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Abstract: Si/C multilayer films deposited by radio frequency magnetron sputtering were post-annealed at 1100 °C for 1 h to produce

Si nanocrystals (NCs). X-ray diffraction and Raman spectroscopy were used to analyze the phase composition and atomic vibration

spectrum of the multilayer structure. High-resolution transmission electron microscopy was employed to verify the existence of Si

NCs and to observe their sizes and morphologies. The results reveal that the Si NCs are formed by solid-phase recrystallization of

the nanometer-thick layers of amorphous Si confined between C layers. The NC shape and size could be tuned by changing the

modulation ratio of the Si layer and the C layer. When the ratio shifts from 0.5 to 2, the NCs become spherical, elliptical, square, or

brick-shaped. This growth mode may be conducive to the design of different Si-based photo-electronic materials.
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The use of silicon nanocrystals (Si NCs) is considered an

effective method to engineer the bandgap of Si materials!' /.

The fundamental study of Si NCs has suggested various
potential applications for Si NCs, such as semiconductor
light ! (651

emitter™®!,  solar and
non-volatile

photovoltaic
[9-11]

system

memory devices Researchers have
demonstrated that the bandgap of Si NCs increases with
decreasing NC size; hence, smaller NCs absorb more
optimal photons™*™

to produce Si NCs include the incorporation of Si NCs in a
[12,13]

. The two most common methods used
dielectric matrix and alternating layers of a Si-rich
dielectric and a stoichiometric layer of dielectric™”'. Si0,,
Si3sNy and SiC are considered suitable dielectric matrices;
among them, SiC provides lower barriers than SiO, and
SizN, allowing more quantum confinement for a given dot
spacing!. In addition, a prerequisite to achieve good
quantum confinement and optoelectric performance is the
ability to control the size, shape, and density of Si NCs!'*"*!.
Si NC size and density are often controlled by varying the
stoichiometry of the films™'>'%); films with a higher amount
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of Si produce larger, randomly distributed Si NCs, which
are typically non-spherical or agglomerated. The size, shape,
and density are not independent on each other; the primary
challenge is independently co-regulating two of them with
good controllability.

Recent studies have indicated that multilayer film
structures (superlattice structures) such as 0-Si0,/Si0,"?,
SiN,/SisN, ", o-Si, ,C,0,/H-a-Si0C!""]
effective control of size and density. Because of the
relatively lower barrier height of amorphous SiC (a-SiC),
the tunneling probability of carriers between NCs (Si NC

and allow

size <7 nm in diameter) strongly depends on the barrier
height of the host material. Thus, Si NCs embedded in an
a-SiC dielectric are of considerable interest. Song et al.
prepared amorphous Si;.,C,/SiC multilayer films, and Si
NCs were formed after annealing treatment!'”". Furthermore,
Kurokawa et al. prepared a-SiC/a-Si;-,,C,O, superlattices
for Si NCs and introduced oxygen atoms to develop the
18] that the absorption
coefficient was enhanced. Simultaneously, Ding et al.

a-SiC  phase! and confirmed
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prepared an a-SiC/SiO, hetero-superlattice, and the
precipitation and crystallization of Si NCs took place in the

oxide layer!"”!

. In these studies, Si NC size and density
could be adjusted by changing the thickness and
stoichiometry of the Si-rich dielectric. However, Si NCs
stemmed from Si/C multilayer films is rarely discussed.

In previous works, we demonstrated that Si NCs
embedded in an a-SiC dielectric can be formed by
annealing treatment of a single Si-rich SiC precursor
layer®™. In this work, Si NCs embedded in an a-SiC
dielectric layer were prepared by the alternating deposition
of Si and C multilayers, followed by post-annealing
treatment. This method provides good control of Si NC
growth because the Si NC size is only constrained by the
thickness of the Si layer, unlike in the case of Si NCs in a
Si-rich dielectric matrix. Herein we report the influence of
the Si/C modulation ratio ({) on the structural evolution of
Si NCs in an a-SiC dielectric. The obtained structure was
characterized and discussed by various techniques to reveal
the easy controllability of size and shape.

1 Experiment

Si/C multilayer thin films were deposited by the
alternating magnetron sputtering of Si and C targets
(diameter =50.8 mm, purity = 99.99%) at a typical base
pressure of 7.4 x 10 Pa. A RF power supply of 90 W was
applied for sputtering the Si target and a DC power supply
of 100 W was applied for the C target. The deposition was
performed on Si(100) substrates in the order of C/Si/C/Si/
/C at a deposition rate of 4 nm/min. A series of samples
with different modulation ratios were fabricated by varying
the thickness of the Si layer while maintaining the C layer
thickness at 10 nm (Table 1). All samples were then
annealed in N, atmosphere at 1100 °C for 1 h, and the
temperature rise/drop rate was maintained at 25°C/min.
The crystalline phase was investigated using a MAXIMAX
XRD-7000S/L X-ray diffractometer operated in grazing
angle mode (a=1°) with an incident X-ray wavelength of
0.154 nm (Cu Ka line) at 40 kV and 40 mA. High- resolution

Table 1 Modulation ratio ({) of all sample
Sample No. Modulation ratio ({=tsi/tc)

I 0.25

I 0.5

11 0.7

v 0.8

\% 1

VI 1.25

VII 1.5

VIII 1.75

IX 2

transmission electron microscopy (HRTEM) cross-sectional
observation was undertaken using a JEOL JEM-2010
electron microscope with a 200 kV field-emission gun.
Raman spectra were collected using SPEX/403 system with
a 514.5 nm Ar" laser for excitation.

2 Results and Discussion

Fig.1 shows the grazing incident X-ray diffraction
(GIXRD) patterns of the samples after annealing. All the
samples are amorphous (mainly a-Si and a-C) before
annealing, and the samples with ¢ smaller than 1 remain
amorphous (mainly a-SiC) even after annealing (Fig.la).
However, the diffraction peak of Si (111) and the hump of
a-SiC appear simultaneously at {=1. At (=1.25, three broad
but clear Si diffraction peaks appear corresponding to the
(111), (220), and (311) crystal planes. Upon further
increasing ¢, the intensities of these diffraction peaks
gradually increase (Fig.1b). This trend indicates that some
amount of amorphous Si reacts with C to a-SiC and the
remaining amount begins to form Si NCs; annealing further
increases the degree of Si crystallinity. At the same time,
the density of the Si NCs increases with increasing (. In the
XRD patterns, no diffraction peaks are attributed to
crystalline SiC or crystalline forms of C.

On the basis of the GIXRD results, the formation of Si
NCs starts from sample V ({=1). In order to observe the

morphological development, HRTEM analysis was
performed on representative samples II, III, V, and IX.
Fig.2a shows the cross-sectional image and the

selected-area electron diffraction (SAED) pattern of the
as-deposited sample IX. The sample is homogeneous, and
the SEAD pattern indicates an amorphous aureole. For
sample II (< 1), the cross-section is amorphous, and no Si
NCs are observed (Fig.2b). Upon increasing ¢ to 0.7
(sample III), very few NCs with sizes ranging from 2 to 3
nm are observed (Fig.2c). When ( increases to 1, the
density of Si NCs increases obviously (Fig.2d), and the
SEAD pattern presents distinct diffraction rings of Si NCs.
The two regions indicated by red and yellow boxes in
Fig.2d were observed by HRTEM (Figs.2e and f). The Si
NC layers are separated by amorphous interlayers resulting
from a-SiC from C and some amount of Si (Fig.2e), and the
Si NC layers mainly consist of spherical NCs with
independent single-crystal structures. Some square Si NCs
with lateral and vertical dimensions of 10~20 nm and 3 nm,
respectively, can also be observed (Fig.2f).

When { exceeds 1.5, a distinct interface between the Si
NC layers and a-SiC interlayers can be observed.
Meanwhile, the Si NC layers contain well-defined,
brick-shaped NCs with lateral and vertical dimensions of
50~120 and 10 nm, respectively. Sample XI is taken as an
example (Fig.3). Fig.3a displays a low-magnification image
with SAED pattern. The Si NC layer consists mainly of
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Fig.1 GIXRD patterns of typical samples after annealing:
(a) samples Il and V and (b) samples VI-1X

Z
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square Si NCs, and the a-SiC interlayers appear to be
almost equally planar. Fig.3b and 3¢ show the details of the
interface and the brick-shaped Si NCs, respectively. Note
that there are many parallel, coherent twin-crystal
boundaries within the brick-shaped Si NCs (blue line in
Fig.3c), and the distance between the
boundaries is about 3~4 nm. Heitmann"’ suggested that the
presence of the twin-crystal boundaries can be attributed to
a birth defect in the as-deposited amorphous Si layer.
According to the above analysis, the growth pattern of
adaptative Si NCs can be ascribed to the confinement of
a-SiC interlayers, i.e., 2D-confined self-adaptive growth.
Because of the a-SiC interlayer, amorphous Si layers
crystallize and grow along the same layer to form Si NCs
but do not traverse up and down. The a-SiC interlayer plays
a critical role, which realizes the confinement effect and
further facilitates the self-adaptive growth of Si NCs.
Seemingly brick-shaped Si NCs with lengths of 100 nm
and thicknesses of 10 nm were also observed in the region
indicated by the red dashed line in Fig.3a. The fast Fourier
transformation (inset in Fig.3d) indicates an epitaxial
relationship between the brick-shaped Si NCs and Si(111)
substrates. The Si NCs retain their single-crystal structures
without any twin defect. In fact, the natural SiO,
amorphous layer on the Si(111) substrate plays a decisive
role. The SiO, layer reacts with the first C layer to form the

twin-crystal

- 5nm

Fig.2 Cross-sectional HRTEM images: (a) as-deposited sample XI, (b) annealed sample 1I, (c) annealed sample III, and (d~f) annealed

sample V

brick-shaped Si NCs at high temperature. This result is
expected to provide a new method to epitaxially grow Si
NCs.

First-order Raman spectra are very sensitive to local
atomic arrangements and lattice vibrations; thus, they have
often been used to characterize Si NCs ">, Here Raman

analysis can further confirm the self-adaptive growth of Si
NCs in Si/C multilayer films. Fig.4a and 4b show the
first-order Raman spectra of the post-annealed samples
(curves I-1X). For samples with { lower than 1 (samples
[-1V), the humped peaks at about 420 and 800 cm™' may be
attributed to the transverse optical mode of a-SiC, while the
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Fig.3 Cross-sectional HRTEM images of annealed sample IX: (a) low magnification with SAED pattern (inset), (b) low magnification,
(c) brick-shaped Si NCs with paralleled twin-crystal boundaries, and (d) epitaxial Si NCs near the Si(111) substrate
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Fig.4 Raman spectra of annealed Si/C multilayer thin films: (a) samples I-V, (b) samples VI-IX (the insets (i) and (ii) are the magnified

Si Raman peaks and C Raman peaks, respectively), and (c) the calculated results

peaks at 1350 and 1580 cm™correspond to the D-band and
G-band of graphitic carbon"), respectively. With increasing
¢, the Si NC Raman peak appears and is redshifted, as
expected. At the same time, the C Raman peaks are
weakened. A close-up view of Fig.4a indicates that when {
is 1, the Si NC Raman peak locates at 513.2 cm™, and the
intensities of the C peaks are weak. For samples with
greater than 1, the Si- NC peak intensity continues to
strengthen, and the C peaks disappear (Fig.4b). These
results suggest that C fully reacts with some of the Si to
form a-SiC, increasing the density of Si NCs. The Raman
results are consistent with the GIXRD results.

Raman shifts can indicate changes in Si NC size. The
Raman shifts of Si NCs samples V-IX are shown in the inset
(i) of Fig.4b; the peaks are observed at 513.2, 518.7, 505.5,
507, and 509 cm™. The Si NC sizes of the different samples
can be calculated according to >

Aw=w(L)— wy=—A(a/L)
where w(L) is the Raman frequency of a phonon in a NC
with diameter L, w, is the frequency of an optical phonon at
the zone center, and a is the lattice constant of Si.
Parameters 4 and y are used to describe the vibrational
confinement due to the finite sizes of NCs. The calculated
results are shown in Fig.4c. The sizes first increase and then
decrease. That is, when { is in the range of 1 to 1.25, the

growth of Si NCs is confined by a-SiC interlayers; when ¢
is above 1.25, both the nucleation center and the density of
Si NCs rapidly increase and the results are shown in Fig.4c.
The sizes first increase and then decrease. That is, when (is
in the range of 1 to 1.25, the growth of Si Si NCs remain
small because the coherent twin-crystal boundaries hinder
the Si NC growth. These results are in agreement with the
HRTEM observations.

3 Conclusions

1) Si NCs confined by an a-SiC interlayer are prepared
by the alternating deposition of Si and C layers with a fixed
C-layer thickness of 10 nm followed by post-deposition
annealing.

2) Based on GIXRD, HRTEM, and Raman analysis, heat
facilitates changes in the layered structure and formation of
Si NCs and a-SiC interlayers during annealing, and the
crystallization and growth of Si NCs are self-adaptive under
the constraining effect of the a-SiC amorphous interlayer.
For a fixed C-layer thickness of 10 nm in Si/C multilayer
films, the {"around 1.25 represents a critical threshold. At {
values less than or equal to 1.25, the generated Si NCs
mainly present quasi-spherical shapes with sizes of less
than 7 nm and are separated by a-SiC. At { values above
1.25, the Si NCs become brick-shaped and coherent
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