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The real and imaginary parts of third-order nonlinear susceptibility have been measured for

silicon nanocrystals embedded in Sifatrix, formed by high temperature annealing of Sfilins

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 X 10*° W/cn?. The real part of¢(®) shows positive nonlinearity for all samples.
Intensity-dependent nonlinear absorption is observed and attributed to two-photon absorption
processes. The absolute valueyd® is on the order of 10° esu and shows a systematic increase

as the silicon nanocrystalline size decreases. This is due to quantum confinement effe2602 ©
American Institute of Physics[DOI: 10.1063/1.1456241

Since the discovery of efficient visible emission from phase separation as Si and Sihd as a consequence, Si-nc
porous St silicon nanocrystalgSi-ng) have been studied are formed The Si-nc size depends on the excess Si amount
extensively? Besides its intense visible emission, Si-nc aréas well as on the annealing temperature. Si contents, ob-
also promising materials_for nonlinea_r optical _applicatit?)ns_. tained from Rutherford backscattering spectroméRBS)
Man.y authors_ have StUd'gq the nonlinear 9pt|cal propert'eﬁweasurements, Si-nc radius obtained from transmission elec-
e ot i ol IFSEEPTEN), and anvelin temperaes o e

b y S P propertie three representative samples investigated here are given in
well-defined systems. Earlier literature reports on nonlineat

optical properties of Si-nc show a large scatter in the dat:;{able . . 12
Z-scan experiment§*? were performed on these

due mainly to inhomogeneous samples where broad size dis- | ) . X
tribution causes an intensity-dependent interaction betwee?MPIes by using a Gaussian laser bedimsapphire laser,

Si-nc and no reliable study as a function of nanocrystal sizévavelengthh =813 nm with a repetition rate of 82 MHz and
was possiblé~7 A controlled production of Si-nc, particu- With 60 fs pulse widthin a tight focus limiting geometry.
larly referring to the dimension and the size distribution, isThe beam waist at the focus of the lens is typically /r@
thus necessary to relate the nonlinear optical properties to theith peak intensity up to 10" W/cn?. This was varied
qguantum confinement effect. Plasma-enhanced chemical vay using neutral density filters. The sample is moved along
por deposition(PECVD) is one of the most versatile tech- the optical path by a computer driven continuous motor. The
niques for growing Si-nc. In recent publications we pre-sample transmission is monitored by a silicon photodiode
sented an extensive study of the structural, optical, x-rayp1). An aperture is placed in front of D1 for closed aperture
absorption fine structure and theoretical investigations of thigheasurements. A small part of the input intensity is moni-
systent~1%1n this article, we report on the measurements ofiored by another photodiod®2) and the ratio(D1/D2) is
sign and magnitude of both real and imaginary parts of third'recorded as a function of the sample positioiThe experi-

- ibilityy ® i-
ggg(/[?%nhpheearz ssctjasr?engtelmlgzxas a(i‘funiltigg O?rglv:c st,)izes mental setup was checked by measuring a reference sample
y 'CS,.1"12 The transmission with and without the aperture

The SiQ, films were prepared by using a parallel plate . )
PECVD system. The experimental procedure is reporte as measured in the far field as the sample moved through

elseweré L These films were deposited on a quartz Sub_the focal point, enabling the separation of the nonlinear re-
strate in a three layers waveguide geometry, where two 1otsactive index from the nonlinear absorption. No dependence
nm thick SiQ, films sandwiched a 230 nm thick Sj@ayer. ~ On repetition rates, even for frequency down to 100 Hz, was

An error of 10% can be estimated on the thickness of thé@bserved. Moreover, during the 3 h long experiment, we did
films. High temperature annealing of Si@ilms induces not observe any changes in the Z scan trace. Thermal effects

are hence negligible in our measureméfits.

dAuthor to whom correspondence should be addressed; electronic mail: The normallzed_ transmlss!on _Of C|Osleld apert(,frelte
gaddam@science.unitn.it aperture at the far fie)dZ scan is given by
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TABLE I. Si content(obtained from RBS measurementeemperatures of thermal treatment, Si-nc radius estimated from TEM where within parenthesis is
reported the width of the radius distribution, real (&) and imaginary (Imy®) parts of third-order nonlinear susceptibilities, nonlinear absorption
coefficients(B), and absolute third-order nonlinear susceptibilitig§’}) (at peak intensity of 4GW/cfn

Si-nc Im x®
Si content/ radius Rex® (esy B (esy x®
Sample thermal treatment (nm) x107° (MIGW) X100 (esy
5C 39 at. %/1100 °C <0.7 +3.8+0.8 0.2£0.03 0.3-0.06 3.8<10°°
1c 46 at. %/1100 °C 1(0.5 +1.9+0.4 1.4+0.3 2.1+0.4 1.9¢10°°
5A 39 at. %/1250 °C 1.7 +1.3+0.2 0.4-0.07 0.6+0.09 1.3¢10°°
4XA ¢ nonlinear susceptibility is obtained from RE&=2n%¢,cy
T(z)=1+ (x2+9)(x%+1)" (1) (see Table), wheren is the linear refractive index, is the

permittivity of free space, andis the velocity of light. The

wherex=2/z,, zis the longitudinal distance from the focal gtfactive refractive index is considered to be 1.7, obtained
point, z, is the Rayleigh range of the beam, af@ is the from m-line measurements on these samples.

nonlinear phasg change. The normali;ed closed aperture Z Figure 2 shows the normalized open aperture transmis-
scan data are fitted with Eq1) to obtainA¢ values. The sion (full power into the detectgras a function ofz for

nonlinear index of refractiory is then related ta\¢ by sample 5A. A symmetric inverted bell shaped transmission is
Ap\a measured with a minimum at the focus<0). When direct
Y= 2mly(1—e o)’ 2 absorption is negligible, one can deduce the nonlinear ab-

. ] . o . sorption coefficient3 from the open aperture Z-scan data.
wherea is the linear absorption coefficient at 813 nm &l For a thin sample of thickned

the thickness of the SiQayer , 1 is the peak intensity at the
focus, and\ is the wavelength of the pump laser. The closed T(2)=1+ Blol 3)

Z-scan data for sample 5A is given in Fig. 1. The experi- 1 z°
ments were also performed on the pure quartz substrate and + Eg

no significant contribution from the quartz substrate was ) ) )
found. The closed aperture data for all the samples show a '€ OP€n aperture experiment is done for repeated times

distinct valley-peak configuration typical of positive nonlin- andomfor rrc]izifferent peak intensities between 0.3-2
ear effects(self focusing, as expected for most of the dis- 10" W/cnt to ensure proper measurements. The results

persive material&®1115171%he real part of the third-order for various samples are reported in Table I. On comparison,

1.02 ———————————— ' ' '
5 ' -
< 5 1.00-
~ 4]
c =
.81.00- S
D @
=
Z 7
= 1 @®©
@ =
- .
0.98 e
0.99 — ———r
-2 _1 0 1 2 _2 _1 O 1 2
Z(cm) Z(cm)

FIG. 1. Closed aperture Z-scan data for samplgSiicontent 39 at. % with  FIG. 2. Open aperture Z-scan data for sample(SiAcontent 39 at. % with
thermal treatment at 1250 Gt the peak intensity of 3.9 GW/émSolid thermal treatment at 1250 Y@t peak intensity 7.5 GW/ctnSolid line is the
line is the experimental fit using E¢L). experimental fit using Eq3).
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the B values we measured are higher than the value of crys
talline silicon (c-Si)***” and close to the values for porous
silicon® (see Table)l The present values are enhanced more 8- B 5C |
by 2 orders of magnitude than the theoretically predicted ] A 1C
nonlinear absorption coefficients forSi.l” Knowing 3, the
imaginary part of the third-order nonlinear susceptibijfy’ 8 6- i
is evaluated by ()

—
(e}

_ nZSOC)\B

(@) __ 0~ '
Im y P ‘C_D 44 E E .
X

The nonlinear absorption in most of the refractive mate- > ] [] )
rials arises from either direct multiphoton absorption or satu-<

; : L1114 - = 2
ration of single photon absorptidh!* Z-scan traces with no % §
aperture are expected to be symmetric with respect to the 1 D
focus Z=0) where they have the minimum transmittance
(for two or multiphoton absorptionor maximum transmit- o-+—————"——"T—
tance(for saturation of absorptionlt is interesting to note 04 08 1.2 16 20
that the nonlinear absorption in Si-nc formed by ion implan-

tation and laser ablation is selective to the excitation as well Peak |ntensity ( 1O1OW/Cm2)
as cluster size®?122For example, laser ablated samples ex-

hlblt_ saturation (_)f absorption _and bleachln_g_ effe(misange_ FIG. 3. Absolute values of nonlinear optical susceptibilifé? at different
of sign for nonlinear absorption from positive to negative peak power intensities for Si-nc in Sidims.
with the increase of pump intensjtyat the near resonant
excitations(355 and 532 ni?! In contrast, ion implanted
samples show almost a linear dependenceBofvith the  made to studyp-Si as one-dimensional quantum wire and for
pump power, clear evidence of two-photon nonlinearnonresonant excitation conditiofs?’ It was found that the
processe&’ Here we observe neither saturation nor bleachincrease in the oscillator strengths caused by the
ing of absorption. Indeed the absorption at 813 nm is exc€onfinement-induced localization of excitons originates from
tremely weak or even negligibfeln addition, the laser en- the increase ok(®). In fact, the exciton Bohr radiua, de-
ergy (hw) we used meets the two-photon absorptioncreases with the size of quantum wires with respect to the
condition}* Ey,<2hw<2Eg,, where Eg, is the optical  bulk value and hencg(® sensitively increases proportion-
band gaf® Figure 2 shows a well-defined bell shaped mini- ally to (1/a,).° The estimated,® for p-Si is close to the
mum transmittance at the focus. All these features are sugneasured value fop-Si in Ref. 27 and slightly larger than
gesting two-photon absorption as the origin of the nonlineawhat we measured and other reported vafiése depen-
absorption. dence of y®® on Si-nc radiusr is plotted in Fig. 4. The
By comparing Re/® and Imy® one can conclude that increase iny® is not as sharp as expected by the theoretical
Rex®=Im x©, that is the nonlinearity is mostly refractive.
The absolute values of®)=[(Rex®)2+(Im ¥®)?]? are
significantly larger than the bulk Si values~g 61
X 10~ 12 esu)"?®and are of the same orders of magnitude as '
those reported for porous silicband for glasses containing > :
nanocrystallited®?° In the literature the sign and magnitude i
\
i

of x® for Si-nc formed by ion implantation or laser ablation 4
vary significantly with respect to size, wavelength of the o
pump, pump power, and laser pulse durafibff However, O |

we have not observed any change in the sigrnyd! with < ‘&—
respect to pump powe(Fig. 3) while its absolute value S~

shows a significant Si-nc size depende(feig. 4). Moreover @ ‘\
our values are close to those expected theoretically for low =

N
dimensional Si materiafs:?* — 8~ I S—
. . M = - -
The increase of¢® with respect to bulk values in the 0 & === @__________
low dimensional semiconductor is attributed to several 0 1 2 3 4

mechanism&®2"~3°Among them, only the intraband transi-
tions are expected to be size dependent, as they originate:
from modified electronic transitions by the quantum confine-

ment effects® Hence they® increase is mainly due to FIG. 4. Variation ofx(® with Si-nc radiusr. r were determined by TEM

. measurements and the horizontal error bar corresponds to the width of the
quantum Confmem_ent' 3) . Si-nc size distribution. Data have been taken from this work and Ref. 25. All
Quantum confinement effects OX{ have been esti- the data have been taken at a peak intensity b GW/cn?. Dashed line is

mated in several work&:?’~% Theoretical attempts were a fit with x® =y +Alr +B/r2.

Si-nc radius( nm)
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