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Nonlinear optical properties of silicon nanocrystals grown
by plasma-enhanced chemical vapor deposition
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The real and imaginary parts of third-order nonlinear susceptibilityx (3) have been measured for
silicon nanocrystals embedded in SiO2 matrix, formed by high temperature annealing of SiOx films
prepared by plasma-enhanced chemical vapor deposition. Measurements have been performed using
a femtosecond Ti–sapphire laser at 813 nm using the Z-scan technique with maximum peak
intensities up to 231010 W/cm2. The real part ofx (3) shows positive nonlinearity for all samples.
Intensity-dependent nonlinear absorption is observed and attributed to two-photon absorption
processes. The absolute value ofx (3) is on the order of 1029 esu and shows a systematic increase
as the silicon nanocrystalline size decreases. This is due to quantum confinement effects. ©2002
American Institute of Physics.@DOI: 10.1063/1.1456241#
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Since the discovery of efficient visible emission fro
porous Si,1 silicon nanocrystals~Si-nc! have been studied
extensively.2 Besides its intense visible emission, Si-nc a
also promising materials for nonlinear optical application3

Many authors have studied the nonlinear optical proper
of Si-nc by using porous Si.4 However, there is a need for
more specific study on the nonlinear optical properties
well-defined systems. Earlier literature reports on nonlin
optical properties of Si-nc show a large scatter in the d
due mainly to inhomogeneous samples where broad size
tribution causes an intensity-dependent interaction betw
Si-nc and no reliable study as a function of nanocrystal s
was possible.5–7 A controlled production of Si-nc, particu
larly referring to the dimension and the size distribution,
thus necessary to relate the nonlinear optical properties to
quantum confinement effect. Plasma-enhanced chemica
por deposition~PECVD! is one of the most versatile tech
niques for growing Si-nc. In recent publications we pr
sented an extensive study of the structural, optical, x-
absorption fine structure and theoretical investigations of
system.8–10 In this article, we report on the measurements
sign and magnitude of both real and imaginary parts of th
order nonlinear susceptibilityx (3) of Si-nc grown by
PECVD by the Z-scan method as a function of Si-nc size

The SiOx films were prepared by using a parallel pla
PECVD system. The experimental procedure is repor
elsewere.9,10 These films were deposited on a quartz su
strate in a three layers waveguide geometry, where two
nm thick SiO2 films sandwiched a 230 nm thick SiOx layer.
An error of 10% can be estimated on the thickness of
films. High temperature annealing of SiOx films induces
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phase separation as Si and SiO2 and as a consequence, Si-n
are formed.9 The Si-nc size depends on the excess Si amo
as well as on the annealing temperature. Si contents,
tained from Rutherford backscattering spectrometry~RBS!
measurements, Si-nc radius obtained from transmission e
tron microscopy~TEM!, and annealing temperatures for th
three representative samples investigated here are give
Table I.

Z-scan experiments11,12 were performed on thes
samples by using a Gaussian laser beam~Ti:sapphire laser,
wavelengthl5813 nm with a repetition rate of 82 MHz an
with 60 fs pulse width! in a tight focus limiting geometry.
The beam waist at the focus of the lens is typically 19mm
with peak intensity up to 231010 W/cm2. This was varied
by using neutral density filters. The sample is moved alo
the optical path by a computer driven continuous motor. T
sample transmission is monitored by a silicon photodio
~D1!. An aperture is placed in front of D1 for closed apertu
measurements. A small part of the input intensity is mo
tored by another photodiode~D2! and the ratio~D1/D2! is
recorded as a function of the sample positionz. The experi-
mental setup was checked by measuring a reference sa
CS2.11–13 The transmission with and without the apertu
was measured in the far field as the sample moved thro
the focal point, enabling the separation of the nonlinear
fractive index from the nonlinear absorption. No depende
on repetition rates, even for frequency down to 100 Hz, w
observed. Moreover, during the 3 h long experiment, we
not observe any changes in the Z scan trace. Thermal eff
are hence negligible in our measurements.14

The normalized transmission of closed aperture~finite
aperture at the far field! Z scan is given by5,11
il:
7 © 2002 American Institute of Physics

AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



sis is
ion

4608 J. Appl. Phys., Vol. 91, No. 7, 1 April 2002 Vijaya Prakash et al.
TABLE I. Si content~obtained from RBS measurements!, temperatures of thermal treatment, Si-nc radius estimated from TEM where within parenthe
reported the width of the radius distribution, real (Rex(3)) and imaginary (Imx(3)) parts of third-order nonlinear susceptibilities, nonlinear absorpt
coefficients~b!, and absolute third-order nonlinear susceptibilities (x (3)) ~at peak intensity of 4GW/cm2!.

Sample
Si content/

thermal treatment

Si-nc
radius
~nm!

Rex(3) ~esu!
31029

b
~m/GW!

Im x(3)

~esu!
310210

x (3)

~esu!

5C 39 at. %/1100 °C ,0.7 13.860.8 0.260.03 0.360.06 3.831029

1C 46 at. %/1100 °C 1.0~0.5! 11.960.4 1.460.3 2.160.4 1.931029

5A 39 at. %/1250 °C 1.5~0.7! 11.360.2 0.460.07 0.660.09 1.331029
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T~z!511
4xDf

~x219!~x211!
, ~1!

wherex5z/z0 , z is the longitudinal distance from the foca
point, z0 is the Rayleigh range of the beam, andDf is the
nonlinear phase change. The normalized closed apertu
scan data are fitted with Eq.~1! to obtain Df values. The
nonlinear index of refractiong is then related toDf by

g5
Dfla

2pI 0~12e2a l !
, ~2!

wherea is the linear absorption coefficient at 813 nm andl is
the thickness of the SiOx layer ,I 0 is the peak intensity at the
focus, andl is the wavelength of the pump laser. The clos
Z-scan data for sample 5A is given in Fig. 1. The expe
ments were also performed on the pure quartz substrate
no significant contribution from the quartz substrate w
found. The closed aperture data for all the samples sho
distinct valley-peak configuration typical of positive nonli
ear effects~self focusing!, as expected for most of the dis
persive materials.4,6,11,15,17,19The real part of the third-orde

FIG. 1. Closed aperture Z-scan data for sample 5A~Si content 39 at. % with
thermal treatment at 1250 °C! at the peak intensity of 3.9 GW/cm2. Solid
line is the experimental fit using Eq.~1!.
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nonlinear susceptibility is obtained from Rex(3)52n2«0cg
~see Table I!, wheren is the linear refractive index,«0 is the
permittivity of free space, andc is the velocity of light. The
effective refractive indexn is considered to be 1.7, obtaine
from m-line measurements on these samples.

Figure 2 shows the normalized open aperture transm
sion ~full power into the detector! as a function ofz for
sample 5A. A symmetric inverted bell shaped transmissio
measured with a minimum at the focus (z50). When direct
absorption is negligible, one can deduce the nonlinear
sorption coefficientb from the open aperture Z-scan dat
For a thin sample of thicknessl5

T~z!511
bI 0l

S 11
z2

z0
2D . ~3!

The open aperture experiment is done for repeated ti
and for different peak intensities between 0.3–
31010 W/cm2 to ensure proper measurements. The res
for various samples are reported in Table I. On comparis

FIG. 2. Open aperture Z-scan data for sample 5A~Si content 39 at. % with
thermal treatment at 1250 °C! at peak intensity 7.5 GW/cm2. Solid line is the
experimental fit using Eq.~3!.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the b values we measured are higher than the value of c
talline silicon ~c-Si!16,17 and close to the values for porou
silicon4 ~see Table I!. The present values are enhanced m
by 2 orders of magnitude than the theoretically predic
nonlinear absorption coefficients forc-Si.17 Knowing b, the
imaginary part of the third-order nonlinear susceptibilityx (3)

is evaluated by

Im x~3!5
n2«0clb

2p
.

The nonlinear absorption in most of the refractive ma
rials arises from either direct multiphoton absorption or sa
ration of single photon absorption.11,14 Z-scan traces with no
aperture are expected to be symmetric with respect to
focus (Z50) where they have the minimum transmittan
~for two or multiphoton absorption! or maximum transmit-
tance~for saturation of absorption!. It is interesting to note
that the nonlinear absorption in Si-nc formed by ion impla
tation and laser ablation is selective to the excitation as w
as cluster size.5,6,21,22For example, laser ablated samples e
hibit saturation of absorption and bleaching effects~change
of sign for nonlinear absorption from positive to negati
with the increase of pump intensity! at the near resonan
excitations~355 and 532 nm!.21 In contrast, ion implanted
samples show almost a linear dependence ofb with the
pump power, clear evidence of two-photon nonline
processes.22 Here we observe neither saturation nor blea
ing of absorption. Indeed the absorption at 813 nm is
tremely weak or even negligible.8 In addition, the laser en
ergy ~\v! we used meets the two-photon absorpti
condition,14 Eg2,2\v,2Eg2 , where Eg2 is the optical
band gap.8 Figure 2 shows a well-defined bell shaped mi
mum transmittance at the focus. All these features are s
gesting two-photon absorption as the origin of the nonlin
absorption.

By comparing Rex(3) and Imx(3) one can conclude tha
Rex(3)@Im x(3), that is the nonlinearity is mostly refractive
The absolute values ofx (3)5@(Rex(3))21(Im x(3))2#1/2 are
significantly larger than the bulk Si values (;6
310212 esu)17,26and are of the same orders of magnitude
those reported for porous silicon4 and for glasses containin
nanocrystallites.18,20 In the literature the sign and magnitud
of x (3) for Si-nc formed by ion implantation or laser ablatio
vary significantly with respect to size, wavelength of t
pump, pump power, and laser pulse duration.21,22 However,
we have not observed any change in the sign ofx (3) with
respect to pump power~Fig. 3! while its absolute value
shows a significant Si-nc size dependence~Fig. 4!. Moreover
our values are close to those expected theoretically for
dimensional Si materials.23,24

The increase ofx (3) with respect to bulk values in th
low dimensional semiconductor is attributed to seve
mechanisms.19,27–30Among them, only the intraband trans
tions are expected to be size dependent, as they origin
from modified electronic transitions by the quantum confin
ment effects.19 Hence thex (3) increase is mainly due to
quantum confinement.

Quantum confinement effects onx (3) have been esti-
mated in several works.24,27–30 Theoretical attempts wer
Downloaded 28 Mar 2002 to 138.251.105.152. Redistribution subject to 
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made to studyp-Si as one-dimensional quantum wire and f
nonresonant excitation conditions.24,27 It was found that the
increase in the oscillator strengths caused by
confinement-induced localization of excitons originates fro
the increase ofx (3). In fact, the exciton Bohr radiusa0 de-
creases with the size of quantum wires with respect to
bulk value and hencex (3) sensitively increases proportion
ally to (1/a0) .6 The estimatedx (3) for p-Si is close to the
measured value forp-Si in Ref. 27 and slightly larger than
what we measured and other reported values.4 The depen-
dence ofx (3) on Si-nc radiusr is plotted in Fig. 4. The
increase inx (3) is not as sharp as expected by the theoret

FIG. 3. Absolute values of nonlinear optical susceptibilitiesx (3) at different
peak power intensities for Si-nc in SiO2 films.

FIG. 4. Variation ofx (3) with Si-nc radiusr. r were determined by TEM
measurements and the horizontal error bar corresponds to the width o
Si-nc size distribution. Data have been taken from this work and Ref. 25
the data have been taken at a peak intensity of;10 GW/cm2. Dashed line is
a fit with x (3)5xbulk

(3) 1A/r 1B/r 2.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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model, but follows more closelyxSi-nc
(3) 5xbulk

(3) 1A/r 1B/r 2. It
should be noted that a similar polynomial dependence
theoretically expected for the size dependence of the e
sion energies of Si-nc~Ref. 8! and the theory of Refs. 24 an
27 is not for Si-nc but for Si quantum wires. In reality, th
experimentally determinedx (3) is related to the microscopi
xm

(3) by x (3)5p•u f u4xm
(3) , wherep is the volume fraction and

f is a local field correction that depends on the dielec
constant of embedded matrix and nanocrystals.19 Hence, in
addition to r other parameters such as effective refract
index and volume fraction of Si-nc in the embedded ma
should also be taken into account.29 This could explain the
scatter in the data of Fig. 4. A direct comparison ofx (3)

values measured here with those for the Si-nc prepared
other methods is difficult because of significant variation
the preparation method, Si-nc size, wavelength of the pu
laser, and pump power.5–7,21,22 Moreover, the size depen
dence was not observed earlier and our article reports o
attempt to correlate the nonlinear optical properties with
Si-nc sizes.

In conclusion, the sign and magnitude of both real a
imaginary parts of third-order nonlinear susceptibilityx (3) of
Si-nc grown by PECVD have been determined by the Z-s
technique performed at 813 nm with a femtosecond lase
distinct positive nonlinearity is observed for all the
samples. A variation ofx (3) values with respect to the Si-n
size is reported and related to quantum confinement effe
These results are quite encouraging for nonlinear appl
tions of PECVD grown silicon nanocrystals.
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the project RAMSES. The authors thank Mr. Salvo Pannit
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