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“IN-GAP” SPECTROSCOPY:
REFLECTED-WAVE PHASE AND FILM
CHARACTERIZATION

Optical methods that are used to characterize the state of a surface covered with films are
based on the measurement of either the ratio between the complex reflection coefficients for
mutually orthogonal light polarizations (ellipsometry) or the magnitudes of reflection coeffi-
cients themselves; afterward, the parameters of films such as their number, thicknesses, and
transparencies can be determined by the fitting, while solving the corresponding inverse prob-
lem. In order to extend the set of quantities that can be measured experimentally, a method is
proposed that allows the phase of the reflected light wave to be determined, by analyzing the
spectral features for light reflected from a plane-parallel gap between the surface of analyzed
specimen and upper window. In particular, the spectrum obtained, by using the “moving speci-
men” procedure, can be transformed into the spectral dependences of the magnitude and phase
of the reflection coefficient. As a result, the inverse problem of finding the dielectric permit-
tivity of a single-layer film is reduced to the solution of a linear matrix equation, which makes
the proposed method more advantageous in comparison with the ellipsometric one, for which
there is no direct relationships between the ellipsometric angles and the physical parameters
of the film.
K e yw o r d s: interferometry, wave phase, surface characterization, inverse problem.

1. Introduction
A variety of single- and multilayer films that differ
from one another by their chemical compositions and
creation methods is typical of practically every mod-
ern technology. Those films include relatively sim-
ple anticorrosion or antireflection coatings, multilayer
dielectric mirrors, and coatings with specific (and
controlled) photosensitive, catalytic, photo-catalytic,
magnetic, and other properties. These are also mod-
ern complex devices for the information storage and
transmission, in which multilayer films with a com-
plicated architecture of every layer are applied, as a
rule [1].
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Requirements to the quality and accuracy of the
film fabrication become more and more severe and
generate the challenge to develop new methods for
characterizing the parameters and properties of the
films at every stage of technological process, proceed-
ing from the development and research of the films
with new properties to the development of a film de-
position technology and, finally, the monitoring of the
fabrication process (preferably, in-situ). Among the
methods of nondestructive film control (with a possi-
bility to use in-situ diagnostics), optical methods of
characterization became very important. As a rule,
they are aimed at determining both the film thick-
ness 𝑑film and the spectral dependence of the com-
plex refractive index 𝑁 (𝜈) = 𝑛 (𝜈) + 𝑖𝜅 (𝜈), where
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𝑛 (𝜈) and 𝜅 (𝜈) are the dependences of the refractive
index and the absorption index, respectively, on the
wave number 𝜈. The results of such measurements al-
low the phase state of the film (amorphous or crys-
talline), the phase ratio (e.g., rutile/anatase in the
case of titanium dioxide), the film surface roughness,
the porosity (if a homogeneous film is grown with the
help of a pore-forming material), the semiconductor
band-gap width, and the type of optical transition in
the semiconductor (direct or indirect) to be evalua-
ted [2, 3].

The kit of applied optical methods became rather
stable during a long period of their usage. The meth-
ods described below do not include refractometers of
various types, because their automatization in order
to measure spectral dependences is difficult.

∙ Sometimes, when the dielectric permittivity of a
bulk substance (or a film with a known thickness)
is determined, the absorption coefficient is calculated
first from the spectral data obtained for the coeffi-
cients of light reflection and transmission. Afterward,
the real part of the dielectric permittivity is found
by using the Kramers–Krönig relations [4, 5]. A sig-
nificant shortcoming of this method is a necessity for
measuring the film absorption in the middle and far
ultraviolet range.

∙ The spectra of the light energy reflection, 𝑅 (𝜈),
and transmission, 𝑇 (𝜈) , coefficients have an os-
cillatory character for films owing to the interfer-
ence between the waves reflected from the both film
sides. The extrema in the both dependences approx-
imately correspond to the resonance and antireso-
nance of reflected waves. In order to specify the posi-
tion of extrema, the transcendental equations, which
involve the monotonic character of the dependences
𝑛 (𝜈) and 𝜅 (𝜈), have to be solved in the general
case. A film characterization procedure with the help
of approximate relationships for the extrema was de-
scribed in works [6–8]. Experiments of this type are
attractive owing to their simplicity: it is enough to
measure any of the dependences, 𝑅 (𝜈) or 𝑇 (𝜈). But
they have at least two shortcomings. Firstly, in the
case of thin films with the thickness 𝑑 < 0.5 𝜇m,
the number of extrema is too small. Therefore, ex-
act relationships have to be used when determining
the spectral dependences. Moreover, the information
about the 𝑅 (𝜈) or 𝑅 (𝜈) dependence in the intervals
between the extrema is also desirable. Secondly, even
in the case of a homogeneous single layer, the mea-

surement data obtained for only one quantity describ-
ing the transformation of light energy are not enough
to determine two dependences, 𝑛 (𝜈) and 𝜅 (𝜈). The-
refore, there arises a necessity for measuring the spec-
tral dependence of the amplitude reflection coefficient
𝑟 (𝜈) (𝑅 (𝜈) = |𝑟 (𝜈)|2), which describes both the mag-
nitude and the phase of a reflected wave.

∙ The films of amorphous semiconductors are some-
times characterized by fitting experimental data ob-
tained for 𝑅 (𝜈) or 𝑇 (𝜈) with the help of a model
function for the dielectric permittivity of a semicon-
ductor [9–11].

∙ Various kinds of ellipsometry (multiple-angle
monochromatic ellipsometry, spectral ellipsometry,
etc.) are considered to be the most reliable and exact
methods [12–16]. Experimentally measured are the
ellipsometric angles Ψ(𝜈) and Δ(𝜈), which are re-
lated to the ratio of the complex amplitude reflection
coefficients 𝑟𝑝 (𝜈) and 𝑟𝑠 (𝜈) for the 𝑝- and 𝑠-polarized
waves, respectively, by the formula

𝑟𝑝 (𝜈)

𝑟𝑠 (𝜈)
= tanΨ (𝜈) exp [𝑖Δ(𝜈)].

A unique advantage of ellipsometry is its ability to
provide information about the difference Δ(𝜈) be-
tween the phases of the reflected waves with the 𝑝-
and 𝑠-polarizations.

The available optical methods were developed ra-
ther long ago and can characterize films quite well.
However, to our knowledge, none of them can be used
to measure the phase of each of the amplitude coef-
ficients separately. The development of a method for
the measurement of the spectral dependences of those
phases is the main purpose of this work. The knowl-
edge of the phases makes it possible to completely
restore the complex coefficients 𝑟𝑝(𝜈) and 𝑟𝑠(𝜈), thus
supplying the maximally full information about the
specular reflection from any surface. One should ex-
pect that the information completeness will be espe-
cially useful for reproducing the physical properties
of films and clean surfaces (the solution of the inverse
problem) in complicated cases, since the database for
calculations will be significantly extended. These may
be systems, in which reflection is modulated by ex-
ternal factors (e.g., an inverse layer near the semi-
conductor surface), or systems with a complicated
(and unusual) spectral dependence of the reflected
wave phase (e.g., surface plasmons). Finally, these
may be systems, in which the boundary conditions
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for light reflection are more complicated than those
for an isotropic dielectric film considered in this work
(e.g., anisotropic films, systems with excited excitons
or any other additional waves, and so forth).

Another purpose of this work consists in studying
whether the information completeness is also useful in
the case of simple systems. Namely, whether experi-
mental data concerning only the reflection spectrum
are enough or not for a complete solution of the in-
verse problem in the case of a thin single-layer film.

The structure of the paper is as follows. In Sec-
tion 2, an idea of the method for measuring the phase
of the amplitude reflection coefficient is explained. In
Subsection 3.1, the method is illustrated by a re-
flectance spectrum calculated in a typical case of the
thin film of a model semiconductor. A numerical anal-
ysis of the spectrum is described in Subsection 3.2. A
general idea of solution of the inverse problem is dis-
cussed in Subsection 3.3. Subsection 3.4 demonstrates
how this solution can be implemented on the basis of
only the reflection spectrum data. Calculation details
are given in Appendix.

2. Idea of the Method

By definition, the phase of the amplitude reflection
coefficient is the difference between the phases of the
incident and reflected waves at the surface. In princi-
ple, in order to measure this difference, it is enough
to make the both waves interfere. That will do for
the direct phase measurements in the radio frequency
range. In the optical spectral range, there arises a
problem to relate the measured optical signal inten-
sity with the phase difference of interfering waves.

When comparing various methods for the deter-
mination of the phase difference (the interference
phases), it should be noted that a single measure-
ment of the intensity is not enough to extract the
phase difference, because the signal intensity also
depends on the wave magnitudes. Therefore, there
emerges the necessity for multiple measurements, for
which the phase difference varies by at least 2𝜋. Sig-
nificant progress in the experiments of this type can
be achieved provided that a coherent light source
is used. For instance, in the case of digital holo-
graphic microscopy (DHM) [17–19], there arises a
monochromatic two-dimensional pattern of interfer-
ence between the examined optical front and a plane
reference beam. An analysis of this picture following

a special algorithm [20] allows the distrubutions of
both the front amplitude and phase to be extracted
from the set of spatial measurements.

In the case of scanning near-field optical microsco-
py (SNOM), a monochromatic field that is formed by
the diffraction at small structures is tested with the
help of an optical fiber tip. The latter supplies light to
one of the fiber interferometer arms [21]. In the het-
erodyne variant of this method [22], the frequency-
shifted reference signal is supplied to the other arm,
and the magnitude and phase of the optical field at a
certain point in the space are determined by hetero-
dyning the total signal, i.e. by analyzing how the set
of interference measurements changes in time. The
spatial field distribution is measured by scanning it
with the help of the fiber tip, so that the resolution
of the method exceeds the diffraction limit.

Numerous methods of phase shift interferometry
[23–26] were developed to evaluate the shape and
roughness of optical surfaces or to profile microelect-
ronic objects. They are based on the set of monochro-
matic interference measurements that arises when the
phase shift along the reference arm of an interferom-
eter is controllably varied by displacing the mirror
or the diffraction grating, rotating the glass etalon
plate, changing the laser frequency, or rotating the
polarization devices.

At the same time, the profiling interferometry tech-
niques such as coherent scanning interferometry or
optical coherent tomography [27–29] use low-coherent
(“white light”) sources and the modulation of refer-
ence arm length. Actually, they measure the distance
to certain surface fragments rather than the phase of
the field, because the interference signal is observed,
only if the optical path difference does not exceed the
light coherence length.

Even this simplified review of interferometric phase
measurement methods demonstrates that they are
strongly different, and their application depends on
the measurement purpose and conditions. At the
same time, they do not provide the measurement of
the interference phase in a more or less wide spec-
tral interval. In this paper, we show that the stated
goal can be achieved, by using only a set of spec-
tral measurements. The main idea of the proposed
method consists in creating the interference of the
incident and reflected light beams with a constant
optical path difference between them. In this case,
the additional interference oscillations are imposed
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Fig. 1. The “Film-in-Gap” structure: schematic diagrams of
the reflection spectrum (𝑎) and reference spectrum (𝑏) measure-
ments: (0 ) external environment (air, 𝜀0 = 1); (1 ) transparent
window with the dielectric permittivity 𝜀1; (2 ) plane-parallel
air gap with the thickness 𝑑2 and the dielectric permittivity
𝜀2 = 𝜀0 = 1; (3 ) film with the thickness 𝑑3 and the dielectric
permittivity 𝜀3; (4 ) substrate with the dielectric permittiv-
ity 𝜀4

on the oscillations in the surface reflection spectrum
(e.g., these are oscillations of the film reflection co-
efficient 𝑅 (𝜈) associated with the film thickness and
described in Introduction). The period of new oscilla-
tions is determined by the optical path difference and
can be made arbitrarily short to trace the features in
the 𝑅 (𝜈) spectrum. The exact value of their phase
is unambiguously related to the phase of the ampli-
tude reflection coefficient for the film-covered surface,
𝑟film (𝜈).

The structure proposed for the implementation of
this idea is depicted in Fig. 1, 𝑎. It can be called the
“Film-in-Gap” (FiG) structure. The plane-parallel air
gap 2 of the thickness 𝑑gap = 𝑑2 is formed from
one of its sides by film 3 characterized by the thick-
ness 𝑑film = 𝑑3 ≪ 𝑑2 and the dielectric permittivity
𝜀film (𝜈) = 𝜀3 (𝜈). The film is deposited onto trans-
parent substrate 4. From the other side, the gap is
confined by transparent window 1. The light beam
falls on the structure at the angle 𝛼. The reflected
light is focused by lens L at the light guide inlet and
is directed to spectrometer SpM. Below, for simplic-
ity, we assume that

∙ the dielectric permittivity of air 𝜀0 = 1;
∙ the window and the substrate are made of the

same transparent isotropic material, so that 𝜀4 (𝜈) =
= 𝜀1 (𝜈) and Im 𝜀1 = 0;

∙ the film is optically isotropic and, in a certain
spectral interval, absorbing, i.e. Im 𝜀3 ≥ 0;

∙ the incident wave is 𝑠-polarized.

From the experimental viewpoint, this optical scheme
has a number of advantages. In the case of light reflec-
tion at a substantial angle with respect to the normal
and provided that the substrate and the window are
sufficiently thick, there appears a possibility to sep-
arate the beam that is coherently reflected by three
closely located interfaces (window-gap, gap-film, and
film-substrate) from other two beams that are re-
flected by external sides of the structure and carry
no significant information (Fig. 1, 𝑎). The spectral
dependence of the separated beam intensity will be
denoted by 𝑅FiG (𝜈). In addition, the reflection spec-
trum can be conveniently and accurately normalized
on the basis of the “moving specimen” principle. For
this purpose, it is enough to remove the substrate to-
gether with the film and measure the reference reflec-
tion spectrum 𝑅ref (𝜈) (Fig. 1, 𝑏) without changing
the lens and fiber optic guide positions.

The main advantage of this scheme consists in that
the phase of the wave reflected from the structure
manifests itself in the experimental reflection spec-
trum 𝑅FiG (𝜈) as short-period oscillations, which are
convenient for the numerical analysis. Note also that
the gap sides form an asymmetric Fabry–Perot in-
terferometer, and the lower side of the window plays
the role of a beam mixer. The light reflected from the
latter is a superposition of the incident beam and the
beam reflected by the film, with the superposition
coefficients depending only on the refractive index of
the window material and the gap thickness.

The exact solution of the problem of 𝑠-polarized
light transmission through an arbitrary layered struc-
ture is presented in a compact form in Appen-
dix. Using expressions (D5) and (D6) for the refer-
ence reflection amplitude 𝑦refwin (𝑧2, 𝜈) and the reflec-
tion amplitude 𝑦FiGwin (𝑧2, 𝜈) for the FiG structure, re-
spectively, we obtain the following relation between
the normalized reflection spectrum of the structure,
𝜌 (𝜈), and the reflection amplitude 𝑟film (𝜈) from an
arbitrary film (in the general case, from an arbitrary
surface):

𝜌 (𝜈) =
𝑅FiG (𝜈)

𝑅ref (𝜈)
=

⃒⃒⃒⃒
𝑦FiGwin (𝑧2, 𝜈)

𝑦refwin (𝑧2, 𝜈)

⃒⃒⃒⃒2
=

=
1 + 𝑟−2

12 |𝑟film (𝜈)|2 + 2𝑟−1
12 |𝑟film (𝜈)| cos𝛽 (𝜈)

1 + 𝑟212 |𝑟film (𝜈)|2 + 2𝑟12 |𝑟film (𝜈)| cos𝛽 (𝜈)
. (1)

The spectral dependence of the reflection amplitude
from the window-gap interface, 𝑟12 (𝜈), is considered
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to be a known function. The phase of short-period
spectral oscillations

𝛽 (𝜈) = arg (𝑟film (𝜈)) + 4𝜋𝜈𝑑2
√
𝜀0cos𝛼 (2)

differs from the phase of the coefficient of reflection
from the film 𝜙 (𝜈) = arg (𝑟film (𝜈)) only by a term
that linearly depends on the wave number 𝜈. This
circumstance makes it possible, by processing the ex-
perimental reflection spectrum, to find not only the
magnitude 𝑚 (𝜈) = |𝑟film (𝜈)|, but also the phase 𝜙 (𝜈)
of the complex amplitude reflection coefficient of the
film, 𝑟film (𝜈) = 𝑚 (𝜈) exp [𝑖𝜙 (𝜈)], and thus to com-
pletely restore this parameter.

Hence, spectrum (1) contains as much information
as possible about the specular light reflection at the
angle 𝛼 from a film on a substrate. As far as we know,
this is currently the only experimental method with
the described capabilities. This fact distinguishes it
from other experimental methods, in which only a
piece of the required information can be extracted. It
is evident that the additional experimental possibili-
ties make it possible to pose new problems and pro-
pose new solutions for old ones. In so doing, the spe-
cific methods and procedures of data processing can
vary depending on the research purpose, the quality
of experimental data, and so on. For instance, in the
next section, a new approach to the “eternal” inverse
problem of finding the dielectric permittivity of a thin
single-layer semiconductor film is proposed.

3. Numerical Calculations
for a Single-Layer Film

The calculations, which results are presented below,
were carried out not only to illustrate the proposed
method, but also to demonstrate the procedure of
solution of the inverse problem: how the amplitude
reflection coefficient of the film 𝑟film (𝜈) and, after-
ward, the film thickness 𝑑 and dielectric permittiv-
ity 𝜀film (𝜈) can be calculated, by using only the
normalized reflection spectrum of the FiG structure
𝜌 (𝜈). The solution accuracy provided by numerical
procedures is an important factor. Therefore, in Sub-
section 3.1, the reflection spectrum is calculated in
the typical case of a thin single-layer amorphous semi-
conductor film. The spectrum imitates data that can
be measured experimentally and serves as a basis for
the further solution of the inverse problem. The anal-
ysis of this spectrum is described in Subsection 3.2. It

allows the film reflection magnitude |𝑟film (𝜈)| and
the phase of short-period oscillations 𝛽 (𝜈) to be
extracted. The procedure of calculation of the film
thickness, as well as the spectral dependences 𝑟film (𝜈)
and 𝜀film (𝜈) for the known gap thickness, is described
in Subsection 3.3. Finally, the procedure of refine-
ment of the gap thickness is described in Subsec-
tion 3.4.

3.1. “Film-in-Gap” reflection spectrum

Two requirements were stipulated for model calcu-
lations, which results are summarized below. First,
these results should correspond as much as possible
to a possible experimental data in the optical spec-
tral interval corresponding to wave numbers 𝜈 = =
1÷3 𝜇m−1, which draws enhanced attention. Second,
it would be desirable to demonstrate the asymptotic
behavior of the spectrum at low frequencies, 𝜈 → 0,
focusing special attention on the phases of the short-
period spectrum and the amplitude reflection coef-
ficient of the film. Unfortunately, this requirement
takes us beyond the validity scope of expressions that
approximate the refractive index of optical materi-
als. However, in the case of demonstration calcula-
tions, such an extrapolation seems to be acceptable.

Fused quartz is a typical material for the fabri-
cation of the window and the substrate. Its trans-
parency interval extends from the near IR to the mid-
dle UV range [5]. In this interval, its dielectric permit-
tivity is described by the Sellmeier formula, which co-
efficients were published in work [30]. When calculat-
ing the model spectrum of the quartz refractive index
𝑛𝑓𝑠 (𝜈), only two terms in the formula were used. The
third term describing the absorption in the middle IR
range was omitted. It is important that the omitted
term has little effect on the results obtained for the
spectral interval that attracts experimental interest.

In calculations, we assumed that a semiconductor
film of amorphous TiO2 with the thickness 𝑑film =
= 𝑑3 = 0.15 𝜇m was deposited on the substrate.
When calculating the absorption spectrum, the di-
electric properties of the film, according to the Forou-
hi–Bloomer approximation [9,10], were approximated
by the following expression:

𝜅film (𝜈) =

⎧⎨⎩0, 𝜈 < 𝜈𝑔,

𝐴 (𝜈 − 𝜈𝑔)
2

𝜈2 −𝐵𝜈 + 𝐶
, 𝜈 ≥ 𝜈𝑔,

(3)
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Fig. 2. Spectra of the model refractive and adsorption in-
dices for the substrate, 𝑛𝑓𝑠 (𝜈), and the film, 𝑛film (𝜈) and
𝜅film (𝜈)(𝑎). Normalized reflection spectrum of the “Film-in-
Gap” structure 𝜌𝑋 (𝜈) (𝑏)

where 𝜈𝑔 is the wave number corresponding to the
semiconductor bandgap width. The values of the pa-
rameters 𝐴, 𝐵, and 𝐶 depend on the position, width,
and strength of the electron transition. In order to
satisfy the Kramers–Krönig relations, the spectrum
of the refractive index has to be expressed by the fol-
lowing formula:

𝑛film (𝜈) = 𝑛∞ +
𝐵0𝜈 + 𝐶0

𝜈2 −𝐵𝜈 + 𝐶
, (4)

where the coefficients 𝐵0 and 𝐶0 are algebraic func-
tions of the parameters in expression (3). Numeri-
cal values of all required parameters were calculated
from experimental data in work [9]. In calculations,
the model dielectric permittivity of the semiconduc-
tor film was approximated by the following expres-
sion:

𝜀3(𝜈) = 𝜀film (𝜈) = 𝑁2
film(𝜈) = (𝑛film(𝜈) + 𝑖𝜅film(𝜈))

2
.

(5)

The spectral dependences 𝜅film (𝜈) and 𝑛film (𝜈) to-
gether with the model spectrum for the refractive in-

dex of fused quartz 𝑛1 (𝜈) = 𝑛4 (𝜈) = 𝑛𝑓𝑠 (𝜈) are
shown in Fig. 2, 𝑎. The exact calculation procedure
for the FiG reflectance spectrum is described in Ap-
pendix [see expressions (D7) and (D8)], and the re-
sults of calculation of the normalized spectrum 𝜌𝑋 (𝜈)
are exhibited in Fig. 2, 𝑏. The subscript 𝑋 empha-
sizes that this spectrum simulates experimental data
for the procedures described below.

The whole reflection spectrum contains approx-
imately three oscillations owing to the small film
thickness. This fact emphasizes once more that it
is difficult to make substantiated conclusions about
the properties of thin films solely on the basis of
their reflection spectra. However, owing to the cre-
ated FiG strucutre, there arose short-period oscil-
lations, which period is exclusively governed by the
gap thickness 𝑑gap = 𝑑2 = 10 𝜇m. The rate of phase
growth 𝑑𝛽/𝑑𝜈 along the spectral interval varies by a
few percent. Therefore, the oscillation period remains
almost constant and practically independent of the
dielectric permittivity and thickness of the film.

In the calculated spectrum, the amplitude of short-
period oscillations remains large in the high-frequen-
cy interval as well. This is not so for the experimen-
tal spectrum. Due to the ordinary experimental fac-
tors (the spectrometer line width, appreciable angular
spectrum of the probe light, small deviations of the
gap sides from the planeness and parallelism), the
amplitude of those oscillations decreases, as the fre-
quency grows. Therefore, when processing the spec-
trum, it is reasonable to use only the phase of short-
period oscillations and the averaged reflection param-
eter. This method of processing of the spectrum is
considered in the next section.

3.2. Reflection magnitude
and short-period oscillation phase

The processing of the “experimental” spectrum 𝜌𝑋 (𝜈)
is aimed at separating its rapidly oscillating compo-
nent from a slowly varying background. This proce-
dure is incorrect in the general case. However, a
rather good approximation can be obtained, if the
gap thickness strongly exceeds the film thickness. It
is also worth noting that the presence of oscillating
terms in the numerator and denominator of expres-
sion (1) makes the numerical processing more diffi-
cult. It is more convenient to introduce a new spec-
tral variable 𝑤𝑋 (𝜈), which is a homographic function
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of the spectrum 𝜌𝑋 (𝜈):

𝑤𝑋 (𝜈) =
1 + 𝑟212𝜌𝑋
1− 𝑟212𝜌𝑋

1− 𝑟212
1 + 𝑟212

. (6)

According to formula (1), its dependence on the film
reflection magnitude 𝑚 (𝜈) and the short-period os-
cillation phase 𝛽 (𝜈) has the simplest form

𝑤𝑋 (𝜈) =
1 +𝑚2

1−𝑚2
+

4𝑟12𝑚

(1−𝑚2) (1 + 𝑟212)
cos𝛽(𝜈) =

= 𝑤𝑚(𝜈) + 𝑤𝑎(𝜈)cos𝛽(𝜈). (7)

Expression (7) also contains the slowly varying
spectral functions 𝑤𝑚 (𝜈) and 𝑤𝑎 (𝜈). Their obvious
meaning is the average values of the function 𝑤𝑋 (𝜈)
and the amplitude of its oscillation, respectively.

The spectral dependence 𝑤𝑋 (𝜈) calculated by for-
mula (6) is shown in Fig. 3, 𝑎. The dependence 𝑤𝑚 (𝜈)
was extracted, by numerically processing the spec-
trum 𝑤𝑋 (𝜈) with the help of the local regression
method followed by the low-frequency Fourier filte-
ring. Then the quantity (𝑤𝑋 (𝜈)− 𝑤𝑚 (𝜈))

2 was con-
structed, and its processing with the use of the same
regression-filtration method made it possille to ex-
tract the dependence 𝑤𝑎 (𝜈). The result of filtration
is depicted in Fig. 3, 𝑎 in the form of combinations
𝑤𝑚 (𝜈)+𝑤𝑎 (𝜈) and 𝑤𝑚 (𝜈)−𝑤𝑎 (𝜈). The both curves
approximate the local extrema of the dependence
𝑤𝑋 (𝜈) very well, which testifies to a good extraction
accuracy of the oscillating spectral component.

Finally, the processing of the “experimental” spec-
trum 𝜌𝑋 (𝜈) terminates after the extraction of two
dependences: the film reflection magnitude

𝑚𝑋 (𝜈) =

√︃
𝑤𝑚 (𝜈)− 1

𝑤𝑚 (𝜈) + 1
(8)

and the phase of short-period oscillations 𝛽𝑋 (𝜈),
which satisfies the formula

cos𝛽𝑋 (𝜈) =
𝑤𝑋 (𝜈)− 𝑤𝑚 (𝜈)

𝑤𝑎 (𝜈)
. (9)

Attention should be paid to the low-frequency asymp-
totic behavior of the spectra, 𝜌𝑋 (𝜈 → 0) → 0 and
𝑤𝑋 (𝜈 → 0) → 𝑤𝑚 (𝜈) − 𝑤𝑎 (𝜈), and the phase,
𝛽𝑋 (𝜈 → 0) → 𝜋. This is an expected result, if
the wavelength significantly exceeds the gap and
film thicknesses, and the film does not absorb,
𝜅film (𝜈 → 0) = 0.

3.3. Calculation of the dielectric
permittivity of a single-layer film

Suppose that we know the gap thickness 𝑑gap. In this
case, the solution of the inverse problem can be con-
structed in the following way. First, using formula (2),
we find the phase 𝜙𝑋 (𝜈) of the film reflection coeffi-
cient,
𝜙𝑋 (𝜈) = 𝛽𝑋 (𝜈)− 4𝜋𝜈𝑑gap

√
𝜀0cos𝛼. (10)

The plots of the dependences 𝑚𝑋 (𝜈) and 𝜙𝑋 (𝜈) are
depicted in Fig. 3, 𝑏. Now, the spectral dependence

Fig. 3. Inverse problem solution. Oscillating spectral de-
pendence 𝑤𝑋𝜈) calculated by formula (6) (𝑎). Slowly varying
spectral functions 𝑤𝑚(𝜈)+𝑤𝑎(𝜈) and 𝑤𝑚(𝜈)−𝑤𝑎(𝜈) approxi-
mate the local extrema of the dependence 𝑤𝑋(𝜈) calculated by
the regression-filtration method. Spectral dependences of the
magnitude and phase of the amplitude reflection coefficient of
the film (𝑏). Vertical lines mark the wave numbers 𝜈𝑗 (𝑗 = 0÷5)

satisfying the condition Im 𝑟𝑋(𝜈𝑗) = 0. (𝑐) Error of determina-
tion of the model refractive index Δ𝑁(𝜈) = 𝑁𝑋(𝜈)−𝑁film(𝜈)
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Fig. 4. Hodograph of the quantity 𝑏𝑋 (𝜈) calculated by ex-
pression (13). The wave numbers 𝜈𝑗 (𝑗 = 0÷5) simultaneously
satisfy the conditions Im 𝑟𝑋 (𝜈𝑗) = 0 and Im 𝑏𝑋 (𝜈𝑗) = 0

of the amplitude reflection coefficient of the film is
completely determined:

𝑟𝑋 (𝜈) = 𝑚𝑋 (𝜈) exp [𝑖𝜙𝑋 (𝜈)]. (11)

Note the evident low-frequency asymptotic behavior
of the phase, 𝜙𝑋 (𝜈 → 0) → 𝜋.

The dependence of the amplitude reflection coef-
ficient on the thickness 𝑑3 = 𝑑film and the dielec-
tric permittivity 𝜀3 = 𝜀film of the single-layer film is
well known. Let us rewrite it in a different form. We
introduce new variables: the ratio between the 𝑧-
components of the wave vectors in the film and sub-
strate,

𝑥 =
𝑞3
𝑞4

=

√︀
𝜀3 − 𝜀0 sin

2𝛼√︀
𝜀4 − 𝜀0 sin

2𝛼
, (12)

and the ratio between the amplitudes of the magnetic
and electric fields in the gap near the film (with an
accuracy to the parameter 𝑞4),

𝑏𝑋 (𝜈) =
𝑞2
𝑞4

1− 𝑟𝑋 (𝜈)

1 + 𝑟𝑋 (𝜈)
. (13)

In terms of these variables, the boundary conditions
(D3) at the gap-film interface are written in the form
of a matrix equation for the variable 𝑥 (𝜈):⃒⃒⃒⃒
⃒ 𝑏𝑋(𝜈) cosΦ(𝜈)−𝑖𝑥 sinΦ(𝜈)

1 cosΦ(𝜈)− 𝑖

𝑥
sinΦ(𝜈)

⃒⃒⃒⃒
⃒ = 0, (14)

where Φ(𝜈) = 2𝜋𝜈𝑞4𝑑3𝑥(𝜈).
In order to determine the unknown film thickness,

let us consider the complex quantity 𝑏𝑋 (𝜈) calculated

according to expression (13). Its hodograph is shown
in Fig. 4. The roots 𝜈𝑗 (𝑗 = 0÷5) of the equation

Im 𝑏𝑋 (𝜈) = 0 (15)

are shown by open circles in Fig. 4 and vertical lines
in Fig. 3, 𝑏. The most interesting are the roots that
are located in the film transparency interval. From
Eq. (14), it follows that there is an interference res-
onance for them: 2𝜋𝜈𝑗𝑞3 (𝜈𝑗) 𝑑3 = 𝑗𝜋/2. Moreover,
for the “even” roots 𝜈2𝑚 with 𝑚 = 0, 1, 2, ..., we have
𝑏𝑋 (𝜈2𝑚) = 1, and the hodograph intersects the real
axis at point 1. At the same time, for the “odd” roots
𝜈2𝑚+1, the intersection of the hodograph with the real
axis at the point 𝑏𝑋 (𝜈2𝑚+1) = 𝑥2 (𝜈2𝑚+1) = (𝑞3/𝑞4)

2

can be used to determine the film thickness. For any
“odd” root, the 𝑧-component of the wave vector in the
film can be written as

𝑞3 (𝜈2𝑚+1) = 𝑞4 (𝜈2𝑚+1)
√︀
𝑏𝑋 (𝜈2𝑚+1).

Therefore, we obtain the following formula for the
film thickness:

𝑑3𝑋 =
2𝑚+ 1

4𝜈𝑞4 (𝜈2𝑚+1)
√︀
𝑏𝑋 (𝜈2𝑚+1)

. (16)

Note also that any hodograph point 𝑏𝑋 (𝜈) in the
transparency interval lies on a circle, whose diam-
eter connects two points on the real axis: 1 and
(𝑞3 (𝜈) /𝑞4 (𝜈))

2.
Let us analyze the roots of Eq. (15) (Fig. 4). The

trivial root 𝜈0 = 0 testifies to the absence of a singu-
larity in the absorption at low frequencies. The root
𝜈2 undoubtedly belongs to the film transparency in-
terval, because, as follows from Eq. (14), the equality
𝑏𝑋 (𝜈2) = 1 can take place only if 𝑥 (𝜈2) has a real
value. Thus, we may assume that the root 𝜈1 also be-
longs to the transparency interval. At the same time,
𝑏𝑋 (𝜈4) ̸= 1, i.e. the root 𝜈4 belongs to the interval of
film absorption. The intermediate root 𝜈3 is evidently
located near the absorption boundary. The numeri-
cal calculation of the film dielectric constant follow-
ing this scheme is based on the parameter 𝑑3𝑋 corre-
sponding to the film thickness. In the case of root 𝜈1,
formula (16) gives the value

𝑑3𝑋 =
1

4𝜈1𝑞4 (𝜈1)
√︀

𝑏𝑋 (𝜈1)
= 0.150004 𝜇m,

which practicaly coincides with the 𝑑film-value used
in the spectrum calculation.

964 ISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 11



“In-gap” Spectroscopy: Reflected-Wave Phase and Film Characterization

Now, the matrix equation (14) contains only one
unknown quantity, 𝑥 (𝜈), which can be numerically
determined in the whole spectral interval. The spec-
tral dependences of the complex refractive index in
the film, 𝑁𝑋 (𝜈), and the corresponding dielectric
permittivity 𝜀𝑋 (𝜈) are calculated according to def-
inition (12) as follows:

𝑁𝑋 (𝜈) =
√︀
𝜀𝑋 (𝜈) =

√︁
𝜀0 sin

2𝛼+ 𝑥2 (𝜈) 𝑞24 (𝜈). (17)

The result of calculations following this scheme is
shown in Fig. 3, 𝑐 in the form of the determination
error for the model refractive index (5)

Δ𝑁(𝜈) = 𝑁𝑋(𝜈)−𝑁film(𝜈).

One can see that both the real and imaginary parts
of 𝑁film (𝜈) are reproduced with an accuracy of about
10−3 in the whole spectral interval. An exception is
a narrow interval of wave numbers 𝜈 = 3.7÷4 𝜇m−1

near the upper end of the spectrum. The most prob-
able reason for that is the Fourier filtering of low
frequencies, which distorts the functions 𝑤𝑚 (𝜈) and
𝑤𝑎 (𝜈) to some extent near this end. A certain accu-
racy worsening (to 0.005÷0.007) is observed in the
interval 𝜈 = 2.4÷2.6 𝜇m−1 and in a vicinity of the
wave number 𝜈 = 3 𝜇m−1. The origin of those errors
has not been established yet.

3.4. Refinement of the gap thickness value

In Subsection 3.3, the inverse problem was solved by
assuming that the gap thickness is known. The cor-
responding scheme of sequential calculations looked
like the chain

𝑑gap →
(10)

𝜙𝑋(𝜈) →
(11)

𝑟𝑋(𝜈) →
(13)

𝑏𝑋(𝜈) →
(15)

𝜈1 →
(16)

𝑑3𝑋 ≈

≈ 𝑑film →
(14)

𝑥(𝜈) →
(17)

𝑁𝑋(𝜈) ≈ 𝑁film(𝜈). (18)

The modern equipment, e.g., Aerotech nanoposition-
ing stages [31], allows the distances and displacements
to be controlled to an accuracy higher than 0.01 𝜇m,
which seems to be sufficient for independent measure-
ments of the gap thickness. However, the presence of
the transparency interval for the film makes it pos-
sible to refine the gap thickness value exclusively by
numerically analyzing the experimental data.

Let us assume that the calculation chain (3 3.4)
contains an error 𝛿𝑑gap for the gap thickness from

Fig. 5. Calculation results of the imaginary part of the refrac-
tive index for three values of the gap thickness error 𝛿𝑑gap

the very beginning. Then we obtain a chain of errors
that can be depicted in the form

𝑑gap + 𝛿𝑑gap → ... →
(10),(11),(13),(15),(16)

𝑑3𝑋 = 𝑑film +

+ 𝛿𝑑film →
(14)

𝑥(𝜈) →
(17)

𝑁𝑋(𝜈) = 𝑁film(𝜈) + 𝛿𝑁(𝜈).

As a result, a qualitative effect should manifest itself;
namely, the imaginary part of the refractive index
does not disappear in the transparency interval,

Im𝑁𝑋 (𝜈) = Im 𝛿𝑁 (𝜈) ̸= 0.

Moreover, it will accept both positive and negative
values. The latter are nonphysical in general, because
it is assumed that the film does not amplify opti-
cal signals. To illustrate this effect, the results of cal-
culations following the calculation scheme are exhib-
ited in Fig. 5 in the form of the spectral dependences
Im 𝛿𝑁 (𝜈) for three values of the gap thickness error
𝛿𝑑gap = −0.001, 0, and 0.001 𝜇m.

This observation laid the basis for the procedure
aimed at the determination and refinement of the
gap thickness value. First of all, the first approxi-
mation 𝑑

(1)
gap is sought for the gap thickness, by lin-

early interpolating the dependence 𝛽𝑋 (𝜈) = 𝛽0 +

+4𝜋𝜈𝑑
(1)
gap

√
𝜀0cos𝛼. The optimized value 𝑑optgap is de-

termined in a narrow vicinity of 𝑑
(1)
gap, by minimiz-

ing the deviations of the imaginary part Im𝑁𝑋 (𝜈)
from zero in the interval 𝜈 = 0.7÷1.7 𝜇m−1, i.e. in
the section of the transparency interval that contains
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two sequential roots 𝜈1 and 𝜈2. After the optimiza-
tion, the values obtained for the gap thickness 𝑑optgap

and the film thickness 𝑑optfilm were practically identi-
cal to the reference values: |𝑑optgap − 𝑑gap| ∼ 10−6 𝜇m

and |𝑑optfilm − 𝑑film| ∼ 10−6 𝜇m. After substituting the
𝑑optgap-value as the input parameter of chain (3 3.4), the
determination error of the model refractive index did
not change; it completely coincided with the results
depicted in Fig. 3, 𝑐.

Hence, the assumption that the gap thickness value
can be refined exclusively by numerically analyzing
experimental data was confirmed. As a result, we
have proved that, for a complete solution of the in-
verse problem in the case of a thin single-layer film,
the experimental data for the normalized reflection
spectrum 𝜌𝑋 (𝜈) are enough. The corresponding solu-
tion procedure includes a number of sequential stages:
the refinement of the gap thickness (Subsection 3.4),
the determination of the film thickness (Eq. (16)), the
solution of the matrix equation (14) for all spectral
points, and the calculation of the spectral dependence
of the complex refractive index of the film 𝑁𝑋 (𝜈)
(Eq. (17)).

4. Conclusions

In this work, we have put forward an idea that al-
lows the phase of the amplitude reflection coefficient
of the surface to be determined solely on the basis
of data describing the normalized reflection spectrum
obtained for an artificially created structure, namely,
an interferometer, for which the researched surface
is one of its sides. The procedure of normalization of
the spectrum following the “moving specimen” prin-
ciple is described, and a relation between the phase
of short-period oscillations arising in the normalized
spectrum owing to the gap between the interferom-
eter sides and the phase of the amplitude reflection
coefficient of the surface is demonstrated. The pecu-
liarities of the artificially created structure allow the
method of phase measurement to be called the “in-
gap” spectroscopy.

We have demonstrated a numerical procedure,
which allows the transformation of the normalized re-
flection spectrum into the spectral dependences of the
reflection coefficient magnitude and phase, as well as
analytical relations required for this purpose. In such
a way, it is proved that the proposed measurement
method allows the maximally complete information

about the specular reflection of light from the sur-
face to be extracted. This ability distinguishes it from
other optical methods, which can supply only an in-
complete information.

A possibility of applying only the normalized reflec-
tion spectrum in order to solve the inverse problem
and to determine the physical properties of the sur-
face is examined on a simple example of a transpar-
ent insulator covered with an isotropic semiconduc-
tor film. We have obtained a simple matrix equation,
which includes the complex reflection coefficient and
the dielectric permittivity of the film. The film thick-
ness can be found, by analyzing the reflection coeffi-
cient spectrum. Thereby, the solution of the inverse
problem is reduced to an algebraic transformation of
the normalized reflection spectrum into the physical
parameters of the film. This fact advantageously dis-
tinguishes the proposed method against ellipsomet-
ry. For the latter, the solution of the inverse problem
demands an optimization procedure, i.e. the search
for physical parameters that would provide the best
solution for the direct problem (the fitting of ellipso-
metric angles).

One may expect that, owing to extended experi-
mental possibilities, the proposed method will be use-
ful both for the characterization of more complicated
films (including multilayer and anisotropic ones) and
for the research of layered structures with interest-
ing physical properties (inversion layers, surface plas-
mons, excitons, polaritons, and so forth).

APPENDIX

In Appendix, the system of matrix equations is presented,
which describes the transmission of an 𝑠-polarized monochro-
matic plane wave through a system of plane-parallel nonmag-
netic layers and which was used in the calculations. The con-
figuration of the system is exhibited in Fig. 1. The 𝑧-axis is
directed along the normal to the layers. Light falls at the an-
gle 𝛼 in the plane 𝑥𝑧. Each 𝑗-th layer is located between the
coordinates 𝑧𝑗 and 𝑧𝑗+1 and is characterized by the specific
isotropic dielectric constant 𝜀𝑗 :

𝜀 (𝑧𝑗 < 𝑧 < 𝑧𝑗+1) = 𝜀𝑗 .

To describe the components (𝐸𝑦 , 𝐻𝑥) of the electromagnetic
field in the 𝑗-th layer, let us introduce a two-component column
vector V𝑗(𝑧) [16, 32], so that(︂
−𝐻𝑥(𝑧)

𝐸𝑦(𝑧)

)︂⃒⃒⃒⃒
𝑧𝑗 < 𝑧 < 𝑧𝑗+1

= 𝑒𝑖2𝜋𝜈
√
𝜀0sin𝛼·𝑥𝑉𝑗 (𝑧) =

= 𝑒𝑖2𝜋𝜈
√

𝜀0sin𝛼·𝑥 1
√
2

(︃
𝑞
1/2
𝑗 −𝑞

1/2
𝑗

𝑞
−1/2
𝑗 𝑞

−1/2
𝑗

)︃
𝑈𝑗 (𝑧), (D1)
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where

𝑈𝑗 (𝑧) =

(︂
𝑢𝑗 (𝑧)

𝑢𝑗 (𝑧) 𝑦𝑗 (𝑧)

)︂
=

(︃
𝑎𝑗𝑒

𝑖2𝜋𝜈𝑞𝑗(𝑧−𝑧𝑗)

𝑎−𝑗𝑒
−𝑖2𝜋𝜈𝑞𝑗(𝑧−𝑧𝑗)

)︃
is the amplitude column vector describing the amplitudes of
the incident, 𝑢𝑗 (𝑧), and reflected, 𝑢𝑗 (𝑧) 𝑦𝑗 (𝑧), waves; 𝜈 is the

wave number; and 𝑞𝑗 =
√︁

𝜀𝑗 − 𝜀0 sin
2 𝛼 is a dimensionless co-

efficient. It is evident that the product 𝜈𝑞𝑗 = 𝜈
√︁

𝜀𝑗 − 𝜀0 sin
2 𝛼

has the meaning of the wave vector 𝑧-component in the 𝑗-th
layer. The ratio of wave amplitudes, 𝑦𝑗 (𝑧), is called the ampli-
tude reflection coefficient or, briefly, the reflection amplitude.

Within any layer, the amplitude vector is transformed as the
matrix product

𝑈𝑗

(︀
𝑧′
)︀
=

(︃
𝑒𝑖2𝜋𝜈𝑞𝑗(𝑧′−𝑧) 0

0 𝑒−𝑖2𝜋𝜈𝑞𝑗(𝑧′−𝑧)

)︃
𝑈𝑗 (𝑧) =

= 𝑇
(︀
𝑞𝑗 , 𝑧

′ − 𝑧
)︀
𝑈𝑗 (𝑧). (D2)

According to the boundary conditions, the field vector does not
change, when crossing the interface:

𝑉𝑗−1 (𝑧𝑗) = 𝑉𝑗 (𝑧𝑗). (D3)

As a result, the amplitude vector is transformed as the matrix
product

𝑈𝑗−1 (𝑧𝑗) =
1

2
√
𝑞𝑗−1𝑞𝑗

(︂
𝑞𝑗−1 + 𝑞𝑗 𝑞𝑗−1 − 𝑞𝑗
𝑞𝑗−1 − 𝑞𝑗 𝑞𝑗−1 + 𝑞𝑗

)︂
𝑈𝑗 (𝑧𝑗) =

= 𝑅 (𝑞𝑗−1, 𝑞𝑗)𝑈𝑗 (𝑧𝑗). (D4)

With the help of those definitions, let us determine expres-
sions that are used throughout the paper.

1. Amplitude of reference reflection (Fig. 1, 𝑏)

In the absence of the substrate and the film, there is only the
incident wave in medium 2 (air). Therefore, 𝑦refwin (𝑧2), i.e. the
amplitude ratio in medium 1 (window), satisfies the equation

𝑢1 (𝑧2)

(︂
1

𝑦refwin (𝑧2)

)︂
= 𝑈1 (𝑧2) = 𝑅 (𝑞1, 𝑞2)𝑈2 (𝑧2) =

=
1

2
√
𝑞1𝑞2

(︂
𝑞1 + 𝑞2 𝑞1 − 𝑞2
𝑞1 − 𝑞2 𝑞1 + 𝑞2

)︂
𝑢2 (𝑧2)

(︂
1

0

)︂
.

From whence,

𝑦refwin(𝑧2) =
𝑞1 − 𝑞2

𝑞1 + 𝑞def2

= 𝑟12. (D5)

2. Relationship between the reflection amplitude
of the “Film-in-Gap” structure and the amplitude
reflection coefficient of the film 𝑟film (𝜈) (Fig. 1, 𝑎)

The amplitude vector in the gap near any film (single or mul-
tilayer) has the form

𝑈2(𝑧3) = 𝑢2(𝑧3)

(︂
1

𝑟film (𝜈)

)︂
.

Therefore, the amplitude ratio 𝑦FiG
win (𝑧2) in medium 1 (window)

satisfies the equation

𝑢1(𝑧2)

(︂
1

𝑦FiG
win (𝑧2)

)︂
= 𝑈1(𝑧2) =

= 𝑅 (𝑞1, 𝑞2)𝑇 (𝑞2,−𝑑2)𝑢2 (𝑧3)

(︂
1

𝑟film (𝜈)

)︂
.

As a result, the reflection amplitude of the structure looks like

𝑦FiG
win (𝑧2) =

𝑟12 + 𝑟film (𝜈) 𝑒𝑖4𝜋𝜈𝑞2𝑑2

1 + 𝑟12𝑟film (𝜈) 𝑒𝑖4𝜋𝜈𝑞2𝑑2
. (D6)

3. Numerical calculation
of the normalized reflection spectrum
of the single-layer “Film-in-Gap” structure

The amplitude vector in the substrate is formed by the incident
wave only,

𝑈4 (𝑧4) = 𝑢4 (𝑧4)

(︂
1

0

)︂
.

In this case, the reflection amplitude of the structure, 𝑦FiG
win (𝑧2),

is determined from the equation

𝑢1 (𝑧2)

(︂
1

𝑦FiG
win (𝑧2)

)︂
= 𝑅 (𝑞1, 𝑞2)𝑇 (𝑞2,−𝑑2)×

×𝑅 (𝑞2, 𝑞3)𝑇 (𝑞3,−𝑑3)𝑅 (𝑞3, 𝑞4)𝑢4 (𝑧4)

(︂
1

0

)︂
, (D7)

and the normalized reflection spectrum is evidently calculated
as the ratio

𝜌 (𝜈) =

⃒⃒⃒⃒
⃒𝑦FiG

win (𝑧2)

𝑦refwin (𝑧2)

⃒⃒⃒⃒
⃒
2

. (D8)
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СПЕКТРОСКОПIЯ У ЗАЗОРI: ФАЗА
ВIДБИТОЇ ХВИЛI I ХАРАКТЕРИЗАЦIЯ ПЛIВОК

Р е з ю м е

Оптичнi методи характеризацiї поверхнi спираються на
вимiрювання або вiдношення комплексних коефiцiєнтiв
вiдбивання для ортогональних поляризацiй свiтла (елi-
псометрiя), або магнiтуди цих коефiцiєнтiв, що дозволяє
розв’язати обернену проблему, тобто обчислити параметри
поверхнi (такi як кiлькiсть, товщина та проникнiсть плi-
вок), шляхом їх оптимизацiї. З метою збiльшити кiлькiсть
величин, що вимiрюються експериментально, у роботi про-
понується метод визначення фази вiдбитого свiтла шля-
хом аналiзу спектральних особливостей свiтла, вiдбитого
вiд плоскопаралельного зазору, одну з граней якого утво-
рює дослiджувана поверхня. Показано, яким чином нор-
мований спектр, отриманий в результатi процедури “рухо-
мого зразка”, може бути конвертовано у спектральну зале-
жнiсть магнiтуди i фази коефiцiєнта вiдбивання. Продемон-
стровано, що знання комплексного коефiцiєнта вiдбивання
зводить обернену проблему по вiдновленню дiелектричної
проникностi одношарової плiвки до розв’язку лiнiйного ма-
тричного рiвняння. Це вигiдно вiдрiзняє метод у порiвнян-
нi з елiпсометрiєю, для якої не iснує прямої трансформацiї
елiпсометричних кутiв у фiзичнi параметри плiвки.
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