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Nonlinear optical tuning of a two-dimensional silicon photonic crystal
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We use the realKerr) and imaginary(two photon absorptionparts of a third order optical nonlinearity to
tune the long1.6 um) and short wavelengttil.3 xm) band edges of a stop gap in a two-dimensional silicon
photonic crystal. From pump-probe reflectivity experiments using 130 fs pulses, we observe joat pulse
induces optical tuning of the 1,8m edge via the Kerr effect whereas a 14 pulse induces tuning of the
1.6 um band edge via both Kerr and Drude effects with the latter related to two-photon induced generation of
free carriers with a lifetime of~900 ps.
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[. INTRODUCTION occurs via a Kerr effect. However at high pump intensities,
generation of free carriers from two-photon absorpt@iRA)
Photonic crystal$PC) have unusual dispersion properties becomes apparent, leading to a blueshift of the photonic
that strongly influence the propagation characteristics of lighband edge via a Drude contribution to the linear dielectric
beams. However, while linear optical properties of PCs haveonstant.
received considerable attention, nonlinear properties are not
nearly as well understood, including the extent to which non-
linear effects can be used to tune PC optical properties
quickly.1=81n earlier work within our groug,linear optics, in The experimental results were obtained with a parametric
particular single photon absorption by 800 nm, 150 fs pulsesgenerator pumped by a 250 kHz repetition rate Ti-sapphire
was used to inject high carrier densities which tuned thevscillator/regenerative amplifier which produces 130 fs
mode frequencies of a two-dimensiorgaD) photonic crys-  pulses at 800 nm at an average power of 1.1%he signal
tal through Drude-induced changes to the linear optical suspulse from the parametric generator is tunable from 1.2
ceptibility; time-resolved frequency shifts of a Bragg gap upto 1.6 um and the idler pulse is tunable from 2.1 to 6.
to 29 nm were observed. Although pulse-width limited The 2D silicon PC sample has a triangular lattice arrange-
turn-on times were observed, the recovery time was limitednent of 560 nm diameter, 96m deep air holes with a pitch,
by carrier lifetime(>100 p3. In general, overall pulse-width a, equal to 700 nm. Figure(4) shows a real space view of
limited response can only be achieved using nonresonanthe sample while Fig. (b) illustrates the photonic band
nonlinear induced changes to material optical properties sucstructure for thd™-M direction, which is normal to a face of
as the optical Kerr effeata third order nonlinearityor the  the PC. Of particular interest is the third stop gap for
optical Stark effect which has been employed by Shingzu E-polarized (E-field parallel to the pore axislight. Lying
al.? in a multicomposite 1D system. There has previouslybetween 1.3 and 1.6m, this gap falls between two dielec-
been a suggestion of Kerr-induced reflectivity chafifdsr  tric bands that are sensitive to changes in the silicon refrac-
PCs, but the limited data is insufficient to confirm this, ortive index. Our purpose is to optically induce changes to the
permit detailed analysis. two edges with idler pulses from the parametric generator
Here, using 130 fs pump pulses, we clearly demonstratand probe these changes via time-resolved reflectivity of the
tuning of a 2D silicon PC using a Kerr nonlinearity. Becausesignal pulses. Note that, because of the link between the
silicon has an indirect band gap of 1.1 ¢¥quivalent tox  signal and idler wavelengths, different pump wavelengths
=1.1um) at 295 K and a direct gap at a relatively high (2.0 um for a 1.3um probe; 1.76um for a 1.6um probe
energy of 3.5 eM(A=355 nn), relatively weak phonon as- must be used when the probe wavelength is changed. How-
sisted linear or two-photon absorption occurs across the vigver, as will be shown in what follows, small changes in the
ible and near infrared; there may then be an advantage foump wavelength can lead to significant changes in the in-
considering nonlinear effects in PCs made from this semiduced optical processes.
conductor. In particular we show that the short wavelength For the time-resolved reflectivity geometry, as indicated
edge(1.3 um) of a photonic band gap can be redshifted viain Fig. 1(a), pump pulses polarized along tleM direction
the Kerr effect with a pump beam at 2:.0n. For a pump are focused to a spot size of 28n on the top surface of the
wavelength of 1.76um and probe wavelength of 16m PC near a crystal face and propagate along the direzjon
(the long wavelength edge of the same gapedshift also  of the pore axis. ArE-polarized probe beam focused to a

Il. EXPERIMENTAL DETAILS
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shape and size of the air pores along their axes may smear
out the field distributions so that the latter can be treated as
nearly uniform within the silicon backbone. Consequently,
the effective pump intensity entering the PC is increased by a
factor of 1/f (relative to the entering intensjtywhere f
=0.42 is the silicon filling fraction.

To clarify the optical effects that can tune the properties
of silicon, consider the changes induced by a pump beam of
frequency w, on the optical properties experienced by a

A4 44 A4P y probe beams of frequenay;. For any material in the dipole
Probe Beam approximation, the optical susceptibility at frequengycan
4 be expanded in powers of the pump field; up to third order,
(b) the susceptibility takes the fofth
06 1.17
C =
T X= X(l)(wr ywp) + X(S)(wr 3 W, Wpy ~ wp)E(wp)E * (wp)-

y @

(1)

Because silicon is centrosymmetric, there is no second order
response. Although the PC is anisotropic, for fixed polariza-
tion of pump and probe beams, we have ignored tensor con-
siderations. The linear susceptibiligg? defines the refrac-
tive indexng and linear absorption coefficient. For our pump
and probe wavelengths, which correspond to photon energies
0.0 Wavevector (21/3) ™M below the indirect gap, linear absorption is absent. However,
for wavelengths shorter than 2i@n, it is possible that 2PA
FIG. 1. (a) The 2D Si photonic crystal showing pump-probe (related to Imy®)) can occur and indeed, as seen below, is
beam geometry. The probe beam is incident alonglthd direc-  observable for high pump intensities. Since phonon partici-
tion. (b) Band structure of the photonic crystal for theM direc- ~ pation is required for an indirect gap transition, it is not
tion. The solid and dashed lines correspondEtandH polarized  surprising that this absorption is weak and decreases rapidly
light, respectively. with increasing wavelength. There is little data on 2PA in the
pump wavelength region of interest to us although Datu
i is inci al.’® has recently given a value for the 2PA coefficight
spot size of 13um is incident normal to the face of the PC y 9 &
approximately 6Qum below the entry point of the pump ~ 0.8 cm/GW at 1.54um and 1.27um. For a 2PA process,
beam. The reflected probe beam is passed through a 0.25 niRe rate of carrier densityN) generation at a depth [fol-
monochromator and detected by a cooled germanium deteéowing the coordinate system indicated in Figajl in the
tor. The pump-probe beam geometry ensures that a reasop@mple is
ably uniform excitation region is probed and is also neces-
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sary to avoid the high reflectivity stop gaps which would be = ; (2)
encountered by the pump beam if it were also incident along a 2hay
the I'-M direction. The region of pump-probe interaction is \, here the pump intensity varies as
defined by the spot size and effective penetration depth of the
probe beam, which is only a few photonic crystal unit cé&lls. (2) = (1 -RYlg 3
&= e p1-ro), ©
Ill. THEORETICAL CONCEPTS

according to attenuation by 2PA. HelR, is the sample re-
For the pump beam incident along the pore axis, the disflectivity and |, is the incident pump intensity in the silicon
persion curves are well known from work in PC fibétshe  at (x,y,z=0). For a Gaussian pulse of FWHM pulse-width
mode frequency inCI’eaSES monotonica”y W|th wave number,-p, the Carrier densit%||owing the pu'se passage is
The excited modes at 1.76 and 2«6h propagate with group

_

velocity v,=0.31c and 0.38, respectively, similar to that in _ NmBT, o,

bulk silicon and consistent with the fact that the field is con- N(z) = . V,m| (2). (4)
p

centrated in the silicon backbone. Although one might expect
the respective field distributions to be confined but inhomo+rom Eq.(1), changes in the refractive index can be written
geneous in the silicon backbone, slight irregularities in theas

An(w,) = [RdAX(l) (o ;0) + X(S)(wr;wrrwpr_ wp)E(wp)E * (wp)]/zno = AnO(‘"’r) + nz(wrawp)l . ©)
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FIG. 2. Pump-probe interaction time in the R@rmalized o g1, 3. Temporal response of reflectivity change at theun8
the convolution of the optical pulses in a collinear geometry i air |54 edge when the PC is pumped with a 20 pulse at

as a function of the effective probe penetration deptieasured in 17 5 Gw/cni. Also shown is the cross correlation trace of the
terms of crystal row separation in theM direction). The effective pump and probe pulses.

group velocity of the probe pulse in the PC is varied from 0.4 to 1
times that in bulk silicon.

For small changes in probe reflectivitAR) induced by

an optical Kerr effect with coefficient, in the PC, one then

Changes in the linear refractive indéng(w,) in principle  has
can either be due to optically induced heating or the presence

of injected carriers through the 2PA process. In the latter AR:d—Rd—)\n2| (2) (6)
case, the so-called Drude contribution to the change in re- dx dn

fractive index can be written aAnO:—NeZIZnOwer* €0 which becomes

wherem* is the effective optical mass of the electrons and

holes(=0.16m,) ands, is the permittivity of free space. For AR= d_Rd_An 1- Rul R
a peak pump intensity of 118 GW/énwe estimate that the dvdn 2 f °

peak carrier density is 8107 cm 3 andAng is —1.2X 1073,
The other contribution to the change in the refractive in-
dex ny(wr,wp)l is related to the nondegenerate Kerr effect
which involves the virtual excitation of carriers in below
band-gap transition. Values for these coefficients are not
known although the degenerate has been determined
recently314for Si(110) at 1.27 and 1.54m with values of dRdA e? \;’T-rlgq-p )
0.26x 107'% and 0.45< 10713 cn?/W, respectively. Given = —
that the wavelengths are far below the direct gap of silicon
one does not expect significant dispersionninor differ- Another way in which the PC influences the time-resolved
ences between the nondegenerate and degenerate coeféflectivity experiment relates to the interaction between
cients. Note that Kerr effect changes are instantaneouysump and probe beams in the samifldn particular the
whereas Drude induced effects are not. However one cagffective penetration depth of the probe beam is different
also distinguish the two contributions since the Kerr effectthan that of a bulk sample. For a probe penetration dppth
has a linear dependence bwhereas Drude effects vary as group velocityv,, and spot sized, the convolution of the
12. In the absence of significant absorption effects, one expump and reflected probe Gaussian pu[§eowing the co-
pectsAR/R to be proportional taAn for small changes. ordinate system indicated in Fig(d)] is proportional to

in the limit of negligible 2PA. HeredR/d\ is the steepness

of the band-edge reflectivity measured at the probe wave-
length anddA/dn is the differential change in band-edge
wavelength with refractive index. Similarly, the reflectivity
change due to the Drude effect is given by

(8

~ d dn2ngw?m* &g 4fiwp\in 2

dr2 d/2

0 0
f f exp{— a[(b—1)%+ (c—t)?]}dt dx dz+f
o)

-d/2

Jp fm exp{—a[(b—-1)%+ (c—t)?]}dtdx dz 9
0J0

-d/2

wherea=4In 2/7.2 b=z/v,+ 14, andc=x/v,. Here,7yisthe  (9). For a given group velocity, long effective penetration
relative delay between the pump and probe pulses. Figure @epths for the probe pulse in the PC can lead to broadening
shows the results one obtains after numerically solving Eqof the time-resolved reflectivity traces relative to the optical
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FIG. 4. Dependence of probe reflectivity change at 1.,@&6on -
pump intensity at zero delay. The inset shows the spectral chara(_;L-6F|G' 5. Temporal response of the reflectivity change at the

teristic of reflectivity change at the 13m band-edge at zero delay "th :and (teﬁgedfor dn;ferent pl:nlﬁ Intensities gt 1’36' 'I;Ihet. .
for different pump intensities at 2,0m. Also shown in the inset is Inset shows the dependence of the carrier-induced  reflectivity

the dR/d\ curve which measures the steepness of the band-edg%hange on pump intensity for low pump powers.

reflectivity.
5.2X 10715 cm?/W. This is within an order of magnitude of

jhe degenerate Kerr index reportédf at 1.27 and 1.54m

nd represents reasonable agreement considering uncertainty
n the lateral positiorix) of the pump pulse in and its inten-
sity at the probe location. It should also be noted that linear
scattering losses as the pump pulse propagates through the
IV. EXPERIMENTAL RESULTS AND DISCUSSION PC along the pore axis have not been taken into account.

pulse convolutions in air. The same effect is also obtained i
the probe pulse propagates in the PC with an effective grou
velocity much slower than that in bulk silicon.

A. Kerr-induced changes induced by 2.0um pulses
B. Kerr and plasma induced changes induced by 1.7@m

Figure 3 shows the time dependent change in reflectivity bulses

at 1.3um for a 2.0um pump pulse and the cross-correlation
trace of both pulses. The pump and probe intensities are 17.6 Results from experiments used to probe the Ané band
and 0.5 GW/crh respectively. The decrease in reflectivity is edge when the sample is pumped with 16 pulses are
consistent with a redshift of the band edge due to a positivdlustrated in Fig. 5 which shows the temporal response of
nondegenerate Kerr index. The FWHM of the reflectivity the change in probe reflectivity at different pump intensities
trace is 365+ 10 fs which is 138 larger than the pump-probe for a probe intensity of 0.13 GW/cinThere is an initial
cross-correlation width as measured by sum frequency gerincrease and decrease in probe reflectivity on a subpicosec-
eration in a BBO crystal. This difference can be explained inond time scale followed by a response that decays on a time
terms of pump and probe beam transit time effects in the PGcale of 900 ps and partially masks the Kerr effect near zero
as discussed above. Indeed, from the pump group velocitglelay. At this band edge, the subpicosecond behavior is con-
and probe spot size, one can deduce from Fig. 2 that theistent with a Kerr effect similar to the previous experiments.
reflected probe pulse is delayed by 110 fs within the PCThe long time response could possibly be due to thermal or
sample. After these effects are taken into account, the intrinBrude contributions to the dielectric constant due to the gen-
sic interaction times are essentially pulse width limited, con-eration of free carriers. Using a peak pump intensity of
sistent with the Kerr effect. 120 GW/cnt and a 0.8 cm/GW 2PA coefficiehit!* for

One can use Eq7) to estimate a value for the nondegen- 1.55 um as an upper limit, one can estimate the surface peak
erate Kerr coefficient in the silicon PC. Because of the relacarrier density to be<10*® cm ™3 and the maximum change
tively large values of dR/d\=0.04 nm? and d\/dn  in temperature to be0.15 K. From the thermo-optic coef-
=174 nm, induced reflectivity changes in the vicinity of the ficient on/dT~1x 104 K1 at the probe wavelengt,the
1.3 um band edge are found to be 70 times more sensitivehange in silicon refractive index is on the order of%and
than that in bulk materials for the same refractive indexthe (positive) induced change in reflectivity is expected to be
change, a degree of leverage also noted by ofhehsdeed, about the same. From free carri@rude contributions to
when the PC is replaced by bulk crystalline silicamp  the refractive index at our probe wavelength, changes to the
changein reflectivity is observed for our range of pump in- imaginary part of the dielectric constant are about 2 orders of
tensity. The inset to Fig. 4 shows there is good correlatiormagnitude smaller than that of the real p&nwhich is
between the change in probe reflectivity and the steepness ef-1072. Hence free carrier absorption of the probe pulse as
the band-edge reflectivitymeasured separatglgt different  well as thermally induced changes can be neglected in what
wavelengths and for a range of pump intensities. Figure 4ollows and the change in reflectivity is ascribed to changes
shows the change in reflectivity with pump intensity at zeroin the real part of the dielectric constant due to Drude effects.
time delay. The linear dependence is consistent with the Kerr At low pump powers the change in probe reflectivity
effect and the nondegenerate Kerr index is estimated to bgcales quadratically with pump intensity, consistent with free
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carrier generation by 2PA as given by Ed). However, at increasing wavelength as the indirect gap edge is ap-
higher pump intensities, consistent with E8), there is an  proached.

apparent deviation from this quadratic dependence due to

pump saturation effects as the inset in Fig. 5 shows. With V. CONCLUSIONS

increasing intensity in a 2PA process, an increasing fraction \we have demonstrated how the régerr) and imaginary

of the carriers are created closer to the surface where ﬂ‘(‘?wo—photon absorptiomparts of a third order optical nonlin-

pump pulse enters and the probe region develops a reducggrity can be used to tune both band edges of a stopgap in a

and increasingly nonuniform carrier density. We estimatep silicon PC. At the short wavelength band edge, a2

that at a depth of 6@um, the expected saturation pump in- pump beam is used to demonstrate optical tuning via the

tensity is about an order of magnitude larger than the maxiKerr effect, free from any nonlinear absorption. When the

mum pump intensity used here. The carrier lifetime ofpump wavelength is changed to 1.zén for the 1.6um

900 ps is most likely associated with surface recombinatiorprobe at the long wavelength edge, competition between the

within the PC sample with its large internal surface area. Kerr and Drude effects is observed. The former causes a
From the low intensity behavior in the inset to Fig. 5, the nearly pulse-width limited redshift in the band edge; the lat-

2PA coefficient, B8, is estimated using Eq(8) to be ter causes a blueshift in the band edge, which lasts for the

0.02 cm/GW which is within an order of magnitude but carrier recombination time.

smaller than that reportét3for wavelengths near 1.56m.
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