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We report on the lattice strain dependence of the nonlinear optical (NLO) parameters of strained Si nanoparticles
(NPs), which are prepared in a controlled way by a mechanical ball milling process. X-ray diffraction analysis shows
that the nature of strain is compressive and is primarily caused by milling-induced lattice dislocations, which is fur-
ther supported by high-resolution transmission electron microscopy imaging. It is found that the nonlinear refractive
index (ny) and nonlinear absorption coefficient () are strongly influenced by the associated lattice strain present in Si
NPs. With the increase of lattice strain, the g gradually decreases while n, increases slowly. The strain-dependent
observed changes in the NLO parameters of Si NPs are found to be advantageous for application purpose, and it is
explained on the basis of strain-induced modification in the electronic structure of the highest occupied molecular
orbital and lowest unoccupied molecular orbital states of Si NPs. These results demonstrate the potential of strain-

dependent enhancement of nonlinearities for silicon photonics applications.
(160.4330) Nonlinear optical materials; (190.4720) Optical nonlinearities of condensed matter.
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Nanomaterials, having excellent nonlinear optical (NLO)
properties, exhibit considerable promise for the use in
optical switch and transmission of high bit rate multiple
optical signals. Si is a well-known narrow-bandgap
semiconductor, and its nanostructures are promising
candidates for such applications. Recently, nonlinear Si
devices have been demonstrated for a wide range of ap-
plications [1-3]. NLO properties of Si nanocrystals (NCs)
embedded in a matrix (mainly silica) are extensively
studied, # and ny are found to be strongly dependent
on the fabrication process [4-6]. None of the previous
studies considered the effects of external strain caused
by silica matrix or even internal lattice strain on the ob-
tained NLO response from the Si NCs. Furthermore, tech-
nologically it is almost impossible to prepare fine Si NCs
without any strain. Several previous studies on Si NCs
pointed out that strain has a strong influence on the lin-
ear optical properties of Si, and it can be tailored through
effective strain engineering [7-11]. Thean and Leburton
studied the strain effect in large Si NCs (10 nm) em-
bedded in SiO, and showed that coupling between Si NCs
and the strain potential can enhance the confinement [7].
Axial-stress-dependent bandgap tuning by strain-field-in-
duced band splitting is also elucidated in Si nanowires
[12]. In arecent theoretical study, Jiang et al. [11] showed
that uniaxial compression on the Si nanoparticles (NPs)
redistributes the isosurface of the highest occupied
molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) wave functions along the
strain orientation, and, hence, a strong influence on the
optical absorption spectra could be seen. Therefore it is
important to distinguish any effect of strain on the NLO
parameters of Si NCs. In our previous study, we prepared
freestanding Si NPs with sizes 43-10 nm by the mechani-
cal ball milling process for a time duration of 2-30 h and
studied their size-dependent visible absorption and pho-
toluminescence [13]. Furthermore, these Si NPs are
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strained and contain lattice strain varying from 0.21%
to 0.53%. These samples enable us to investigate only
the strain dependence on the NLO response of Si NPs.

In this Letter, we report the influence of lattice strain
on the NLO properties of strained Si NPs. The third-order
nonlinearity of the freestanding Si NPs is measured by
the standard Z-scan technique after embedding in a
poly(methyl methacrylate) (PMMA) film. This study is
performed in the size regime of Si NPs above the
excitons-Bhor radius. Therefore, no contribution from
quantum size effect is expected. We proposed that strain-
induced modification in the electronic structure of
HOMO and LUMO states of Si NPs is probably respon-
sible for the observed strain-dependent behavior.

Freestanding Si NPs were prepared from commercially
available high-purity Si powder (average particle size
~75 pm, Sigma Aldrich) using the mechanical ball milling
method. Ball milling was performed at 450 rpm for a du-
ration up to 30 h in a zirconium oxide vial (Restch,
PM100) under atmospheric condition using small zirco-
nium oxide balls. Very fine Si NPs with few nanometer
sizes were obtained after 2, 5, 10, 20, and 30 h of milling
and used for this study. These samples are named Si-2,
Si-b, Si-10, Si-20, and Si-30, respectively, along with the
starting Si powder as Si-0. The powder samples were
analyzed by powder x-ray diffraction (XRD, Seifert
3003T/T) for the determination of crystal quality, average
NPs size, internal lattice strain, and dislocation density.
Evolution of strain with decrease in size of the NPs is an-
alyzed from the extensive analysis of the XRD line profile
and further confirmed from the high-resolution transmis-
sion electron microscopy (TEM) (JEOL, JEM 2100F)
studies, according to the method as discussed in detail
in our previous reports [9,13].

For the measurement of NLO properties, above-
prepared freestanding Si NPs were embedded inside
the PMMA matrix. First a transparent solution of PMMA
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in chloroform (100 gm/L) was prepared, and then Si NPs
were slowly added during stirring followed by sonication
for 1 h. The weight concentration of Si NPs in PMMA was
maintained at 0.5% for all the samples. Next, the above-
prepared solution mixtures were spin-coated on quartz
substrates followed by a hot air dry at 60°C for 1 h. In
this process, we prepared highly transparent PMMA thin
films containing Si NPs with a thickness of about 2 pm.
The Z-scan technique [14] measurement was performed
by translating the sample through a tightly focused Gaus-
sian beam along the direction of the beam propagation (2
axis) and measuring the transmitted power. We used a
linearly polarized femtosecond pulse beam (at 800 nm)
from a mode-locked Ti:sapphire laser (Tsunami) with a
pulse width of 70 fs and repetition frequency of 82 MHz.
An aperture was placed in front of the detector during
transmitted power measurement. A completely open
aperture (OA) without obstructing any incoming light in-
dicates the OA condition; a partially closed aperture (CA)
with some fraction of transmitted light to the detector
refers to the CA condition. The incident peak intensity
was maintained at 12.5 GW/cm?.

Due to high-speed grinding, a significant reduction in
particle size is observed after 2-30 h of milling. A 30 h
milled sample contains NPs with log-normal-type size
distribution from 8-14 nm. The as-prepared Si NPs are
highly crystalline as indicated by XRD patterns and
high-resolution lattice fringe images. During the milling
process, owing to deformation, strain is expected in
as-prepared Si NPs. The XRD patterns for different sam-
ples are used for the calculations of lattice strain by the
Williamson-Hall (WH) method [15] and average NPs size
and dislocation density by the Ungar—Borbely method
[16]. It is found that the nature of the strain is compres-
sive and is primarily caused by milling-induced lattice
dislocations. Figure 1 shows the evolution of lattice
strain and dislocation density of the Si NPs with the in-
crease of milling time. The inset shows the XRD pattern
(Si-10) and NPs size as a function of milling time. This
analysis shows that the average NP size monotonically
goes down from 43 to 10 nm as the milling time increases
from 2 to 30 h. On the other hand, the lattice strain/
dislocation density first increases up to 10 h of milling
and then slowly decreases for higher milling time. This
can be explained as follows: during milling, the strain and
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Fig. 1. Evolution of lattice strain and dislocation density with
the milling time for Si NPs. Inset (top): XRD pattern of Si-10
NPs. Inset (bottom) graph shows the reduction of Si NPs size
with milling time.

dislocations first develop; however, for prolonged milling
when the dislocation density is high, the crystal breaks
up along the slip plane and thus produces smaller sized
NCs. In this way, strain is partly released for a prolonged
milling time. We further verified the associated lattice
strain after embedding the Si NPs inside the PMMA,
and the change of lattice strain is negligible in this case.

Figure 2(a) shows the high-resolution TEM image of
lattice fringes of single as-prepared Si-10 NPs, which
clearly shows the existence of several lattice dislocations
(regions marked with rectangles). Gradual accumulation
of this dislocation in the Si lattice results in shrinkage of
lattice spacing. Careful analysis shows that the inter-
planar spacing d;;) decreases from 3.13 to 2.95 A
because of size reduction, implying that a compressive
strain developed during milling. Therefore a high-
resolution TEM image provides clear evidence of lattice
dislocations, which induced compressive strain in the Si
NPs. In order to release some strain, the above Si-10 NPs
are subjected to annealing at 500°C for 1 h in Ar medium.
Before the purging of Ar gas, the sample chamber was
evacuated to the high vacuum of ~10~* mbar. A high-
resolution lattice fringe image [Fig. 2(b)] of the annealed
Si-10 NPs shows better crystalline structure with signifi-
cant reduction of lattice dislocations. Furthermore,
lattice spacing increased to 3.11 A, which indicates
noticeable strain relaxation during thermal annealing.
During annealing, the system undergoes a partial recrys-
tallization process, and release of associated lattice
strain is expected.

The linear absorption spectra [Fig. 3(a)] of the strained
Si NPs in PMMA thin films show a highly transparent
nature from the visible to NIR range, and a very small
fraction of incident light is absorbed. However, it shows
a strong absorption below 400 nm from all the samples,
and it arises from the interband transition of Si NPs [17].
The milled Si NPs exhibit enhanced absorption in the red-
orange region of the visible spectrum. Furthermore, this
absorption band shows gradual blueshifting with an in-
crease of milling time. It is considered that strain-induced
modification in the electronic band structure of the Si
NPs and its influence on the quasi-direct-like transition
is mainly responsible for the observed visible absorption
band. A detailed discussion about similar results of vis-
ible absorption of Si NPs could be found in our previous
report [9].

Figures 3(b) and 3(c) show the typical Z-scan measure-
ment data for the Si-10 sample. We observed a dip in the

Fig. 2. (a) HRTEM lattice image of Si-10 nanoparticle showing
distorted and shrunk lattice (regions marked with rectangle)
due to the presence of compressive lattice strain. (b) HRTEM
lattice image of Si-10 after annealing showing improvement in
the lattice distortion by release of strain.
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OA condition and a valley-to-peak in the CA condition in
transmittance curves. Measurement on pure PMMA thin
film shows no significant NLO contribution; thus the in-
fluence of the PMMA matrix on the present Z-scan data
may be considered negligible. As the OA data is directly
related to the nonlinear absorption coefficient, the ob-
served dip indicates the reverse saturation absorption,
and f is positive. The valley-to-peak behavior in the
CA condition further indicates the self-focusing and
mainly refractive-type nature, and the corresponding
Ny is positive. To evaluate the NLO contribution and in
order to quantify the NLO parameters, we fitted the ex-
perimental transmittance data with the following expres-
sions [4,14]:
In OA configuration,

BI,L
1+ (2)

in CA and OA

TOA(z) =1 - )

for the ratio of transmittance

configurations,
T ) _ 12(2)
GCRE TPV AL

where I, L, 2, and Ag represent the peak intensity of the
laser beam, sample thickness, Rayleigh diffraction length
of the beam (~1.1 mm in the present laser beam), and
nonlinear phase change, respectively. Finally, the nonlin-
ear refractive index, n,, is determined from A¢ by

AaAg

"y (1= )’ ©
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where « is the linear absorption at the used wavelength A.
The estimated values of f and ny are of the order of
~10-% cm/W and ~10"'2 cm?/W, respectively. Here we
note that the obtained value of n, is two orders of mag-
nitude larger than the bulk Si [4]. The nonlinear figure of
merit (NFOM) for the optical switching applications ob-
tained by n,/f4 is as high as 1.83 for the Si-10, which is
much larger than the case of bulk Si (~0.4) [18] and also
two times larger than the starting Si powder (0.89).
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Fig. 3. (a) Linear absorption spectra of Si NPs with different
sizes and strain. Z-scan measurement data in (b) open aperture
(OA) and (c) ratio of closed aperture (CA) to OA configurations
for the Si NPs (Si-10). The solid lines are theoretical fitting using

Egs. (1) and (2), respectively.
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The variation of # and n, are plotted in Figs. 4(a) and
4(b) as a function of the lattice strain present in the Si
NPs. The n, and g are strongly influenced by the associ-
ated lattice strain and show nonmonotonic enhancement
with the accumulation of strain. It is found that the g first
increases with the incorporation of strain and then
decreases with further accumulation of strain up to
0.52%. With further increase of strain, it starts to increase.
In this process, f decreases from 1.4 x 108 cm/W to
1.0 x 10~® cm/W. On the other hand, n, slowly increases
from 0.99 x 10712 cm?/W to 1.45x 1072 ecm?/W up to
0.52% of strain accumulation and then suddenly de-
creases with further increase of strain. Here we assumed
that the starting Si powder/particles are almost strain
free due to the limitation of the strain estimation by the
WH method for this sample (the WH method is applicable
to the particles with sizes below 1 p1). We believe that a
significant modification in the electronic band structure
of Si NPs caused by the associated compressive strain
may be responsible for the observed improvement in
the NLO response. Lattice under compression undergoes
a structural deformation by reduction of cluster sym-
metry and changes in bond angle and bond length. Such
strain-induced deformation may lead to modification of
HOMO and LUMO wave functions and, hence, resultant
linear and NLO properties. Here we observed a visible
absorption band after accumulation of compressive lat-
tice strain. Recent theoretical studies show that elec-
tronic and optical properties of Si NPs are significantly
modified by the associated lattice strain [10,11,19].
One study pointed out that redistribution of HOMO and
LUMO wave functions along the strain direction is mainly
responsible for the observed changes, while another
study pointed out that, inside the Si band diagram, elec-
tronic charge densities of various energy states vary with
strain, and they have different dependence. The sudden
increase of  and decrease of n, for the Si-20 at a lattice
strain of 0.53% may be due to the additional influence by
defects. Two types of defects are present in these Si NPs:
dislocation defects and interface defects. Both defects
have some positive impact on the magnitude of n, and
p. It is also known that the dependence of § on the inter-
face defect is stronger than nm,. Between the samples
Si-10 and Si-20, the increase of strain is less (0.01%),
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Fig. 4. Lattice strain dependence of (a) f and (b) n, for the Si
NPs measured at a peak power of 12.5 GW/cm?. Red color data
points are for the Si-10 after thermal annealing. (¢) and (d) Non-
linear parameters $ and ny as a function of incident peak laser
power for the Si NPs (Si-20).
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and there is a decrement of dislocation defects density
(8.1%). Along with them, a huge enhancement of inter-
face defects is expected with an additional 10 h of mill-
ing. Then the collective dependence of strain, dislocation
defects, and interface defects results in a sudden in-
crease of f and decrease of n, for Si-20. Since the quan-
tum confinement is unlikely to play any role in this size
regime of Si NPs, the observed changes in the ny and g
are believed to be mainly lattice strain dependent behav-
ior. Previous studies reported significant enhancement of
NLO parameters for small Si NCs, about 2-56 nm, em-
bedded in SiO; [4,20,21]. The observed enhancement is
explained on the basis of a dimensional confinement in-
duced transition in the Si NCs. Previous studies further
pointed out that defects can also enhance the NLO re-
sponse of Si NCs and, hence, the ny and f [22]. However,
in the present case, the changes of n, and g follow an
opposite trend, which rules out the dependence of only
defects in the observed changes. Therefore, associated
compressive strain is mainly responsible for the observed
changes in the NLO response of Si NPs. To confirm fur-
ther, the NLO response of annealed Si-10 NPs is mea-
sured by the same process, and the estimated values
of ny and g are shown in Figs. 4(a) and 4(b) (red data
points). Thermal annealing of Si-10 caused significant re-
duction of strain from 0.52% to 0.15%, which is consistent
with the observed high-resolution TEM image. Interest-
ingly, the magnitude of n, and g of annealed Si-10 resides
close to the projected line of the strain-dependent behav-
ior of ny and p. Therefore it is further confirmed that
there is strong dependence of NLO properties of Si
NPs on the associated compressive lattice strain. The ob-
served enhancement of n, and decrement of § with the
evolution of lattice strain is advantageous for photonics
applications. Therefore incorporation of small amounts
of lattice strain in the Si NPs is found to be advantageous.

To verify further, we measured the incident power
dependence on the NLO parameters for the Si-20 sample
[Figs. 4(c) and 4(d)]. Initially at lower power, both the
NLO parameters show comparatively high values
(ny ~ 3.64 x 10712 cm?/W and 8 ~ 5.74 x 108 cm/W) and
then gradually decrease with the increase of incident
power and stabilize at higher power. Other samples show
similar dependence of n, and f on the incident power.
Observed power dependence of ny, and g is similar to
the previously reported NLO response of Si rich silicon
oxide film [23]. This behavior can be explained by con-
sidering the contributions from bound electrons and ex-
cited carriers by two photon absorption on the NLO
response. At low peak intensities, contribution from
the bound electronic effect dominates over the contribu-
tion due to excited carriers, whereas, with increase of
peak intensities, the negative contribution from excited
carriers increases, resulting in decrease of NLO re-
sponse. The stabilization of n, and g at higher pump
power may be due to the saturation in the excited car-
riers population induced band-filling effect.

We investigated the lattice strain dependence of the
NLO response of strained Si NPs by Z-scan technique.
Si NPs with a different percentage of lattice strain are

prepared. XRD analysis shows that the nature of strain
is compressive, and it is primarily caused by milling-
induced lattice dislocations, which is further supported
by TEM imaging. It is found that n, and j are strongly
influenced by the associated lattice strain present in
the Si NPs. With the increase of lattice strain, the f
gradually decreases while n, increases slowly, which is
found to be advantageous for photonics application pur-
poses. These results demonstrate the potential of strain-
dependent enhancement of nonlinearities in Si NPs and
the possibility of effective strain engineering.

Part of the experiment was carried out under Grant-in-
Aid for Scientific Research (KAKENHI 24-02316) from
the Japan Society for the Promotion of Science (JSPS).
S. D. acknowledges the postdoctoral fellowship from
JSPS.
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