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Abstract: The nonlinear optical properties of Al-doped nc-Si-SiO, composite films have been investigated using the

time-resolved four-wave mixing technique with a femtosecond laser. The off-resonant third-order nonlinear sus-

ceptibility is observed to be 1. 0 X 107! esu at 800nm. The relaxation time of the optical nonlinearity in the films is

as short as 60fs. The optical nonlinearity is enhanced due to the quantum confinement of electrons in Si nanocrys-

tals embedded in the SiO. films. The enhanced optical nonlinearity does not originate from Al dopant because

there are no Al clusters in the films.
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1 Introduction

Materials with large third-order optical non-
linearity and fast response time are essential for
photonic devices such as all-optical switches-".
The third-order nonlinear optical response in
semiconductor nanoparticles embedded in an insu-
lating medium has received extensive attention.
Yumoto et al.'*’ observed optical bistability in
CdS, Se, - ,-doped glasses with 25ps switching
time. Because of the technological importance of
Si,great interest has arisen in Si nanocrystals (nc-
Si) embedded in SiO, films formed by ion implan-
tation and plasma-enhanced chemical vapor depo-
sition (PECVD)"*'. Recently, we reported on
the nonlinear optical response of nc-Si-SiO, films
prepared by RF magnetron co-sputtering® . Many
ways of doping silicon oxide films have also been
applied to adjust the electron structure and to im-
prove the stability and efficiency. Wu et al."" re-
ported that the onset of bias voltage as well as the
intensity of electroluminescence could be im-
proved by adding a certain amount of Al into the
silicon oxide films. Al-doped nc-Si-SiO, composite
films could be promising materials for Si-based
photoelectron device applications'®' . Studies on
its third-order nonlinear susceptibility and relaxa-
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tion time have seldom been reported. In this pa-
per, we use the time-resolved four-wave mixing
(FWM) technique with a femtosecond laser to
study the optical nonlinearities of Al-doped nc-Si-
SiO, composite films.

A number of researchers have measured the
third-order nonlinear susceptibility through many
methods in several time regions. In comparison
with the Z-scan method,the FWM technique can
be used to study not only the nonlinear suscepti-
bility but the relaxation time as well. Transient
coherent spectroscopy has been increasingly used
to investigate the properties of the interactions a-
mong various elementary excitations in semicon-
ductors. In the two-pulse self-diffracted FWM ex-
periments, the two pulses create a transient grat-
ing and the diffracted signal is measured in a

background-free direction™

. The transient grat-
ing technique is a powerful tool for studying the
nonlinear optical properties of semiconductor ma-
terials. We use this technique to study both the
third-order nonlinear susceptibility and relaxation

time of Al-doped nc-Si-SiO, composite films.

2 Experiment

RF magnetron co-sputtering and thermal an-
nealing were used to prepare the Al-doped nc-Si-
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SiO, composite films. An 80mm SiO, plate was
used as the target containing several Si chips and
Al chips on the surface. The total surface area of
Si chips and the total surface area of Al chips
could be changed to adjust the contents of Si and
Al in the films. The background vacuum and sput-
tering gas (pure Ar) pressures were 6 X 10™* and
3. 0Pa,respectively. The RF power was 300W. The
Al-doped Si-rich oxide films were deposited on
(100) oriented p-type Si substrates or silica glass
slices. Then the as-deposited films were annealed
in nitrogen ambient at different temperatures for
30min.

X-ray diffraction (XRD) measurements were
carried out with a Bruker D8 Advance X-ray dif-
fractometer. X-ray photoemission spectroscopy
(XPS) was measured with a PHI Quantum 2000
scanning ESCA microprobe. The linear optical ab-
sorption properties of the films were measured
with a Unico UV-2800H spectrometer.

Optical nonlinearities of Al-doped nc-Si-SiO,
films were measured with a time-resolved four-
wave mixing setup in the Key Laboratory of Opti-
cal and Magnetic Resonance Spectroscopy at East
China Normal University. The experimental setup
is shown in Fig. 1. The excitation source was a
spectra-physics Ti: sapphire femtosecond laser
with a central wavelength of 800nm, pulse-width
of about 90fs and repetition rate of 1kHz. The ex-
citation power was 60mW. The laser beam was
split into two linearly parallel polarized beams,
one beam as probe, which was delayed by T with
respect to another beam as pump, and then the
two split beams spatially overlapped on the sam-
ple. In this technique.two pulsed laser beams with
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Fig.1 Experimental setup for FWM measurements,
where BS is a beam splitter, and M1, M2 and M3 are
the reflective mirrors.

wave vectors k; and k. interfered in a sample to
produce a diffracted beam in the direction k; =
2k, — k,"” . The magnitude of the diffracted signal
in the direction k; was then recorded as a function
of the time delay T.Signals detected by a photo-
diode were amplified by a lock-in amplifier and
then sent into a computer.

3 Results and discussion

The optical band gap E, can be estimated by
studying the dependence of the absorption coeffi-
cient ¢ on incident photon energy hyv. The rela-
tionship is given by

(ahv)'* = BChy - E,) (D
where B is a constant. Figure 2 shows that the E,
for the films annealed at 800,900, and 1000C is
calculated to be 2.72,2.43, and 2. 36eV, respec-
tively. This indicates that the smaller the average
size of Si nanocrystals,the larger the optical band
gap due to quantum confinement-related effects.
In our FWM experiment, the incident photon en-
ergy corresponding to an excitation pulse central
wavelength of 800nm is smaller than the optical
band gap.
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Fig.2 Relationship between (av)'? and hy of Al-
doped nc-Si-SiO; film annealed at different tempera-

tures

The FWM signal as a function of the delay
time T for Al-doped nc-Si-SiO, film is shown in
Fig. 3,in which the dots depict the experimental
data and the curve is the fitting of a Gaussian
function. In a two-level system, when the laser
pulse width is proximate to the transverse relaxa-
tion time,the correlation signal is the convolution
of the laser pulse with broadened systems'*’ . Using



642 AP T

{ZS

22
-+

i % 28 &

the deconvolution method, the relaxation time is
evaluated to be 60fs. Time-delayed four-wave mix-
ing technique has become an important tool for
investigating dephasing processes in gases, solids,
and glasses. The temporal evolution of the FWM
signal may yield information about the phase re-
laxation processes and the nature of the excited
states. Because the electron-phonon interaction
time is on the order of 100fs-'"
are not expected to be important in this study. The
ultrafast optical response indicates the dominance
of carrier-carrier scattering as the principal
dephasing mechanism for the Al-doped nc-Si-SiO,

sphonon processes

films.
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Fig. 3 FWM signal for Al-doped nc-Si-SiO, film ver-
sus delay time T

According to the reference measurement
technique. the third-order susceptibility y” of the
Al-doped nc-Si-SiO, film was measured relative to
CS;,a reference sample by which the diffracted
signal was obtained under identical conditions. y”

can be calculated using the equation'*!
ad

@ = (1) ) 4 < s

where Iy and Is are the peak values of the dif-

et (2)

fracted signal of CS, and the sample respectively,
ng and ns are the corresponding refractive indi-
ces,dg is the length of CS,,and d is the thickness
of the sample. The value of ny is 1.62, and the
value of 3> for CS, has been estimated to be 1.0
X 107" esu on the femtosecond time scale by
Minoshima et al.”*. From Eq. (2), the value of
xs is evaluated to be 1. 0X 10" ' esu. The incident
photon energy in our FWM experiment is smaller
than the optical band gap. Under this off-resonant

excitation condition, the linear absorption at

800nm is weak, whereas two-photon absorption is
the origin of the nonlinear absorption''*). The
thermal effect is assumed to be negligible in the
femtosecond region. Therefore, the value of the
nonlinear susceptibility should be closer to the re-
studied the third-order

3)

al value. Prakash et al.
nonlinear susceptibility ¥ of silicon nanocrystals
embedded in the SiO, medium by the Z-scan
method using a femtosecond laser at wavelength

¥ are in the

of 813nm. The absolute values of '
range from 107" to 107’ esu when the silicon
nanocrystal size varies from 2 to 0. 5nm'". Our re-
sult for X(S) of Al-doped nc-Si-SiO; is of the same
order of magnitude as that reported by Prakash.
The nonlinear optical properties are closely
related to material structure. The structure of the
films was characterized by XRD and XPS. In
XRD patterns of the film annealed at 800C , there
is a peak at 20=69", which can be indexed as the
Si (400) diffraction peak. There is no diffraction
peak related to Al. The average size of Si nano-
crystal diameter in the films annealed at 800,900,
and 1000C can be evaluated from the FWHM of
the diffraction lines to be 7.1,9.5,and 10. 4nm,
respectively,according to the Scherrer formula D
=0.91/pBcosd, where A is the wavelength of the X-
ray source and 8 is the FWHM in radians of the
X-ray diffraction peak at the diffraction angle 4.
This indicates that the higher the annealing tem-
perature, the larger the average size of Si nano-
crystals. The average size of Si in Al-doped sam-
ples is larger than that in undoped samples at the
same annealing temperature'® because Al-induced
crystallization takes place during thermal annea-
ling""'.
The composition of a film stripped by an Ar”
was measured by XPS. Figure 4 shows the charac-
teristic spectra of Al2p and Si2p. The two peaks of
the SiZp characteristic spectra at 99. 6 and 103eV
correspond to elemental silicon and silicon diox-
ide, respectively”"™. XRD and XPS results show
the formation of Si nanocrystals embedded in the
Si0, matrix. Quantum confinement of electrons in
nc-Si could enhance the nonlinear optical proper-
ties of the films. The characteristic peak of Al2p
shows that the peak position is 75.25eV, corre-
sponding to that of AlO,""". FTIR spectra of Al-
Si-SiO; film and Si-SiO, film are shown in Fig. 5.
In comparison with undoped film, for Al-Si-SiO,
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film there is an absorption peak at 675cm ™' corre-

sponding to the Si-O-Al stretching vibration
mode. XPS and FTIR results indicate that Al do-
ping in the films is oxidized. Wang et al . proposed
that during annealing, Al atoms could take O out
of SiO, to form alumina® . We know that the en-
hanced optical nonlinearity does not originate
from Al nanoparticles because there are no Al
clusters in the films.
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Fig.4 XPS AlZp (a) and SiZp (b) spectra of Al-
doped nc-Si-Si0O, film
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Fig.5 FTIR spectra of Al-Si-SiO, film and Si-SiO,
film

Cotter et al.™™ used the two-band effective-
mass model modified to incorporate the effect of
quantum confinement and found that the quantum
confinement of electrons in small semiconductor
particles causes the nonlinear optical properties in
the off-resonant regime to differ markedly from
those of bulk semiconductors. The real and imagi-
’are directly related to the non-
linear refractive index and two-photon absorption

nary parts of ¢

coefficients,respectively. Prakash et al. presented
a systematic study on the correlation between
third-order nonlinear susceptibility y®, silicon
nanocrystal size, linear refractive index,and opti-
cal band gap'’. Their study suggests that large
third-order nonlinear coefficients observed for
small nanocrystals are due to an increased quan-
tum confinement effect. In this study, XRD and
XPS results show the formation of Si nanocrystals
embedded in the SiO, matrix. The enhanced opti-
cal nonlinearity in the Al-doped ncSi-SiO, films
can be attributed to three-dimensional quantum
confinement"”'. The value of ¥ in Al-doped
samples is smaller than that in the undoped sam-
ples'® . This is ascribed to the larger average size
of nc-Si in Al-doped samples in comparison with
that in undoped samples due to the quantum con-
finement effect.

4 Conclusion

RF magnetron co-sputtering and thermal an-
nealing were used to prepare Al-doped nc-Si-SiO,
composite films. The nonlinear optical properties
of the films were studied using time-resolved
FWM. The off-resonant nonlinearity is predomi-
nantly electronic in origin. The ultrafast optical
response indicates the dominance of carrier-carri-
er scattering as the principal dephasing mecha-
nism. The optical nonlinearity is enhanced due to
quantum confinement of electrons in Si nanocrys-
tals embedded in SiO, films.

References

[ 1] Vijaya Prakash G, Cazzanelli M, Gaburro Z, et al. Linear
and nonlinear optical properties of plasma-enhanced chemi-
cal-vapor deposition grown silicon nanocrystals. J] Modern
Optics,2002,49.719

[ 2] Yumoto T,Fukushima S.Kubodera K. Observation of optical
bistability in CdS,Se; - (-doped glasses with 25-psec switc-
hing time. Opt Lett,1987.12.832



644 ko5 k¥ F2E
[ 3] VijayalakshmiS, Grebel H, Igbal Z, et al. Artificial dielec- Vacuum Science and Technology,2005,25(1):57 (in Chi-
trics: nonlinear properties of Si nanoclusters formed by ion nese) [T .4 fn . AW . 4. Al S a-Si: H 3 5L 1k
implantation in SiO, glassy matrix.J Appl Phys, 1998, 84. Hos Rl 53R ,2005,25(1) .57
6502 [11] Becker P C,Fragnito H L,Brito Cruz C H,et al. Femtosec-

[4] Ajgaonkar M, Zhang Y, Grebel H, et al. Nonlinear optical ond photon echoes from band-to-band transition in GaAs.
properties of coherent array of submicron SiO; spheres (o- Phys Rev Lett,1998,61:1647
pal) embedded with Si nanoparticles. Appl Phys Lett,1999, [12] Rao D V G L N,Aranda F J,Roach J F,et al. Third, nonlin-
75:1532 ear optical interactions of some benzporphyrins. Appl Phys

[ 5] VijayaPrakash G, Cazzanelli M. Gaburro Z. et al. Nonlinear Lett,1991,58.1241
optical properties of silicon nanocrystals grown by plasma- [13] Minoshima K. Taiji M.Kobayashi T. Femtosecond time-re-
enhanced chemical vapor deposition.J Appl Phys,2002,91: solved interferometry for the determination of complex
4607 nonlinear susceptibility. Opt Lett,1991,16.:1683

[ 6] Guo H, Wang Q. Nonlinear optical response of nc-Si-SiO; [14] Guo Hengqun, Lin Shangxin, Wang Qiming. Photolumines-
films studied with femtosecond four-wave mixing technique. cence and application of nonlinear optical property of nc-Si-
Chin Phys Lett,2006,23:2989 SiO; films. Chinese Journal of Semiconductors,2006,27(2) :

[7] WuX M, Dong Y M, Zhuge L J, et al. Room-temperature 345 (in Chinese) [ 3§ % B, AR %0, T8 B . 49K Si 4 ik
visible electroluminescence of Al-doped silicon oxide films. SiO, WM 1 K6 S AR L e E s N . 2k SR E IR,
Appl Phys Lett,2001,78:4121 2006,27(2) :345]

[ 8] Kim D S,Shah J,Damen T C.et al. Unusually slow temporal [15] Cotter D,Burt M G,Manning R J. Below-band-gap third-or-
evolution of femtosecond four-wave-mixing signals in intrin- der optical nonlinearity of nanometer-size semiconductor
sic GaAs quantum wells: direct evidence for the dominance crystallites. Phys Rev Lett,1992,68:1200
of interaction effects. Phys Rev Lett,1992,69.:2725 [16] Wang Suntao,Chen Yuan,Zhang Borui, et al. Effects of do-

Lol

[10]

Wang Y, Sun Z, Zhang S, et al. Nonlinear optical properties
of Er;Os;-doped 75Nb;05-20TeO,-5Zn0O glasses. Chin Opt
Lett,2004,2:109

Qi Qing.Jin Jing, Hu Hailong, et al. Al-induced crystalliza-
tion of hydrogenated amorphous silicon films. Journal of

ping Al into SiO; on electroluminescence from Au/nanome-
ter (SiO;/Si/Si0Oz) /p-Si structure. Chinese Journal of Semi-
conductors,2001,22(2) : 161 (in Chinese) [ F A% . B, 7k
A3, 5. 18 Si0, 18 Al X Au/44 K (SiO./Si/SiOz) /p-Si
LR EUR DL IR . A IR 4, 2001,22(2) 1 161]

B Al (K Si-SI0, E G FIRHILFIRL ST

R

FEE SR W] 23 B PO R AR T 1 HTBR S A R EOL Sl T8 AL 4K Si-SiO,

R S

(1 AR5 ARk 5 TR . RN
(2 rE B2 ek FARDETE T, dEa

ES-R

362011)
100083)

S5 W I Ot 2 R L 4

P AT B AR AR AR = B AR AR AL R B 1.0 X 10 esu, S ER AT ] Sy 60Fs. 43 K1 DA Sy AR Y 6 27 Al 42 1 34 38 O R
T SiO, HEKAIANR Si P LT A9 I T R AL TR SR IR T ALZR L X R O AL B i AL W R B T B Al

.

KEEW: POk Sis BEWE; ZBrargdett; mha o3 i i iR

PACC: 7850G; 7865H; 7847
FESES: 0437 XEAARIRES: A

* [E K [ ARB = 54 W By mi H (k5 60336010)
T 18 {5 /E# . Email :hqguo@hqu. edu. cn
2007-01-09 W 5] ,2007-03-06 5

XEHE: 0253-4177(2007)05-0640-05

©2007 BT



