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*e relationship between the spatial-frequency parameters of a rough surface with a random profile, which has a Gaussian form of
the correlation function, and the amplitude-frequency characteristics of the electric field created by this surface is determined.*e
numerical determination of the evanescent field optimal configuration formed near the quartz rough surface in the gaseous
medium saturated with chlorine molecules when illuminated from the quartz side has been considered. *e finite-element
approach is used to solve the Helmholtz two-dimensional vector equation. It was found that at the initial stage of photochemical
polishing different electrodynamic conditions are created for the etching process depending on the profile height standard
deviation value. In particular, when the standard deviation is less than 1 nm, all surface protrusions, for which the spatial spectrum
harmonics of the profile are located in the region of the maximum slope of the spectral function, are most actively etched. *is
leads to a decrease in the effective width of the spatial spectrum of a rough quartz surface and an increase in its correlation length.
*erefore, simultaneously with decreasing the height of the protrusions, the surface becomes flatter.*e paper shows the different
character of quartz surface nano-polishing process conditions depending on the initial standard deviation of the profile height.

1. Introduction

Optics progress in such areas as fiber optics, holography, and
integrated optics and photonics leads to a constant increase
in requirements for both the quality of materials and the
accuracy of the optical elements manufacture. Until recently,
the tolerances provided by existing processing methods were
more than sufficient for the formation of high-quality im-
ages, according to the Rayleigh criterion. However, today
new optical technologies require that the deviations of the
surface shape from the standard were much smaller than the
wavelength of radiation [1]. In this case, an important
characteristic of many optical elements is the level of surface
roughness. At present, chemical-mechanical polishing
methods [2] and vacuum plasma-chemical [3] etching are
used to reduce surface roughness. A continuous search for

new and more efficient ways of processing optical surfaces is
in progress, among which we can highlight the method of
using the optimal near-field [4] that is used for nano-pol-
ishing, such as quartz. In the general case, this method
consists in immersing the rough surface of quartz in a
medium containing molecular chlorine and creating an
evanescent field over this surface, by irradiating it directly
with light of a certain power and wavelength.*e evanescent
field near the surface, formed by irradiation, will be inho-
mogeneous due to the presence of protrusions and troughs
on the surface. *e electric component of the electromag-
netic field is localized near the protrusions and has increased
field strength compared to flat regions of the surface. *e
photodissociation of molecular chlorine near the protru-
sions occurs in regions of high electric field strength [5] with
the formation of atomic chlorine and its ions, which are
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polarized in an external field and are attracted to surface
protrusions, where they interact with quartz. *is leads to
local etching of the quartz protrusions surface, which re-
duces its roughness. It was shown in [6, 7] that the con-
figuration of the evanescent field near the quartz surface
significantly depends on the direction of radiation propa-
gation and the refractive index of the medium above the
quartz surface. *is affects the efficiency of the nano-pol-
ishing process accordingly.

*e paper [7] reports on the new photochemical pol-
ishing method using an alternative and more efficient ap-
proach compared to [4, 5]. *is approach makes it possible
to additionally increase the electric field strength above the
quartz surface in the region of protrusions in comparison
with [4, 5] by using the effect of total internal reflection when
light falls on the surface from the quartz side. In this case, the
maximum field values and at the same time its optimal
configuration from the point of view of photochemical
polishing are achieved exclusively at the critical angle of light
incidence [7]. In the approach under consideration, a so-
dium hypochlorite solution is used as a source of chlorine
molecules, which is unstable, and in an acidic medium forms
a significant fraction of molecular chlorine. At the same
time, it is obvious that the intensity of the photodissociation
of chlorine molecules and, accordingly, the rate of sub-nano-
polishing of the quartz surface depends on the degree of
excess of the level of the evanescent field strength over the
threshold value. As a result, photodissociation of chlorine
molecules takes place, and, therefore, the contrast of the
electric field above the protrusions and troughs of the surface
will also be an important parameter, at which the field
strength in the region of the troughs remains below the
threshold value and, accordingly, etching in the troughs does
not occur. *us, one of the actual problems is the possibility
of increasing the contrast of the electric field near the quartz
surface while holding the optimal configuration of this field
for efficient etching of exclusively protrusions surface. One
of the variants for increasing the contrast of the field,
proposed in this work, can be an increase in the field in-
tensity due to a higher impedance at the interface, on which
the electromagnetic wave is incident. *at can be achieved
by replacing an aqueous solution of sodium hypochlorite in
[7] with gaseous chlorine, the refractive index of which
will be significantly lower than that of the solution. Ob-
viously, this approach cannot be considered without
taking into account the shape of the sample surface, the
parameters of its roughness and the wavelength of radi-
ation illuminating the surface.*erefore, it is important to
consider in more detail the relationship between the field
contrast near a random quartz surface described by a
Gaussian correlation function and the contrasts generated
by the spectral components of this profile. Since a random
surface profile can be described by a set of spatial har-
monics, a logical step in this direction is to choose a quartz
surface with a sinusoidal profile as the object of study. *e
set of contrasts of each of the harmonics obtained in this
way makes it possible to describe the spectral dependence
of the field contrast for a random quartz surface described
by a Gaussian correlation function.

*us, the objectives of this work are (1) determination of
the conditions for the formation of the optimal electric field,
at which the most effective local photochemical etching of
the sinusoidal surface protrusions will occur, leading to a
decrease in its roughness level; (2) calculation of the field
contrast directly above the surface of the sinusoidal profile
depending on its spatial frequency and the height of the
protrusions; and (3) finding the regularities of the influence
of the parameters of a random quartz surface described by a
Gaussian correlation function on the contrast value of the
field formed by these irregularities, depending on the spatial
frequency of the surface under consideration.

2. Specificity of the Calculation Model

*e numerical calculation of the distribution of the electric
field strength near the quartz surface, illuminated by di-
rectional monochromatic linearly polarized radiation, was
performed similar to [6, 7]. It was the basis for calculating
the contrast of the electric field near the surface of quartz.
We used special software developed by us that implements
the solution of the Helmholtz equation by the finite-element
method [8]. Verification of this software was carried out in
the studies [6]. Figure 1 shows a computational cell in which
the “quartz-chlorine gas” interface has a sinusoidal profile,
where h is the height of the surface protrusions.

*e right and left sides of the calculation cell are limited
by vertical lines, along which periodic boundary conditions
are realized. Bulk quartz in region 2 has a refractive index
n2 � 1.5168. Chlorine gas in region 3 has a refractive index
n3 � 1. Losses in regions 2 and 3 are neglected. Absolutely
absorbing layers are located below and above the compu-
tational cell in regions 1 and 4 [9, 10]. *e light source
radiates a plane wave, which is polarized in the plane of
incidence and falls on the “quartz-chlorine gas” interface. Its
direction in Figure 1 is represented by the Poynting vector
Pin, which is directed at an angle θin relative to the Y-axis,
and the wave falls on the indicated interface from the side of
quartz. We will also assume that the contrast K of the ev-
anescent field between the protrusions and troughs along the
“quartz-chlorine gas” interface is determined by using the
relation

K �
E1 − E2




E1 + E2( 
, (1)

where E1 and E2 are the amplitudes of the evanescent field in
the regions of protrusions and troughs.

3. Analysis of the Results

Numerical calculations of the electric field strength along the
surface of quartz with a sinusoidal profile were carried out
for the case when a plane electromagnetic wave falls on the
“quartz-chlorine gas” interface (Figure 1), the length of
which in vacuum is λ � 500 nm. At the same time, first of all,
the question of the optimal configuration of the electric field
strength over the protrusions and troughs of a sinusoidal
surface was investigated, at which the field maxima are
formed only above the surface of protrusions. Note that in
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[7] this problem has been investigated, but in the case when
the profile of the quartz surface was a random function
described by the Gaussian correlation function. It was found
that the shape of the field above the random surface repeats
the spatial profile of the quartz surface in the case when the
quartz surface is illuminated from the side of the quartz at a
critical angle θcr. However, it was necessary to check this fact
in the case when the profile of the quartz surface has a si-
nusoidal shape, and when its spatial frequency and the
height of the protrusions are parameters.

Figures 2(a) and 2(b) show the distributions of the
electric field modulus along the “quartz-chlorine gas” in-
terface in the case when the quartz surface is illuminated at
different angles θin of the incident wave and in the case when
the spatial frequency of the surface profile has the following
values: ]1 � 0.8 · 10− 2nm−1 (Figure 2(a)) and
]2 � 4 · 10−2nm−1 (Figure 2(b)).

At the same time, the heights of the profile protrusions
are 4 nm (curves 1, 3, and 5 in Figure 2) and 16 nm (curves 2,
4, and 6 in Figure 2). Curves 1 and 2, which are shown in
Figures 2(a) and 2(b), correspond to the case when the il-
lumination of a rough surface was carried out at a critical
angle. Curves 3 and 4, in turn, correspond to the case when
θin � 30∘. Similarly, curves 5 and 6 take place when θin � 80∘.
Additionally, for comparison, Figure 2 shows a curve 7,
which represents a sinusoidal profile of the quartz surface
with the protrusion height of h � 16 nm. Analysis of curves 1
and 2, which are shown in Figures 2(a) and 2(b), as well as
comparison of these curves with curve 7, shows that the
distribution of field maxima along the “quartz-chlorine gas”
interface and the distribution of the tops of irregularities of
the rough quartz surface coincide when illumination is

carried out at a critical angle. In this case, an increase in the
height of the irregularities of the quartz surface profile
entails an increase in the field at the tops of these irregu-
larities. When the shape of the field in the region of the tops
begins to change more sharply (Figure 2(b)), this can lead to
an inhomogeneous etching of the lateral surfaces of these
irregularities. Analysis of curves 3 and 4 in Figures 2(a) and
2(b), in comparison with curve 7, shows that we have a shift
of the field maxima relative to the lateral surfaces of the
surface profile protrusions at the angle of light incidence
θin � 30∘. *is means that in the photochemical polishing
process at such angle of light incidence only a part of the
lateral surface of the protrusions will be etched.*at reduces
the polishing efficiency. In this case, with an increase in the
spatial frequency of the profile, the change in the field
amplitude along the surface becomes more and more
nonlinear with respect to the profile height. Comparison of
curves 5 and 6 in Figures 2(a) and 2(b) with the surface
profile curve 7 shows that the change in the electric field
strength along the “quartz-chlorine gas” interface differs
significantly from the surface profile shape. In this case, the
field strength maxima appear in the areas of the surface
troughs. It does not lead to surface polishing, but to an even
greater increase in the depth of the ones and, accordingly, to
an increase in the level of roughness. In addition, it is clearly
seen that at the angle of light incidence θin � 80∘, the value of
the field strength and the difference between themaxima and
minima of the field significantly decrease in comparison
with smaller angles of incidence. *us, the results obtained
allow us to state that only the critical angle of incidence is the
most optimal for the photochemical polishing of quartz.
Note also that, in the ideal case, the field in the troughs
should not exceed the threshold value at which the pho-
todissociation of chlorine molecules begins.

Let us first consider the contrast of the field over the
sinusoidal profile depending on the height of the protrusions
and the spatial frequency of the profile (provided θin � θcr),
before considering the dependencies of the electric field
contrast over the random profile of the quartz surface on its
spatial frequency. *at will make it possible to analyze the
frequency dependence of the field contrast K(]) in the case
when the profile of the quartz surface is random and de-
scribed by a Gaussian correlation function.

Figure 3 shows the dependencies of the evanescent field
contrast over the sinusoidal quartz surface profile depending
on the spatial frequency of the profile at different heights of
the protrusions: 5 nm (curve 1), 50 nm (curve 2), and 150 nm
(curve 3). Note that the spatial frequency of the profile
determines the width of the protrusions, which corresponds
to the period T of the sinusoidal profile. It is clearly seen
from the presented curves that for low heights, h � 5 nm
(curve 1), the contrast of the field Ksin between the pro-
trusions and troughs of the sinusoidal profile changes in
direct proportion to the increase in the profile frequency. In
this case, the increase in contrast in the range of spatial
frequencies considered in Figure 3 is primarily due to an
increase in the field strength at the tops of the protrusions,
when their radius of curvature decreases with decreasing
width T of the protrusions, and h≪T [11]. At the same time,
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Figure 1: *e 2D cell used to calculate evanescent field parameters
in the near-field region of the nanoirregularities of the quartz
surface. Regions 1, 2, 3, and 4 are, respectively, the regions of the
upper absorbing layer, the quartz layer, the chlorine gas layer, and
the lower absorbing layer.
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the effect of changing the width of the protrusions in the
considered range of spatial frequencies on the radius of
curvature of the surface at the top of the protrusions changes
with an increase in the height h of the protrusions. As a
consequence, as the spatial frequency increases, the growth in
the field contrast slows down (curve 2, Figure 3) and tends to a
constant value. However, with an even greater increase in the
height of the protrusions, h � 150 nm (curve 3), a slow de-
crease in contrast is observed with an increase in the spatial
frequency. In this case, the protrusions become similar to
waveguides with a decreasing aperture towards the top. De-
creasing the width of the protrusions with increasing spatial
frequency leads to a decrease in the waveguide aperture and, as
a consequence, a decrease in the field near the top of the ones
[12], which in turn leads to a decrease in field contrast.

Let us now consider the dependencies of the evanescent
field contrast over the sinusoidal profile of the quartz surface

on the height of the protrusions of this profile (Figure 4) at
different spatial frequencies the profile ]: 0.8 · 10−2 nm−1

(curve 1), 1.6 · 10− 2 nm−1 (curve 2), and 4 · 10− 2 nm−1 (curve
3). In Figure 4, three regions can be distinguished: the region
of small values of the parameter h (h≤ 30 nm), where the
field contrast increases in proportion to the height of the
protrusion; the region of large parameter values h

(h≥ 70 nm); and the transition region (30≤ h≤ 70 nm). In
this case, the behavior of the field contrast Ksin in the regions
corresponding to small and large changes in the parameter h

is explained by the same reasons that were described above
in Figure 3. In fact, the regions of large and small values of
the parameter h determine two main characteristics of
contrast, which affect the dynamics and nature of quartz
etching in the process of changing the roughness parameters
of the surface profile.

*e dependencies shown in Figures 3 and 4 allow a more
detailed analysis of the relationship between the field con-
trasts near a random quartz surface described by a Gaussian
correlation function and the contrasts generated by the
spatial spectral components of this profile. Consider the
relationship between the spatial energy spectrum of a rough
surface and the roughness parameters of this surface as a first
step. If we assume that the profile of the quartz surface is
described by a Gaussian correlation function with a given
correlation length and standard deviation, then this profile
can be represented by a set of sinusoidal surfaces with the
protrusions height, which is determined as [13]

h(]) � 4|S(])|, (2)

where |S(])| is the modulus of the function of the spatial
spectrum of the surface, which is described by the Gaussian
correlation function, and ] is the spatial frequency of the
profile. *us, it is possible to study the contribution of the
individual components of the spatial spectrum of a random
surface to the contrast of the field K(]) above its protrusions
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Figure 2: Distributions of the modulus of the electric field along the “quartz-chlorine gas” interface, which has a sinusoidal profile with
spatial frequencies ]1 � 0.8 · 10− 2nm−1 (a) and ]2 � 4 · 10−2nm−1 (b) at different angles of the incident wave: θin � 42.5° (curve 1 cor-
responds to h � 4 nm and curve 2 corresponds to h � 16 nm); θin � 30° (curve 3 corresponds to h � 4 nm and curve 4 corresponds to
h � 16 nm), θin � 80° (curve 5 corresponds to h � 4 nm and curve 6 corresponds to h � 16 nm). *e wavelength of the incident radiation
(in vacuum) is λ � 500 nm. *e protrusion height of the sinusoidal profile is h � 16 nm (curve 7).
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Figure 3: Contrast of the evanescent field Ksin over the sinusoidal
quartz surface profile depending on the spatial frequency ] of the
profile at different heights of the protrusions h: 5 nm (curve 1),
50 nm (curve 2), and 150 nm (curve 3).
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and troughs by calculating the dependence for each sinu-
soidal profile Ksin(]) with the frequency ] and height δ � 1
of the protrusions. Figure 5 shows the modulus of the
functions of the spatial spectrum of the surface, which are
described by a Gaussian correlation function, when standard
deviation is δ � 1 nm and correlation length are σ � 14.2 nm
(curve 1), σ � 23.7 nm (curve 2), and σ � 33.1 nm (curve 3).
*us, the field contrast curves K(]) were obtained along the
random quartz surfaces for each of the functions shown in
Figure 5 (but with its own parameter δ) and are shown in
Figure 6.

Figure 6 shows the contrast K distributions of the ev-
anescent field over irregularities of a random surface profile
with a Gaussian correlation function, depending on the
spatial frequency ] of this profile for cases where the profile
correlation lengths correspond to σ � 14.2 nm (curves 1, 4,
and 7), σ � 23.7 nm (curves 2, 5, and 8), and σ � 33.1 nm
(curves 3, 6, and 9), and the standard deviation of the profile
height corresponds to δ � 8 nm (curves 1, 2, and 3),
δ � 4 nm (curves 4, 5, and 6), and δ � 1 nm (curves 7, 8, and
9). *e dependencies K(]) were obtained from numerical
calculations of the distribution of the electric field strength
along the quartz surface for the case when a plane elec-
tromagnetic wave with a length of θcr ≈ 42.5° nm in vacuum
falls on the interface at the critical angle θcr ≈ 42.5° of total
internal reflection.

Curves 1–3 in Figure 6 describe the contrast of the field
formed by three random profiles, with different correlation
lengths, the root-mean-square deviation of which is
δ � 8 nm. A feature of these curves is the fact that their
spectral distribution of the field contrast K(]) is practically
uniform in the frequency range where themain energy of the
spatial spectrum of the surface is concentrated (within its
effective width) (Figure 5). *is means that the field contrast
within the given frequencies does not depend on the am-
plitude of the spatial spectrum harmonic, that is, from the
height of the protrusions of the sinusoidal profile. For ex-
ample, as seen in Figure 5, at a correlation length of
σ � 14.2 nm, the width of the spatial spectrum function |S(])|

at the 1/e level from the maximum is determined by the
harmonic with a frequency ]m ≈ 3.5 · 10− 2 nm−1, for which
the height of the sinusoidal profile protrusions exceeds
50 nm. Moreover, for curve 1 in Figure 6 in the frequency
range up to frequency δ � 8, the contrast changes slightly,
which is in a good agreement with the data in Figure 4, where
for all sinusoids with a protrusion height more than 50 nm
and spatial frequencies less than δ � 8, the contrast with
height also practically does not change. Similar results are
observed for curves 2 and 3 in Figure 6. *us, with a suf-
ficiently large value of the standard deviation of the height of
the random profile (δ � 8 nm), the quartz surface will be
etched in the region of all protrusions almost uniformly,
which will lead to a decrease in the standard deviation while
maintaining the current correlation length of the profile.
However, as curves 4–6 show in Figure 6, when the height of
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the protrusions decreases to a level at which the standard
deviation of the profile height is δ � 4 nm, the distribution of
the contrast level within the effective width of the spatial
spectrum of the profile becomes less uniform. *is un-
evenness increases with a decrease in the height of the
protrusions, which is well shown by curves 7–9 in Figure 6
obtained for the case when the standard deviation of the
profile height is δ � 1 nm. In this case, a maximum appears
on the spectral contrast curves and its position corresponds
to the frequencies where the spatial spectrum function
(Figure 5) has the maximum slope.

*is means that with a decrease in the height of the
protrusions in the photochemical etching process, the
contrast of the field near the quartz surface is redistributed in
such a way that further etching leads not only to a decrease in
the standard deviation of the profile height, but also to a
decrease in the spectrum width, and hence to an increase in
the profile correlation length.

Moreover, as follows from Figure 4 (the region where
h≤ 50 nm), as well as curves 7–9 in Figure 6 (the region
where ]≤ 2 · 10− 2 nm−1), the field contrast begins to depend
on both the surface profile height and the correlation length,
which in both cases leads to a decrease in contrast and, as a
consequence, to a decrease in the etching intensity. As a
result, the peaks of curves 7–9 shown in Figure 6, decrease
and shift to the left. In this case, it is obvious that in the
process of further etching, the surface will become flatter due
to an increase in the correlation length and its level of
roughness will decrease.

4. Conclusions

It has been established that the best conditions for photo-
chemical polishing of a quartz surface are created only at a
critical angle of light incidence on the “quartz-chlorine gas”
interface. In this case, the maxima of the electromagnetic
field strength are formed exclusively above the surface
protrusions, and the field minima are formed in the troughs,
which makes the surface polishing process as efficient as
possible, since only the surface protrusions are etched.

*e dependence of the field contrast above the sinusoidal
profile of the surface on the spatial frequency of the given
profile at low values of the profile in homogeneities height
(h≤ 5 nm) has a linearly increasing character; at its large
values (h≥ 50 nm), the field contrast practically does not
change.

*e dependencies of the field contrast on the height of
the inhomogeneities of the sinusoidal profile in the con-
sidered range of spatial frequencies (0.8 − 4) · 10− 2 nm−1 are
divided into two regions differing in a fundamentally dif-
ferent nature of etching of surface irregularities: linearly
increasing region (h≤ 30 nm) and region with practically
constant contrast values (h≥ 70 nm).

*e initial stage of the quartz surface nano-polishing
process has a different character depending on the value of
the initial standard deviation of the profile height. At suf-
ficiently high levels of surface roughness, when the height of
the protrusions exceeds about 50 nm, at the initial stage the
etching of the quartz surface occurs uniformly, regardless of

the spatial frequency and height of the protrusions. In the
process of such nano-polishing, the height of the protrusions
will decrease while maintaining the shape of the spatial
spectrum function. *at is, the width of the spectrum and,
consequently, the correlation length of the profile of the
quartz surface will not change. In the case of low protrusion
heights (less than 50 nm), nano-polishing leads to an in-
crease in etching unevenness. *ose harmonics of the spatial
spectrum of the surface where the spectral function has the
maximum slope will begin to etch most intensively. *is will
lead to a decrease in the effective spectrum width and, as a
consequence, to an increase in the correlation length of a
rough surface. *us, the quartz surface will become flatter
with a simultaneous decrease in the height of the surface
protrusions; that is, its level of roughness will decrease.
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*e data used to support the findings of this study are
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