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Dynamics of optical nonlinearity of Ge nanocrystals in a silica matrix
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The optical nonlinearity and excited carrier lifetime in Ge nanocrystats Ge) embedded in a

silica matrix have been investigated by means of single beaoan and pump-probe techniques
with laser pulse duration of 35 ps and 532 nm wavelength.ndka&e samples were prepared using
magnetron cosputtering and postgrowth annealing at 800 °C. The nonlinear absorption coefficient
a, and refractive index, were found to range between 190 and 760 cm/GW, and 0.0026 and
0.0082 cr/GW, respectively, and be proportional to the Ge concentration in the film. The confined
excited carriers were found to depopulate with a lifetime~of0 ps. The nonlinearity in Ge
nanocrystals is deduced to originate mainly from excited carrier absorption, with two-photon
absorption providing a small contribution. @000 American Institute of Physics.
[S0003-695(00)05249-9

The linear and nonlinear optical properties of transparent  The films were deposited by cosputtering in an argon
thin films embedded with metal or semiconductor nanocrysambient at room temperature using an Ane{&®F-210H
tals have been intensively studied since the mid-80s. It isputtering system and postannealed at 800 °C. The annealing
well known that a transparent dielectric matrix containingprocess consists of a 30 min temperature ramp, a 30 min
metal nanocrystals, such as Au, Ag, and Cu, exhibit noveinneal at the predetermined temperature, and a natural cool-
linear and nonlinear optical properties due to local field ening process, as described in Ref. 7, to induce culmeGe
hancement near the surface plasmon resonance of tfiermation. The Ge atomic concentration fractions in samples
metal>? In semiconductor nanocrystal embedded thin films,1 to 4 were determined to be 8.5, 13.6, 14.7, and 27.6%,
the energy structure of semiconductor nanocrystals, in parespectively, using a VG ESCALAB x-ray photoelectron
ticular the energy band gap can be varied in a broad range pectroscopy instrument with a monochromati¢ Al x-ray
altering the nanocrystal size. Meanwhile, three-dimensiona$ource. The films were deposited on double-sided polished
guantum confinement results in discrete energy structurel§ised quartz substrates for transmission optical measure-
and atomic-like selection rules for interband and intrabandnents and silicor{100) substrates for high-resolution trans-
optical transitions in semiconductor nanocrystals. Strong anfission electron microscopfHRTEM) imaging as in Ref.
fast optical nonlinearities, optical gain and lasing, tunablelO- Because the film thickness is around i, the influ-
absorption, and strong photo- and electroluminescence, ha@ce of the substrate on film morphology should be insignifi-

been reported for these materials, making them attractive fdrant: o _ N
potential applications in optoelectronics and  signal The structural characterization was made using a Philips

processing-° CM300 HRTEM operating at 300 kV. Cross-sectional
The nonlinear response fromc-Ge nanocrystals in a Sa@mples were prepared by mechanical polishing, dimpling,
silica matrix formed by ion implantation and annealing hasand ion milling. Figure 1 shows the cross-sectional HRTEM

been previously reported using time-resolved degeneratdM@d€ from the annealed sample 3. Those dark patches in
four-wave-mixing measurementStrong nonlinearity was

Fig. 1 represent the Ge nanocrystals. Clear fringes corre-

observed and two characteristic relaxation times of nonlinea?pondlng to CUb_'C nanocrystgllme @?11] p_lan_es were also
response were found, one-afL00 fs and the other at1 ps observed at a higher resolutiéihe size distribution deter-

Neither of these two characteristic times can represent th@;rllle?efrr?er:e;htles d”gagaelf fmzml;l '? ;réiégset'ihwzlczocrigt?g
excited carrier lifetime in the conduction band because the" P y 9 unction wi 9 !

pump laser energy useavelength 800 ninwas not high mean diameter of 6.0 nm and a dimensionless geometric
standard deviation of 1.8 nm. It can also be found from the

enough to excite electrons from the bottom of the conductio ; . L
band to the upper energy band. In this letter, we present ar}']EM image that thenc-Ge are nearly uniformly distributed

. o ; : . in the thin film.

mvestlga_tlon_ .Of the nqnlmear optical properties-Ge em- Spectroscopic linear absorption spectra from these an-
bedded in §|I|ca matnx formed_by magnetron COSpune”ngnealed samples with different Ge concentrations were also
and annealing using 532 nm picosecond laser pulses. Thh$ﬁe

hot itati is hiah h to drife T asured. The linear absorption by the silicon oxide film
pho OP ex<’:| ation energy 1s nigh enough to arl ,§5—> 2 without Ge doping is negligible in both the visible and infra-
andI';,—I'{ transitions and is close to recent visible photo-

lumi &89 Both th | b red range. However, whenc-Ge are present in the thin
uminescenceéPL) measurements.”Both the nonlinear ab- g the spectra show two resonant absorption ramps at
sorption coefficient and refractive index were investigated, ., ,nd~1.2 and~3.2 eV respectively, which may corre-
with Z-scan measurements and the dynamics of optical NOMNshond to thel'j ') (Aé~0.8 ev) an(’JIFésﬂl“is transi-

linearity was also investigated with pump-probe techniquesi;;ng (AE~2.7-3.6€eV) in bulk G&.Because there is a
broad size distribution for the nanocrystals in our samples,
dElectronic mail: phyweets@nus.edu.sg we do not anticipate observing a sharp resonant absorption
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FIG. 2. The dependence between the intensity-dependent absorption coeffi-
cient (a,), refractive index (,) and the linear absorption coefficientd).

The left inset show& scans with(OA) and without an aperturéSA) and

their division from the sample with 14.7% Ge with=11.7 GW/cm. The

4 6 8 10 12 14 solid lines are the best fit. The right inset represents the relation between
Diameter (nm) and Ge concentration.

FIG. 1. HRTEM image of Ge nanocrystals with a diameter af168 nm in ; ; ;
the sample with atomic Ge fraction of 14.7%. The inset figure represents thgerved to mcreas_e dramatlca"y.after the th.erm.al annealmg

size distribution and a lognormal fit is shown as the solid line. treatment. In particular, the nonlinear refractive index of the
annealed sample becomes an order larger than that of the

' as-deposited sample. This result implies that the nonlinearit
edge due to quantum confinement effects. However, a blue- POSI AMPe b y
) . : of these films is mainly fronmc-Ge formed only after ther-
shift of the absorption edge was observed with a decrease In

Ge concentration, and henaeg-Ge size. This blueshift is mal annealing. The relations between (or nz) and ag
. . . from the annealed samples are shown in Fig. 2. The right
consistent with the concept of quantum confinement.

We define the total absorption coefficient and the refrac-mset in Fig. 2 represents the rela_tlon betw_een Ge concentra
o B . . tion andag. It can be seen that, is proportional to the Ge
tive index asa=ag+ asl and n=ngy+n,l, respectively, : . : .
. : . concentration andrv, and n, follow a linear relation with
where a and n represent absorption and refractive coeffi- : o : .
. . . . _ag. This result is in agreement with the results reported in
cients, respectively, and subscripts 0 and 2 denote the line . .
: . . . . ef. 3. It is also found that both, andn, are nearly inde-
and nonlinear oned. is the laser irradiance. We determine

@, andn, of the film by zscan measurementsThe laser g?/r\};jcenr:zt of the pump laser intensity fép up to ~20

pulses at 532 nm wavelength with a repetition rate of 10 Hz The dynamic response of the observed nonlinearity of
were provided by a Q-switched, mode-locked, frequency-h I ined b tandard d b
doubled Nd:yttrium—aluminum—garnet laser. The laser bear{u € samp 25 was examined by a standard pump and probe
was focused by aft=500 mm) lens to a waist of 40m. The echnique? The incident 35 ps laser pulses were split into a
Rayleigh rangez, of the beam was-9 mm, much longer _pump_pulse and a probe pulse by a beam splltter._ The probe
than the thickneoss of either the substrate’or the film Eachmens"[y was around 5% of the pump. The normalized trans-

: : L mittance of the probe beam from the annealed sample 3 was
Zscan s_pe_ctrum was obtained by sampling 32_pomts alonf':’ecorded as a function of the time delalgetween the pump
the z axis in the range of 160 mm. At eaahposition, the and probe pulses as shown in Fig. 3. The scattered points

energy of the.transmltted pulder the mc@ent puls?ewas represent the experimental data and the dotted curve repre-
sampled ten times, averaged and normalized to yield valuessents the temporal profile of the bump pulse. Obviously. the
for the normalized transmittance as a function of th@osi- P b pump p ' Y,

tion. Long-term thermal effects can be neglected because \A%robe transmittance does not recover immediately after the

conducted the experiments under the 10 Hz repetition ratBo P beam has passed through the sample. Furthermore,

and single-shot conditions and no obvious differences werg € the pump photon energy is higher than the energy band

observed. The nonlinear refraction and nonlinear absorptioﬁap even after considering gap widening due to confinement

. . . effects for nanocrystals with size of 6 nm, this result sug-
were separated by conductigscan with and without an . . .
. . . gested that excited carriers generated through linear absorp-
aperture in front of the detector. Nonlinearity could not be

. . . . . tion make a contribution to nonlinearity. Two-photon ab-

observed in the silicon oxide film without Ge doping at the : p , - :
L . g sorption from thel',s—1"15 transitions may also contribute
peak irradiance, up to 28 GW/cr. The left inset in Fig. 2 : . ) )
, . to the nonlinearity’. Therefore, the following equations may

shows theZ scans withoufor, open apertur€OA)] and with aoolv-
the aperturéor, small apertur¢SA)], and division of the SA PRYY:
Z scan by the OAZ scan for the annealed sample 3. The SA  dN, Bopal?  agl N

Z scan indicates a positive value for,. The solid lines dt ~  2hv +m_7' @
represent the best fit for the experimental data with g
=290 cm/GW and n,=0.0042 criIGW at | '

2 P d_Z:_,szAlz_aol_O'aNeL 2

=11.7GW/cn3. The two nonlinear parameters were ob-
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1.1 L T L B nanocrystals. This conclusion is also consistent with defect-
related PL mechanism for large Ge nanocrystal sizes5
I | nm).8°
| . The detected relaxation of nonlinear response in our
samples is on a slower time scale than that reported in Ref. 3.
However, the nonlinearity in our samples indicates a similar
Ge concentration dependence as in Ref. 3. Moreover, the
nonlinear refractive response time in Ref. 3 is longer than the
laser pulse width. Therefore, it appears that the mechanism
of nonlinear response in Ref. 3 may also originate from ex-
cited carrier and two-photon absorption. The lifetime differ-
ence suggests that the 1 ps time scale characterizes a differ-
o8| oo i ent ultrafast process. Since the energy required forTthe
: 3.2Gwem® | —T'|5 transition is>2 eV*>*® and even larger after consid-
6.4 GWicm® ering quantum confinement effects, which is larger than their
: . 19.2 GWiem? pump laser photon enerdgwavelength 800 nm excited car-
07 b 1 i ["\, o riers near the bottom of conduction band could not contribute
-200 -100 200 300 to the nonlinearity. Therefore, the 1 ps time scale may rep-
resent the relaxation of excited carriers to bottom of the con-
FIG. 3. The dynamic nonlinear responses from the sample with 14.7% Gé&luction band through phonon scattering. This is in agreement
concentration with different, up to 19.2 GW/crfi with the time scale for relaxation of nonequilibrium semi-
conductor plasma to quasi-equilibrium condition by electron-
Here, Bopa is the two-photon absorption coefficient ants  phonon scattering’ This would also be in consistent with
the beam intensity. The excited carrier absorption cross segpe reported intraband transition lifetime in Ref. 10.
tion is represented withr, . N, is the excited carrier density, In summary, we have studied the nonlinearitynat Ge
7is the lifetime, and andN, are functions of, t, andz By  empedded in silicon oxide thin films usi@gscan and pump-
assuming a TEM, Gaussian beam, the experimental datayrgpe technique with 532 nm ps laser pulses. The nonlinear
were numerically fitted with the earlier equations. The solidafractive index and absorption coefficient are Ge concentra-
lines represent the calculated results WwitlBpa  tion dependent and range between 0.0026 and 0.0082
=30cm/GW. The excited carrier lifetime confined in nano- cn2/Gw and 190 and 760 cm/GW, respectively when the Ge
crystals is about 70 ps for all pump laser intensities from 3.2%tomic fraction increases from 8.5% to 27.6%. The nonlin-
to 19.2 GW/cr. From the Z-scan results on the same eqyity mainly comes from excited carriers and two-photon
sample, the two-photon absorption contribution is onlyapsorption makes a small contribution. The excited carrier

~10% of that from excited carriers. Therefore, the nonlin-jifetime was determined to be-70 ps and independent of
earity of the sample is mainly from linear absorption generyaser intensity up to 19.2 GW/dn

ated excited carrier with a small contribution from two-
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