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Third-order nonlinearities in silicon at telecom wavelengths
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The two-photon absorption coefficient and Kerr coefficient of bulk crystalline silicon are determined
near the telecommunication wavelengths of 1.3 and JuBb using femtosecond pulses and a
balanced Z-scan technique. A phase shift sensitivity of the order of 1 mrad is achieved, enabling the
accurate measurement of third-order nonlinear coefficients at fluences smaller thad/aef

From the two-photon absorption coefficie(8~0.8 cm/GW and the Kerr coefficientri,~4

X 10" c?/W) at a wavelengthh = 1.54 um, a valuer ~0.35 for the nonlinear figure of merit for
all-optical switching is determined. @003 American Institute of Physics.

[DOI: 10.1063/1.1571665

In current optical networks, an increasing variety of op-  In the Z-scan techniqué-ig. 1), a sample of thickneds
tical waveguide devices implement functions such as moduis translated through the focus of a beam with a Gaussian
lation, wavelength multiplexing and demultiplexing, or spatial profile, and the transmission through an aperture be-
wavelength add-drop, at ever higher data rates and opticdlind the sample is measured as a function of the longitudinal
intensities. While the nonlinear optical properties of the ma-coordinatez. In the case of open aperture Z-so@perture
terials will ultimately limit the performance of passivin- transmissionS=1), and for pulses with Gaussian temporal
eal) optical devices, in the context of future applicationsdependence, the total time-integrated transmission is related
such as all-optical switching, all-optical regeneration, or op+0 the peak on-axis intensity, by
tical gating, it is desirable to use materials with large ul-

trafast nonlinearities. Distinguishing between the real 1 BloL
fractive) and the imaginary(absorptive part of the third- To(2)=1— 23 152 1

order nonlinear coefficient® may be important depending
on the type of all-optical function to be implemented. Single . )
beam measurement techniques such as the Zteeimique  Wherex=2z/zo, the confocal parameter &=kw?, with k

and spectrally resolved pump-probe measurerRehswe = 27/\ the free space wave vector, andis the (1#) in-
been used to determine and distinguish between the real af@nsity beam waist. In closed apertu@<(1) Z-scan, due to
imaginary parts of the nonlinear susceptibility. While spec-the nonlinear fos:usmg of the beam, 'Fhe_z transmission through
trally resolved pump-probe measurements benefit from extn® aperture displays a characteristic peak-valley shape,
tremely high sensitivity and are insensitive to structural Which under the approximation of small refragtlve and ab-
sample inhomogeneities, the Z-scan technique is a simpl[ROrPtion changes depends on the coordinate”

and robust single beam measurement which enables direct

and accurate determination of nonlinear coefficients. Varia- Ax (A D) BloL (3—x?)

tions of the Z-scan technique have been used to determine Ta(2)=1+ (1+x2)(9+x2) 25 (1+x9)(9+x3)"

small linear absorption coefficients by measuring thermal )
lensing effects due to an intense laser bédrmear optical

effects may therefore limit the sensitivity floor of the Z-scanyp,o time-averaged peak on-axis phase chdigb,) (at the
technique when measuring weak nonlinearities which requir@anier of the Gaussian beam profils a function of the

the use of high power beams or high energy per pulse; in thig,niinear refractive coefficient, and of the aperture trans-
case thermal effects, free carrier nonlinearities, or even artimissionS and can be approximated as

facts in the Z-scan trace due to sample structural

inhomogeneitiescan obscure or mimic contributions from

material nonlinearities. (ADg)= i(l—S)O-ZaKLnZIO. 3)
In this letter we report Z-scan measurements of the two- V2

photon absorption coefficiegtand the Kerr coefficient, in

bulk samples of silicon at telecom wavelengths, where little

; A s w sample aperture
data on the nonlinear optical coefficients of silicon are
available® in spite of the appeal of silicon as a material for [ +

optical integrated devicésstemming from its small absorp- T 0 = detectors |——
tion and the widespread use and maturity of silicon process- attenuator [
ing techniques. L I

i
¥Electronic mail: mdinu@Iucent.com FIG. 1. Schematic of balanced Z-scan experimental setup.
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In the case of small nonlinear phase shifi\ @)
<1), the peak-to-valley transmission change in a Z-scan
trace for purely refractive nonlinearities 1isATp_U
=0.406 Ad,). Thus, both the magnitude and sign of the
real and imaginary part of the third-order nonlinearity can be
determined directly from the Z-scan traces. Quantitatively
accurate results require the knowledge of the peak intensity
at the focus, which is calibrated using the measured focal
spot size and can also be determined from the confocal pa-
rameter.

The sensitivity of the single-beam Z-scan is typically
limited by laser source noidvith intensity fluctuations typi-
cally of order 102) and, because the sample is translated
through the focus of the beam, by scatter from sample inho-
mogeneities. In order to reduce the measurement noise well
below the fluctuations of the laser source, we employ bal-
anced detectiohusing a balanced Nirvana 1607 photodetec-
tor followed by lock-in amplification. Ultrashort pulses from
either a commercial fiber mode-locked lasar=(1.54 um,
pulse widtht,=220fs, 10 MHz repetition rajeor from a
tunable optical parametric oscillatd©OPO pumped by a FIG. 2. Transmission vs positianof (110 silicon for (a) open aperture and
mode-locked Ti:sapphire laser )\(:127Mm or M\ (b) closed apertureS:OA_O) Z-scans_fo_r an incident peak intenslty .
—1.54um, pulse Widthtp= 130 fs, and 76 MHz repetition =07 G_\N/cni". The normalized transmission of the closed aperture trace is

. - hown in(c). The dots are experimental points and the lines are fits to the
rate were focused on the samples using a lens with focaEata yieldingB=0.79 cm/GW anch,=4.5x 10~ cn2/W.
lengthf=75 mm. The pulse fluence is determined using the

measured Gaussian beam waist; the shapes of the Z-scgjyna|to-noise ratio. The noise on the Z-scan traces is less
traces from Eqs(1) and(2) provide a consistency check for han 694 and is due principally to the surface inhomogene-
the beam waist value. Fresnel losses on the front sampiges of the samples. The nonlinear absorption term accentu-
surface are taken into account when determining the intensies the minimum and depresses the maximum in the closed
sifcy inside the sample. The use of ultras.hqrt.pulse sourcegperture Z-scan trace in Fig(® as compared to the purely

with low (<1nJ) energy per pulse minimizes thermalefractive case, where the trace is antisymmetric with respect
effectd and free carrier generatidfi.we characterized the +tq the focal plane. The normalized closed aperture trace is

pulses via two-photon autocorrelation in a silicon avalanchqypica”y well approximated by the pure refractive term in
photodiode, and estimated the pulse durations either by agq. (2).
suming a sechpulse shape in the case of the OPO or by At the fluences used in these experiments, on the order
retrieving the temporal profile from the autocorrelation ver-of 100 wJ/cn?, the contributions from free carriers and ther-
sus delay in the case of the fiber laser. For well-behave¢hg] effects to the nonlinear refractive index were
pulses this procedure yields fairly accurate pulse shapegstimated®!*to be less than 10 and 10 6 cm®/W, re-
leading to deviations from the actual pulse only in the wingsspectively. At higher fluences, the free carrier contribution to
of the pulse™™'? The non-Gaussian pulse shape was takefihe nonlinear refractive index can become comparable in
into accouniwhere applicableby replacing the/2 factor i magnitude to the ultrafagelectroni¢ nonlinearity'® and its
the denominator of Eqsil) and (2) with the appropriate sign may also vary with wavelength, leading to either an
temporal integral. The estimated errors on the nonlinear cognderestimate or overestimate of the Kerr coefficient de-
efficients are therefore due mainly to uncertainties in thepending on wavelength and pulse fluence. To further exclude
pulse peak intensity originating from uncertainties in the refree carrier effects, in time-resolved pump-probe measure-
trieved pulse shape and duration. ments the differential transmission signal is verified to be
For all measurements, Z-scans were taken at low intenpractically instantaneous, limited only by the duration of the
sity and subtracted from the high-intensity scans in order tdemtosecond laser pulses, and the magnitude of the two-
account for inhomogeneities in the sampl€his ensures a photon absorption peak is consistent with the values of the
detectable change in transmissidiT <10 2 for both the  two-photon absorption coefficient extracted from the time-
open and the closed aperture scans, comparable to the serigkegrated Z-scan measurements.
tivity offered by the occultation or EZ-scan methbidZ-scan The two-photon absorptiog and Kerr coefficienh, can
measurements were performed at several incident intensitigge determined directly from the open aperture and closed
on two bulk silicon samples, with sample thickneks aperture transmission changs$ andAT,_,, or from the-
=480um, resistivity (1 andp type) p~10€ cm, and crys- oretical fits such as those shown in Fig. 2. The results are
tallographic orientations along tH&10 or (111) directions. summarized in Table | for the two silicon substrates. For
Figure 2 shows typical open and closed aperture Z-scanomparison, we also determinag and 3 for a GaAs sample
traces for the ${110) sample; the normalized closed apertureat the two wavelengths, leading to results comparable to
traceT(2)/Toy(2) is shown in Fig. ). Maximum changes those reported in the literatut®2® The errors on the mea-

in transmission of less than 1% are observed with goodured values are estimated to t1d5%), determined mainly
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TABLE |. Measured two-photon absorption and Kerr coefficients for silicon and gallium arsenide. The relative
errors are estimated as15%.

A=1.54um A=1.27um
Material n,(cm?/W) B (cm/GW) F n, (cm?/W) B (cm/GW) F
Si (110 0.45x 10 = 0.79 0.37 0.266107 13 0.74 0.28
Si (111 0.43x10 8 0.88 0.32
GaAs 1.5%10 %8 10.2 0.10 —0.79x10713 15.1 0.04

by uncertainties in the pulse shapes. Within experimental efigure of merit smaller by a factor of 3 compared with the
ror, the nonlinear coefficients of silicon are independent o@Nly Previously published dafaThe value of the nonlinear
the crystal orientation and only weakly dependent on wavefigure of merit is an important parameter for all-optical
length. The two-photon transition in an indirect gap materiasWwitching dewpes, where nonlinear absorption Ie_ad_s not onl)_/
such as silicon can be presumed to be phonon mediateE}??‘d‘?Cfease in throughput, but alsc_) to a dramatic increase in
Unlike the class of direct band gap zinc blende semiconducsWitching power and to a degradation of the cross-talk and
tors, where theoretical estimates and scaling rules for two€Xtinction ratio:®
photon absorption and Kerr refraction are availd€ no In conclusion, we determined the third-order absorptive
theoretical determination or scaling rules exist for phonon-and refractive nonlinearities of silicon at the wavelengths of
mediated multiphoton absorption and for the dispersion oft-27 and 1.54um in low-fluence Z-scan measurements, un-
the associated nonlinear refraction. der conditions where thermal and free-carrier contributions
Figure 3 shows the changes in transmission due to norf® thg nonlinear. r_efraction and abso_rption are negligiblg. The
linear absorptionAT and refractionAT,_, plotted against ponhnear coefficients and the nonlinear figure of merit are
incident power for the two silicon samples. A linear depen-important material parameters both for the design of passive
dence is evident in the plots, with the correct scaling forsilicon optical waveguide devices and for the potential of
two-photon absorption. From the measured values for twosilipon.as a nonlinear material for all-optical processing and
photon absorption and nonlinear refraction, we can extracgwitching.
the nonlinear figure of merE=n,/(B\). In all-optical de-
vices relying on optical nonlinearities, such as nonlinear di
rectional couplers, a figure of meft>2 is required® The
figure of merit can be calculated directly from the ratio of
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