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Abstract. A multiple angle ellipsometric method is used to investigate thin film layers on
common substrates (gadolinium gallium garnet-GGG, sapphire-Al,03, and glass ceramic -
sitall) for functional material films. The method evaluates fundamental optical constants and
thicknesses of the layers. Dielectric functions for the surface layers on such kind of plates have
been determined. Coincidence up to the third decimal point in refractive index value (1, was
shown. Errors for the thickness of surface layer (dy) is not more than 3 %. It is shown that the
dielectric properties of microscopically rough layers of thickness ~10-45 nm can be accu-
rately modeled in the homogeneous thin layer approximation. The thickness and origin of
the surface layer on substrates are found out. Experimental data analysis allows to make
some conclusions concerning the origin of this layer. It is a specific amorphous damaged
layer that remains after taking out stressed surface layer via chemical polishing. The corro-
sion processes on glass ceramic seems to be very similar to those occurring on GGG and

sapphire single crystals.
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1. Introduction

The paper is devoted to investigation of surface layers on
common substrates for various functional material films.
Optical properties of a substance on the surface are
always somehow different from ones of the bulk mate-
rial. It happens due to peculiarities of technology, sur-
face processing, aging and may be connected with oxi-
dation, random mechanical damages, roughness of the
surface, and with combination of this factors. Ellipso-
metric technique is sensitive to these changes and allows
to develop various physical models of this layer to amend
understanding the origin of the surface layer.

To create a film with optimal parameters one should
have proper information about roughness of the substrate
surface and about possible interface layer between the
film and substrate. Besides, one should understand how
these peculiarities effect properties of the system in gen-
eral.

Since optical methods (e.g., ellipsometry) are widely
used to investigate optical properties of film materials
for opto- and microelectronics, it is necessary to have
complete information about optical constants of the
substrates. Nevertheless, there is very little information
of this kind in literature. Knowledge of the origin of sur-

face layers that directly contact the functional material
film is necessary to estimate properties of film —substrate
whole system in general.

We chose three kind of materials for the investiga-
tion. They are: single-crystal gadolinium gallium garnet
(GdGaG@G), and sapphire (Al,03), and amorphous glass
ceramic — sitall. These materials are currently popular
as substrates for various functional films.

GdGagG is a basic substrate material for rear earth
ferrogarnet epitaxial films. There is no information about
the surface layer on GdGaG substrate now, though its
influence on epitaxial film properties is obvious and may
result, for instance, in the epitaxial film being in non-
preferrable orientation. So, during manufacturing of
GdGaG substrates an interface layer forms between air
and the material. This layer can significantly change op-
tical properties of the whole system.

Since discovery of HTSC many materials were tested
as substrates for Y-Ba—Cu-O films. Analysis of litera-
ture showed that sapphire is one of the most popular ma-
terials for this purpose now, since sapphire substrates are
available in large sizes at low cost [1]. Information about
the substrate, in particular about the surface layer, is
fairly important since in many measurements (e.g. opti-
cal and r.f.) properties of the substrate may obscure those
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of the film. It is obvious that if the damaged layer was not
removed, then crystallographic orientation of substrate
would not important under epitaxy. Specifically, some-
times just damaged layer on sapphire substrate prevented
the growing film to get proper orientation. The X-ray
data of depositions on sapphire substrates showed that
the growth had no preferable orientation [2]. The X-ray
analysis showed that as-deposited films were amorphous
[3]. To obtain the desired orientation of Y-Ba-Cu-O films
c-axis, researches covered the substrate with buffer MgO
layer.

One of the major problems of the modern optical in-
dustry is creating low noise optical devices for infrared
spectral range. The mirrors cooled down to cryogenic
temperature are the main part of such devices. Cooling
allows to reduce noise significantly and amplify the sig-
nal. However, the mirrors should not change their shape
after cooling that may result in mistrusting of the device.
In the case of deeply cooled optical devices the input sig-
nal intensity can be compared with the noise intensity
that is why mirrors in such systems must be perfect. The
traditional materials, such as glass, can not with stand
such temperature gradients, as take place during cryo-
genic cooling. That is why the cryogenic mirrors are usu-
ally made of the so-called non-traditional materials such
as glass ceramic (called sitall as well), melted quartz,
beryllium, and so on [4]. Though metals can not compete
with silicate materials in terms of quality and reflecting
properties, and in terms of isotropy and stability.

Among the non-traditional materials sitall CO-115M
(glass ceramic Li,O-Al,03-P,05-Si05) is one of the most
promising, since it has good optical and mechanical prop-
erties and can be easily polished [4]. We chose this a very
material for our investigation. From data available, one
can expect that corrosion processes connected with sur-
face processing glass ceramic are close to ones of sap-
phire, though there is no such information in literature.

We chose the ellipsometry as the main experimental
technique, since it does not spoil the sample and is very
sensible even to negligible layers. Besides, it allows to
build models of the damage surface layer. We used also
electron microscopy investigations to determine the model
more exactly. The ellipsometry and electron microscopy
are based on different physical mechanisms and comple-
ment each other in the study of roughness.

All the samples were selectively chemically etched
using etchant that remove only stressed phase formed as
aresult of a mechanical treatment.

2. Experimental techniques and specimens

The optical characteristics of the sample surfaces were
investigated by ellipsometry at fixed wavelength (632.8
nm) and modeled as a homogeneous thin layer on a
substrate [5]. The “thickness” of this apparent layer and
its optical indices were obtained from the ellipsometric
data.

The ellipsometric measurements were taken at differ-
ent angles of incidence at room temperature with null-
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LEF-3M-1 laser ellipsometer (A = 632.8 nm) described
in details in [6]. The incidence angles were varied from
50° up to 70°. Four-zone averaging was used to reduce
errors to about < £0.01° for ¥ and < 0.05° for A in
measuring ellipsometric characteristics. These results
were used to determine optical constants of the sample
and to model its surface layer.

In case of anisotropic samples, it is necessary to make
some additional investigations. So, we developed a tech-
nique for determining the difference of refractive indexes
of ordinary and extraordinary rays. Schematic of the
optical set-up is given in Fig. 1.

Here the sample is placed between crossed polarizers.
Changes of light polarization state, while passing through
this system or completely linearly polarized light decom-
position on the ordinary and extraordinary rays in bire-
fringent crystal are shown in Fig. 2.

v
>
=
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Fig. 1. Schematic of the optical set-up. Al,O3 — sample under
study, S — light source, L — lens, P and A — polarizer and analyzer,
M — monochromator, D — detector.

Fig. 2. Completely linearly polarized light decomposition on the
ordinary and extraordinary rays in birefringent crystal. P —
polyarizer axis, C —optical axis of crystal; o = 45°. E; and E, —
electrical vector for ordinary and extraordinary rays, corre-
spondingly.
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Two light waves, which have mutually orthogonal
polarization, get difference in phase 6 after living plate
with thickness /& due to the difference of refractive in-
dexes ny and n,:

2

6= T(no —n,)h

(M
where A - light wavelength.

The wave components, which are A-axis projections
Eyand E,, or E and E,, will transmit through the analyzer
A. These oscillations have different phase d and interfere
with each other. Light intensity after A for every spectral
components is:

I, =E,sin*(8/2). 2

where L for crossed P u A, E, — completely linearly po-
larized light amplitude after P. We see from (2) that A
keeps out the light (4,,,) under condition that:

§=2mm,m=0,1,2 ... 3)
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Fig. 3. Interference bands of sapphire single-crystal.
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Fig. 4. Dependence of ellipsometric parameters ¥ and A versus
incidence angle (curves — calculation in model film-GGG
substrate with experimental points). Experimental error is in the
experimental point size.
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For difference in path A = (ny —n,)h (3) will be:

A = (ng —n,)h=mh,, - 4

Thus, interference minimums will be for 4,,,, when dif-
ference in phase is even numbers of 7 and difference in
path is equal to even numbers of A.

We carried out experiment for observing interference
of polarized rays, which was obtained as a result of
birefringence in the sapphire single-crystal. Within vis-
ible spectrum there are seven interference minimums
(Fig. 3). We determine wavelength for all them and us-
ing equations (1)—(3) estimated the refraction indexes dif-
ference of ordinary and extraordinary rays for the sap-
phire plate under study. The thickness of the plate was
800 mm and An turned out 0.009.

3. Experimental results

The Figs 4-6 show experimental dependencies (shown
with points) of ellipsometric parameters ¥ and A versus
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Fig. 5. Dependence of ellipsometric parameters W and A versus
incidence angle (curves — calculation within model film-sap-
phire substrate with experimental points). Experimental error is in
the experimental point size.
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Fig. 6. Dependence of ellipsometric parameters ¥ and A versus
incidence angle (curves — calculation within model film-sitall
substrate with experimental points). Experimental error is in the
experimental point size.

incidence angle for GGG (Fig. 4), sapphire (Fig. 5) and
sitall (Fig. 6). Measurements were carried out within
angle range from 50° up to 80°. Native GGG growth
surfaces of {211} type were chemically etched with phos-
phoric acid at temperature ¢ = 280 °C according to tech-
nique similar to the one described in [7].

The ellipsometric experimental data analysis shows
that the surfaces of all investigated samples (GGG, sap-
phire, and sitall) are not native, but have surface layer
(film). But experimental values ey, and Ay, for all sam-
ples are not far from thus for bulk material. It means that
ngand ny(and Bruster angles) are near-values.

We investigated our samples by light scattering tech-
nique to reveal macroroughness. But there was not any
scattering. So, ellipsometric angles variations were not
connected with the surface macroroughness.

But we revealed microroughness by means of electron
microscopy analysis films of replica covered by Pt. The
surface of the samples under study was irregular with
chance structure and peculiarities at about 20-30 nm dis-
tance. Last value correlates with the experimental data
for thickness of the surface layer. Thus, the model of ho-
mogeneous film for microrough surface of the substrate
is very good.

4. Analysis of errors

Table 1 shows influence of real experimental errors on
modeling results for single layer structure air-film-GGG
substrate for GGG (n, = 1.98, ny=1.87, dr= 33.2 nm,
0 = 65°, A = 632.8 nm). Experimental errors equal to
10.01° for ¥ and £0.05° for A. One can see that ny=1.87
is determined precisely up to the third decimal digit and
drerror does not exceed more then 3 %.
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Table 1. Influence of real experimental errors on modeling re-
sults for single layer structure air-film-GGG substrate for GGG
(ny=1.98, n;=1.87, d=33.2 nm, 6 = 65°, 1 = 632.8 nm).

Acxps © Yexp ° ny dj, nm

25.792 + 0.00 4.237 +0.00 1.8682 32.4330
25.792 +0.10 4.237+0.05 1.8681 33.1463
25.792-0.10 4.237-0.05 1.8681 31.6889
25.792-0.10 4.237+0.05 1.8695 33.4486
25.792 +0.10 4.237-0.05 1.8666 31.3885

5. Damage layer model and origin

Ellipsometric investigations of GdGaG, sapphire, and
sitall surfaces (Figs 4-6) were used to prove presence of
interface layer and to develop its physical model. Single
homogeneous surface film model and effective medium
model describing microroughness of the surface were con-
sidered. The surface was analyzed within the physical
model of a film with refractive index nrand thickness dy
on homogeneous substrate with refractive index n, thick-
ness of the substrate assumed infinite. This system (film -
substrate) is placed in homogeneous isotropic media (air)
with known refractive index (n,). It is supposed that
substrate, film, and media are transparent (k, =k,=k;=
= 0). We investigated the case of homogeneous along
thickness film (n,= const(d))).

These results were used to estimate physical model
and calculate optical constants of surface layers. We used
mean square deviation as the criterion of a model being
adequate. The sum of squared errors

LIRS (i i i i
Q(x) = F Z (\Pcalc (x) - \PEXP )2 + (Acalc (x) - AEXP )2
i=1

(©)
is minimized leading to the set of optical parameters char-
acterizing the surface. N —is the number of data points,
subscripts exp and calc refer to the experimental and cal-
culated parameters.

Modeling of the real sample was performed within
single layer model. Namely, ambient (air)-film-substrate.
The surface layer (roughness) on the top of an infinite layer
of bulk substrate material was modeled as a homogeneous
film with apparent optical constant n, nyand thickness dy.
A schematic of this geometry is shown in Fig. 7 a,b,c for all
ofthe three samples. Fitting the results for two models proved
that single layer model gives much better approximation
than the clean surface one. The (3) is 1.2° for the two-phase
model (sample-air) and 0.1° for our air-film-substrate model.
So, taking surface layer into account improved the quality
of the approximation for each sample about 5-50 times com-
paring with clean surface model.

It is shown that in all three cases (GGG, sapphire,
and glass ceramic substrates) there is a damaged surface
layer (with refractive index a bit smaller then the one of
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Air (n, =1) a Air (n,=1)

b Air (n, =1) c

Film (n, =187, d, =33 nm)

Film (n/v=1.68, d,=32 nm)

Film (n, =153, d, =45nm)

Substrate: GdGaG
(ns= 1.98£0.001 )

Substrate Al,O3
(ns =1.769£0.001)

Substrate: sitall
(n, =1.55+0.001)

Fig. 7. Models of GGG (a), sapphire (b), and glass ceramic (c¢) substrates

the bulk material), which is the result of mechanical
processing (polishing) of the sample and can not be re-
moved by chemical polishing. Such layer may be formed
on both single-crystal substrate (such as GGG and sap-
phire) and ceramic.

The analysis of experimental results allows to make
some conclusions concerning the origin of this layer.
Thus, the fact that refractive indexes of the layer and
bulk material are close brings about the conclusion that
this layer is amorphous damaged layer, which is the re-
sult of mechanical processing and remains after remov-
ing stressed layer via chemical polishing. The fact that
damage layer lasts after chemical polishing make it pos-
sible to rule out its connection with stress under mechanical
polishing and offer the other mechanism of its formation.
Under mechanical polishing of the surface the damage amor-
phous layer may be formed near the surface that is con-
nected with melting of the surface layer and its rapid cool-
ing. The cooling rate is more than the crystallization one,
which leads to deregulation of surface layer structure.

Refractive index difference for crystalline and amor-
phous material is very small, it is not more than 0.1 (An =
=n.—n, = 0.1)[8]. This value coincides with our values
for all our materials (GGG, sapphire, and ceramic) in
the frame of offered models. But this value is more than
enough for so sensitive technique as ellipsometry, which
allows to identify such kind of layer.

Presence of this layer should be taken into account
when using such plates as substrates for growing various
epitaxial films since the damaged layer may result in in-
terface layer between the film and substrate that would
distort properties of the system in general.

Difficulties, which are well known from literature,
arising while growing epitaxial films on GGG and HTSC
films on sapphire are connected with not taking into ac-
count the damaged surface layer. The fact that the grow-
ing films turned out to be amorphous confirms that the
found layer is amorphous as well.

6. Conclusions

1. GdGaG, Al,03, and glass ceramic (sitall) sub-
strates were investigated using ellipsometry technique.

2. A layer on the surface of GdGaG, sapphire, and
glass ceramic was found. Refractive index nyand thick-
ness dyof this layer were determined. It was shown that

all three samples have significant surface damaged layer
of about 30-45 nm thick.
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3. Complex investigation using ellipsometric method
and method of polarized rays interference allowed to
determine both refractive index and birefringence (dif-
ference of refractive indices for ordinary and extraordi-
nary rays) of a sapphire single-crystal.

4. It was shown that in the all three cases studied
(GdGagG, sapphire, and glass ceramic) interface layer in
a system substrate—interface layer—air is a damaged sur-
face layer (with refractive index smaller then the one of
the bulk sample), that is the result of mechanical polish-
ing the samples. Besides, it is proved that taking this layer
into account improved quality of modeling by 5 to 50
times comparing with the clean surface model.

5. Experimental data analysis allows to make some
conclusions concerning the origin of this layer. It is a
specificamorphous damaged layer that remains after etch-
ing out stressed surface layer via chemical polishing.

6. Such layer may be formed on both single-crystal
(GdGaG and sapphire) and glass ceramic substrates as a
result of mechanical processing. One should take this
layer into account if using such plates as substrates for
growing various epitaxial films, since it can be a source
of an interface layer between substrate and film and dis-
tort properties of the whole system.
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