of the
refractive index in SL [18-23,40-46], however, to solve this
problem, one has to use more time-consuming methods
of multi-angle measurements. The real scheme of the
MCP surface is not a single layer and should take into
account not only the gradient properties of the SL, but
also an additional thin surface layer consisting of adsorbed
water and hydroxycarbonates (Fig. 1,b). For example, in
the work [26] a detailed model of the surface structure
of a polished binary glass of formulation: Na,O-SiO, is
considered, taking into account microcracks, a layer of silica
gel, leached layer and ion exchange layer In the work [38],
a model of the structural and morphological structure of the
MCP for surface of quartz glass is presented, consisting of a
fractured layer (polishing, modified layer or Beilby layer), of
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a defective layer including oxygen-deficient centers (ODC),
non-bridging oxygen hole centers (NBOHC), the oxygen of
which is not included in the grid of connections in glass,
and nano-sized particles of increased density of unknown
nature (Fig. 1, with). The layer of adsorbed water was not
taken into account in these models. Based on the variety of
experimental situations, the details of the optical model of
the object (Fig. 1, ) are formed by the authors based on the
knowledge of the features of the chosen research method,
as well as on the basis of the totality of available information
about the properties and structure of the surface.

For a transparent isotropic thin film (single-layer model),
by measuring the ellipticity W and the phase shift A of the
reflected light, one can determine the refractive index np
and the thickness d of the PS layer (Fig. 1,a). When the
PS layer thickness is d < 4, the dependence between d
and the parameter W is expressed in terms of ratio of the
amplitude reflection coefficients r , and rs of polarized light.
For the Brewster angle, when A = /2, the relationship
between the parameters d and W is determined from the
Drude equation [5]

d
ro 1 [ (e2—e1)(e2—&3)

v = - l/ o dz, (1)
0

where €)1, €, €3 are the permittivities of the adjacent media
and the PS. Since the function & = n3(z) is unknown,
practical the averaged value e; = g¢ is usually used, where
€ = N%. An assessment of the influence of the choice
of model parameters was made in the work [26] for the
isotropic and gradient MCP model of the surface of polished
glass 33.4-Na,O—66.6-Si0, and without taking into account
the layer of adsorbed water on the surface. The variation
between the data for the compared calculation schemes was:
for the value of ng = 1.483 and 1.474—1.505 (for the glass
volume n = 1.505), and for the thickness of the PS 800 A
and 1200 A respectively. It is noted that the deviation of
the obtained values of ng from the corresponding value
n = 1.457 for SiO, glass indicates a complex structure of
SL. Thus, the magnitude &g measured in the framework
of the one-layer model is effective and characterizes the
averaged properties of the PS and adsorbed layers. When
the thickness of the adsorbed water layer is much smaller
than the PS thickness, in these cases the single-layer
model gives quite satisfactory results when studying the
PS parameters of polished glasses by ellipsometry. On the
contrary, when studying the SL of a metal substrate, the
presence of a thin layer of water on the surface significantly
affects the results of polarization measurements due to the
optical properties of metal and water varies wildly.

To study the structural properties of the surface of
dielectrics, it is convenient to use the IR ATR [44] spec-
troscopy technique, since the spectral absorption regions of
SL and adsorbed layers are different In the ATR method,
the external medium [/ consists of a transparent highly
refraction material, &, = n} is permittivity (Fig. 1,5 ). The



1590

V.M. Zolotarev

a b
9 R
//’]”_71 1
1m=1 =% 2
2, 8(2)) 4
35 +AE(2)
- €3 5, €5

I } The beilby layer

Nanoscale defect layer
I. Nanoparticles
IT1. ODCand NBOHC defects

J

Matrix

Figure 1. Optical model of a polished surface: a is single-layer system, / — environment (n; is refraction index), 2 is technologically
modified SL (& is complex permittivity), 3 is substrate (&3 is complex permittivity of the substrate); b is multilayer system: I is external
medium (n; is refraction index), 2 is sorbed water film (&; -is complex permittivity), 3 is adsorbed organic film (&3 is complex permittivity),
4 its technologically modified SL, (¢4 = €5 + Ae(z) is complex permittivity of SL), 5 is substrate (glass, &5 is complex permittivity); C is
structural-morphological model of SL of quartz glass for MCP [38]: scale on the right, from top to bottom: Beilby layer, defective layer:
1 are nanoparticles, 2 ODC (oxygen vacancy defects) are oxygen vacancy defects, NBOHC (non-bridging oxygen hole center, matrix is

glass thickness.

dielectric properties of the 2, 3 layers of adsorbed water
and hydrocarbon molecules, €33, are known [25]: for the
region 3800—2800 cm™! absorption &5'; < 0.3, and for the
region 1300—900 cm~! (absorption band 1120 cm~! of the
bridge Si—O—Si ) the value & ; ~ 0. The value of &4 for the
SL (layer 4) can be represented under the condition z < 1
in the form of a perturbation of the dielectric properties
for the substrate equal to €4 = €5 + Ae(z), where €5 is the
complex permittivity [¢ = &’ +ie”, &' = n* — k2, &’ = 2nk,
(n=n+ik)] of the studied material in the volume. SL
parameters can be found for the case of exponential change
in the function Ae(z). This type of function is typical for
diffusion processes that are implemented with typical MCP
and IBB methods for processing optical materials [25,33].
The parameters of the function Ag(z) are determined for
three typical cases: [ ie. the medium under study
is optically transparent, & = 0; medium 2 has a weak
absorption e < 0.1, in this case the angles of incidence
0 > O satisfy the relation 1 — R <« 1, where R is reflection
coefficient; the medium 3 has absorption € > 0.1 (general
case). This situation is typical when studying in the vicinity
of the fundamental absorption bands of dielectrics and
oxide films on the surface of metals. The solution to the
problem of determining the parameters (thickness d and
function Ae(z)) of SL for all three cases is given in the
works [40-42].

The first case e = 0 is typical for the choice of the SL
model of a polished optical material in the water absorption
region 1 ~ 2.7 um, since during the MCP of the material,
water molecules that have absorption in this region diffuse
at the ?abrasive emulsion material? interface and thereby
form special properties of the SL, while the function Ae(z)
changes exponentially . For the case ¢ = 0, one can obtain
an analytic expression for the width of the transition layer
Zo and the absorption coefficient a = 47kv [cm~!] water
diffused in the SL layer. The parameters z( and g are found
by measuring the reflection R; , at two radiation incidence

angles 01 ;. Transition layer width zo = 1/2q, where

. 2mny [Al AY)

T2 [ y-1 _AZ}’ @

D, cos 0,

Yy =5

Ao = , 3
1.2 D; cos6, ( )

sing , —(na/m)?,

where 1 — R’f‘,z =NDj2, N is number of reflections,
D> = —InR;, is optical density. Measurements of @(z)
and zp = d were carried out using ATR elements from
Ge (n; =4.0) and ZnSe (n; =2.4) for pairs of angles
0 = 68° — 73°.

For the considered case of an exponential change in the
function @(z), the absorption coefficient y at the boundary
of the SL layer is found from the expression

nil—lAl—Az
y—1~

. 27Ny
2 cos 6,

Qo (4)
If the parameters of the function «(z) are known, then
the form of the function Cou(z), which characterizes the
distribution of hydroxyls in SL, is uniquely determined.
The value of Con(z =0) can be found from the relation
ag = e%Cop, where €% is hydroxyl extinction coefficient
[/mol-cm]; the corresponding data are available in Ta-
ble 1 [25].

The third case, when e > 0.1, is typical for studies
in the region of fundamental absorption bands of the
Si—O—Si bond. For the given spectral IR region, taking
into account that the thickness of the adsorbed films is
dy3 < 4 [42,43], when calculating the parameters Ae(z)
of the SL, which are carried out in the long-wavelength IR
range, where &y ; ~ 0, the presence of d3 films can be
neglected. It should be noted that there are other methods
for calculating the gradient parameters of SL, based on
reflection measurements for a number of angles [45,46].
For example, in the paper [45] a method is proposed
for finding the gradient parameters of a multilayer system
from experimental reflection spectra based on Fresnel’s
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Table 1. Optical parameters of SL of polished glass KU-1, MCP method

Ellipsometry, Spectroscopy
Number Time A =632.8nm Vacuum UV ‘ IR
of sample of polishing. h | Isotropic layer model Experimental data ‘ Gradient layer model
External reflection ATR
Ne — 1 De, nm | Eepy | Rmax, %0 | N—1 Rinax, %0 e +ie” d, nm
v =1120cm' | v =1250cm™"
1 0.5 0432 220 171 060 | 67 65 —0.94+i0.88 | 180
2 3 0.481 40 17.3 058 | 71 68 —0.54+10.68 75
3 6 0.462 20 19.0 052 | 735 71 —0.27+10.54 19
4 (the cleaved face) 0 0.457 0.0 18.7 046 | 74 73.5 —0.134+i0.4 0.0

Note. Table values in column n — 1 are obtained by integrating k(v) in the VUV spectrum; the values of Rmax% in the column for v = 1120cm~! on the
left is data of direct measurements of R, and on the right are calculated from the data of &’ + ie’’ calculated for SL is gradient layer model.

recursive formulas. This technique for calculating multilayer
systems is widely used for the synthesis of interference
filters. The method does not cause restrictions on the
properties of the layers of the system under study, but
requires the input of an interval of values of the desired
parameters of the layers, which limits the time of the
machine search for the global minimum. This method
of calculation was tested in the study in the IR range
of the properties of the SL of thermally annealed lead-
silicate glass -i.e. material for microchannel plates. These
methods are universal, but require significant computational
resources, for conventional technical means this leads to a
large expenditure of computer time [45,46].

If the function Ae(z) = const and &5, < 0.3, the de-
termination of thickness d for SLs and adsorbed molecular
layers for dy3 < 4 in IR spectroscopy is simplified [44],
since in the spectral region where the main absorption bands
3800—2800 cm~! of adsorbed water are and hydrocarbons
e = 0. Moreover, the absorption frequencies of adsorbed
water in the 2 layer (Fig. 1, ) differ from the frequencies
of water diffused into the 4 layer (SL), which facilitates the
separation of different types water and their identification.
Since, in the approximation of homogeneous layers 2 and 3,
the values of n and a of these layers are close to the
corresponding values of condensed media, in this case the
calculations of d 3 are carried out in the approximation of
the model of isotropic layers 2,3 and 4 (SI) (n%’3 = &3,
nﬁ ~ &5, Koz <0.1). The values of @, and «3 for
condensed H;O and CyHy molecules can be find in
reference books [47,48], and the value of a4 for sorbed H,O
molecules can be find i in the work [25]. For the typical
case O34 < A within the &7;, < 0.3 approximation for
the ATR method and the perpendicular component of the
polarized reflection R; you can write an equation

4n;,d 0
=Ry =D, ~ay o2
— 51
4n31d3 cosO 4n41d4 cosf
as 5 a4 2 > (5)
1 —ng, 1 —ng,
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where Moy = Ny/Ny, N1 = N3/Ny,

Ns; = Ns/n; are relative refraction indices,
as = e%Con, Con is volume fraction of hydroxyls in SL.
The above expression refers to the case when the o34
analytic bands do not overlap or can be separated into
individual components. This situation is typical in the study
of different types of water molecules, the bands of which
partially overlap. For example, to determine the thickness
of dy 4 layers in the case of quartz glass containing H,O
molecules of different types, it is required to divide the
complex contour D into components D, and D4,
which is achieved using standard fittings. In concluding this
section, it can be noted that the optical model (Fig. 1,b)
agrees in main details with the morphological model of
the MCP surface (Fig. 1,b), in which, however, does
not take into account the absorption layers of water and
hydrocarbons.

Ngp = Ng/Ny,
N4 =~ N5y,

Discussion of results

Studies of the kinetics of quartz glass polishing by
different methods make it possible to reveal some physic-
ochemical features of the polishing process, which have a
significant effect on the surface properties. The formation of
SLs with properties that differ in thickness and absorption
in the layer (depending on the choice of technological
modes of polishing) leads to a noticeable deviation of the
experimental data, which, for example, is observed when
comparing the results of measuring the optical constants of
quartz glass (SiO,) obtained by different authors [26-28].

Mechanochemical polishing

Ellipsometry method

The influence of the technological modes of MCP on the
properties of SL has been repeatedly studied by ellipsometry
and IR spectroscopy, where the dependence of the refractive
index Ng of SL on the composition of the polishing abrasive,
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Figure 2. Dependence of the parameters of the SL of glass
on the polishing time, the MCP method. a — (ellipsometry,
A =632.8nm) refractive index ng: I — KU-1, 3 — K-8; PS
thickness dg,nm: 2 — KU-1, 4 — K-8. (VUV spectroscopy):
5 is refraction index, nyyy. Experimental points on the curve 2
(Fig. 2,a): ellipsometry method — e; ATR method, dix mea-
surements were made in the IR band: M — 1 =8um. A —
A=~27um. b — (IR spectroscopy) I — reflection coefficient
R (Vmax = 1120ecm™1); 2 — band shift v = 1120em~"; 3 —
perturbation Agj of the imaginary part of the permittivity of the
SL in the band v = 1250 cm ™.

the type of emulsion liquid (for example, water, ethylene
glycol), polishing modes and methods [26,32-39]. The
dependence of ng on the glass polishing time KU-1 is most
clearly seen when diamond powder is used as a polishing
abrasive; for softer abrasive powders, this regularity was not
observed! (Fig. 2,a).

The deviation of ng from the bulk properties of works
in a number of papers [16,17] was associated with the
introduction of an abrasive into SL, and in other papers [14],
with stresses leading to local inhomogeneities in SL. These
hypotheses do not take into account the role of the
physicochemical processes of the MCP method, since the
ng parameter reflects the integral properties that depend,
along with the above, on a number of other factors: the
chemical structure of SL and the presence of adsorption

! Ellipsometric measurements were performed at the "RESEARCH
AND TECHNOLOGY INSTITUTE OF OPTICAL MATERIAL SCIENCE
OF THE ALL-RUSSIAN SCIENTIFIC CENTER” VAVILOV’s STATE
OPTICAL INSTITUTE by V. Pshenitsyn.

films on the surface. It follows from the characteristic
shape of the ng curve that the region denoted by the
Roman numeral I (curve I, Fig. 2,a) is determined by
the total contribution glass microroughneses KU-1 and the
volumetric amount of the adsorbed medium (H,O and
CyxHy), which refers to the largest thickness of the SL layer,
when microelevations from the final grinding stage were
removed in the MCP process. For this stage of polishing, the
thickness of the adsorbed layers is dj 3 =~ 2—4nm, which
is much less than the thickness of the SL, ie. dy3 < dg4.
Region III characterizes the last stage of glass processing
KU-1, when the initial SL layer, formed during grinding,
decreases during polishing to its minimum value. At the
same time, as can be seen from the comparison of the values
of np,o and Nc,m, > as well as the quantities ng, for the last
stage of glass polishing KU-1 (curve I, Fig. 2,a), the ratio
dy,3 < dg is retained (Table 1).

For K-8 glass, the dependence of ng on time for MCP
(curve 3, Fig. 2,a) is much weaker than for KU-1, which
should be associated with the presence of Na, K, B and
other oxides in the glass [24-26]. The presence of these
components destroys the glass network and leads to a large
set of Si—O—Si bond angles in K-8 glass. These bonds are
energetically compensated due to the introduction of Na,
K, B, etc. atoms, as well as H,O molecules located in the
volume of the glass. The above arguments are consistent
with the larger value of the surface defect layer of the SL
for K-8 glass, which is clearly seen from a comparison of
the thicknesses de of KU-1 and K-8 glass ( curves 2 and 4,
Fig. 2,a). It can be noted that for both types of glasses KU-1
and K-8 the values of ng in region III (Fig. 2,a and Table
. 1) more than the reference data [46], which characterize
the corresponding properties of these glasses in volume.

VUV spectroscopy method

Independent measurements of the n polished surface
KU-1 were performed by vacuum UV reflection spec-
troscopy [24]. Reflection R in the region 1 = 500—2500 A
was measured in a vacuum chamber, so there was no
adsorbed water on the glass surface KU-1 (layers dj 3 ~ 0,
Fig. 1,b), and thus these layers did not affect the mea-
surements R Then, using the Kramers?Kronig method,
the spectrum K(A) was calculated from the spectrum R(1)
in the range 4 = 500—2500 AThe subsequent integration of
the k(1) spectrum made it possible to obtain n SL data for
different glass polishing times KU-1. The integration of the
spectrum k(1) was performed using the relation

%/k(u)dlnvzn—l. (6)

The dependence of the value of nyyy on the polishing time
obtained by the VUV spectroscopy qualitatively agrees with
the data of ng ellipsometry, but is characterized by large
values of n for the initial stage of polishing (Fig. 2, curves /
and 5, Table 1). The values of nyyy directly characterize
the refraction index n in the visible region of the spectrum.

Optics and Spectroscopy, 2022, Vol. 130, No. 12
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The dependence of nyyy on the polishing time in regions I
and II (curve 5, Fig. 2,a) differs numerically from the
corresponding segments of the curve /. This is due to the
fact that d, 3 # 0 layers are not taken into account when
processing ellipsometric measurements, while d 3 =~ 0 lay-
ers are taken into account for VUV spectroscopy, since
the measurements are performed in vacuum. In addition,
the features of the interaction of radiation with a gradient
surface that is inhomogeneous in thickness are affected by a
large difference in the wavelengths of the probing radiation
of the compared methods: ellipsometry (1 = 632.8 nm) and
VUV spectroscopy (1 =~ 100nm) . Due to the values of
&y, > 0.1 for the short-wavelength region of the spectrum,
the VUV reflection spectroscopy method characterizes to
a greater extent the properties of the outer boundary of
the SL. As the thickness (ds4) of the SL decreases during
polishing, when the ratio ds < 4 is reached, the properties
of the substrate (regions II and III) begin to appear in the
VUV spectra. As d4 decreases, the value of n SL for both
curves [ and 5 (Fig. 2,a) gradually decreases, but n slightly
exceeds the value for the volume of glass. The values of
d and n for different polishing times (regions I, II, and III)
of KU-1 glass are presented in numerical form in Table 1
for three independent methods. For comparison, Table 1
presents the data of N measurements for the KU-1 cleavage,
where the SL is practically absent.

IR spectroscopy method

An additional study of the main factors influencing the
formation of R, n, and A¢] SL values during polishing
of KU-1 glass was performed using specular reflection
spectroscopy and ATR (Fig. 2,b). It can be seen from
the figure that the influence of different stages of polishing
manifests itself in a smooth change in the parameters R
and v of the 1120cm™! band in the IR spectrum, which
is associated with a decrease in the parameter ds SL in the
MCP process.

The spectral behavior of Agj was calculated from the IR
ATR spectra (Fig. 3) for the vicinity of the 1120 cm™~! band.
The calculation is made for the case. &f > 0.1 when the
function Ae(z) varies exponentially; parameters dy 3 < 1,
€53~ 0. The specific values of the constants &5 and 5"
for calculating Aej were taken from [48]. The results of
calculating zo and the coefficient Ag] for the imaginary
part of the function Ag(z) (1250cm™!) for a number of
MCP stages are given in Table 1 and in Fig. 2,b. The
spectral behavior of the coefficient Agj is shown in Fig. 4
for the initial stage of the MCP, from which it can be seen
that the main differences are observed in the vicinity of the
antisymmetric oscillation vy = 1120 cm~! of the Si—O—Si
bridge.

There are two more intense bands in the spectrum of
SiO, quartz glass: vs =~z 800 cm™! is symmetric vibration,
it is associated with the displacement an O atom in the
Si—Si perpendicular direction in the Si—O—Si plane; band
vs ~ 470cm~! and is deformation vibration O—Si—O, this

Optics and Spectroscopy, 2022, Vol. 130, No. 12
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Figure 3. ATR spectra of KU-1 glass in the 1120cm™" band,
MCP method; ATR element ZnSe, N = 1, 6 = 73°, polarization

type: I — s, 2 — p. The sample was placed in optical contact
with the ATR element.
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Figure 4. Spectral dependences of the dielectric functions of
KU-1 glass: 1 — &f'; 2 — &5, 3 — Aey (zo = 180 nm).

frequency is also attributed to the rotational mode in the
Si— bridge O—Si caused by displacement of the O atom
outside the Si—O—Si [28,49] plane. In the vicinity of the
long-wavelength bands 800 and 470cm~!, the amplitude
changes in the R coefficient are less pronounced than for
the 1120cm™! band, so the calculation of the value of Ae
for this frequency range gives a large error. The nature
of this R dependence is associated with a decrease in the
ds/A ratio as the wavelength increases. The function Agj
(Fig. 4) is characterized by extrema with ?4? sign in
the region ~ 1000cm~! and ~ 1250cm~!. The nature
of the coefficient Aej for the frequency ~ 1000cm~! is
associated with the breaking of the bond in the Si—O—Si
bridge and the formation of Si—OH groups and Si—O. The
formation of these groups in the SL of KU-1 glass leads
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to the appearance of characteristic bands for Si—O and
Si—OH bonds in the regions ~ 1000 cm~! and ~ 950 cm~!
respectively [50-52].

The increasing of the Aej coefficient for the neighbor-
hood v,s ~ 1250 cm™! (main strip shoulder 1120 cm™!) can
be related to the increase in the number ,,0f straightened
Si—O—Si bridges with angles 160—180° and the shortest
and strongest bonds [25]. The weakening of the band
Ve &~ 1120ecm~!, which refers to bridges with normal
connections, is associated with a redistribution between the
number of loaded and unloaded bridges Si—O —Si. Tensile
stresses in the SL affect the vibrational characteristics of the
Si—O—Si bridges, which shifts the band v,s =~ 1120 cm~! to
the low-frequency region of the spectrum [25,53].

The normal, least strained bonds of the Si—O—Si bridge
in quartz glass have angles of 140—160° and length
~ 1.60A, while elongated strained bonds are characterized
by angles ~ 120° and large length ~ 1.68A Si—O [25]
bonds. The energy of such bonds is reduced by 20—30%
of the average energy for normal Si—O bonds in glass.
The process of traditional MCP is closely related to
the formation of local mechanical defects and cracks in
glass, followed by the diffusion of H,O molecules into
the SL of the glass. Local defects in SL lead to bond
stress in the Si—O—Si bridges and their hydrolysis upon
interaction with water. It is on such bonds that the so-
called ,,mechanically stimulated hydrolysis“ occurs with the
formation of Si—OH [25] groups. The MCP process using
a high-hardness abrasive (diamond) and a habit of diamond
microcrystals in the form of a sharp edged octahedron leads
to a large number of local defects in the SL structure of
glass KU-1. The mechanism of the MCP process with the
help of diamond pastes is considered in the work [54].

The presence of Si—O and Si—OH groups in SL con-
tributes to an increase in N; the concentration of such groups,
based on the ratio of Agj and ef (Fig. 4), is equal to
C ~3.6vol%. The close value of the desired value C
gives a direct method for calculating the concentration of
H,O (hydroxyls) in SL by determining the intensity of the
band 3650 cm~!, which is superimposed on the main band
3400 cm~!.

This band refers to molecular water on the surface of
KU-1 glass. Calculations of the value of C by the described
method were carried out on the basis of the ATR spectrum
of water (Fig. 5) using equation (5), taking into account the
relation a4 = €°Cop. The concentration C ~ Ag( decreases
linearly with increasing SL depth (Fig. 6). A similar
linear dependence is observed in the photoluminescence
spectra [38] for the distribution of oxygen defects in
SL:oxygen vacancy defects (ODC are Oxygen Deficient
Centers) and non-bridging oxygen defects (NBOHC are
non-bridging oxygen hole centers (Fig. 6)) Nonbridging
oxygen defects fluoresce at a wavelength of 1 ~ 650 nm,
and oxygen vacancies fluoresce at 1 ~ 440 nm.

Since the concentration of Si—O and Si—OH groups in
the SL of quartz glass can reach C < 6vol.% [25], and the
refractive index of silicon monoxide (SiO) for 4 = 632.8 nm

is equal to 196507 [55], then the presence of SiO and
Si—OH in SL can explain the high value of n SL of glass
for MCP. The gradient distribution of the parameter C(z),
which is characteristic of the initial stage of MCP, leads to
a decrease in the value of n as the value of ds decreases
during polishing up to the values of n in the bulk of the
glass (Fig. 2,a and Table 1).

As an example of the effect of SL on the results of
measurements of the reflection R and, accordingly, on the
calculation of the optical parameters of quartz glass [47,56],
the data of independent measurements (different polishing
process) are given (Fig. 7,a), from which one can see a
noticeable excess of R values in the region 900—1000 cm ™!

3800 3400 3000 2600
-1

vV, cm

Figure 5. Optical density in the vicinity of the valence band H,O
and CxHy, ATR element SiO,, N = 100, 6 = 45°, MHP method:
I — experiment, 2 — vs band of hydroxyls in SL — 3650cm ™!,
3 — vy bands of molecular water: 3400 and ~ 3180cm ™!, 4 is
the total curve of decomposition of the strip / into individual
components with a Gaussian contour, 5 are the bands vi of
sorbed hydrocarbons CyxHy.
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Figure 6. Dependence of the defect concentration in KU-1 glass
on the SL depth, MCP method. I — Agl (v =1000cm™") is
proportional to the concentration of Si—O and Sigroups—ON.
For comparison, the intensity dependences of the 1 ~ 440 and
A ~ 650nm photoluminescence bands are shown (proportional to
the concentration of oxygen defects in 2-ODC and 3-NBOHC,
respectively) [38].
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Figure 7. IR reflection spectra R of KU-1 glass near the normal in the band v = 1120 cm ™', MCP method: (@) calculation of R from
ndata(v) and k(v): 1 — [56], 2 — [47]. (b) calculation of R for the system: layer composition 25-SiO—75-SiO,-substrate SiO»; layer
thickness d: / — Onm, 2 — 120nm. The optical properties n(v) and K(v) of the model?s SL are obtained using the Lorentz-Lorentz

equation for the mixture 25-SiO—75-SiO; .

and a slight decrease in R of the maximum of the 1120 cm™!
band for the spectrum 2 with respect to the spectrum /.

The increase in the R value on the low-frequency wing
of the 1120cm~! band is due to the greater thickness
and/or concentration of the Si—O and Si—OH groups in
the SL of the polished glass sample for the spectrum 2
(Fig. 7,a). Model calculation of the R value for the film?s
system of structure 25-Si0—75-SiO; on a SiO, substrate
(Fig. 7,b) at a qualitative level allows confirming the
presence of an increased concentration of SiO in the SL for
the sample (Fig. 7,a, spectrum 2). It can be noted that the
R spectrum (band 1120cm™') of quartz glass undergoes
similar qualitative changes in a humid air atmosphere under
the influence of a mechanical load on a thin plate of KU-1
glass when it is stretched with a force of 90 Pa [25].

The analysis of the properties of the SL formed as a
result of MCP within the framework of the optical model
(Fig. 1,b) correlates well with the results of the structural-
morphological model (Fig. 1,¢) , which is formed on the
basis of comprehensive research [38]. As a result of these
studies, it was shown that under the fractured layer there
is a defective layer at a depth from ~ 20 to ~ 360 nm.
This layer contains two types of defects: oxygen deficient
centers and non-bridging oxygen hole centers at a depth of
~ 20—250nm and high-density nanoparticles of unknown
nature, the number of which decreases exponentially with
increasing SL depth. At a depth from ~ 250 to ~ 360 nm,
the number of nanoparticles is insignificant, and the content
of both types of oxygen centers continues to decrease until
it becomes below the level that can be reliably detected by
analyzing the fluorescence spectra. At a depth of more than
~ 360nm, a fused quartz matrix appears, which contains
only some clusters of internal material defects.

The totality of the above information indicates a relation-
ship between the presence of Si—O and Si—OH groups in
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fused silica SL with the formation of oxygen centers. High-
density nanoparticles are structural groups in the form of
clusters formed by Si—O—Si defect bridges, the configu-
ration of which is different from the corresponding matrix
bridges. The presence of such structural formations in the
SL of fused quartz is confirmed by Raman spectroscopy
data, where additional bands were found: the peak D1 —
490 cm™! is attributed to the in-phase respiratory motion of
oxygen atoms in four-membered corrugated ring structures,
and the peak D2 — 605cm~! is associated with in-
phase respiratory movements of oxygen atoms in planar
three-membered ring structures [25]. Quartz glass contains
about 1% of 3- and 4-membered rings, while in the less
equilibrium structure that occurs in SL, their concentration
is noticeably higher than in the volume of the glass. The
Si—O bonds in these rings are elongated compared to those
typical for a glass network and are in a stressed state.
Selective hydrolysis of Si—O bonds during MCP of glass
occurs on such strained ring structures [25]. The results
presented indicate the similarity of the chemical composition
of the SL formed by different technological methods of
MCB of quartz glass and allow us to explain the main
reason for the variation in the values of the optical constants
determined from the reflection spectra

Focused ion beam polishing

The focused ion beam polishing was originally used
to remove the fractured layer and improve the surface
microrelief after MCP [32-36,57-59]. The removal of
a defective surface layer by IBB makes it possible to
obtain surfaces that are close in chemical composition and
structure to the properties of the material in the bulk, which
improves light transmission in the UV and increases the
radiation strength of the optical element. Subsequently, the
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Table 2. Optical characteristics of SL for different methods of polishing KU-1 and K-8 glasses according to ellipsometry and IR

spectroscopy data

Characteristics of SL MCP IBB, Ar*
KU-1 KU-1 K-8
0.5keV 1.5keV 0.5keV 1.5keV
Ne (A = 632.8 nm) 1462 [42] 1480 1484 1.542 [35] 1.545 [35]
Nir (v &~ 1100 cm™") 1.406 [46] 1.580 1.621 [33] 1.558 1.579
1.445 [55]
1.435 [27]
1.510 [48]
De (2 = 632.8nm), nm 200 [42] 10 15 55 [33] 230 [33]
Dir (A = 8u), nm 180 [42] 125 21 62 240
R%(v = 1120cm™") 73.5 [27] 715 69 322 29.0
Al (v =1250cm™}) 0.54 [42] 0.56 0.60 0.34 0.36
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Figure 8. IR reflection spectrum R of KU-1 glass near the normal
in the band v = 1120cm™!, IBB method: Ar" ion beam with
energy: I is 0.5, 2 to 1.5keV.

ion processing method found application in works on the
shaping of optical surfaces [33,34,36)].

The physical foundations of the BIP polishing process
are described in the works [29-34]. In the framework of
this work, to interpret the results, it suffices to rely on a
simplified scheme for the transfer of excitation energy from
an ion with energy E to atoms of the target structure. As a
result of the transfer of energy E from the ion to the atoms,
the target atoms in the surface layer are excited, the value
of which corresponds to the twofold penetration depth of
the ion into the target (2—10nm). On real optical surfaces
that have undergone preliminary MCP, the value of the SL
formed under vacuum conditions during the IIP is much
larger. At excitation energies above ~ 0.5keV, some of the
atoms are removed from the target SL, and the structure
of this layer is destroyed As a result of ion bombardment,
oxygen vacancies appear in SL and broken interatomic
bonds are formed. Strained configurations with elongated

Si—O bonds and angles ~ 120° begin to predominate in
the distribution of Si—O-—Si bridge types in the SL of
quartz glass, which makes the surface chemically active.
Therefore, after ion bombardment of the target in vacuum
and subsequent removal of the sample from the chamber,
the surface will actively interact with the external medium
(usually air) and, accordingly, the properties of such a
surface will depend on the composition of the gases of the
external medium.

SL properties for the IIP method were actively studied
using ellipsometry [32-35], which made it possible to study
the properties of SL, including the refractive index, thickness
and height of SL microroughnesses for quartz glass and a
number of multicomponent glasses [32-35] . The use of a
complex of modern methods: atomic force and electron
microscopy, luminescence, IR and Raman spectroscopy,
mass spectroscopy, etc., made it possible to study in detail
the properties of SL at the atomic and molecular level [36-
39,57-59]

In the present work, the main attention is paid to the
study of the structure of the SL of KU-1 quartz glass
formed upon ion bombardment. Spectrum of KU-1 glass
after processing® by beam of Ar" ions with energy 0.5 and
1.5keV is shown in Fig. 8.

It can be seen from the figure that an increase in the
energy of Ar' ions reduces the intensity of the main band
1120cm~! and leads to an increase in the low-frequency
wing ie. the region 900—1000 cm~!.

Similar transformation of the band 1120 cm™! also occurs
for MCP processing of KU-1 glass (Fig. 7,a). The data
obtained for two IBB regimes (E of Ar" ions 0.5 and
1.5keV) of KU-1 and K-8 glasses are summarized in
Table 2.

It can be seen from the table that for the IBB mode
0.5keV, the thickness, refractive index, and dielectric loss
Agy for the SL of KU-1 glass are smaller than for the

2 Ton processing of KU-1 samples was performed at the Vavilov’s State
Optics Institute in the Perveev?s laboratory.
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1.5keV mode. At the same time, the value of the IR
reflection R in the band v = 1120cm ™! and the loss Agf
(v =1250cm™!) of KU-1 glass for the BIP method is
higher for 0.5keV in comparison with the 1.5keV mode,
but somewhat lower than for the IBB method. The totality
of the data in Table 2 shows that during the processing of
KU-1 glass by the IBB method for the mode 1.5keV, the
concentration of defects in the glass network structure in
the SL, including the Si—O and Si—OH groups, is higher
than for the method MCP, however, the thickness of the SL
for IBB is somewhat lower compared to MCP.

The study of the SL of quartz glass by Raman spec-
troscopy shows that, as a result of bombardment with
Ar" ions, deformed Si—O-—Si bridges with strained bonds
appear in LS. These bonds form structural ring formations:
peak D1 — 490 cm~! and peak D2 — 605cm™!, in 4- and
3-membered ring structures, respectively [59]. The relative
intensities of the D1 and D2 peaks initially increase when
the ion beam etching depth is 50 nm, which indicates the
removal of coarse nanosized structural defects in the SL
and the increase in the degree of compaction compared
to the initial surface. The relative intensities of the D1
and D2 peaks gradually decrease with increasing SL depth.
With the help of the IBB method, the number of structural
defects can be significantly reduced without compromising
the surface quality of the fused quartz. As a result of
the action of the IBB, the photothermal absorption of the
fused quartz surface can, according to various estimates,
be reduced by a factor of 1.5-2, and the laser-induced
breakdown threshold can be increased by a factor of 2
or more. The main structural transformations in the SL
of quartz glass for the IBB method are in many respects
similar to those transformations that are observed for the
MCP method.

Conclusion

The conducted studies show that the structural and
chemical features of the SL of fused quartz, which are
formed during its processing by the MCP and IBB methods,
are largely similar and are associated with deformation and
breaking of bonds in the Si—O-—Si bridges of the glass
network. For MCP method, the hydrolysis mechanism for
rupture of strained molecular bonds is realized, and for IBB
method, is realized he mechanism of energy action on the
bonds of the glass network is realized The use of at the final
stage of the MCB improves the characteristics of SL, making
it possible to reduce its thickness and thereby increase the
UV light transmission and laser breakdown threshold of
fused silica. According to the data obtained, one can expect
an additional improvement in the corresponding parameters
when using IBB method with a decrease in the energy of
the ions acting on the object in the final stage of processing.
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