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DETERMINATION OF GEOMETRIC PARAMETERS OF GRADIENT STRUCTURES
FORMED IN OPTICAL GLASS BY THE ELECTRON BEAM METHOD
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Abstract:. The results of experimental studies of the geometry of gradient structures formed in optical glass by the method of electron-beam
modification of its surface are presented. The expediency of using the atomic force microscopy method for determining the geometrical
parameters of microlayers formed in the surfaces of optical materials by the method of their electron-beam modification is substantiated. A
new method for determining the basic geometric parameters (thickness of the gradient layer, topology of the interface "gradient layer - the
basis of the material”, surface microrelief, etc.) gradient structures, based on the method of atomic force microscopy is proposed. The
proposed method is based on the principle of the complex application of various operating modes of an atomic-force microscope (the results
of the instrument operation are considered, both in contact and in non-contact modes) in one measurement cycle. According to the proposed
method, the dependencies between the change in the refractive index and the modes of electron-beam modification of the optical glass
surface, as well as the dependence between the electron-beam effect modes and the geometric parameters of the gradient structure on the
glass (thickness of the gradient structure, surface microrelief and interface between the layers and the base material ). The possibility of
predicting the development of hidden microdefects at the interface “gradient layer - the basis of the material” is shown. Proved high
reliability and adequacy of the proposed method by comparing the results obtained with the results of determining the geometric parameters
obtained by other alternative methods.
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1. Introduction significant advantages in studying the microrelief of gradient

surfaces modified by electron flow, namely: high accuracy of fixed

In modern instrumentation technology, gradient structures surface asperities (up to units of angstroms) and sensitivity of the
formed in optical glass are widely used. Such coatings have unique ~ Measuring console (<10 N), and the method itself refers to non-
properties (high strength, reflective and refractive power, etc.) that ~ destructive research methods that do not require preliminary
can be used as functional elements in various areas of precision ~ Preparation of the research material and pretend on the expressivity
instrument making, micro-optics, integrated optics, etc. [1, 2]. of the research.

As shown in the work [3], the microgeometry of the gradient The aim of the work is to study the gradient structures formed
structures formed in the surface of optical glass determines their DY the electron beam effect on the surface of optical glass by atomic
performance characteristics depending on the method of force microscopy, which allows determining with sufficient
preparation. Various methods for obtaining such structures are accuracy and reliability the geometric parameters of such structures.
presented in the work [4, 5], the most popular among them is the

electron-beam method [6], which allows forming various layers of 2. Experiment methodology

the chemical composition and physical properties in the surface

layer of the optical glass, which possess, among other things, the The objects under study were plane-parallel plates of circular

property of the gradient change of the refractive index in the shape (diameter 20 mm and thickness 2; 4; 6 mm) made of K8

thickness of the optical material. optical glass (analog Schott Glass BK7) and a rectangular
The method of obtaining and the features of the surface photographic plate (25x20x1 mm).

microrelief determine the operational characteristics of optical Electron-beam modification was carried out on a special

elements (reflection and refraction coefficients, diffusion of the laboratory setup (ISTC «Micronanotechnologies and equipment»,
light flux) associated with the instability of their properties through ChSTU, Cherkasy), containing the Pierce Electron Gun.
the thickness of the optical material. As it was shown in the work A plate made of optical glass (base), preheated to a
[7], the reasons for such instability are size effects (uneven  temperature of 840 K (K8, photographic plate), was rotated in a
distribution of material density across the thickness of an optical vacuum chamber above an electron gun with the help of a rotational
product, surface structure) and the operating conditions of these movement mechanism. The substrate moved nonstop above the
elements (aggressiveness of the environment, time and temperature electron gun. At the same time, the surface was affected by the low-
of operation, thermal and mechanical effects in contact with other  energy ribbon-shaped electron flow (width 3.0 mm, length 60.0
elements of the product). mm). Electron beam exposure was carried out in the following
The issues of obtaining and studying gradient structures in modes: accelerating voltage 3,5...4,0 kV; electron flow current
optical materials were studied by domestic and foreign scientists, 175...200 mA,; cathode heating current 14,5 A; electron flow rate

including: Dubrovskaya G.N., Kanashevich G.V., Kotelnikov D.I.,  4,5...5,0 sm/s; the distance from the anode of the electron gun to
Lisochenko N.I., Marjan N.I., Yurkovich N.V. and etc. [8-10]. the surface being processed is 40 mm:; single pass treatment.
At the same time, among the methods for studying gradient Surface microgeometry was studied by atomic force

structures, the most promising are analytical methods of scanning microscopy on an instrument «NT-206» (manufacturer:
probe microscopy. The atomic force microscopy method [11] has «Microtestmashines Co.», Belarus) with silicon probes «Ultrasharp
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CSC12», by the system of micro-positioning and a Logitech
integrated long-focusing optical microscope.

The method of determining the characteristics of the surface
layer of materials allows determining and controlling the thickness
of the gradient layer, the topology of the interface “gradient layer -
the basis of the material”, surface microrelief, etc. and is unique in
essence, since it allows to obtain high-precision results of
microgeometry values and characteristics of the surface layer with a
thickness of 10 nm to 6 um. To determine the characteristics of a
gradient layer that forms on the surface of optical glass, an
experimental-calculation technique is used based on a certain
degree of probe slippage over the sample (in fact, complex bending
and torsional moments occurring in the cantilever) as a result of
friction forces [11].

In general, the preparation of AFM and samples for the
research of thin surface structures on them, as well as the scanning
of the surface in dynamic and static modes, are carried out similarly
to the steps carried out for the integrated control of the
characteristics of optical materials [11]. The main difference in the
sample preparation procedure is that for gradient structures, the use
of chemical-mechanical treatment is unacceptable because of the
possibility of significant damage to surfaces [12].

In order to correctly select the parameters of load and delay in
determining the mode of monitoring the characteristics at the first
stage of research, it is necessary to establish the thickness of the
gradient layer as accurately as possible [13].

For this, depending on the type of gradient layer (discrete or
solid), you can apply two approaches. Determining the thickness of
a discrete layer using the method of AFM is carried out in the
following sequence.

after preparing the sample and installing it on the AFM stage,
turning on the device and launching the "SurfaceScan" control
program on the "Area" panel of the control program, select the scan
area with a clearly defined feature of the applied coating;

departing from this boundary in the direction of the gradient at
a distance of 1.5 — 2 microns, they automatically lead the probe to
the surface in static mode by pressing the "Auto Z Approach”
button on the "Main" panel;

fter the completion of the automatic summing process on the
"Main" panel, pressing the manual up-down buttons with a
minimum step of 0.2 nm reaches a value that is half the indications
of the "Z" indicator on the "Indicators" panel;

conduct manual removal of the probe from the surface at 1000
steps (that is, at a distance of 0.2 um);

moving the probe relative to the boundary of the applied
coating towards the surface without a gradient layer (as in the
previous case - at a distance of 1.5 - 2 microns from this boundary);

in manual mode, the probe is brought to the surface by 1000
steps (0.2 um) and further, step by step, until the reading of the "Z"
indicator on the “Indicators" panel changes its value (will
correspond to the distance of the beginning of the action of the
intermolecular interaction forces - the distance to the surface of the
order of 0.5 -1 nm);

according to the formula: h = mk, where
h — thickness of the studied structure, nm; m — the number of steps
taken in manual mode by the operator when leading the AFM probe
to the surface; k — minimum distance at which the probe approaches
the surface in one step (k=0,2nm); calculate the probable
thickness of the gradient layer.
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The absolute error of determining the thickness of the layer by

this method does not exceed 1 nm.

In the case of a solid gradient layer, its thickness is determined by
the AFM method as follows.
after preparing the sample and installing it on the AFM
stage, turn on the device and run the "SurfaceScan" control
program. In the "Area" panel of the control program, an area is
selected and a point on it at which the determination of the layer
thickness will be carried out;
the spectroscopy procedure is selected at the point on the
"Main" panel;
the spectroscopy procedure is automatically performed at
the point when the "Start" button is pressed on the "Main" panel;
after completion of the procedure and graphical
construction of the static power spectroscopy function in the
visualization window of the measured data "View spectroscopy
data" (Fig.1), the AFM device automatically stops working. The
data obtained in the graph can be saved on disk in text or graphic
format using the file save dialog;
according to the graph (Fig.1l) determine the possible
thickness h of the researched gradient layer.
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Fig.1. Visualization window of static power spectroscopy

The thickness of the coatings obtained is checked by the
resonant-acoustic method [13] on the «UTITI-1M» instrument,
which confirms the high accuracy of the method for determining the
thickness of the gradient layer in optical surfaces described in the
work.

Determination of geometric parameters of gradient structures.
To determine the geometrical parameters of the gradient structures,
after sample preparation and AFM adjustment for operation, the
surfaces to be examined are scanned to select the place of the
tribological research. Further, by selecting the operation mode of
the device “Tribological Line”, the line for conducting the study is
determined - a homogeneous surface without inclusions and abrupt
differences in relief. At the same time, increasing load should be
specified 03-1 mN), load time 15-
6 ms) and the number of tribological lines (tracks) — from
31t05[15].

According to the dependence of the force on the depth of
penetration of the probe, displayed on the screen, the change in the
density of the investigated materials is estimated by thickness. After
that, the location of the tribological scanning line is scanned. As a
result, the volume of the stamped material and the volume of the
displaced material in the strain on the boundary of the scanning line
are determined. Next, the refractive index is calculated as the ratio
of the density change in the gradient layer over its thickness (on the
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other hand, this is the ratio of multiplication of the wiping track
width | by the probe load force P to the multiplication of its height h
by the track surface area S and the effective Young's modulus of
sample E): n=(I'P) / (h'SE).

Thus, the above method for determining the geometric
parameters of the gradient structures of optical materials using the
AFM method allows determining the thickness of such gradient
layers, refractive index, etc. with an accuracy of 8-12%.

3. Results and discussion

As a result of the experiments conducted and the study of their
results, the thickness was determined and the averaged value of the
refractive index was calculated on samples of optical glass K8 and
photographic plates. The thickness and refractive index of the
gradient structure on the optical glass was determined by the
sclerometric method under the following conditions: probe load
when exposed to K8 glass — 6,2:10% N; when acting on a
photographic plate — 6,4-10* N. The AFM images of the result of
sclerometry on the K8 optical glass are shown in Fig.2.

0 1 2 3 4 5 6 7 £ 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Leght 1-2,

Fig 2. AFM images (a) and Topogram (b) of the result of
sclerometric determination of the thickness of the gradient structure
on the K8 optical glass

As can be seen from Fig. 2, the intensity of the tracks obtained
as a result of the action of the probe and the surface area of the
surface increases and is continuous, which indicates the
homogeneity of the density distribution of the material over the
thickness of the optical glass (i.e., the gradient structure should
gradually (not discretely) change the refractive index over its
thickness), and, accordingly, the high accuracy of determining the
refractive index n, which was confirmed by an alternative method
for determining the refractive index, namely, by the goniometric
method. (device: T'-5). In general, studies of single-type samples,
which were carried out in series, showed a high convergence of the
results of determining the refractive index, the value of which for
different samples is given in tabl.1.

Tabl. 1. The results of the study of gradient structures in optical glass K8

Sample number Estimated gradient layer Refractive index (averaged value), n
thickness, pm Estimated value | The value is obtained by goniometric method (I'-5)
Sample 1 15,6 1,85 1,9
Sample 2 18,3 1,93 2,0
Sample 3 19,0 2,01 2,0
Sample 4 215 2,11 1,95
Sample 5 25,8 1,92 2,0
Reference sample 32,4 2,05 2,1

As can be seen from the data presented in table 1, the accuracy
of determining the refractive index correlates with the values
obtained by the goniometric method (the discrepancy between the
calculated and goniometric values does not exceed 8%). Similar
results have also taken place for researches carried out for
photographic plates.

According to the results of the study, it is clear that the
calculated values of the refractive index are somewhat higher than
the goniometric ones. This may be due to the fact that for optical
glass, the hardness of which is commensurate with the hardness of
the indenter, the probe “sticks” on the surface and leads to a slight
(about 3-8%) increase in the refractive index compared to
goniometric data. However, taking into account the subjectivity of
determining the refractive index (determined in arbitrary units), the
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discrepancy between the calculated and alternative method values
of the refractive index can be considered as acceptable, and the data
obtained by the proposed sclerometry method correspond to reality.

In parallel with determining the thickness of the gradient layer
and calculating the refractive index of the gradient structures in
optical glass, a connection was established between the modes of
electron-beam modifying (specific power P, kW/m? and the speed
of the electron flow V, sm/s) the optical glass surface and the
thickness h (Fig.3) and the refractive index n of the gradient
structure in the glass (Fig.4).

It has been established (Fig.3, Fig.4) that with an increase in
the specific power, a nonlinear increase in the thickness of the
gradient structure occurs, whereas the refractive index also
increases with the increase in specific power, but almost linearly.
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Fig. 3. Dependence of the thickness h of the gradient structure in optical glass on the specific power P (a) and speed V (b) of the electron

flow
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Fig. 4. The dependence of the change in the averaged value of the refractive index n of the n gradient structure in optical glass on the

specific power P (a) and speed V (b) of the electron flow

At the same time, an increase in the electron flow rate leads to
a nonlinear decrease in both the thickness of the gradient structure
and the refractive index.

Such patterns (Fig.3, Fig.4), according to the authors, are
associated with time and energy flow acting on the surface of
optical glass. Thus, with an increase in heat flux, or a decrease in
exposure time, the heating of optical glass increases, which leads
both to a change in the chemical composition (volatile ions
evaporate from the surface, while the concentration of heavy ions
increases) and to change its physical characteristics (the melted
glass layer, as well as the reduction of microdefects and pores in the
surface layer). It should be borne in mind that, unlike metals, the
heating of which takes place in a very short time, optical glass,
having a relatively small thermal conductivity and a large heat
capacity, warms up much slower. The selection of electron beam
exposure modes allows you to control the penetration depth, as well
as the law of heat distribution (respectively, the optical density of
the material) across the thickness of the optical glass, is the basis of
the theory of creating gradient structures in an optical material.

4. Conclusion

As a result of the research, the expediency of using the atomic
force microscopy method to determine the geometric parameters of
gradient microlayers formed in the surfaces of optical materials by
the method of their electron-beam modifying was substantiated. To
this end, the article presents a method for determining the basic
geometric parameters (thickness of the gradient layer and refractive
index) of gradient structures based on the atomic force microscopy
method. The proposed method is based on the principle of the
complex application of various modes of operation of an atomic-
force microscope in one measurement cycle.

Regularities between changes in the refractive index and
modes of conducting electron-beam modifying the surface of
optical glass, as well as between the modes of electron-beam action
and the geometric parameters of the gradient structure on glass
(thickness and averaged value of the refractive index of the gradient
structure) are established.

Comparison of the obtained results with the results of
determining the thickness of the gradient layer and the averaged
value of the refractive index obtained by the alternative method of
goniometry on the I'-5 device showed high accuracy (the relative
error between the results obtained by various methods did not
exceed 8%) reliability (probability of failure-free determination of
values by the method of AFM, not less than 0,95) and the adequacy
of the proposed method.
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