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We present an x-ray scattering study of the temperature-induced phase separation and Si nanocrystal
formation in bulk amorphous SiO, with x~ 1. X-ray Raman scattering at the Si L j;;-edge reveals
a significant contribution of suboxides present in native amorphous SiO. The suboxide contribution
decreases with increasing annealing temperature between 800—1200 °C pointing toward a phase
separation of SiO into Si and SiO, domains. In combination with x-ray diffraction and small angle
x-ray scattering the SiO microstructure is found to be dominated by internal suboxide interfaces in
the native state. For higher annealing temperatures above 900 °C growth of Si nanocrystals with
rough surfaces embedded in a silicon oxide matrix can be observed. © 2010 American Institute of

Physics. [doi:10.1063/1.3323106]

Bulk amorphous silicon monoxide (a-SiO, with x=1) is
a promising material regarding the search for materials in
(opto)electronics and semiconductor technology. Structures
containing Si nanocrystallites in an oxide matrix are valuable
alternatives to fragile, porous Si on the way toward highly
efficient photoluminescence devices utilizing Si-based
materials.'” Amorphous SiO shows a phase separation (dis-
proportionation) under annealing combined with a growth of
Si and SiO, domains. Therefore, it has attracted great interest
asa startmg material for the production of photoluminescent
structures.” By phase separation within superlattices of
Si0/Si0,, even a size-controlled growth of Si nanocrystals
(NCs) could be achieved.’ The structural characterization of
amorphous silicon/oxygen systems and their behavior during
annealing is therefore of special relevance. Although the op-
tical properties of such systems have been intensively inves-
tigated, detailed spectroscopic studies of the underlying elec-
tronic and atomic structure are still rare.®”

In this article, we present a study of the temperature-
induced phase separation and Si NC formation in bulk SiO
by nonresonant x-ray Raman scattering (XRS), x-ray diffrac-
tion (XRD), and small angle x-ray scattering (SAXS). XRS'"
measurements of the Si Ly jj-edge are highly sensitive to the
chemical environment, e.g., the different oxidation states, of
the Si atoms in SiO."" We probe the variation in the suboxide
contribution [i.e., Si(Siy_,0,) with n=1,2,3] in SiO during
annealing which permits estimates for temperature ranges
where the phase separation proceeds and where it is almost
completed. We estimate the crystallization temperature and
NC sizes by XRD and use SAXS to analyze fractal correla-
tions, which yield information about the microscopic struc-
ture of the system. 12

The amorphous SiO samples were prepared in a vacuum
chamber by evaporation of a 1:1 Si/SiO, powder mixture
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heated to approximately 1400 °C and subsequent deposition
of bulk condensates on a cooled surface mounted in the
chamber at a condensation temperature of about 600 °C.
With a high deposition rate of 200 nm/s bulk thicknesses of
several mm were achieved. The native a-SiO samples in bulk
pieces were annealed for one hour using a tube furnace and
nitrogen flow. Three different sample series were prepared.
a-SiO of series A was annealed at 725, 800, 850, 900, 1050,
1100, and 1200 °C, series B at 800, 850, 1050, and
1150 °C, and series C at 800 and 1000 °C. Afterwards the
samples were ground to produce powders. The XRS spectra
were measured at the Advanced Photon Source (APS) beam-
line XOR/PNC 20-ID employing the LERIX spectrometer'”
for momentum transfers ¢ of 2.4 A~ (series A), 9.85 A~
(series A), and 10.1 A~' (series B and C) with energy reso-
lutions of 0.6 eV (series A) and 1.4 eV (series B and C) at a
fixed analyzer energy of 9.89 keV by variation in the incident
energy. The Si Ly j-edges were extracted from the raw XRS
data sets (see Ref. 14) and have been normalized by the area
between energy losses of 95 and 120 eV. XRD and SAXS
measurements were carried out at beamline BL9 of DELTA'
using a MAR image plate detector with an incident energy of
27 and 10 keV, respectively.

The structure of native a-SiO can be described as a dis-
proportionation in the initial state, where nanometer-scale Si
and SiO, domains are separated by suboxide interfaces.’
Thus, a significant amount of suboxides in the native sample
related to such internal interfaces is expected. The contribu-
tion of these interfaces decreases with increasing annealing
temperature by further disproportionation. Here, XRS is a
unique probe of such internal interfaces'' and allows us to
study the phase separation in detail. XRS spectra measured
at the Si Lyj-edge of differently annealed SiO samples are
shown in Fig. 1(a) for series A measured at high ¢. Distinct
differences between native and annealed samples can be ob-
served in the energy-loss range between 101 and 110 eV. In
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FIG. 1. (Color online) (a) XRS spectra at the Si Ly; j-edge of SiO measured
for the native state and for different annealing temperatures at high momen-
tum transfer (sample series A, ¢=9.85 AD. Spectral features related to
suboxide contributions (dot), Si (left arrow), and SiO, (right arrow) are
indicated. (b) XRD patterns of native and annealed SiO samples. As a ref-
erence the XRD pattern of polycrystalline Si is shown.

particular, the strong spectral feature related to suboxide con-
tributions in the bulk material'’ between 102 and 106 eV
vanishes with increasing annealing temperature. This is ac-
companied by the increase of both, the peak at 101 eV char-
acteristic for crystalline Si and the white line typical for pure
SiO, at 108.5 eV. Spectral changes at the Si Ly jj-edge onset
related to partial crystallization of the amorphous Si phase
have been reported carlier'® but are negligible compared to
the observed changes of the suboxide contribution in our
XRS spectra. It should be noted that a deeper analysis of the
XRS line shapes in comparison with theory allows to study
in more detail the underlying electronic structure of suboxide
contributions.'” Although the matrix elements contributing to
the XRS spectrum at high ¢ are rather different from photon
absorption, the key point is that the XRS process is bulk
sensitive and linear, i.e., admixture of different phases results
in proportional admixture of spectra. Thus the phase separa-
tion can be quantified by calculating the so-called phase
separation parameter A(T), which is estimated by the integral
of the absolute value of the difference between the spectra of
native and annealed samples for the energy loss range 99—
106.5 eV where the suboxide contributions dominate the
spectral changes. This parameter describes disproportion-
ation as discussed earlier for bulk a-GeO using x-ray
absorption.l&19 A(T)=1 refers to a 1:1 superposition of XRS
spectra of Si and SiO, as a model for a disproportionated
SiO sample and the error bars are estimated based on the
statistical accuracy of the XRS measurements. Results are
presented in Fig. 2 for the different sample series measured
at large (series A, B, C) and small ¢ (series A). The phase
separation proceeds at 900 °C and is almost completed at
1200 °C. The XRS measurements clearly indicate that the
suboxide content significantly decreases for annealed
samples. It was observed in a former study of bulk a-GeO
that the temperature-induced phase separation is followed by
formation of Ge and, at higher temperatures, GeO, NCs.”
Thus we characterized the native and annealed SiO samples
by XRD. The corresponding diffraction patterns are shown in
Fig. 1(b) together with a reference spectrum of polycrystal-
line Si. Due to surface oxidation during annealing a few
samples, mainly of series B, show small impurities of crys-
talline Si0O,. These effects are non-systematic with tempera-
ture and the corresponding SiO, Bragg peaks have only a

Appl. Phys. Lett. 96, 081912 (2010)

1
Series A (highgq) @ ?
SeriesA(lowqg) e [}
0.8 SeriesB =
SeriesC A §
Si/SiO, ]
2 ®
S 06
>
g 73K
KA
E’ 0.4 1 NC formation
[
0.2 ¢
0 . . i i i
700 800 900 1000 1100 1200
T[°C]

FIG. 2. (Color online) Phase separation parameter A(7) of SiO extracted
from XRS spectra measured for sample series A, B, C at high and for A at
low momentum transfer. Si/SiO, indicates the reference for a fully dispro-
portionated sample. The regime of Si NC formation is shown by the arrow.

negligible integral contribution to the overall XRD pattern.
The native samples are found to be amorphous, i.e., they
exhibit no long-range order of the atomic arrangement. For
annealing temperatures above 900 °C partial Si NC forma-
tion is observed. Using the Scherrer equation the average
size of the NCs is estimated to 4.0*+0.4 nm for 1000 °C
and increases up to 6.8+ 0.7 nm at 1200 °C in good agree-
ment with former results.”’ Thus it can be concluded that the
averaged size of Si clusters in the native samples is signifi-
cantly smaller than 4 nm which supports a strong contribu-
tion of suboxides in native SiO. SiO, NCs do not form in
bulk SiO up to 1200 °C in contrast to GeO, in which GeO,
crystallites form already 100 °C above the onset of Ge
crystallization.19 This results in a broader temperature win-
dow where the size of Si NCs embedded in an amorphous
silicon oxide matrix can be tuned without crystallization of
Si0,. Moreover, the crystallization of Si in SiO sets in before
phase separation is completed. The results of the SAXS mea-
surements are presented in Fig. 3(a) for series A. The spectra
exhibit a significant temperature dependence whereas the
strongest change can be observed across the crystallization
temperature of 900 °C. For the two highest annealing tem-
peratures the SAXS pattern can be interpreted with volume
particle size-distributions obtained by a Monte Carlo
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FIG. 3. (Color online) (a) SAXS pattern of native and differently annealed
SiO shown for sample series A on a double-logarithmic plot. The fitting
ranges to extract the power-law exponent p are indicated as solid lines and
the Guinier-to-Porod transition is marked by dots. (b) Resulting p for SAXS
measurements of sample series A and B. The regime of Si NC growth is
indicated.
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method*! yielding mean sizes of 7.2+ 1.0 and 10.4* 1.0 nm
in line with the XRD results. To access information on the
samples’ morphology, the SAXS data were further analyzed
in terms of fractal correlations estimating the power-law ex-
ponent p by the slope of InI against In g in the Porod
regime, where [ is the SAXS intensity and
g=4m/\ sin(20/2) with wavelength N\ and the scattering
angle 20. Values of 3=p=4 refer to scattering at surface
fractals, e.g., compact particles with a rough surface, and
values of p=3 to scattering at mass fractals, e.g., colloidal
aggregates or two phase systems with ramified domains. The
fitting ranges used to calculate p are indicated in Fig. 3(a) by
solid lines and are restricted to the regimes of linear decrease
in In /. The transition from the Guinier to the Porod regime is
indicated by dots. The power-law exponent p of differently
annealed SiO samples for series A and B is shown in Fig.
3(b). Upon annealing the fractal dimensions describing the
microstructure of the SiO samples changes from mass frac-
tals to surface fractals in the NC regime. In particular the
value of p shows a significant rise at the onset temperature
for formation of Si NCs and an increase with crystal size,
indicating the process of crystal growth. In the native
samples and for small annealing temperatures values of p
=2 are estimated pointing toward scattering at mass fractals.
This observation can be related to a microstructure of native
SiO where internal suboxide interfaces dominate the system.
It can be understood as an early stage of disproportionation
in the initial state.

In conclusion, we characterized the process of
temperature-induced phase separation and Si NC formation
in bulk SiO by x-ray scattering methods. During phase sepa-
ration SiO transforms from a structure which is dominated
by suboxide interfaces to a structure in which Si NCs with
rough surfaces are embedded in a silicon oxide matrix.
The strongest structural changes occur between 900 and
1050 °C. In contrast to bulk GeO, the size of Si NCs can be
tuned in the nanometer range over a broad temperature range
without crystallization of SiO,. These findings provide a de-
tailed view on the microscopic structural changes which oc-
cur during annealing of SiO on the way to NC formation and
thus have impact on the production of NCs embedded in
oxide matrices with tunable physical properties.
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