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The structural properties of ultrahin (2—10 nm) and thin (10—40
nm) SiO2 films grown thermally on silicon at T = 800 = 950 °C
in oxygen atmosphere were investigated in detail with the help of
three independent analytical methods, namely, IR spectroscopy,
ellipsometry, and step-by-step chemical etching. We discovered a
wide transition layer of SiOs adjacent to silicon. The transition
layer between silicon and bulk SiOg is heterogeneous and consists
of three layers. There exists a transition SiO; layer between
Si and SiO2 approximately 1.5 nm in thickness. A SiO2 film
is also heterogeneous and consists of two layers. The first one
has a thickness d of 2—3 nm, and d > 8 nm for the other one.
Between these two layers, there exists a transition layer 3—5 nm
in thickness.

1. Introduction

Silicon dioxide films usually grown on silicon using
the method of thermal oxidation create an interface
with low density of interface states. In addition, SiO9
films are characterized by a high resistivity (~10'°
OQxcm), wide band gap (~9 eV), and high melting
temperature (1718 °C) [1]. These unique properties of
silicon dioxide films have promoted the revolutionary
development of silicon-based micro- and nanoelectronics.
A field-effect transistor based on a metal-oxide—silicon
(MOS) structure represents a basic structural part of
any integrated circuit (IC).

A Si/SiOy interface is the most important part
of MOS structures. A continuous scaling down of an
IC chip is accompanied with an improvement in the
operating speed of circuits, memory size, and the cost
per bit. According to the scaling rules, the continuous
miniaturization of devices requires the corresponding
reduction of the thickness of a gate oxide layer. For
small transistors, the thickness reduction of the oxide
layer is necessary for obtaining a high drive current and
avoiding the short channel effects. In order to effectively
control the channel current, MOS-based submicrometer
devices must have a high capacity. As the capacity is
inversely proportional to the thickness of a dielectric,
it is necessary to decrease the thickness of SiOs in

296

devices of submicro- and nanoelectronics. Therefore, the
thickness of the gate dielectric SiOq, that amounted to
hundreds of nanometers 40 years ago, has been decreased
to less than 2 nm by now [2, 3|. The forecasts of the
International Technology Roadmap for Semiconductors
[3] show that, in the nearest 5 years, there will be a need
in the gate dielectric SiO4 having 1 and less nanometers
in thickness.

In addition to CMOS IC, ultrathin SiO, films are also
widely used in elements of electrically programmable
memory [4]. The processes of tunnel transport of charge
carriers through a thin film allow one to write and erase
the charge. The energy barriers created by SiO9 are also
responsible for the charge storage in memory elements. A
further decrease of the size of memory elements leads to
the creation of a monotransistor memory element with
a change in the threshold voltage at reprogramming by
approximately 0.25 V, which corresponds to the storage
of one electron in a separate nanocluster of a SiO5(Si)
nanocomposite film [4—7]. In such nanostructures, the
quantum-size effect and the direct tunneling are realized.
The usage of ultrathin SiOs films in devices of submicro-
and nanoelectronics makes strict demands of their
properties such as uniformity, high strength of the
breakdown electric field, and resistance to the injection
of hot electrons at high electric fields (higher than 3x 105
V/cm) [8].

In the case of ultrathin SiOs films, the Si/SiOs
interface becomes a more critical and restrictive part
of a gate dielectric. In spite of the great attention that
was continuously paid by researchers to the investigation
of SiOy and Si/SiOs interfaces, there still exist some
unsolved physical problems, especially, in the case of
ultrathin SiO, films [1, 9].

In our previous papers, the so-called three-layer
model of the Si—SiOs system has been developed [10,
11]. It takes into account the existence of an intermediate
layer having several nanometers in thickness between
crystalline silicon and bulk amorphous SiO5. This layer
contains a sublayer of imperfect oxygen-enriched silicon
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from the side of the Si substrate and a transition SiO,
sublayer (0 < z < 2) from the side of SiOs. The
parameters of the transition SiO, sublayer, namely its
thickness, the band gap, height of energy barriers, and
effective masses of electrons and holes were investigated
and determined for some technologies in our work [12].
In addition, it is known that IR-spectroscopy gives a
good possibility to observe the structure of the transition
layer between silicon and a bulk amorphous SiOs film.
As was shown in our works [13,14], the transition layer
is significantly thicker than the SiO, gap.

In this paper, the results of studies of the structure
of ultrathin SiOs films are described. We made use
of some analytical methods, namely IR spectroscopy
and ellipsometry along with chemical etching. The
obtained experimental results confirm the existing model
of the layer structure of SiOs thin films and explain
some details of the thickness dependence of structural
properties.

2. Experiment

We made use of n- and p-silicon wafers 100 mm in
diameter, with (100) and (111) orientations and the
doping levels of 1 x10'® and 3.5x 10 cm—3, respectively.
Wafers of different types were simultaneously oxidized
in a furnace. First, after RCA cleaning, sacrificial
oxide films (80—100 nm) were grown on the silicon
wafers in the O atmosphere at 1000 °C with the
following ten-minute annealing in Ny at the oxidation
temperature. After that, these films were removed in
a water solution of HF. A stable hydrogen passivation
of the silicon surface can be obtained after etching the
oxide layer in diluted HF and rinsing in water [15].
Then the investigated ultrathin (2—40 nm) gate oxide
layers were grown on clean silicon wafers by means of
the thermal oxidation in furnaces of the conventional
type. The thermal oxidation was performed in dry O
at temperatures of 800 — 950 °C. The wafers were
introduced in a furnace in the O5 environment as well.

The oxide thickness was measured with the help of
a laser ellipsometer (A = 632.8 nm) at 5 points on the
wafer. We determined the thickness dependence of the
real part of the refractive index at the successive etching
of SiOgq. The errors arising in the determination of n and
d amounted to £0.003 and £0.1 nm, respectively. The
thicknesses of initial SiOy films before the step-by-step
etching were equal to 20—40 nm.

IR transmission spectra (at the normal and oblique
70° incidences of IR light) were measured in the range
of wave numbers 900—1400 cm ™! for both Si—SiO5 and
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Si (after the removal of the oxide layer) samples. Then
the absorbance A of the oxide layer was calculated.
The deconvolution of the absorption band into Gaussian
profiles and their relation to the oxide structure were
described earlier [13, 14]. We determined their number
and basic parameters (the position of the maximum W,
its full width at half maximum (FWHM) H, and area S).
The accuracy of the deconvolution was characterized by
a roof-mean-square deviation of the summed Gaussian
profiles from the experimental spectrum and did not
exceed 2x1072.

The data reported in [16, 17] for two oxide films (3
and 10 nm) were also analyzed. The obtained number
of Gaussians, positions of their maxima, and FWHM
values were practically the same as those obtained for
our samples. This fact indicates that the results of
the deconvolution are rather unambiguous and general
and don’t depend on the preparation of samples or the
oxidation procedure.

3. Results and Their Discussion

IR-spectroscopy. IR-spectroscopy is
an effective tool for investigating the microstructure of
silicon oxide films. One usually analyzes the position of
the principal absorption band, which is conditioned by
Si—O stretching vibrations. It is located within the range
of 1000—1100 cm~"! depending on the oxide content, its
density, and porosity, as well as the water contamination
[18—27]. Thus, such an analysis enables one to make
certain conclusions concerning the quality of oxide.
However, the capability of the IR technique was recently
shown to be much wider [13,23,25]. In particular, it
allows one to determine the structural arrangement of
oxygen in a SiO,, lattice (0 < x < 2), i.e. to estimate the
parameters of the middle- and short-range order of the
lattice of vitreous silicon dioxide and nonstoichiometric
silicon oxides, respectively [25]. It is achieved by using
the mathematical analysis of the form of the principal
absorption band. As a rule, it may be done by the
decomposition of this band into Gaussian profiles and
the further analysis of their parameters in the framework
of the Random Bonding Model. In particular, the
positions of the peaks of elementary components enable
one to calculate the corresponding values of Si—O—Si
bond angles and to describe them with certain kinds of
rings (SiOg) formed by SiO4 tetrahedra or SiO,Sis_,
molecular clusters (SiO, with z < 2). Such an approach
was successfully used earlier for studying the structure
of SiOy films (with the thickness of films lying in the
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Fig. 1. Principal IR absorption bands of ultrathin SiOs films
having a thickness d of: (nm) I — 0.5; 2 —3; 8 —5; 4 — 8 &
— 10; 6 - 13; 7— 19; 8 — 25; 9—31; 10 — 40

range 7—100 nm) [13, 14, 25]. In this work, we apply it
to the investigation of thinner SiO4 films.

The typical IR spectra obtained for oxides of various
thicknesses are shown in Fig. 1. One can see that the
intensity of absorption and the position of the peak
of the absorption band depend on the oxide thickness.
The dependence of the position of the maximum v, of
the absorption band on the oxide thickness is shown in
Fig. 2,a. As is seen, this dependence is nonmonotonous.
The configurations of SiO,4 tetrahedra in a random
continuous network for some thicknesses of SiOs films
are demonstrated in Fig. 2,b, ¢. A part of the thickness
dependence of the position of the IR absorption peak for
the case of thinner oxides is shown in Fig. 3. Here we
also show the results obtained in [22|. The agreement
of our data and those of [22] is rather good, but a
more detailed thickness dependence obtained in our case
reveals the nonmonotonous character of the thickness
dependence of the peak position: the minimum value
of vpin is achieved for films with an oxide thickness
of approximately 7 nm, i.e. in the thickness range,
where some peculiarities in the behavior of the growth
kinetics and electrical characteristics were observed [21].
The given data enable one to make another conclusion.
In [21], a monotonous increase in vy, with thickness
dox (3 < dox < 50 nm) was proved to be associated
with the interference, but nonmonotonous variations
in the vy(dox) dependence cannot be explained by
this effect. Hence, such a feature should be related
to structural transformations that take place during
the oxide growth. Such a conclusion is verified by the
results of the analysis of the form of the absorption
band.
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Fig. 2. a — position of the peak of the principal IR absorption zone
as a function of the thickness of an oxide film; b,¢ — fragments
of the SiOg structures formed by SiO4 tetrahedra for various

thicknesses

The results of the decomposition of the absorption
band of ultrathin SiOsfilms of various thicknesses are
shown in Fig. 4. In the case of oxide layers thicker than
7 nm, the parameters of the both elementary bands (the
positions of the maxima — 1050 and 1085 cm~! , FWHM
— 45 and 60 cm™!, respectively) correlate rather well
with those obtained in earlier works [13,14,23—25] for
thermal SiOs films. In the case of oxide layers thinner
than 7 nm, these parameters are strongly different: the
first band becomes narrower (H ~ 40 cm™!) and shifts
towards the low-frequency region (W =~ 1035 cm™!).
An elementary band with such parameters is inherent
to nonstoichiometric oxide films [25]. Hence, these data
seem to have a certain physical sense (especially taking
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Fig. 3. Position of the maximum of the IR absorption spectrum
as a function of the thickness of an silicon dioxide film (e — our
results; O — [19])

into account that, along with data obtained from IR
spectra, the other oxide characteristics also change in
the range of thicknesses less than 7 nm).

The structure of oxide films thicker than 7 nm is
clear in principle and may be described as a mixture
of 4- and 6-fold interconnecting rings. Vibrations of
oxygen atoms lead to the appearance of two bands with
the positions of maxima of 1050 and 1085 cm~! (Fig.
4). As one can see from Fig. 4, the structure of oxide
films thinner than 7 nm must be somewhat different. A
decrease in the vibration frequency of oxygen atoms is
conditioned by a reduction of the Si—O—Si angle. In a
film of the stochiometric composition, such a decrease
of the angle can be associated with a large distortion
of 4-fold SiOs rings and/or with the appearance of a
sufficient amount of 3-fold rings in the lattice of the
thinnest oxides. On the other hand, the contribution of
the band with W = (1035 £ 3) em~! and H = (47 £7)
cm~! is inherent to the Si—O stretching band of SiO,
films and is related to Si—O2—Sis molecular clusters [25].
Thus, one can suppose that the structure of the thinnest
oxides along with the rings formed by SiOg tetrahedra
includes some amount of weakly oxidized silicon. To
make a certain conclusion, it is necessary to carry out
more detailed experiments using techniques sensitive to
the structure.

The results obtained during our study of the
structure of ultrathin silicon dioxide films have
developed the existing knowledge about amorphous SiO9
films. They are in good agreement with the fact of a
significant spread of the Si—O—Si angles: from 120° to
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Fig. 4. Deconvolution of the principal IR absorption band of
ultrathin SiOg9 films

180° with the peak of the distribution lying at 144° for
thicker films [26]. The shift of the peak towards higher
frequencies testifies to the strengthening of atomic
bonds in silicon-oxygen SiOystetrahedra. A theoretical
analysis of the structure of amorphous SiO5 performed
in [27] has shown the possibility for a middle- or far-
range order to exist in the SiOg structure, in addition to
the short-range order.

Ellipsometry. The refraction index n represents
an important optical characteristic of SiOfilms. As
was observed in [28], an increase of m accompanies a
reduction of the thickness of a SiOsfilm grown thermally
on silicon up to the values lower than 10 nm. The
results of ellipsometric measurements are interpreted
by considering the complex values of the refractive
indices of the substrate, n; = n} — tks, and the film,
n} = n} — k¢, and are defined by the film thickness d;.
Ellipsometric measurements give a set of two parameters
U, A that characterize a variation of the polarization of
light as it reflects from the surface

Ry,/Rs = tgWexp(il), (1)

where R, and R, are the complex refraction coefficients
for light polarized in parallel and normally to the beam
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Fig. 5. Thickness dependence of the refractive index of a SiOs film:
dark points — experiment; solid curve presents the dependence
constructed according to n = 1.465 + 2.4exp(—3.913 x 10~ d)
[25]; 3 — experimental point from [25]

incidence plane (the Fresnel coefficients). For
transparent films, A and ¥ are cyclic functions of the
oxide thickness. These data allow one to determine only
two of the mentioned five parameters.

In order to increase the number of parameters
that can be determined, one performs independent
ellipsometric measurements that can be divided in three
groups:

— Measurements on different wavelengths of light
radiation (spectral ellipsometry).

— Multiple measurements with the controlled variation
of one of the phases of the system. In this group, the
most widely used measurements are those performed at
a continuous increase (decrease) of the thickness of the
upper layer of the system. In this case, it is considered
that the characteristics of the rest of the layers remain
constant.

— Many-angle measurements. In this group, with a
necessary number of measurements performed at various
angles of light incidence, it is possible to calculate
the optical parameters of all layers of the investigated
system.

The ellipsometric parameters A and W can
be determined with high accuracy, which makes
ellipsometry one of the most sensitive methods for
measurements of the film thickness.

In some cases, while determining the thickness
and refractive index of a silicon-based SiO; film,
we simplified the analysis of ellipsometric data.
It was considered that SiOs films are completely
transparent, that is £y = 0. In addition, ellipsometry
cannot be used for the determination of the imaginary
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part of the complex refraction index of the substrate k;
if the silicon surface is not atomically pure. This is
conditioned by the fact that both a change in the
magnitude of ks and the presence of an ultrathin oxide
film cause a shift only in the value of A, which can
be considered as a part of the experimental error. In
our experiments, a simplified analysis was carried out
using the value ks = 0.00685 obtained from the optical
experiments on light transmission [29]. On the other
hand, small changes of the real part of the refraction
index of silicon ng4 practically cause only a shift of U. All
these approaches decrease the number of the unknown
parameters of materials to three: n,, ng, dy. The
analysis of the relationship between these parameters
and ellipsometric data (A, ¥) shows that, with decrease
in the thickness of the film dy, the influence of n,
increases. Thus, at a fixed value of ng and small values of
dy, it is impossible to accurately determine ns. At the
same time, there is some inaccuracy in the determination
of df.

The accurate determination of the parameters was
performed at the successive growing or etching of a
SiOs film in the range 0.5—20 nm. In this case, in the
first stage, we measured the ellipsometric parameters
of the film of a certain thickness without assigning
the magnitude of ng. After that, the thickness of the
film increased (due to the growing) or decreased (due
to etching) by a certain value, and the ellipsometric
parameters A and ¥ were determined again. It was
considered that the grown layer is uniform in thickness.
The set of ellipsometric data gave a possibility to obtain
the values of ng, ny, and dy once more. At the following
measurement of the parameters, we used the values of n
from the previous measurement, and the value of n; was
determined accurately. This method gives a possibility
to determine the distribution of the optical parameters
of SiOs films over their thickness.

In Fig. 5, the dependence of ny on dy is depicted. The
volume value of ng was determined after the complete
etching of a SiO; film and amounted to 3.86540.015.
As one can see from Fig. 5, the Si—SiOs system is
heterogeneous and consists of the half-infinite substrate
and three layers that differ in the refractive index and
are separated from one another with transition layers.
The value of the refractive index n = 3.9 + 4.1 can
be related to the silicon substrate. Between silicon and
the SiOq film, there exists a transition SiO, layer. The
thickness of this layer (1.5 nm) agrees well with the
literature data that indicate the presence of a transition
layer approximately 1 nm in thickness between silicon
and SiOy [30—38]. The SiO, film is also heterogeneous
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and includes two layers characterized with different
refractive indices. The first layer has the parameters
d ~ (2+3) nm and n = 1.8+ 2.0 while the second one —
d > 8 nm and n = 1.46. Between these two layers, there
is a transition layer 3—5 nm in thickness.

An increase in n with a reduction of the growth
temperature of SiOs is also observed. The investigations
of the interrelation between the refractive index and the
growth temperature performed in [39, 40] show that,
with increase in 7', the magnitude of n decreases up to
1.460. The SiOs films grown in dry O are characterized
by n = 1.460 at T" = 1150 + 1200 °C, and a further
increase in T does not result in the variation of the
refractive index. It is equal to n of pure fused quartz
without mechanical stresses [41], i.e. the value of n =
1.460 represents the refractive index of a completely
relaxed SiOg film [42]. A similar dependence of n on
the oxidation temperature is also observed in the case of
the growth of SiOs films in water vapors. In this case,
a transition to constant values of n takes place at lower
temperatures (T' = 1025 °C) [40]. The annealing of SiO»
in the nitrogen atmosphere at temperatures higher than
the oxidation one results in a reduction of the refractive
index. In this case, the value of n never becomes lower
than that of fused quartz.

There is a correlation between the refractive index
and the density p of SiO5 films of the stoichiometric
composition without impurities, which can be expressed
[43] by the Gladstone—Dale ratio

p=Ki(n—1) (2)
or by the Lorenz—Lorentz formula
p=Ky(n® —1)/(n* +2), (3)

where K7 and K5 are constants. K; is equals to 5.602
for the glass modifications of SiO,, while K7 = 4.875
for low-temperature crystal modifications and ordinary
quartz glass.

Figure 6 shows the dependence of the density of a
SiO; film on its thickness calculated according to Egs.
(2) and (3) on the basis of the experimental results
which we obtained for n. For the p(d) dependence,
one can observe that p decreases with the thickness of
SiOg films. For films thinner than 6 nm, incredibly high
values of the density were obtained, which is conditioned
by the incorrectness of using Eqgs. (2) and (3) in this
range of thicknesses due to the existence of a silicon-
enriched SiOy layer near the Si/SiO, interface. The
highest density of SiOs films obtained experimentally
amounted to 2.70 g/cm? [44]. At the same time, it is
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Fig. 6. Dependences of the density of thin SiOz films on
their thickness calculated according to experimental data on the
thickness dependence of the refractive index I — according to
Gladstone—Dale equation; 2 — from Lorenz—Lorentz equation;

3 — the level of the highest densities measured experimentally

worth noting that the detailed experimental
investigation of the thickness dependence of the density
revealed a non-monotonous character for films grown
at T = 1000 °C [44]. In thermal SiOs films grown
at temperatures lower than 1000 °C, one observes a
significant increase of both the oxide density [39,45] and
internal mechanical stresses [46—48].

The main reason of an increase in the density of
ultrathin SiOs films is the presence of high compressive
stresses in them near the Si—SiO; interface [49, 50],
whose magnitude increases with a reduction in the
oxidation temperature. For example, a considerable
increase of the density of films up to p = 2.31 g/cm?
at T = 900 °C was observed in [51]. A growth of
the density at low temperatures is associated with a
sharp increase of mechanical stresses due to a rise in the
viscosity of silicon dioxide with decrease in temperature
as well as a significant (approximately by a factor
of 2.2) growth of the molar volume that accompanies
the oxidation of silicon to SiO,. At low oxidation
temperatures, the viscosity of the oxide becomes so large
[51] that the time of relaxation of internal stresses at
the expense of a viscous spreading is significantly larger
than the oxidation time. In this case, the stressed state
is maintained for an indefinitely long time, and the
film density increases. At high oxidation temperatures,
when the time of relaxation of stresses is significantly
lower than the oxidation time, the volume of films
increases due to the viscous spreading, mechanical
stresses decrease, and the density of thermal SiOs
films corresponds to the values for vitreous SiOs;. A
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viscoelastic model that describes the generation of
stresses at the Si—SiOs interface due to the difference
of Si and SiOy molar volumes [47,52—54] displays a
viscoelastic flow of SiOg normally to the surface. At a
given temperature, the oxide film will rearrange oneself
as soon as the viscosity allows. The model also foresees
a gradient of mechanical stresses (and, hence, of the
density) which decreases in the direction from the
Si—SiO, interface to the SiO, surface. However, the
appearance and the relaxation of mechanical stresses
are significantly more complicated processes than it can
be described by a simple viscoelastic model. Intrinsic
stresses in a SiOs film obtained by means of the
oxidation of silicon at 973 °K amount to approximately
4x10% Pa. At T = 1423 K, they practically disappear,
and residual stresses are determined solely by the
discrepancy of the thermal expansion coefficients of
silicon (4.5x107¢ K~1) and SiO (0.6x1076 K—1) [51].
Investigations of properties of the densification under
the action of high pressures (higher than 10'° dyn/cm?)
of the volumetric silicon dioxide have shown that,
under the variation of the refraction coefficient from
1.459 to 1.472, the film density increases by 2—3%.
An increase of the film thickness by approximately
3% accompanying the relaxation of mechanical stresses
in the Si—SiO, system was observed in [54] during a
successive thermal annealing in an inert atmosphere.
In contrast to other inorganic solid bodies, glass can
be continuously densified under the influence of high
pressures, moreover, the densification increases with
temperature and pressure. In the process of densification,
in parallel to a rise in the density, there also occur
variations of other properties such as the refractive
coefficient, chemical resistance, microhardness, etc. X-
ray investigations of quartz glass [55, 56] have shown
that the densification occurs due to the variation of Si—
O—Si angles without a break and variation of the length
of Si—O bonds.

The analysis of elastic stresses in the Si—SiOg
system [57] demonstrates that the model allowing for
a sharp interface between silicon and its oxide doesn’t
correspond to experimental facts. Instead, it is necessary
to suppose the existence of a certain interface layer
at the Si—SiOs, interface, in which there occurs the
compensation of a part of mechanical stresses appearing
in the system.

An important problem arising in the investigations of
ultrathin SiOs films is the clarification of peculiarities of
the structural and chemical transitions from crystalline
silicon (c-Si) to amorphous SiOs (a-SiOs). Various
experiments indicate the existence of a transition layer
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narrower than 1 nm, moreover, the microcrystallinity
was revealed near the interface [58]. The ion channeling
has shown that, within 0.5 nm, Si atoms in SiO,
are arranged in a definite order with respect to
the substrate [59]. The method of high-resolution
transmission electron microscopy allowed one to reveal
the existence of an epitaxial oxide, being several atomic
layers in thickness [60]. In [61], the presence of an
epitaxial transition layer less than 0.5 nm in thickness
was revealed with the help of experiments using the
method of X-ray dispersion at a grazing incidence.

The results, which we obtained in the course of
investigations of the properties of SiOy films grown
at low temperatures (<1000 °C) in dry Os by IR
spectroscopy and ellipsometry indicate an increase of
the refractive index and a decrease of the frequency
of IR oscillations of the bonds for the films obtained
at temperatures lower than 1000 °C. It is shown that
the systematic and correlated changes of the refractive
index and the frequency of IR oscillations result from an
increase of the film density due to a decrease in the SiO,
thickness and the growth temperature. Variations of n,
Vm, and p are explained in terms of a decrease of the
Si—O—Si angle of silicon-oxygen tetrahedra. A decrease
of the Si—O—Si angle results in a decrease of the Si—Si
distance. The film density is proportional to the Si—Si
distance.

E t ¢ hin g Measurements of the refraction
coefficient and the etching rate performed at the
etching of SiOy films grown by different methods
give a possibility to obtain information about the
film composition, bond strength, deviation from the
stoichiometric composition, as well as the density and
porosity. The etching rate of quartz glass decreases with
increase in its density. It is known that the crystalline
modification of SiOy with a density of 2.93 g/cm?® and
n = 1.594 (coesite) stable at high pressures practically
doesn’t dissolve in concentrated hydrofluoric acid at
room temperature [62].

When determining the thickness dependence of the
etching rate, the step-by-step etching of SiO, was
performed in a water solution of hydrofluoric acid
(HF:H50=1:100 and HF:H30=1:25). The thickness of
a Si0; film grown at 7' = 800 °C in dry O2 on n-type
silicon with the substrate orientation (111) as a function
of the etching time is depicted in Fig. 7. As one can
see, the etching rate (the slope of the d(tet) function)
depends on the film thickness. SiOy layers thinner than
4 nm have lower etching rates, which correlates with a
higher density of the SiOy layer adjacent to silicon [21,
44] caused by the coesite-like structure of the film and
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1] 100
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Fig. 7. Etching kinetics of a SiO2 film in a water solution of hydrofluoric acid of various concentrations: a — HF:HoO= 1:25; b —

HF:H>O= 1:100

compressive stresses. In the transition region (~5 nm)
where the film structure changes, one observes a
higher etching rate as compared to v of upper SiOg
layers. It is caused by the weakening of bonds in the
film as a result of the structural reconstruction. This
fact indicates a significant distinction in the structures
of the SiO4 layer adjacent to the silicon substrate and
the distant one.

4. Conclusions

We have discovered the nonmonotonous dependences of
the positions of maxima of IR spectra, the refractive
index, and the etching rate on the thickness of SiO,
films. The obtained results confirm the data on the
layered structure of silicon dioxide films. The position
of the IR spectra maximum reaches a minimal value
at d ~7 nm, while the etching rate increases in the
neighborhood of this value. That fact indicates the
weakening of chemical bonds. The thickness of 7 nm
corresponds to the transition region from a coesite-like
structure of SiOs films to a tridymite-like one.
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JOCJILAXKEHHA CTPYKTYPU HAATOHKUX IIJIIBOK
JBOXOKHNCY KPEMHIIO

A.A. €smyx, L11. Jlicoscvkut, B.I. Jlumosuenko, A.FO. Kuasax,
FO.M. Iledwewnxo, JI.I. Camomoska

Peszowme

JleTajbHO KOCIIIZKEHO CTPYKTYPHI BiaacTuBocTi HaaTOHKuUX (2—10
M) i Torkmx (10—40 HM) IIIBOK ABOXOKUCY KPEMHIIO, T€PMIIHO
BHPOIIEHUX B aTMocdepi KucHIo Ha KpeMHil npu T = 800950 °C.
CTpyKTypy OJIepKaHUX IIBOK 0yJI0 BUBYEHO TPHOMA HE3AIEIKHY-
MU aHAJIITUHYHUMH MeTojJlaMu, a caMe MeTogamu 1Y-criekTpockorii,
eJliricoMeTpil Ta IMOKPOKOBUM XIMi4HUM TpaBjeHHsIM. Bysa BUsB-
JIeHa IUPOKa repexigHa obsactb SiO2, M0 TPUIIATrae 10 KPEMHIO.
Ilepexinna obyacTh MixK KpeMHiem i o6’emauM SiO2 € HeogHOPII-
HOIO 1 CKJIamaEeThbcs 3 Tpbox mapis. Icuye mepeximuwmit map SiOy
3aBTOBINKK Npubau3Ho 1,5 HM Mixk Si i SiOg. Ilnieka SiO2 € Ta-
KOXK HEOIHOPIJHOIO i CKIaJaeTbcs 3 ABOX mapiB. Ilepmwmit map
Mae ToBuHY d = 2 -+ 3 HM, a TOBIIHHa Apyroro — d > 8 HM. Mix
IUMH JIBOMa IIIapaMH iCHy€ IIepexi/IHuil map 3aBTOBIIKU 3—5 HM.
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