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We present a study en amorphous Sio/
temperature and annealed in the tem

SiO, superlattice formation on Si substrate held at room

ray scaltering (GISAXS) and >(.raypera\ture range 600~1100 °C. Grazing-incidence small-angle

Si0/Si0, superlattices were prepared
of 8i0 and 5i0; {10 layers each) fro
Si substrate during evaporation ens

reflectivity were used to study such samples. Amorphous
by high vacuum physical vapor deposition of 4 nm thin films
M corresponding targets on silicon substrala. Rotation of the
ured homogeneity of the films over the whole substrate. We

observedﬂ that the Inhomogeneities introduced into the SiO and SiC, layers during the deposition
(Sg\é)a;l:ora Or?i)cl?lve rise o .small angle scattering at fower annealing temperatures. After an Initial

i0 layer t A ness reduction for 600 °C annealing, these thicknesses remain virtually unchanged
up to 1000 9, where they start to decrease again which leads to particle formation. Nevertheless,
this compacting at iow temperatures may lead to the seed formation In SiC layers that will facilitate

"+ later Si nancparticles growth.

_ Keywords: S!Nanostructures, Si0O/SIO, Amorphous Superlattice, Small Angle X-ray Scattering,
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1. INTRODUCTION

" The most recent developments in photovoltaic technolo-
gies aiming to reduce the cost of production explore the
new possibilities offered by inovative concepts in the nano-
technology. The concept is to engineer the band structure
of silicon by formation of silicon nanocrystals embed-
ded in either 4 SiO, or a Si;N, matrix. Nanocrystals less
than 7 nm in diameter behave as quantum dots exhibiting
quantum confinement. If such formed Si nanocrystals are
placed close enough to each other, the overlap of the wave-
functions of quantum confined carriers in adjacent dots can
contribute to the {ormation of a true superlattice with the
confined states smicared out to form a mini-band.! .

Recently, many alternative techniques for the synthesis
of Si nanocrystaliites in oxide matrix were explored sm_xch
a5 high dose Si-ion implantation in '§i0,.2 COSPU:‘EHHE
of Si 2nd Si0, or cosputtering of SiO and Si0y," laser
ablation of Si, solcly or together with Si0,,’ _gaS'Ph“SC
evaporation of S$i0,* and plasma-assisted chemical vapor
deposition of silicon suboxide.” Another powerful thr.l'_
nique for producing Si nanocrystallites ina S;Ol% matrix 18
thermal evaporation of $iO or SiO and Sio.

A pew method based on the prcparation of Si0/Si0.
superlattices which enables the independent cont
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size, size distribution, position and density of the
nanocystals was suggested.''* However, the ditfusion and
phase separation process in such contined geametries and
in the presence of SiO, nearby the interface is nat yet
completely understood. In addition there is no theoreti-.
cal work available to our best knowledge, which describes
both the phase separation and the crystallization provess
in the limit of ultrathin layers. For a better understanding
of that problem, it is necessary to lean more ubout the
structural changes occurring during the anncaling of such
superlattices, which we shall present in this work,

2. EXPERIMENTAL DETAILS

Amorphous SiO/SiO, superlattices were prepared by high
vacuurn evaporation of alternating films vl 8i0; and SiO,
each 4 nm thick {forming a stack of 1) bilayers) on clean
$i(100) substrate held at room temperature, Rutation of the
Si substrate during evaporation ensured unitormity of the
films over the whole substrate surface. After deposition,
the samples were annealed from 600 Cr 1N Clarlh
in vacuum better than 102 Pa to induce Si nanoerystals
formation.

X-ray reflectivity (XRR) measurements were performed
at the ELETTRA synchrotron radiation svurce, Trieste
(Italy), at the SAXS beamline'" using a X-ray beani energy
of & keV (A = 0.154 nm). The size of the incident beam
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was 5 mm x 0.1 mm (horizontal x vertical). The stage (and
the sample surface) was aligned horizontally and parallel
to the incoming beam within #£0.1°, The scattered intensity
was measured using a Gabriel type, gas filled ID detec-
tor at a fixed position (this corresponds to the so-called
detector scans taken with a point detector). For each sam-
ple, the scattered intensity has been measured in the whole
grazing angles range from below the critical angle, which
is 0.23° for silicon, up to 2° approximately. The X-ray
reflectivity has been extracted from these measurements as
the specular peak integral intensity, with the diffuse inten-
sity subtracted." There are several other ways to handle
_reflectivity results ¢.g., Ref. [15] which are however less
suitable for our type of samples.
Grazing incidence small angle X-ray scattering
(GISAXS) experiments were also carried out at the syn-
chrotron facilities of Elettra, using synchrotron radiation
with wavelength A ==0.154 nm (photon energy of 8 keV).
The grazing angle of incidence was selected in the range
0.3° < a; < 1.4° for which the effective area of the beam
‘foot print is smaller than the sample surface area (20 mm x
20 mm); the incident angle &, was larger than the critical

angle for total external reflection of the silicon substrate -

2. (Si) = 0.23°. A two dimensional CCD detector with
1024 x 1024 pixels, positioned perpendicular to the inci-
dent beam at a detector to sample distance L = 2000 mm,
was used to record the SAXS intensity. A thin Al-strip was
placed in front of the 2D detector to avoid saturation in the
specular plane direction where the usually much stronger
surface scattering is present. The spectra were corrected
for the background intensity and detector response.

3. RESULTS AND DISCUSSION

X-ray refiectivity from a rough surface in the limit of small
surface roughness (i.e., g2o? < 1, where g, is the scatter-
ing wavevector in the direction perpendicular to the surface
and o is the surface roughness), is given in the framework
of the distorted wave Bomn approximation (DWBA) as

Ir? =irffexpl-gg0®] . (1)

where g} and g, are the scattering wavevectors in and out-

side the solid surface, respectively, and rp is the Fresnel
reflectivity. In the approximation of small angles, the latter
is given by

. ' 2:=4:

2
qz+Qz @

=

Howevcr when X-rays impinge on the surface of a thin

film placed on a substrate with index of refraction differ-
ent from that of the substrate, the part of the beam trans-

mitted through the upper film surface gets partly reflected - -

on the lower one. Then it reaches the upper surface from
below and is partly transmitted, contributing additionally
to the overall reflectivity. The part that is reflected from the
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upper surface back into the film repeats the same sequence
of reflection (from the lower surface) and transmission
(through the upper surfzce). This transmission-reflection
sequence is repeated endlessly, and then the reflectivity
can be summed into '

_ 1
- r,rz+1‘

NO)

.Here, r, and r, are the reflectivities ‘on the top and
the bottom film surface, respectively, This can be easily
extended to an N-layered film where the index of refrac-
tion of each layer differs from that of the adjacent ones.
The coefficient of reflection of each layer is calculated
separately as
R j+1 +r ]
Ryr, +1 @

J+17)

where R, is the reflectivity in the jth qublayer (from the
Jjth interface) with the multiple reflections included, while
ry is the Fresnel type reflectivity from the jth interface,
given by Eq. (2). The substrate is' very thick compared
to the film, therefore the intensity refiected from its bot-
tom is neglected (Ry = 0). Thus, if we start from the -
substrate surface we can calculate the reflectivity in each
layer progressively towards the film surface using Eq. (4).
Finally, the film reflectivity, with all the layer contributions
included, is obtained as RMS value of the reflectivity from
the top layer Ryt

R=

= T, = IR,/ | (5)

where fp and I, are the: reflected and the incoming-
intensity.
The measured X—ray reflectivities for the as prepared

~ sample and those annealed at different temperatures are

shown in Figure 1 as open circles, together with the calcu-
lated reflectivities shown as solid curves and obtained by
fitting using the above described calculation procedure. The
annealing temperatures are also shown in the figure. Since

- our samples are stacks of 10 bilayers, one would expect -

Bragg type reflections to occur at odd indexes. Namely,
when both layers in a bilayer are of the same thickness the
Bragg peaks at even indexes should be absent. The first
one is visible at about ¢ = 0.8 nm~!, but the third one at
g =2.4 nm~ is apparently missing. The relatively weak
first Bragg peak could be attributed to a small difference
in electron density of the evaporated SiO and SiO,, but the
absence of the third Bragg peak suggests that the roughness
of the interfaces between the layers is also significant.

If we follow the strength of the first Bragg peak in
Figure 1, we can see that it gets stronger after annealing at
600 °C, and weakens again after annealing above 1000 °C.
The fringes that are present in all reflectivity curves can be
a good measure of the overall film thickness. Their dom-
inance in the reflectivity curves suggests that the electron
densities of Si0 and 8i0, are similar and significantly

J. Nanosci. Nanotechnol. 9, 3853-3857, 2009 -
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Fig. 1, X-ray reflectivity (open circles) for 10 Si0/SiO; bilayers
together with the best fit (full lines) as a function of the grazing wave

vector. ‘The annealing temperatures are indicated at the comresponding -

curves, and the curves are offset vertically for the sake of clarity.

lower than the density of the substrate (monocrystalline

‘silicon).

Qur samples are stacks of the same 10 bilayers of amor-
phous SiO/SiO, that have been annealed at different tem-
peratures. We can assume that the number of electrons in
each layer is constant, and only the change of layer thick-
ness can affect the index of refraction. Namely, at lower
temperatures of annealing the amorphous structure of the
films is relaxed, and at high temperatures a phase separa-
tion takes place, as described by

Si0, - §Si02 + (1 - %) Si (6)

In our case x = 1. On the other hand, the density of both
SiO and Si0, is expected to be smaller than the standard
value for the bulk materials. Therefore the layer density
becomes a function of its thickness and not a free fitting

parameter. For the layer roughness we adopted the sim- -

plest model: it was increasing linearly from the substrate
towards the surface of the film, starting from an initial
value higher than that of the substrate, which, in tum, is a
véry low value typical for monocrystalline silicon.

In Figure 2 the thickness of the SiO and Si0, layers is
plotted as a function of the annealing temperature. These
values were obtained by fitting.
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Fig. 2. Thickaess of SiQ (open circles) and Si0, (full circles) es a -
function of annealing temperature,

The relatively big error bars are partly misleading: from
the big number of fringes obtained for this angular range,
the overall thickness of the film can be determined very
precisely, and the Bragg peak position is giving the bilayer
thickness precisely, too. It is the thickness of each layer in
the bilayer that is harder to obtain.

Nevertheless, we can follow the initial relaxation of the
structure, evident as the reduction of the layer thicknesses
at 600 °C, and partly also at 700 °C. After that those
thicknesses are more or less unchanged up to the highest
annealing temperature, where the thickness of the SiO lay-
ers suddenly drops and that of the SiO, layers increases
again, The gross change of the whole film thickness is
towards lower values: the increment in the SiO, layer
thickness is less than the decrement in the SiO layer. This
is expected from the values of the bulk densities: follow-
ing Eq. (6) (the number of silicon and oxygen atoms stays
the same) one finds that the separated Si atoms and Si0,
molecules occupy less space than the originally present
SiO molecules. One would expect this to hold also for the
surface evaporated material as well.

In Figure 3. the roughness of the layers is plotted as a
function of the annealing temperature. We suppesed that
the roughness of the layers is dominantly a function of the
preparation method and that it is relatively high initially.
Successive layer evaporation increases the surface rough-
ness, but at a lesser rate. Therefore, the roughness was
supposed to increase for an additional 0.05 nm for each
bilayer progressively towards the film surface, while the
value for the initial bilayer is the one plotted in Figure 3.
Varying the rate of increment of the roughness together
with the initial value did not result in an improvement
of the fit, and the 0.05 nm per bilayer was chosen to be
common, ‘
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Fig. 3. Roughness of the lowest layer in the film as a function of the
temperature as obta'med from firting, . .

The roughness of the layers'is reduced slightly dur-
ing the 600 °C annealing due to structural relaxation (the

Bragg peak gets enhanced compared to the one from as the

received sample) although the consequence of the relax-
ation is not as clearly resolved as in the case of the sample
thickness in Figure 2. It is increased again, this time signif-
icantly after annealing at 1000 °C or higher temperatures,

The phase separation given by Eq. (6) is expected to

happen at 1100 °C in every other SiO layer.'? Since SiO,

is a barrier to silicon diffusion, this phase separation com-

bined with confinement due to adjacent SiO, layers it

should result in Si nanoparticle formation within the SiO

layer, T
What we have observed by X-ray reflectivity is

destruction of the SiO layer; its thickness is reduced to

the benefit of the Si0O, layer thickness and its roughness -

is increased. The initial SiO layer thickness was chosen in
order that the diffusing silicon would form nanoparticles
of similar size positioned at the center of the ex SiO layer.

We performed GISAXS experiments in order to verify
that silicon particles have been formed, A 2D CCD detec-
tor was used and a typical pattern for the sample annealed
at 1100 °C is shown in Figure 4. The grazing angle was
ac+0.1° to allow for the scattering contribution from
within the film, since the penetration depth corresponds to
the sample thickness at this grazing angle. :

The scattering is still dominated by the surface rough- -

ness contribution, which includes the scattering from all
the interfaces between the different layers throughout the

sample. At g, = 0.3 nm™, a broadened Yoneda type of

scattering can be observed. This is the position where the
evanescent signal from the sample leaves the sample sur-
face at an angle equal to the critical angle. In the vicinity
of the specular peak (g, =0), at about g, = 0.9 nm™, a

broadening of the Bragg peak, that is due to the bilayered .
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Fig.4. GISAXS scattering from the sample annealed at 1100 *C, taken
ot the grazing angle & = e +0.1°, shown in contour plot. -

sample structure and has been already discussed in the
reflectivity section, can be observed. Since the thickness of

- the SiQ, layer is small, a rather strong interaction of the Si

nanoparticles growing in adjacent layers is expected. In the
case when the size of these particles equals the thickness
of the SiO layer, its lateral shift is favored for the particle
in the adjacent layer.! As a result, particles growing in

[~ AR.
' -0~ 600°C
- 700°C
-m- 800°C
~A=~ 900°C
—— 1000°C]
—o— 1100°C

- Intensity (arb. units)

L |
0.2

. Fig.5. 1.D scattering intensities taken at 4, = 1.3 nm™! (see Fig. 4.)

vresus the scattering wave vector in the direction parallel 1o the sample
surface, The annealing temperatures ure indicated in the insert.
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Rudius of gyration obtained from the Guinier fit of the data in
Figure S, versus annealing temperature.

every second or third layer, would be correlated vertically,
resulting in a correlation maximum appearing in GISAXS
at angles below the Bragg peak position.

The absence of the correlation peak reveals a poor ver-
ticnl correlation, However, when the intensities along ¢, =
1.3 nm~! are plotted, we can clearly see a difference in
the diffuse scattering, as shown in Figure 5. The scatter-
ing intensities are apparently very similar for all annealing
temperatures, only for the as received and the 1100 ‘C
annealed sample they differ. Without going into details of
the origin of the scattering, one can conclude that the lower
annealing temperatures cause structural relaxation (hence
the lower intensity from the as received sample), and only
at 1100 °C the particles are actually formed, although dis-
tributed quite irregularly through the ex SiO layer.

The shape of the curves also suggests that a range of
sizes is present in the sample. If we apply a simple Guinier
fit to obtain qualitative information of the sizes depen-
dence on the temperature, we notice the trend illustrated
in Figure 6. At the intermediate temperatures of anneal-
ing particle did not grow, and the growth started only at
elevated temperatures.

! - Nanoscl. Nanotechnol. 9, 38533857, 2009
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.4. CONCLUSIONS

 Inhomogeneities are introduced into the SiO and Si0, lay-
ers during the deposition (evaporation) and these give rise

to small angle scattering at lower annealing temperatures.
After an initial Jayer thickness change for 600 °C anneal-
ing, these thicknesses remain virtually unchanged up to
1000 °C, where they start to decrcase. Furthermore, in
this intermediate temperature range no significant growth
of nanoparticles is observed. However, this compacting
upon annealing at intermediate temperatures may lead to
the seed formation in SiO layers that will facilitate later
growth. Further studies are necded to explore this subject
in greater details.
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