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Nonlinear optical response of Ge nanocrystals in a silica matrix
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Time-resolved degenerate-four-wave-mixing measurements were used to study the nonlinear optical
responseintensity-dependent refractive indexf Ge nanocrystallites embedded in a silica matrix.
Nanocrystals were fabricated by ion-implanting silica with 1.0 MeV Ge ions to fluences in the range
from 0.6 to 3x 10'” Ge cm 2, followed by annealing at 1100 °C for 60 min. For the highest fluence,
this resulted in nanocrystals with a log-normal size distribution, having a geometric mean diameter
of 3.0 nm and a dimensionless geometric standard deviation of 0.25. The intensity-dependent
refractive index n,| was measured at a wavelength of 800 nm and found to increase linearly with
increasing Ge fluence. For the highest fluerice] was determined to be in the range 2.7-6.9

X 10 Bem?W 1, depending on the duration of the excitation pulse; values were consistently
smaller for shorter pulse lengths. Relaxation of the nonlinear response was found to have two
characteristic time constants, orel00 fs and the other-1 ps. © 1999 American Institute of
Physics[S0003-695199)04802-0

The development of materials with novel linear and non-Mey Ge to fluences of 0.6, 1.0, 2.0, and 3.0
linear optical properties is the key to realizing the full poten-x 10!’ Ge cm 2. The mean-projected range of the ions was
tial of all-optical computing and signal processing. In this .63 um and the peak concentration was less than 10 at. % in
context, it is well known that glasses containing metal par-|l cases. Samples were subsequently annealed at 1100 °C for
ticles, such as Au, Ag, and Cu, exhibit such novel propertie$0 min in a quartz tube furnace with a flowing forming-gas
due to local field enhancement near the surface plasmofkos H, 95% N,) ambient. Physical characterization of the
resonance of the met&lThis results in resonant absorption, samples was undertaken with Rutherford backscattering
giving such materials a characteristic color, and in an inspectrometryRBS) using 2.0 MeV He iongscattering angle
crease in the third-order SUSCGptibility, Ieading to an en'of 1683 and by transmission electron microscop‘&EM)
hanced Kerr nonlinearity of such materidis.For Au, the using a Philips 430 operating at 300 kV. Cross-sectional

transitions, hot-electron excitation, and thermal effectsgng jon milling.

where the relative contribution from the different processes  Time-resolved degenerate-four-wave-mixifFWM)

depends on the excitation pulse length. For femtosecond e¥neasurements were performed at a wavelength of 800 nm
citation, interband transitions are important, with hot-carrierusing amplified pulses from a Coherent MIRA 800-D fem-
and thermal effects becomirég increasingly important for in-osecond Ti:sapphire laser. The output beam was divided
creasing pulse lengthigs—n3.” Glasses containing semicon- jnto three equal intensity beanfs probe beam and two
ductor nanocrystals also exhibit interesting optical Properpump beamys which were brought to a common temporal
ties, including tunable absorption, strong photo- andyng spatial focus on the sample. The spatial extent of the
eIecFrqum!nesi(ignce,_ and large third-order opticalyeams at the sample surface was analyzed using a charge-
nonlinearities.~*?In this case, however, the understanding Ofcoupled-device array and found to correspond to a full width

the material response is Iees well developed. _ at half maximum(FWHM) spot diameter of 13um (W,
Several techniques exist for producing semiconductor_ 150um). The overlap length of the beams within the

nanocrystals in dielectric matrices, including: sputtefitf: sample was estimated to be700 um and the laser pulse
chemical vapor depositiof?;**and ion implantation’**The . ation was varied in the range from 100 fs to 1 ps
latter technique provides considerable flexibility and iS(FWHM), as determined by autocorrelation measurements.
readily used in combination with planar waveguide technolrpa relaxation time of the nonlinear response was deter-
ogy to produce op_ti(_:al devices. In the present stud_y, degensined by delaying the probe beam relative to the pump
erate four-wave mixing was used to study the nonlinear 0ppeams. The laser pulse energy employed for the present mea-
tical response of Ge nanocrystals formed in fused silica by ,;ements was up to J per pulse, and importantly, the
ion implantation and thermal annealing. pulse repetition rate was only 30 Hz, reducing effects due to

_ Fused silica(Infrasil) substrates, 40 mm long, 10 MM heam heating of the nanocrystals. Both phase-matched and
wide, and 1 mm thick, were implanted a290 °C with 1.0 o shase-matched mixing signals were monitored, provid-
ing information on the response of the silica substrate and
3Electronic mail: ard109@rsphysse.anu.edu.au the implanted layefsee Ref. 19 for a discussion of the use of
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FIG. 1. (8 Ge distribution following implantation at 77 K. Curves corre- FIG. 2. DFWM data for a sample implanted with<320'” Ge cm 2 mea-
spond to fluences of: 0.6, 1.0, 2.0, and B0'” Ge cni 2. (b) Distribution of sured with a pulse width ofa) 100 fs and(b) 650 fs. Points represent
particle sizes from TEM for Ge nanocrystals in Siplanted to a dose of phase-matchefopen squargsand non-phase-matchédolid squaressig-
3x10" Gecm?, nals normalized to unity.

tribution was determined in Fig.())]. Measurements were
performed with two different pulse durations, 100 fs shown
in Fig. 2(a), and 650 fs shown in Fig.(B). The pulse energy
was 6 uJ in both cases(Note that the phase-matched and
non-phased-matched signals have been normalized to the
same height to aid presentatipin$9 is calculated from the

non-phase-matched DFWM signalsSince the phase-
matched signal was practically dominated by the nonlinea
response of the silica substras;| (the intensity-dependent
refractive index of the implanted layer was determined from
the ratio of the two signals, correcting for different effective
sampling volumes, and takingn,| for silica to be 3

%10~ 8cn/W. as used in Ref. 20. actual peak heights using the equation:
Figure Xa) shows the depth distribution of the implanted | Ge |fg;0a 3/ | silica
Ge obtained from RBS measurements; the projected range of Inze] (I—Sma (I_G? (F) |nz"'ca12 (1)
re

the Ge ions is 630 nm and the full width at half maximum is
380 nm. The peak Ge concentrations vary from 1.5wheren$®is the nonlinear index of the Ge-implanted layer;
X 10 Gecm® (2.1 at. % to 6.8 101 Gecm 3 (9.7 at.%.  |1®Cis the measured non-phase-matched DFWM sigii4f?
These samples were subsequently annealed to 1100 °C i®the phase-matched DFWM signal from a reference sample
promote the growth of Ge crystallites. The resulting size dis{unimplanted silici L®®is the effective sampling length for
tribution of the nanocrystals is shown in Fig(bl for the the Ge-implanted layer; taken to be the FWHM of the Ge
sample implanted with 8107 Ge cni’2. This distribution,  distribution, 380 nm; and.®"@ is the effective sampling
determined from TEM images, is well represented by a loglength in the silica substrate, determined to be Z00. 1Ge
normal function with a geometric mean diameter of 3.0 nmand I5°® are measured signals proportional to the intensity
and a dimensionless geometric standard deviation of 0.2%ncident on the Ge- and unimplanted samples, respectikely.
The depth distribution of Ge was unaffected by the anneals an experimental calibration factor that allows for varia-
and this size distribution represents an average of the partickons in detector responses and beam intensities, and ac-
diameters over all depths. Note that particles of the order ofounts for the fact that the phase-matched and non-phase-
3.0 nm are predicted to have a band gap significantly largematched signals derive from different contributions. For the
than that of bulk Ge due to quantum confinement effétts. measurements shown in Fig. |21,2e| was determined to be
Figure 2 shows phase-matched and non-phase-match@d7x 103 and 6.9<10™ ¥cm?W ™1, for the 100 and 650 fs
DFWM signals for the sample implanted with 3 pulses, respectively, i.e.|,n(25 increases with increasing
x 10’ Ge cmi 2 [i.e., the same sample for which the size dis-pulse duration.
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107 . . T the present case. However, the presence of impurities and
& 650fs defects can significantly reduce carrier lifetimes. For ex-
gk o 180fs ] ample, ion-irradiated Si can exhibit carrier lifetimed ps?®
) o 100fs ] and Ge is expected to behave similarly. It is, therefore, plau-
N? 6F ] sible that the measured1 ps relaxation time in the present
g ] case is characteristic of defect-mediated recombination of
@ al } ] excited carriers. The instantaneous response is believed to
DA o R :
= i { % 1 result from field-induced polarization of the material and,
§ therefore, reflects the pulse duration employed.
g 2r £ 3 ] In conclusion, the nonlinear optical properties of Ge
= i o ] nanocrystals formed in silica by ion implantation and anneal-
o . . . ] ing were examined. The magnitude of the nonlinear refrac-
0 1 2 3 4 tive index|nS% was found to increase linearly with increas-

17 2 ing ion fluence and to increase as the length of the excitation
Dose (x10" cm ") : . - 13 WL
pulse increased. Values as high as>61® ~“cm” W™= were
: ; 7 2

FIG. 3. Nonlinear refractive inde}n$9 plotted as a function of implanted Measured fo_r samples implanted W|th<_301 Gecm a_nd _
dose for different excitation pulse lengths. measured with a 650 fs pulse. Relaxation of the nonlinearity
was shown to exhibit two characteristic time constants, a fast
component characteristic of the pulse duration, and a slower

hich shows|n39 as a function of ion fluence measured component with a relaxation time1 ps. The latter is com-
whi WsIn; uncti ; u u parable to that reported for carrier recombination in ion-

with pulses of 100, 180, and 650 fs durqt|¢nze] IS CONSIS~ i radiated semiconductors, suggesting it may be a conse-
tently smaller for the shorter pulse durations. These data als

Ge . o o 8uence of defect-mediated recombination of photoexcited
show thain39 increases linearly with increasing ion fluence carriers
over the range from 0.6 t0>310' Ge cm 2, and that this '
dependence is similar for measurements made with pulse du- The authors would like to thank David Llewellyn for his
rations of 180 and 650 f$Optical absorption in these films help with TEM sample preparation and TEM analysis.
also increases linearly with ion fluenddata not shown
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