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OF A TRANSIENT SURFACE LAYER
IN OPTICAL GLASS

1. Introduction

Optical properties of a transient layer with a broken structure that arises at the surface of op-
tical glass at its treatment have been considered. Rather often, the surface of optical elements
is considered to be perfect, although the actual inhomogeneous surface structure can have a sig-
nificant effect for precision physical experiments or novel technological problems. Furthermore,
the simulation of the surface layer structure and the corresponding optical characteristics, as
well as the study of a possibility to determine those parameters from the results of optical
researches, is also of theoretical interest, which is demonstrated in this work. Ellipsometric
measurements of optical glass specimens with a broken surface layer are carried out. When
modeling the angular dependences of the ellipsometric parameters tan 1 and cos 0, the near-
surface specimen region is considered as a stack of 500 thin layers, and the matriz method of
light reflection in this structure with regard for the interference phenomenon is used in calcu-
lations. Five models are tested for the optical profile of a nonuniform layer, whose parameters
are fitted to achieve the minimum of the target function describing the discrepancy between the
calculated and measured data. It is found that the theoretical models describe the optical prop-
erties of the specimens more accurately, if they make allowance for the inhomogeneous surface
layer. Nevertheless, the solution of the inverse ellipsometric problem turns out ambiguous, so
that additional measurements are required for the final choice of a model that would be ade-
quate to the actual morphological structure of the broken layer to be made. However, the key
advantage of the applied method consists in that it allows a direct registration of the optical
response of the system.
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interest consists in elucidating the structural features

A considerable body of works were devoted to the in-
spection of the quality of optical layers on the glass
and dielectric surface. Besides a purely applied as-
pect associated with the influence of surface layers on
the optical properties of surfaces (e.g., the surfaces of
intracavity elements in ionic and excimer lasers [1],
gradient optical elements [2—4], optical contacts [5,6],
and lightening coatings [3]), a considerable scientific
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and the peculiarities in the optical response of those
layers. This task can only be fulfilled by combining
and comparing the results obtained by various meth-
ods, such as ellipsometry, Auger spectroscopy, pro-
filometry, layer-by-layer etching, and others [2,7, 8].
The advantages of the ellipsometric method, when
studying a solid surface, consist in that it is non-
destructive, its implementation is relatively simple,
and it is very sensitive to structural changes in the
surface layer. However, in any case, this method re-
quires the application of some assumptions and a cor-
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responding theoretical model. At the same time, it
does not guarantee the uniqueness and unambiguity
of the solution obtained. An inadequacy of the model
chosen for the surface layer invokes difficulties, when
solving the inverse problem of ellipsometry [9]. The-
refore, a challenging task in such researches is a more
detailed elucidation of the issues concerning the ho-
mogeneity of the surface layer, the determination of
its thickness, and the distribution of the refractive in-
dex across the layer thickness. Taking all that factors
into account, this work is aimed at solving the inverse
ellipsometric problem for an optical glass specimen
with a certain transient layer at its surface, as well
as comparing the calculation results obtained in the
framework of a few assumptions about the morphol-
ogy of the surface layer and using a few theoretical
models of its structure.

2. Experimental Part

For researches in this work, we selected optical glass
specimens fabricated in the form of optical prisms
with polished faces. At the first stage of the ex-
periment, the prism refraction indices were deter-
mined. In so doing, the prisms were considered as
massive material (glass) objects. The goniometric
method was used to determine the least deviation
angle for a beam passed through a prism [10]. This
method is typical of similar problems and provides an
accuracy not worse than 0.01%. The results obtained
were in good agreement with the passport valuesfor
the applied glass brands (see Table 1).

At the second stage of the experiment, an auto-
mated goniopolarimetric device described in work [11]
was used to perform ellipsometric measurements of
light reflected from the polished prism surface. As a
result, the dependences of the restored linear polar-
ization azimuth 1 and the phase shift A between the
p- and s-components of reflected light on the inci-
dence angle 0 at the external prism face were deter-
mined. The measurements were carried out accord-
ing to the Polarizer-Sample-Analyzer (PSA) scheme,
by using the rotating-analyzer method. A light source
with the radiation wavelength A\ = 625 nm and the
full width at half-maximum (FWHM) of the corre-
sponding band equal to 10 nm was applied.

3. Theoretical Background

While solving the problem concerned, it was neces-
sary to select a physical model for the researched
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object and to solve an inverse ellipsometric problem
together with the optimization of its parameters. In
ellipsometry, as well as in other optical methods, the
adequacy of a model describing the reflecting system
of the examined object is estimated on the basis of
the maximum likelihood principle with the help of
the target function F(A®P qpexp Atheor gtheor )y
whose values depend not only on the experimental
and theoretical (calculated) data obtained for the
studied reflection system, but also on the type of a
model chosen for the surface layer with the refractive
index ny,(z), where m = 1+5 marks our theoretical
models [1]. In particular, in this work, the following
target function was used:

M
F= i Z [ (cos ALPr — cos A;XP)Q +

j=1
o2
+ (tan ¢;h°°r — tan ¢ ?) },

where M is the number of experimental measure-
ments.

The procedure of polishing the optical components
following a standard technology and their mechanical
processing give rise to the formation of a surface layer
with a broken structure. Furthermore, this structure
is deformed and stressed, with parameters which dif-
fer from those in the bulk [5, 6]. In order to avoid
damages, the thermal annealing of specimens is often
carried out. Therefore, when performing the ellipso-
metric analysis, the following mathematical descrip-
tion of the optical profile is used [1]:

e(z) = e1+ (e0 — 1) fm(q2),

where ¢ = 1/d is a characteristic reciprocal thick-
ness of the surface layer, ¢ the dielectric permittivity
at the interface “external medium-surface layer”, e;
the dielectric constant in the glass bulk, and f,,(¢z)
a characteristic function corresponding to the m-th

Table 1. Experimentally measured
refractive indices of optical glass specimens

. Refractive index n
Specimen Glass brand (A = 625 nm)
Prism 1 F1 1.610
Prism 2 TF3 1.713
Prism 3 K8 1.515
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Fig. 1. Experimental and calculated angular dependences of the ellipsometric parameters
tan v (panel a) and cos A (panel b) for a specimen of optical glass TF3 (Prism 2)

model. The dielectric permittivities ¢; are related to
the corresponding refractive indices n; through the
relation n; = Re /&; (i =0,1).

In this work, the following models are tested:

1) an optically homogeneous glass specimen with-
out any surface layer, i.e. f1 (¢z) = 0; the specimen
is characterized by a single refractive index value ng;

2) an optically homogeneous effective surface layer
on the substrate, so that f2 (¢gz) =1 at 0 < z < d;

3) an inhomogeneous surface layer, whose refractive
index changes linearly with the depth: f5(gz) = (1 —
—qz) at 0 < z < d;

4) an inhomogeneous surface layer, whose refrac-
tive index changes exponentially with the depth:
fa(gz) = exp(—¢qz) at 0 < z < o0;

5) an inhomogeneous surface layer, whose refrac-
tive index changes nonmonotonically with the depth
following the characteristic function f5(¢z) = (1—
—gz)exp(—qz) 0 < z < 0.

For models 2 to 5, the value of the glass refractive
index should asymptotically approach the standard
(passport) value for the corresponding glass brand
(see Table 1), as the distance from the specimen sur-
face into the depth increases. It should be empha-
sized that it is exactly the bulk index of refraction
that is given by the method of the refractive index
measurement on the basis of the least deviation an-
gle, because, according to the refraction law, the lay-
ers on the glass surface do not affect the inclination
of the beam propagating through them. However, we
emphasize that, in the spectroscopy of a violated to-
tal internal reflection, the value of the refractive in-
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dex in the surface layer has to be properly taken into
account.

The theoretical calculation of the dependences ¢ ()
and A(f) is carried out using the matrix method,
which is applied to the calculation of optical char-
acteristics at the light transmission through multi-
layer systems and which was described in work [12] in
detail. This method is based on determining the sta-
tionary amplitudes of the electric field strength at the
medium interfaces with regard for the phenomenon of
wave interference at multiple reflections.

The near-surface layer in optical glass specimens is
modeled as a stack of (k = 500) thin layers, whose pa-
rameter values were assigned in accordance with five
models described above. In this approach, the depen-
dences ¥ () and A(f) are calculated, as well as the
values of the target function F' that describes the de-
viations of those dependences from the experimental
data. The parameters of each model are optimized by
minimizing the value of the function F'. As a result,
the required profile of the refractive index variation
with the specimen depth is obtained.

4. Results and Their Discussion

The dependences of the quantities tan v and cos A
on the probing-beam incidence angle 6, both experi-
mentally measured and obtained as the result of sim-
ulations, are depicted in Fig. 1. Since they turned
out similar to each other, the corresponding depen-
dences for prism 2 only are exhibited as a typical
example. Moreover, since the difference between the
corresponding curves for models 2 to 5 is visually in-
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Fig. 2. Profiles of the refractive index n along the depth z of optical glass samples F1
(Prism 1), TF3 (Prism 2), and K8 (Prism 3) calculated for various theoretical models

significant, only curves for models 1 and 5 are shown
for the sake of comparison.

As one can see from Fig. 1, the dependence 1 (0)
does not reach zero in a vicinity of the Brewster angle
6 = 55°. This fact testifies to a residual ellipticity
of the reflected light, which does not correspond to
the light reflection from a perfect air-glass interface
described by the Fresnel formulas. Such a behavior of
the dependence () and the corresponding interval
Af (a spread of the incidence angles, within which
the phase falls from 7 to 0) completely characterize
the optical response of the surface layer.

The refractive-index profiles calculated for three
optical glass specimens in the framework of the
above-mentioned theoretical models are depicted in
Fig. 2. The corresponding thicknesses d of the sur-
face layers, the initial refractive indices mngtart, and
the values of the target function F' are summarized
in Table 2. For models 3 to 5, the thickness d of the
surface layer is considered to be equal to the depth
z, at which the refractive index differs by 0.5% from
the corresponding final value quoted in Table 1. The
initial refractive index ngiart is ascribed to the first
of 500 layers that simulates the near-surface optical
glass region. In model 2, nggary corresponds to the re-
fractive index of the effective layer. In the course of
calculations, the space increment was so selected that
the total depth occupied by the indicated 500 layers
would almost correspond to the given thickness d.

When analyzing the results obtained, one can see
that model 1 is the worst for the description of the op-
tical properties of specimens, because the correspond-
ing value of the target function F' is the largest. We
should emphasize at once that this fact confirms our
assumption about the presence of a transient layer,
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whose optical parameters differ from the bulk val-
ues, at the optical glass surface. The most different
is the result of model 1 for prism 2: the refractive
index turned out significantly underestimated. This
circumstance can be explained by the influence of a
chemical component used for the treatment of the
glass surface on it (more intensive glass leaching),

Table 2. Results of theoretical simulation
of surface layers in optical glass specimens

Specimen Prism 1 Prism 2 Prism 3
Model 1
F(m=1) 3.08e—2 8.86e—2 4.08e¢—2
d, nm - - -
Nstart 1.608 1.454 1.505
Model 2
F(m=2) 2.06e—4 3.0le4 1.68e-4
d, nm 20.7 76.0 22.9
Nstart 1.227 1.518 1.115
n 0.39 0.74 0.24
Model 3
F(m =3) 2.51e—4 2.58e—4 4.35e—4
d, nm 30.3 113.4 30.6
Nstart 1.001 1.418 1.001
Model 4
F(m =4) 8.21le4 2.3le4 2.03e-3
d, nm 44.4 234.7 49.2
Nstart 1.008 1.250 1.006
Model 5
F(m =25) 2.29e-4 2.19e4 1.94e-4
d, nm 189.8 686.4 170.4
Nstart 1.400 1.305 1.367
445



O.V. Makarenko, L.V. Poperenko, O.I. Zavalistyi et al.

which manifests itself extremely strongly in the case
of heavy flint glasses including TF3. Models 2 to 5 are
better, and the difference between the minimum val-
ues of the target error function F' is insignificant for
them. However, the corresponding layer thicknesses
differ considerably: this parameter amounts to about
200-700 nm for model 5 and about 20-200 nm for
models 2 to 4. Furthermore, the corresponding ng val-
ues are also different. In this connection, there arises
a problem concerning the adequacy of the selected
models to the actual specimen structure and a neces-
sity to make certain corrections to them.

In a number of works, some variants for the struc-
ture of a rough surface layer were considered. For
instance, a model of effective layer on silicon was
analyzed in work [13]. The cited authors considered
the specimen surface to be rough, and the tran-
sient layer as a mixture that is partially filled with
air and partially with silicon. In the framework of
the Bruggemann effective-medium model, the corre-
sponding fractions of those media in the layer are
described by filling factors. In the simplified case of
two-component effective layer, we have the following
relation [14]:

eff g0 — Eeff

+ (=1 _———=F =0,

go + 2e°ft

g1 —¢
n€1 + 9e°ft

where 7 is the filling factor of glass in the effective
layer, and e, €9, and & are the dielectric con-
stants of glass, medium (air), and effective layer,
respectively.

The thicknesses of effective layers in glass, which
we determined using this approach, are in good agree-
ment with the root-mean-square values for rough sur-
faces that correspond to the surface finish class from
11 to 13 [15]. The corresponding filling factors 7 for
the effective layer are quoted in Table 2.

A three-layer model of the optical glass surface
was considered in work [5]. The cited authors asso-
ciated the surface layer inhomogeneity with the sur-
face roughness, the presence of cracks in it, a certain
structural loosing or compacting owing to local defor-
mations or glass leaching at various depths as a result
of the chemical-mechanical action on the surface at its
treatment.

The variation n(z) of the refractive index with the
depth, which was obtained in model 5, as well as
the estimated layer thickness, is in good agreement
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with the results of works [1, 6, 16]. However, the fi-
nal answer to the questions concerning more precise
parameter values, the optical response of the layer
formed at the optical glass surface, its real thick-
ness and homogeneity degree cannot be obtained, of
course, only from ellipsometric results. For this pur-
pose, researches with the application of the layer-by-
layer etching into the glass depth, as well as auxil-
iary methods for the analysis of the morphological
structure of the optical glass surface, would be perti-
nent. Under such conditions, the Auger-spectroscopy
and profilometry methods would make it possible to
ultimately choose a model among the proposed theo-
retical ones, which would be the most adequate to
the real layer morphology. On the basis of conclu-
sions made in works [1, 6], model 5 is the most suit-
able for the layer at the optical glass surface, because
it involves the specific features of its formation in
the course of glass treatment and when finishing the
physico-chemical state of the glass surface to a surface
finish class of 13-14 [15].

5. Conclusions

With the help of the ellipsometric diagnostics of opti-
cal glass specimens, the presence of a transient layer
at their surface is detected. This layer emerges as a
result of the mechanical treatment and the polishing
of a massive glass specimen when manufacturing op-
tical components.

A comparison of the solutions obtained for the in-
verse problem aimed at the determination of optical
characteristics of this layer in five various models tes-
tified to the inhomogeneous (layered) structure of the
specimens. The calculation results obtained for vari-
ous profiles of the refractive index along the speci-
men depth give rise to the values of the surface layer
thicknesses that can vary from tens to several hun-
dred nanometers. However, only the results obtained
for model 5 with a layer thickness of 190690 nm
are in agreement with the corresponding values for
glass surfaces obtained, by using standard treatment
methods.

Despite a good consistency of the results describ-
ing the optical response of the transient surface layer
obtained in model 5 with the data of other fundamen-
tal researches, where a nonmonotonic dependence of
the response on the specimen depth was found, the
ultimate answer to the question concerning the mor-
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phological structure of the transient surface layer re-
quires that precision methods for the analysis of the
atomic structure of deep layers should be applied. Ho-
wever, the method of ellipsometric surface diagnostics
used in this work has a crucial advantage, if compared
with such methods of determination of the morphol-
ogy and composition of the surface layer as atomic
force microscopy and Auger spectroscopy. Namely,
our method provides a direct registration of the op-
tical response from the researched structure, whereas
the indicated methods make it possible to determine
only its morphological structure, but not the optical
parameters.
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EJIITIICOMETPIYHA ATATHOCTUKA
ITIOBEPXHEBOI'O IIAPY OIITUYHOI'O CKJIA

Pesmowme

PosrisinyTo onTuyHI BJIACTHBOCTI IEPEXiTHOrO IOPYIIIEHOI'O
mapy Ha IIOBEPXHI ONTUYHOro ckJa. Haifuacrime moBepxHi
OITHYHUX €JIEMEHTIB BBAXKAIOTh 1/1€aJIbHUMH, X04a JIJIs TOYHUX
dI3UYHIX EKCIIEPUMEHTIB UM HOBITHIX TEXHOJIONIYHUX 3a1ad
peaJjibHa HEOJHODi/IHA CTPYKTypa IMOBEPXHI MOXKE MaTH CYTTE-
Buil BrtuB. [lo TOro 2K, MOZEIIOBaHHSI OYJOBH IIOBEPXHEBOIO
mapy, #oro ONTUYHUX XAPAKTEPUCTHK 1 JIOCJIIXKEHHSI [TUTaH-
HsI [IPO MOXKJIMBICTH X 3HAXO/PKEHHS 3a Pe3yJIbTaTaMU OITH-
YHUAX JOCJIiPKEHb CTAHOBJISTH I TEOPEeTUYHHI iHTepec, IO #
3’sicoByBaHO y JaHiit podori. Bysio nposeneHo esiricomerpuyni
BUMIiPIOBaHHS 3pa3KiB OINTHYHOI'O CKJIA, IO MICTATH IOPYIIe-
Huil map. s MofeoBaHHs KyTOBUX 3aJIE2KHOCTEN eJlincoMe-
TpUYHUX Napamerpis tan(t) i cos(A) npunosepxueBy 0671acTh
3pa3Ka OPEeACTaB/IslIN K nocainoBHicTh 500 TOHKHX IIapiB i
3aCTOCOBYBAJIM MATPUYHII METOJ PO3paxyHKY Bi/IOMBaHHS CBi-
TJIa TAKOIO CTPYKTYPOIO i3 BpaxyBaHHSM SIBUIIA iHTepdepeH-
uii. Byso B3sito 5 Mozeseit onrudHoro npodiiro HeomHOPIAHO-
ro Imapy, apamMeTrpu SKUX OINTHUMIi3yBaJju JO JOCATHEHHS Mi-
HIMAJIBHOTO 3HAYEHHS I1IH0BOI (PyHKI] BiAXUIEHHS MiXK PO3-
paxOBaHMMU Ta BUMIPDIHUMH JaHUMU. BcTaHOBIIEHO, IO TEO-
peTuvHi Mozesi 3 BpaxyBaHHAM HEOJHOPITHOIO I1apy TOYHIIIe
OIUCYIOTh OIITHUYHI BJIACTUBOCTI 3Pa3KiB, ajie BCe K PO3B’SI30K
obepHeHO1 3aJa4i eJrincoMeTpil He € oHO3HaYHUM. | Xoua JIst
OCTATOYHOrO BHOOpPY MOZesi, aZeKBaTHOI peasbHiil MopdoIo-
riyHiii 6y10BI MOPYIIEHOrO IIapy, HEOOXimHi 101aTKOBI BUMI-
PIOBaHHS, KJIIOYOBA IIepeBara BUKOPUCTAHOIO METOLY IIOJISIra€
B TOMY, IO BiH 0e3rocepe/HbO 3abe3ledye peecTpaliio came
OITUYHOIO BiAIYKY CHCTEMU.
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