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We use the real(Kerr) and imaginary(two photon absorption) parts of a third order optical nonlinearity to
tune the longs1.6 mmd and short wavelengths1.3 mmd band edges of a stop gap in a two-dimensional silicon
photonic crystal. From pump-probe reflectivity experiments using 130 fs pulses, we observe that a 2mm pulse
induces optical tuning of the 1.3mm edge via the Kerr effect whereas a 1.76mm pulse induces tuning of the
1.6 mm 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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I. INTRODUCTION

Photonic crystals(PC) have unusual dispersion properties
that strongly influence the propagation characteristics of light
beams. However, while linear optical properties of PCs have
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.1–8 In earlier work within our group,6 linear optics, in
particular single photon absorption by 800 nm, 150 fs pulses,
was used to inject high carrier densities which tuned the
mode frequencies of a two-dimensional(2D) photonic crys-
tal through Drude-induced changes to the linear optical sus-
ceptibility; time-resolved frequency shifts of a Bragg gap up
to 29 nm were observed. Although pulse-width limited
turn-on times were observed, the recovery time was limited
by carrier lifetimes@100 psd. In general, overall pulse-width
limited response can only be achieved using nonresonant,
nonlinear induced changes to material optical properties such
as the optical Kerr effect(a third order nonlinearity) or the
optical Stark effect which has been employed by Shimizuet
al.9 in a multicomposite 1D system. There has previously
been a suggestion of Kerr-induced reflectivity changes4,5 for
PCs, but the limited data is insufficient to confirm this, or
permit detailed analysis.

Here, using 130 fs pump pulses, we clearly demonstrate
tuning of a 2D silicon PC using a Kerr nonlinearity. Because
silicon has an indirect band gap of 1.1 eV(equivalent tol
=1.1 mm) at 295 K and a direct gap at a relatively high
energy of 3.5 eVsl=355 nmd, relatively weak phonon as-
sisted linear or two-photon absorption occurs across the vis-
ible and near infrared; there may then be an advantage to
considering nonlinear effects in PCs made from this semi-
conductor. In particular we show that the short wavelength
edges1.3 mmd of a photonic band gap can be redshifted via
the Kerr effect with a pump beam at 2.0mm. For a pump
wavelength of 1.76mm and probe wavelength of 1.6mm
(the long wavelength edge of the same gap) a redshift also

occurs via a Kerr effect. However at high pump intensities,
generation of free carriers from two-photon absorption(2PA)
becomes apparent, leading to a blueshift of the photonic
band edge via a Drude contribution to the linear dielectric
constant.

II. EXPERIMENTAL DETAILS

The experimental results were obtained with a parametric
generator pumped by a 250 kHz repetition rate Ti-sapphire
oscillator/regenerative amplifier which produces 130 fs
pulses at 800 nm at an average power of 1.1 W.10 The signal
pulse from the parametric generator is tunable from 1.2
to 1.6mm and the idler pulse is tunable from 2.1 to 1.6mm.

The 2D silicon PC sample has a triangular lattice arrange-
ment of 560 nm diameter, 96mm deep air holes with a pitch,
a, equal to 700 nm. Figure 1(a) shows a real space view of
the sample while Fig. 1(b) illustrates the photonic band
structure for theG-M direction, which is normal to a face of
the PC. Of particular interest is the third stop gap for
E-polarized (E-field parallel to the pore axis) light. Lying
between 1.3 and 1.6mm, this gap falls between two dielec-
tric bands that are sensitive to changes in the silicon refrac-
tive index. Our purpose is to optically induce changes to the
two edges with idler pulses from the parametric generator
and probe these changes via time-resolved reflectivity of the
signal pulses. Note that, because of the link between the
signal and idler wavelengths, different pump wavelengths
(2.0 mm for a 1.3mm probe; 1.76mm for a 1.6mm probe)
must be used when the probe wavelength is changed. How-
ever, as will be shown in what follows, small changes in the
pump wavelength can lead to significant changes in the in-
duced optical processes.

For the time-resolved reflectivity geometry, as indicated
in Fig. 1(a), pump pulses polarized along theG-M direction
are focused to a spot size of 25mm on the top surface of the
PC near a crystal face and propagate along the directionszd
of the pore axis. AnE-polarized probe beam focused to a
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spot size of 13mm is incident normal to the face of the PC
approximately 60mm below the entry point of the pump
beam. The reflected probe beam is passed through a 0.25 mm
monochromator and detected by a cooled germanium detec-
tor. The pump-probe beam geometry ensures that a reason-
ably uniform excitation region is probed and is also neces-
sary to avoid the high reflectivity stop gaps which would be
encountered by the pump beam if it were also incident along
the G-M direction. The region of pump-probe interaction is
defined by the spot size and effective penetration depth of the
probe beam, which is only a few photonic crystal unit cells.11

III. THEORETICAL CONCEPTS

For the pump beam incident along the pore axis, the dis-
persion curves are well known from work in PC fibers:15 the
mode frequency increases monotonically with wave number.
The excited modes at 1.76 and 2.0mm propagate with group
velocity vu=0.31c and 0.33c, respectively, similar to that in
bulk silicon and consistent with the fact that the field is con-
centrated in the silicon backbone. Although one might expect
the respective field distributions to be confined but inhomo-
geneous in the silicon backbone, slight irregularities in the

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 intensity) where 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 vp on the optical properties experienced by a
probe beams of frequencyvr. For any material in the dipole
approximation, the optical susceptibility at frequencyvr can
be expanded in powers of the pump field; up to third order,
the susceptibility takes the form12

x = xs1dsvr ;vrd + xs3dsvr ;vr,vp,− vpdEsvpdE * svpd.

s1d

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 susceptibilityxs1d defines the refrac-
tive indexn0 and linear absorption coefficient. For our pump
and probe wavelengths, which correspond to photon energies
below the indirect gap, linear absorption is absent. However,
for wavelengths shorter than 2.2mm, it is possible that 2PA
(related to Imxs3d) can occur and indeed, as seen below, is
observable for high pump intensities. Since phonon partici-
pation is required for an indirect gap transition, it is not
surprising that this absorption is weak and decreases rapidly
with increasing wavelength. There is little data on 2PA in the
pump wavelength region of interest to us although Dinuet
al.13 has recently given a value for the 2PA coefficientb
,0.8 cm/GW at 1.54mm and 1.27mm. For a 2PA process,
the rate of carrier densitysNd generation at a depthz [fol-
lowing the coordinate system indicated in Fig. 1(a)] in the
sample is

]Nsz,td
]t

=
bI2sz,td
2"vp

, s2d

where the pump intensityI varies as

Iszd =
s1 − RudI0

f + bzs1 − RudI0
s3d

according to attenuation by 2PA. Here,Ru is the sample re-
flectivity and I0 is the incident pump intensity in the silicon
at sx,y,z=0d. For a Gaussian pulse of FWHM pulse-width
tp, the carrier densityfollowing the pulse passage is

Nszd =
Îpbtp

4"vp
Îln 2

I2szd. s4d

From Eq.(1), changes in the refractive index can be written
as

Dnsvrd = fResDxs1ddsvr ;vrd + xs3dsvr ;vr,vp,− vpdEsvpdE * svpdg/2n0 = Dn0svrd + n2svr,vpdI . s5d

FIG. 1. (a) The 2D Si photonic crystal showing pump-probe
beam geometry. The probe beam is incident along theG-M direc-
tion. (b) Band structure of the photonic crystal for theG-M direc-
tion. The solid and dashed lines correspond toE and H polarized
light, respectively.
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Changes in the linear refractive indexDn0svrd in principle
can either be due to optically induced heating or the presence
of injected carriers through the 2PA process. In the latter
case, the so-called Drude contribution to the change in re-
fractive index can be written asDn0=−Ne2/2n0vr

2m* «0,
wherem* is the effective optical mass of the electrons and
holess=0.16m0d and«0 is the permittivity of free space. For
a peak pump intensity of 118 GW/cm2, we estimate that the
peak carrier density is 631017 cm−3 andDn0 is −1.2310−3.

The other contribution to the change in the refractive in-
dex n2svr ,vpdI is related to the nondegenerate Kerr effect
which involves the virtual excitation of carriers in below
band-gap transitions.12 Values for these coefficients are not
known although the degeneraten2 has been determined
recently13,14 for Si(110) at 1.27 and 1.54mm with values of
0.26310−13 and 0.45310−13 cm2/W, respectively. Given
that the wavelengths are far below the direct gap of silicon
one does not expect significant dispersion inn2 or differ-
ences between the nondegenerate and degenerate coeffi-
cients. Note that Kerr effect changes are instantaneous
whereas Drude induced effects are not. However one can
also distinguish the two contributions since the Kerr effect
has a linear dependence onI whereas Drude effects vary as
I2. In the absence of significant absorption effects, one ex-
pectsDR/R to be proportional toDn for small changes.

For small changes in probe reflectivitysDRd induced by
an optical Kerr effect with coefficientn2 in the PC, one then
has

DR=
dR

dl

dl

dn
n2Iszd s6d

which becomes

DR=
dR

dl

dl

dn
n2

1 − Ru

f
I0 s7d

in the limit of negligible 2PA. Here,dR/dl is the steepness
of the band-edge reflectivity measured at the probe wave-
length anddl /dn is the differential change in band-edge
wavelength with refractive index. Similarly, the reflectivity
change due to the Drude effect is given by

DR=
dR

dl

dl

dn

e2

2n0vr
2m* «0

Îpbtp

4"vp
Îln 2

I2szd. s8d

Another way in which the PC influences the time-resolved
reflectivity experiment relates to the interaction between
pump and probe beams in the sample.16 In particular the
effective penetration depth of the probe beam is different
than that of a bulk sample. For a probe penetration depthp,
group velocityvr, and spot sized, the convolution of the
pump and reflected probe Gaussian pulses[following the co-
ordinate system indicated in Fig. 1(a)] is proportional to

E
−d/2

d/2 E
−p

0 E
−`

0

exph− afsb − td2 + sc − td2gjdt dx dz+E
−d/2

d/2 E
0

pE
0

`

exph− afsb − td2 + sc − td2gjdt dx dz, s9d

wherea=4 ln 2/tp
2, b=z/vu+td, andc=x/vr. Here,td is the

relative delay between the pump and probe pulses. Figure 2
shows the results one obtains after numerically solving Eq.

(9). For a given group velocity, long effective penetration
depths for the probe pulse in the PC can lead to broadening
of the time-resolved reflectivity traces relative to the optical

FIG. 2. Pump-probe interaction time in the PC(normalized to
the convolution of the optical pulses in a collinear geometry in air)
as a function of the effective probe penetration depth(measured in
terms of crystal row separation in theG-M direction). The effective
group velocity of the probe pulse in the PC is varied from 0.4 to 1
times that in bulk silicon.

FIG. 3. Temporal response of reflectivity change at the 1.3mm
band edge when the PC is pumped with a 2.0mm pulse at
17.6 GW/cm2. Also shown is the cross correlation trace of the
pump and probe pulses.
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pulse convolutions in air. The same effect is also obtained if
the probe pulse propagates in the PC with an effective group
velocity much slower than that in bulk silicon.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Kerr-induced changes induced by 2.0mm pulses

Figure 3 shows the time dependent change in reflectivity
at 1.3mm for a 2.0mm pump pulse and the cross-correlation
trace of both pulses. The pump and probe intensities are 17.6
and 0.5 GW/cm2, respectively. The decrease in reflectivity is
consistent with a redshift of the band edge due to a positive
nondegenerate Kerr index. The FWHM of the reflectivity
trace is 365±10 fs which is 1.83 larger than the pump-probe
cross-correlation width as measured by sum frequency gen-
eration in a BBO crystal. This difference can be explained in
terms of pump and probe beam transit time effects in the PC
as discussed above. Indeed, from the pump group velocity
and probe spot size, one can deduce from Fig. 2 that the
reflected probe pulse is delayed by 110 fs within the PC
sample. After these effects are taken into account, the intrin-
sic interaction times are essentially pulse width limited, con-
sistent with the Kerr effect.

One can use Eq.(7) to estimate a value for the nondegen-
erate Kerr coefficient in the silicon PC. Because of the rela-
tively large values of dR/dl=0.04 nm−1 and dl /dn
=174 nm, induced reflectivity changes in the vicinity of the
1.3 mm band edge are found to be 70 times more sensitive
than that in bulk materials for the same refractive index
change, a degree of leverage also noted by others.6,7 Indeed,
when the PC is replaced by bulk crystalline silicon,no
changein reflectivity is observed for our range of pump in-
tensity. The inset to Fig. 4 shows there is good correlation
between the change in probe reflectivity and the steepness of
the band-edge reflectivity(measured separately) at different
wavelengths and for a range of pump intensities. Figure 4
shows the change in reflectivity with pump intensity at zero
time delay. The linear dependence is consistent with the Kerr
effect and the nondegenerate Kerr index is estimated to be

5.2310−15 cm2/W. This is within an order of magnitude of
the degenerate Kerr index reported13,14 at 1.27 and 1.54mm
and represents reasonable agreement considering uncertainty
in the lateral positionsxd 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
PC along the pore axis have not been taken into account.

B. Kerr and plasma induced changes induced by 1.76mm
pulses

Results from experiments used to probe the 1.6mm band
edge when the sample is pumped with 1.76mm pulses are
illustrated in Fig. 5 which shows the temporal response of
the change in probe reflectivity at different pump intensities
for a probe intensity of 0.13 GW/cm2. There is an initial
increase and decrease in probe reflectivity on a subpicosec-
ond time scale followed by a response that decays on a time
scale of 900 ps and partially masks the Kerr effect near zero
delay. At this band edge, the subpicosecond behavior is con-
sistent with a Kerr effect similar to the previous experiments.
The long time response could possibly be due to thermal or
Drude contributions to the dielectric constant due to the gen-
eration of free carriers. Using a peak pump intensity of
120 GW/cm2 and a 0.8 cm/GW 2PA coefficient13,14 for
1.55mm as an upper limit, one can estimate the surface peak
carrier density to be,1019 cm−3 and the maximum change
in temperature to be,0.15 K. From the thermo-optic coef-
ficient ]n/]T,1310−4 K−1 at the probe wavelength,17 the
change in silicon refractive index is on the order of 10−5 and
the (positive) induced change in reflectivity is expected to be
about the same. From free carrier(Drude) contributions to
the refractive index at our probe wavelength, changes to the
imaginary part of the dielectric constant are about 2 orders of
magnitude smaller than that of the real part18 which is
,−10−3. Hence free carrier absorption of the probe pulse as
well as thermally induced changes can be neglected in what
follows and the change in reflectivity is ascribed to changes
in the real part of the dielectric constant due to Drude effects.

At low pump powers the change in probe reflectivity
scales quadratically with pump intensity, consistent with free

FIG. 4. Dependence of probe reflectivity change at 1.316mm on
pump intensity at zero delay. The inset shows the spectral charac-
teristic of reflectivity change at the 1.3mm band-edge at zero delay
for different pump intensities at 2.0mm. Also shown in the inset is
the dR/dl curve which measures the steepness of the band-edge
reflectivity.

FIG. 5. Temporal response of the reflectivity change at the
1.6 mm band edge for different pump intensities at 1.76mm. The
inset shows the dependence of the carrier-induced reflectivity
change on pump intensity for low pump powers.
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carrier generation by 2PA as given by Eq.(4). However, at
higher pump intensities, consistent with Eq.(3), there is an
apparent deviation from this quadratic dependence due to
pump saturation effects as the inset in Fig. 5 shows. With
increasing intensity in a 2PA process, an increasing fraction
of the carriers are created closer to the surface where the
pump pulse enters and the probe region develops a reduced
and increasingly nonuniform carrier density. We estimate
that at a depth of 60mm, the expected saturation pump in-
tensity is about an order of magnitude larger than the maxi-
mum pump intensity used here. The carrier lifetime of
900 ps is most likely associated with surface recombination
within the PC sample with its large internal surface area.

From the low intensity behavior in the inset to Fig. 5, the
2PA coefficient, b, is estimated using Eq.(8) to be
0.02 cm/GW which is within an order of magnitude but
smaller than that reported12,13for wavelengths near 1.55mm.
For the 2mm pump wavelength, we estimate that the upper
limit for b is 2310−3 cm/GW, given our signal to noise and
the fact that we observe no measurable long-lived response
at the highest pump intensity used. This value is an order of
magnitude smaller than what is determined at 1.76mm and it
is not a surprise sinceb is expected to decrease rapidly with

increasing wavelength as the indirect gap edge is ap-
proached.

V. CONCLUSIONS

We have demonstrated how the real(Kerr) and imaginary
(two-photon absorption) parts of a third order optical nonlin-
earity can be used to tune both band edges of a stopgap in a
2D silicon PC. At the short wavelength band edge, a 2mm
pump beam is used to demonstrate optical tuning via the
Kerr effect, free from any nonlinear absorption. When the
pump wavelength is changed to 1.76mm for the 1.6mm
probe at the long wavelength edge, competition between the
Kerr and Drude effects is observed. The former causes a
nearly pulse-width limited redshift in the band edge; the lat-
ter causes a blueshift in the band edge, which lasts for the
carrier recombination time.
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