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We present a systematic study of ultrafast all-optical switching of Si photonic bandgap woodpile crystals using
broadband tunable nondegenerate pump-probe spectroscopy. At pump-probe coincidence, we investigate the
behavior of the differential reflectivity at the blue edge of the stop band for a wide range of pump and probe
frequencies. Both dispersive and absorptive features are observed from the probe spectra at coincidence. As the
pump frequency is tuned through half the electronic bandgap of Si, the magnitude of both these features in-
creases. For the first time, to the best of our knowledge, we unambiguously identify this dispersive effect with
the electronic Kerr effect in photonic crystals and attribute the absorptive features to nondegenerate two pho-
ton absorption. The dispersive and absorptive nonlinear coefficients are extracted and are found to agree well
with the literature. Finally, we propose a nondegenerate figure of merit, which defines the quality of switching
for all nondegenerate optical switching processes. © 2009 Optical Society of America

OCIS codes: 050.5298, 190.3270, 190.4180, 320.7110, 320.2250.
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. INTRODUCTION
he interest to optically switch photonic structures has
ecently gathered momentum due to the inherent fast-
ess of the process. While the switching speed of conven-
ional transistors is ultimately limited by heat dissipa-
ion, no such limitation exists for optical systems in the
bsence of absorption. To date, the dispersion of photoin-
uced free carriers (FCs) is widely exploited to induce ul-
rafast changes in the photonic structure’s optical proper-
ies. Then, propagation switching, optical modulation,
rapping and releasing photons, frequency and bandwidth
onversion, and even ultrafast switching of the density of
tates (DOS) are possible [1–6].

In the past, several groups have switched Si photonic
rystals via FC excitation [7–9]. This switching mecha-
ism is popular because of its large attainable change in
efractive index and its high possible repetition rate. In-
eed, currently many efforts are devoted to decreasing
he time scales of switching in polycrystalline silicon
p-Si�, achievable through implanting additional recombi-
ation centers such as ions [10–12]. However, the possible
ecombination time is still limited to several picoseconds.

Electronic Kerr switching offers the potential to switch
nstantaneously, with a repetition rate limited only by the
uration of the pump pulse. The duration of the pump
nd probe pulses then controls the repetition rates, in-
tead of the recombination times of the FCS. Kerr switch-
ng could potentially increase the repetition rate from gi-
ahertz to terahertz. Unfortunately, the intensities
0740-3224/09/040610-10/$15.00 © 2
equired are typically much higher compared to FC
witching [13–15]. Recently, several groups have claimed
o have experimental evidence of this Kerr nonlinearity in
hotonic crystals [16–20]. The reasoning in all cases is the
nstantaneous nature of the effect, resulting in a decrease
n reflectivity or transmission at one probe frequency that
oincides with the cross correlation of the pump and probe
ulses. Here, we critically evaluate these optical pro-
esses at instantaneous (femtosecond) time scales. At
ump-probe coincidence, we will show that two competing
rocesses change the optical properties as witnessed from
eflectivity measurements performed over a large band-
idth. From these two processes, we propose a general
ondegenerate figure of merit (NFOM), which has wide

mplications for all-optical femtosecond switching, ulti-
ately extending to DOS switching and the dynamic con-

rol of spontaneous emission.

. EXPERIMENTAL SETUP AND SAMPLE
ur setup consists of a regeneratively amplified pulsed
i:sapphire laser (Spectra-Physics Hurricane) that drives
wo independently tunable optical parametric amplifiers
OPAs, Topas). The OPAs have a continuously tunable
utput frequency between 0.44 and 2.4 eV, with nearly
andwidth limited pulses (relative width of 1.33%, band-
idth limited equivalent to �P=110 fs) with pulse dura-

ions of �P=140±10 fs (measured at EPump=0.95 eV) and
pulse energy of at least 20 �J. The probe beam is nor-
009 Optical Society of America



m
G
(
g
3
i
t
b
s
f
p
[

c
F
c
t
a
w
r
i
s
f
p
c
l
r

w
r
a
w
b
D
s
o

3
F
p
=

s
w
fl
=
c
i
t
m

s
i
a

w
W
t
l
a
o
[

e
p
c
b
i
c
o
t

F
f
w
r

F
c
m
r
r
i
t
T
t
t
t
t

Harding et al. Vol. 26, No. 4 /April 2009 /J. Opt. Soc. Am. B 611
ally incident at �=0° on the sample, and is focused to a
aussian spot of 32 �m full-width at half maximum

FWHM) (at EProbe=1.24 eV) at a small angular diver-
ence of NA=0.02. The probe intensity IProbe of
±2 GW cm−2 was around ten times lower than the pump

ntensity IPump to ensure that nonlinear effects caused by
he probe were negligible. The reflectivity was calibrated
y referencing to a gold mirror. A versatile measurement
cheme was developed to subtract the pump background
rom the probe signal, and to compensate for possible
ulse-to-pulse variations in the output of our laser
21,22].

Figure 1 shows a high resolution scanning electron mi-
rograph of the photonic woodpile structure made by
leming and Lin at Sandia National Laboratories [23]. It
onsists of five layers of p-Si rods �n�=3.45� stacked or-
hogonally upon one another, the nth layer shifted by half
n interrod distance with respect to the �n+2�th layer,
ith a total thickness of L=780 nm. This structure gives

ise to a diamond lattice, for which a first-order band gap
s predicted [24]. The dimensions of the rods were chosen
o as to aim the center of the band gap around telecom
requencies �ETele=0.735 eV�. The electric field of the
robe beam is polarized along the �1̄10� direction of the
rystal, that is, perpendicular to the first row of rods. The
ast row of rods is supported by a 70 nm thick SiN layer of
efractive index 2.

The sample has been characterized extensively else-
here [22]. Over the sample, the mutual alignment of the

ods differs. These differences are spatially separated,
nd allow the sample to be divided into 16 domains,
hich we denote by A1 through D4 in analogy to a chess-
oard. Here, we perform measurements on both A1 and
4, and are thus able to validate our results for different

ample conditions. The symmetry of D4 is face centered
rthorhombic, while A1 is body centered orthorhombic.

. LINEAR REFLECTIVITY
igure 2 shows a linear reflectivity spectrum of the wood-
ile photonic crystal. The high peak centered at E0
0.9 eV corresponds to the �–X stopgap in the band

2 mμ
[100][010]

ig. 1. High resolution scanning electron micrograph of the sur-
ace normal to [001] of a Si woodpile crystal at domain D4. The
idth and thickness of each rod is 175±10 and 155±10 nm,

espectively.
tructure, which is part of the 3D photonic bandgap of Si
oodpile photonic crystals [21,25,26]. The maximum re-
ectivity of 95% ±2% and the broad width of �E
0.46 eV FWHM confirm the strong interaction of the
rystal with light. The interaction strength S is character-
zed by the relative gap width S=�E /E0 [27]. We note
hat the large photonic strength of S=47% is the largest
easured for any photonic crystal so far.
We can associate a length scale with the photonic

trength. The Bragg length LB is the length at which the
ncoming intensity has dropped to 1/e of its initial value,
nd is given by [28]

LB =
�

�S
, �1�

here � is the wavelength in the structure of the stopgap.
e deduce a Bragg length of LB=840 nm, corresponding

o 1.06 unit cells. In contrast, other 3D structure with a
ower photonic strength have a much higher LB: for ex-
mple, TiO2 inverse opals have LB�3.3 �m, polystyrene
pals have LB�5.1 �m, and SiO2 opals have LB�6 �m
28].

The high quality of the sample also causes the steep
dges of the peak, which we will in the first instance
robe at the blue edge of the stop band. At these frequen-
ies, all induced changes in optical properties of the Si
ackbone will cause a large change in reflectivity, which is
mportant for switching applications. The probe frequen-
ies (indicated by the shaded box) span both the blue edge
f the stop band as well as the fringes. These have been
entatively assigned to Fabry–Pérot-type interferences

ig. 2. Linear reflectivity spectrum of the woodpile photonic
rystal measured normal to the [001] direction at a sample do-
ain D4 shown in Fig. 1. The E field is perpendicular to the first

ow of rods. A stopgap near 0.9 eV gives rise to a high maximum
eflectivity of 95% ±2% and has a broad relative width of 47%,
ndicating a high photonic strength. At high frequencies 	1.2 eV,
he spectral features are attributed to Fabry–Pérot-type fringes.
he pump frequencies (shaded box) were tuned at the red edge
hrough half the electronic band gap EG=1.12 eV of silicon (ver-
ical dashed line), and the probe frequencies at the blue edge of
he stop band. The dashed curve is a calculation with the SWA in
he region of interest.
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29], but the interpretation of the reflectivity spectrum of
oodpiles is still an open question [22].

. SWITCHED REFLECTIVITY VERSUS TIME
T ONE PROBE FREQUENCY

he pump frequencies EPump were chosen to tune through
alf the electronic bandgap of silicon, where the gap is
G=1.12 eV. Both the Kerr coefficient n2 and the degen-
rate two-photon absorption coefficient 
11 have recently
een shown to vary strongly in the vicinity of 1

2EG
13–15,30–32]. On domain A1 we measured differential
eflectivity �R /R versus probe delay �t as a function of
Pump (Fig. 3). On this domain, the probe frequency
Probe=1.13 eV corresponds to the foot of the blue stop-
and edge. At positive probe delays �t=1 ps and at pump
requencies EPump	 1

2EG=0.56 eV, we observe a large
ositive differential reflectivity ��R /R�FC due to a blue-
hift of the photonic features. This shift is caused by a de-
rease of the refractive index of the p-Si backbone that
grees well with a Drude description of the excited FCs
21]. When EPump is reduced to below 1

2EG, the dispersion
anishes, since no FCs are excited by a two-photon pro-
ess.

At pump-probe coincidence, near �t=0 ps, we observe a
rough of magnitude ��R /R�coinc. The width of this trough
aries between 240 fs �EPump=0.52 eV� and 160 fs
EPump=0.62 eV�. These widths agree reasonably well
ith the expected cross-correlation duration for two
ulses ��P��2=200 fs�. As EPump increases to above 1

2EG,
he magnitude of the instantaneous feature ��R /R�coinc
rows until it saturates at EPump=0.62 eV, just over 1

2EG.
n all cases, instantaneous switching features are ob-
erved.

∆

∆

∆

∆

ig. 3. Differential reflectivity �R /R versus probe delay �t
aken at different pump frequencies EPump and at probe fre-
uency EProbe=1.13 eV, sample domain A1. At �t=0 ps, the pump
nd probe are coincident, and the differential reflectivity
�R /R�coinc decreases. At �t=1 ps, the differential reflectivity
�R /R�FC has increased due to the dispersion of the FCs. The
eak pump intensity varies between IPump=10±1 GW cm−2

EPump=0.516 eV� and IPump=25±2 GW cm−2 �EPump=0.75 eV�,
nd the probe intensity was IProbe=3±2 GW cm−2.
. SWITCHED REFLECTIVITY VERSUS
REQUENCY
. Reflectivity Versus Frequency at Coincidence
o investigate the precise nature of ��R /R�coinc, we have
easured the differential reflectivity at coincidence on do-
ain D4 for a wide range of probe frequencies, which we

lot in Fig. 4(c). We make three important observations.
irst, with increasing EPump, the variation in the data be-
omes stronger. Second, the differential reflectivity be-
omes increasingly negative with both increasing pump
nd probe frequencies. These negative values indicate op-
ical absorption. Third, at 1.22 eV, a peak appears in the
ifferential reflectivity that corresponds to a red edge in
he linear reflectivity [Fig. 4(a)]; likewise, a trough ap-
ears at 1.18 eV that corresponds to a blue edge. This
lear dispersive behavior is indicative of a redshift of the
hotonic features related to a positive change in n�. Thus

ig. 4. (a) Measured linear reflectivity versus probe frequency
open squares) on domain D4 compared to the scalar wave ap-
roximation (solid curve). (b) The differential reflectivity
�R /R�FC at delay �t=1 ps caused by the FCs shows mostly dis-
ersive features, as seen from the symmetric variation of �R /R
round 0. When increasing the pump frequency from 0.54 (solid
riangles) to 0.62 eV (open triangles), these dispersive features
ncrease in magnitude. (c) At �t=0 ps, dispersive as well as ab-
orptive features are observed in ��R /R�coinc, increasingly so
hen increasing the pump frequency from EPump
0.54 to 0.62 eV. For EPump=0.54 eV, we find �n�=0.44�10−3

nd n�=0.46�10−3, while for EPump=0.62 eV the fits give �n�
1.1�10−3 and n�=1.1�10−2. The pump intensity was IPump
36±4 GW cm−2 �EPump=0.54 eV� and IPump=46±5 GW cm−2

E =0.62 eV�.
Pump
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e conclude that when pump and probe are coincident,
wo effects contribute to the differential reflectivity: non-
inear dispersion, which we attribute to the electronic
err effect, and absorption. We conclude that the nega-

ive differential reflectivity is due to an instantaneous
ondegenerate two-photon process, since this absorption

s seen to increase for an increase of either pump or probe
requencies, and since the sum of pump and probe fre-
uencies exceeds the absorption edge of p-Si. Recent work
16–20] has attributed the behavior at coincidence to the
err effect exclusively, even though dispersive data are

acking. Here, for the first time we identify the different
nstantaneous contributions to all-optical photonic
witching. Therefore, this also represents the first identi-
cation of Kerr switching in photonic crystals.

. Reflectivity Versus Frequency at �t=1 ps
efore quantifying the two different instantaneous contri-
utions from the data, we will first briefly describe the
easured effects of the FCs on the spectral properties.
igure 4(b) shows the differential reflectivity at a positive
robe delay of �t=1 ps that is caused by FCs. Because the
ifferential reflectivity varies around zero, we conclude
hat the induced absorption is minimal. The peak at
.2 eV corresponds to the blue edge of the linear reflectiv-
ty peak at 1.175 eV, the two troughs at 1.23 and 1.16 eV
orrespond to the red edges of the reflectivity peaks at
.175 and 1.25 eV, respectively. Therefore, the data are
onsistent with a blueshift, or a decrease of the refractive
ndex �n� as a result of the FCs.

. Model: The Extended Scalar Wave Approximation
o quantify the two nonlinear contributions at coinci-
ence as well as the FC effects, a model of the woodpile’s
inear and nonlinear spectral properties is necessary. To
redict the change in complex refractive index, we require
physical model that is subject to two requirements: first,

his model must reproduce the linear reflectivity R0 over
given frequency range. This requirement is necessary

ecause the measured differential reflectivity, defined as
R�t� /R��R�t�−R0� /R0, depends sensitively on R0. Sec-
nd, the calculated spectral properties must scale cor-
ectly with the induced complex n.

Here, we employ a heuristic model to calculate both the
inear as well as the dynamic reflectivity, which is an ex-
ension of the scalar wave approximation (SWA) [33]. The
ielectric function in beam direction ��z� and the lattice
pacing can be written in terms of their Fourier compo-
ents UG and G, respectively. For binary structures com-
osed of two different dielectric materials, it can be shown
hat [28]

UG = ��fG, G � 0, �2�

here �� is the difference of the dielectric constants, and
G is the Fourier transform of the indicator function f�z�,
here ��z�=�1+��f�z�. From a change in ��, a new UG can

eadily be obtained. The electric field inside the crystal
an now be calculated by considering only the first two
ands, k (incident) and k−G (Bragg diffracted). Outside
he crystal, the field can be determined from the two
oundary conditions the two bands are subject to. Thus,
he transmission and reflectivity can be determined. Re-
ently, Euser et al. employed an exact modal method
EMM) to calculate the broadband reflectivity of the
oodpile photonic crystal [21]. Although the agreement
as good for low frequencies, the reflectivity could not be

eproduced faithfully beyond the stop gap. To obtain a
etter agreement, the number of plane waves would have
ad to have been increased, for which the calculation con-
erges more slowly. Also, Deubel et al. achieved good
greement at the blue edge with a scattering matrix
odel, although some salient features were still lacking

34]. We verified that at the relevant probe frequencies,
he induced shift obtained with SWA matches the EMM
see Appendix A).

We fit the linear reflectivity obtained by the SWA to the
egion given in Fig. 4(a). The best agreement to the mea-
ured reflectivity is obtained with G=2� / �393 nm� and
G=−0.8. The calculated spectral feature shown corre-

ponds to the first two Fabry–Pérot fringes at the blue
dge of the stopgap. In the model, we included the disper-
ion and absorption of p-Si (from [35], see Fig. 5), and
ave taken bulk Si as the substrate. We verified that the
hin layer of SiN (n�=2, d=70 nm) had no effect on our
nalysis (Appendix B). Since the optical features in the
eflectivity spectrum are much broader than the probe
andwidth, no convolution of the calculated spectrum
ith the probe is necessary.

. Interpretation of Spectra at Coincidence
e match the calculated dispersive differential reflectiv-

ty to the strong signature of a redshift at EProbe=1.2 eV
y fitting two independent parameters �n�=2n2IPump and

∆

∆

α

α
µ

ig. 5. Instantaneous changes of the complex refractive index.
a) Imaginary refractive index (n�, solid squares) versus pump
requency EPump (lower axis) obtained from fits in Fig. 4. The
ashed curve is a fit of n� to an exponential. The right scale
hows the corresponding absorption coefficient. For comparison,
e plot the absorption coefficient for low pressure chemical vapor
eposited p-Si (solid curve) annealed at 545°C, similar to the
ackbone of our woodpile crystals. Upper abscissa is the sum of
he pump and probe frequencies ETotal. (b) Change in real refrac-
ive index �n� (left scale, solid squares) versus pump frequency
Pump from our nondegenerate measurements. The theoretical

elation predicted by [39] is also shown (solid curve, right scale).
e plot degenerate measurements for comparison: open squares

rom [13] and open circles from [15]. Data from [14] exceed the
cale by one order of magnitude.
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�=�0
12IPump/2� over the range 1.18 eV
EProbe
1.23 eV by minimizing the least squares. Here, 
12 is

he nondegenerate two-photon absorption coefficient and
0 is the free space wavelength. The differential reflectiv-
ty was obtained as follows: using the G obtained previ-
usly from the fit to the linear spectrum, the UG was
hanged via the changed �� [Eq. (2)], and the switched re-
ectivity spectrum was calculated from the new UG. Error
argins for the parameters were taken as the values at
hich the least squares values had changed by 10%.
Figure 4(c) shows the fits to two spectra obtained at two

ifferent EPump. The remarkable agreement of this ap-
roximate model with the data confirms that the subtle
nterplay of nonlinear dispersion as well as nondegener-
te absorption leads to the observed features. At frequen-
ies below 1.2 eV, the fitted curves tend to be lower than
he measurements. Above 1.2 eV, the calculated differen-
ial reflectivity is mostly higher than the measurements.
hese deviations are due to our fit not taking into account
he frequency dependence of 
12, but setting it to one
alue for all probe frequencies.

Figures 5(a) and 5(b) show the absorptive and disper-
ive part of the induced refractive index at coincidence,
espectively, as returned from the fits. The value at
Pump=0.59 eV is excluded due to an experimental arti-

act in that measurement. Figure 5(a) shows that the
maginary refractive index n� increases for pump frequen-
ies EPump	0.55 eV. These frequencies correspond to a
um of pump and probe frequencies EPump+EProbe
1.75 eV. Since these values are larger than the optical

ap of p-Si (1.4 eV
EOpt
1.6 eV, depending on the de-
ree of polycrystallinity [36]), it is clear that the simulta-
eous presence of pump and probe photons induces opti-
al absorption. The resulting values of the nondegenerate
wo-photon absorption coefficient are 
12=0.11 cm GW−1

t EPump=0.54 eV and 
12=0.19 cm GW−1 at EPump
0.62 eV.
From recent calculations [37], the Nph-photon process

n a direct transition can be viewed as a single-photon
rocess with an energy gap rescaled to EG /Nph, where Nph
s the number of photons. In other words, �EPump
EProbe� /2=E� in the present two beam case, where E� is
rescaled energy. Therefore, we can compare the spectral

hape of our extracted nondegenerate absorption coeffi-
ient to the linear absorption. We therefore also plot the
inear absorption of p-Si [35], similar to our woodpile
rystals [23]. The behavior of the linear absorption agrees
easonably with that of the nondegenerate absorption,
upporting calculations from [37]. For our intensities, the
ondegenerate absorption remains significantly below the

inear absorption. Pumping or probing at higher frequen-
ies causes the absorption to increase, as do higher pump
ntensities, but not higher probe intensities [38].

The instantaneous change of the real part of the refrac-
ive index �n� is plotted in Fig. 5(b). Again the value at
Pump=0.59 eV is excluded from the discussion. At low
ump frequencies of 0.52 eV, the change is 0.44�10−3,
nd it more than doubles to 1.1�10−3 at EPump=0.56 eV.
t EPump=0.62 eV, �n� decreases slightly. The resulting
alues of the Kerr coefficients are n2=7.3
10−6 cm2 GW−1 at EPump=0.54 eV and n2=12.7
10−6 cm2 GW−1 at E =0.62 eV. We compare our
Pump
easurements to recent measurements of the degenerate
onlinear dispersion of bulk Si [13–15]. To be able to
ake the comparison, we made use of the rescaling con-

ition. We find excellent agreement to the data from
13,15], but surprisingly the measurements of [14] are an
rder of magnitude higher, despite all being measured
ith the same z-scan technique. We also compare our
easured data to a relation for n2 derived for direct-gap

emiconductors [39] multiplied by our pump intensity
Pump. The functional form agrees well with our data. At
igher probe frequencies, the theoretical relation differs
rom the data of [13,15]. The agreement can be improved
y employing a theory for the degenerate nonlinear prop-
rties of an indirect semiconductor [37] using the rescal-
ng condition [14].

Having identified the two contributions at pump-probe
oincidence, we briefly discuss recent photonic crystal
witching experiments in the light of our new interpreta-
ion. Becker et al. performed time-resolved nondegenerate
ump-probe spectroscopy on a-Si and p-Si inverse opals
8]. In their data on the a-Si sample, sharp features in-
icative of instantaneous absorption are apparent for
Pump=0.674 eV and EProbe	0.653 eV, or ETotal
1.327 eV at pump-probe coincidence. Their p-Si sample

eveals these sharp features at EPump=0.717 eV and
Probe	0.539 eV �ETotal	1.256 eV�. Because of the lower
ptical gap EOpt for p-Si with respect to a-Si, we expect
ondegenerate absorption to take place at a lower ETotal
han for the a-Si sample, in agreement with their data. As
second example, we discuss the contribution by Haché

nd Bourgeois [16]. Here, the authors probe a Si/SiO2
ragg stack at the red edge of the stopgap. At coincidence,

hey observe a significant increase in transmission. The
bserved feature can only be explained by the breakdown
f destructive interference due to nondegenerate absorp-
ion for EPump=0.725 eV and EProbe=0.821 eV, giving
Total=1.546 eV, comparable to EOpt of a-Si. The Kerr ef-

ect without induced absorption would lead to a redshift of
he stopgap and thus to a decrease in transmission. In a
imilar manner, the contributions by Mazurenko et al.
17], Hastings et al. [18], and Mondia et al. [19] misinter-
ret the sharp trough in differential reflectivity as the
err effect.

. Interpretation of Picosecond Switching
sing the same extended SWA from Subsection 5.C, we

an also interpret the picosecond FC behavior. Therefore,
he calculated differential reflectivity can be fitted to
�R /R�FC by calculating the complex refractive index
hange with the Drude model [Fig. 4(b)]. The carrier den-
ity N is given by

N =
IPump

2 �P
11

2EPumpe
, �3�

here 
11 is the degenerate two-photon absorption coeffi-
ient. At our pump frequencies, we can neglect linear ab-
orption. For carrier densities N
1028 m−3, well above
ensities created in our experiments, the change in di-
lectric function is [40]



w
�
o
i
�
i
f
�

t
I
c
a
v
=
t
c
s
1
t
w

c
o
i
l
s
l
i
=
h
o
t
o
s

s
p

6
R
H
a
t
f
t
p
r
F
I
p
E
t
d
s
r
d
l
r
t
n
T
a
a

r
0
q
(
E
g

F
s
c
s
(

F
q
b
o
t
r
b
r
s
E

Harding et al. Vol. 26, No. 4 /April 2009 /J. Opt. Soc. Am. B 615
��fc = − ��P

�
	2

�1 − i���D�−1�, �4�

here �P
2 =Ne2 / �m*�0� is the plasma frequency squared in

radians/second�2, e and m* are the charge and effective
ptical mass of the carriers, and � is the probe frequency
n radians per second. Equation (4) is valid for ���D�−1

1, which is the case for our probe frequencies and damp-
ng times. For a given IPump therefore, we can fit the dif-
erential reflectivity resulting from a changing 
11 to
�R /R�FC.

The 
11 versus EPump as returned from the fits is plot-
ed in Fig. 6. For EPump
 1

2EG, 
11 tends to 0, as expected.
ncreasing EPump to above 0.54 eV, there is a marked in-
rease. At EPump=0.62 eV, 
11 has increased to as much
s 5±1 cm GW−1. This value compares favorably to other
alues of p-Si samples: values as high as 
11
60±15 cm GW−1 have been reported [22]. Indeed, a sys-

ematic study by Ikeda et al. showed the nonlinear coeffi-
ient increases with increasing amorphousness of the
ample, with 
11=4 cm GW−1 for p-Si samples, and up to
20 cm GW−1 for amorphous silicon [41]. To summarize
his comparison, we plot our extracted values of 
11 along
ith 
11 of both the p-Si and c-Si samples in Fig. 6.
We are now able to calculate crucial parameters to

haracterize the quality of the switching process in terms
f absorption and homogeneity. We find that the carrier
nduced absorption length is labs=123±50 �m, much
onger than the Bragg length LB, confirming that the ab-
orption is negligible indeed. The pump homogeneity
ength that describes the spatial homogeneity of carriers
s lhom= �IPump
11�−1=44±10 �m, or 170±40LB at EPump
0.62 eV and IPump=46±5 GW cm−2. This calculation
ighlights the advantage of two-photon absorption [30] to
ne-photon absorption in which absorption strongly limits
he pump homogeneity [17,18,42]. We conclude that for
ur switching conditions both the pump and the probe ab-
orption length remain well above L, and that thus in-

ig. 6. Nonlinear coefficient 
11 versus pump frequency (solid
quares) obtained from data as in Fig. 4. Dashed curve is a cal-
ulation from [39] for c-Si. Other data are from [13] (c-Si, open
quares), [15] (c-Si, open circles), [14] (c-Si, triangles), and [41]
p-Si, diamonds).
tantaneous switching yields favorable conditions for our
ump and probe frequencies, and pump intensities.

. INTERPRETATION OF SWITCHED
EFLECTIVITY AT ONE PROBE FREQUENCY
aving analyzed spectra of the reflectivity at coincidence
nd at �t=1 ps, we return to Fig. 3. Experimental condi-
ions had prevented us from taking more than four probe
requency- and time-resolved spectra, mostly related to
he long measurement times. Having identified two com-
eting processes at coincidence, we can now focus on time-
esolved spectra that depend on pump frequency only.
igure 7 shows ��R /R�coinc as a function of EPump. Here,

Pump has been corrected for three important pump beam
arameters: (i) the increase in intensity with increasing
Pump because of the decreasing Gaussian focus [43]; (ii)

he change in pump intensity due to the frequency depen-
ent reflectivity of the pump, see Fig. 2; and (iii) the mea-
ured 10% change in pump power over the frequency
ange of the OPA. For (i), ��R /R�coinc is taken to vary qua-
ratically with EPump, assuming that ��R /R�coinc changes
inearly with IPump. For (ii), ��R /R�coinc was linearly cor-
ected by a factor �1−R�EPump��, where RPump�EPump� is
he reflectivity of the pump at the pump frequency. Fi-
ally, in (iii), we corrected ��R /R�coinc linearly with IPump.
he two largest corrections are by 80% �EPump=0.52 eV�
nd 34% �EPump=0.56 eV�, but otherwise the corrections
re less than 20%.
In Fig. 7 we observe an increasing negative differential

eflectivity −��R /R�coinc with increasing EPump up to
.62 eV, then a decrease until 0.69 eV before a subse-
uent increase. With the analysis of the previous data
Fig. 5), two important regimes can now be identified: for

Pump
0.69 eV �ETotal
1.82 eV�, ��R /R�coinc is mostly
overned by dispersion. For EPump	0.69 eV, ��R /R�coinc

ig. 7. Differential reflectivity at coincidence versus pump fre-
uency extracted from Fig. 3 (domain A1) and corrected for pump
eam parameters (squares, left scale). Circles are complex values
f n extracted from Fig. 5 (domain D4) and reinserted in the ex-
ended SWA at domain A1. We have calculated the differential
eflectivity expected from a nonlinear, purely dispersive direct
andgap material (solid curve) [39] by inserting the theoretical
elation for n2 into the extended SWA. The “purely dispersive as-
umption” deviates from the data for pump frequencies above

=0.69 eV, or E =1.82 eV.
Pump Total
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ncreases again due to a combination of both dispersive
n2� as well as absorptive parts �
12�.

In Fig. 7 we also show the differential reflectivity ex-
ected from the extended SWA. Because this different re-
ectivity spectrum was obtained on domain A1, we first
ave to apply the SWA to the linear reflectivity from A1
not shown). We obtain best agreement for G
2� / �363 nm� and UG=−1.2. From the theoretical rela-

ion for a degenerate n2 of a direct bandgap semiconduc-
or [39], ��R /R�coinc is readily obtained. Since a nondegen-
rate theory for indirect bandgap semiconductors is not
et available, the theory has to be interpreted cautiously
ith respect to the measurement. For EPump
0.7 eV, the

hape of the theoretical relation agrees excellently to our
easurements. A strong divergence from the data is

ound for EPump	0.7 eV, or ETotal	1.83 eV. We interpret
his threshold frequency as marking a transition from
ispersive behavior of ��R /R�coinc to absorptive behavior.
To verify the consistency of the time- and frequency-

esolved ��R /R�coinc taken on domain D4 (see Subsection
.A) with the pump frequency resolved ��R /R�coinc taken
n domain A1, both n2 and 
12 (Fig. 5) were inserted into
he SWA at A1, and plotted in Fig. 7. The obtained differ-
ntial reflectivity is lower by a factor 2. Reasonable agree-
ent to the measured differential reflectivity is found,

rom which we conclude that the extended SWA provides
onsistent description of our various data, measured at
ifferent pump intensities and on different sample do-
ains.

. NONDEGENERATE FIGURE OF MERIT
OR FEMTOSECOND SWITCHING
o quantify how usable a material is for optical switching,
t is vital to consider a figure of merit (FOM). A high FOM
hen is tantamount to a large phase shift, desirable for
witching applications. Previously, Garmire proposed a
egenerate FOM, a measure that indicates the maximum
chievable phase shift of 2�� FOM, given that the device
ength is equal to the pump homogeneity length [44]. The
bsolute length of the device then depends on the inten-
ity used. From this requirement it follows that

FOM�EPump� =
n2�EPump�

�Pump
11�EPump�
, �5�

here �Pump is the pump wavelength. Here we extend this
otion to the general case by including nondegenerate ab-
orption: not only is the pump absorbed because it excites
Cs, but the probe is absorbed in the presence of the
ump. The NFOM is then [45]

NFOM�EPump,EProbe�

=
n2�EPump�

�Pump
11�EPump� + �Probe
12�EPump,EProbe�
. �6�

ecause of the much lower probe intensity, we can neglect
2�EProbe� in the numerator and 
11�EProbe� in the denomi-
ator. The NFOM has been calculated from our measured
ata as follows: n2�EPump� has been derived from Fig. 5(b),
here we have used the functional form of n2�EPump� from

39], scaled by a constant factor to match the magnitude
f our data. An analytic form of 
12 was derived by fitting
n exponential to the linear absorption coefficient
�EPump+EProbe�. The exponential behavior of the F ab-
orption coefficient � with EProbe close to the gap region is
ell-documented [46]. From ��EPump+EProbe�, we deduce
12=��EPump+EProbe� / �2IPump� from Eq. (7) (see [38]). Fi-
ally, an analytic expression for 
11�EPump� is obtained
rom the theoretical relation for 
11�EPump� for direct
andgap semiconductors from [39], scaled by a factor to
atch our measurements (Fig. 6).
Figure 8 shows the NFOM for different EPump and

Probe. At total frequencies ETotal=EPump+EProbe below the
ptical gap of p-Si �ETotal
EOpt�1.5 eV�, the nondegen-
rate two-photon absorption is small, tantamount to a
ong probe absorption length, which is desired. If in addi-
ion EPump
 1

2EG, the pump absorption length becomes in-
nite. Higher-order photon absorption has to be consid-
red to quantitatively estimate the NFOM in this region
f parameter space [47]. Around EPump=0.8 eV, n2
hanges sign and thus the NFOM approaches 0. For all
ther frequencies, NFOM depends strongly on both pump
nd probe frequencies. To achieve a high NFOM, it is best
or ETotal to remain below the optical gap, while EPump
hould remain just below 1

2EG. In that case, n2 is high,
hile both 
11 and 
12 are kept low. We have indicated

his line of maximum NFOM in Fig. 8. These experimen-
al conditions were recently realized by us on a
aAs/AlAs microcavity [48]. Our present measurements
ave taken place in the parameter space indicated by the
ox. In this region, we find NFOM between 6�10−4 for
Probe=1.24 eV and EPump=0.75 eV, and NFOM=0.05 for
Probe=1.09 and 0.58 eV. The only other measurement of
2 on a Si based photonic structure is from [16]. We con-
lude that for a judicious choice of pump and probe fre-

ig. 8. NFOM for instantaneous switching versus pump and
robe frequency for polysilicon [see Eq. (6)]. For EPump

1
2EG�=0.56 eV�, pump absorption is absent as we do not con-

ider more than second-order photon absorption. If in addition
Pump+EProbe
EOpt=1.5 eV, the total absorption is zero leading

o large NFOM outside of the scale of graph (crosshatched area).
he black curve indicates the parameter space for which a maxi-
um NFOM is reached if three-photon absorption is neglected.
t EPump=0.8 eV, n2�EPump� crosses 0 cm2 GW−1, and so the
FOM vanishes. For ETotal�EOpt, the NFOM is 
1�10−5

hatched area). The parameter space in our present measure-
ents is bounded by the box (square). The only other measure-
ent of n on a Si based photonic structure is [16] (circle).
2
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uency the NFOM can be maximized by limiting both
ump and nondegenerate probe absorption.

. CONCLUSION AND RECOMMENDATIONS
sing nondegenerate tunable pump-probe spectroscopy

n a Si woodpile photonic bandgap crystal, we have for
he first time identified Kerr switching in photonic crys-
als. For pump+probe frequencies greater than the opti-
al gap of p-Si, we additionally observe absorptive fea-
ures, which we identify with nondegenerate two-photon
bsorption. Using a heuristic model, we estimate the
aximum change in the real part of the refractive index

o be �n�=1.1�10−3, giving a Kerr coefficient of n2=17
10−6, which is in good agreement with values in the lit-

rature. The maximum imaginary part is 1.1�10−2, cor-
esponding to 
12=1.19 cm GW−1 at EPump=0.62 eV. This
omplex refractive index gives rise to reflectivity changes
f 1%. From the interplay of these two effects we derive a
ondegenerate figure of merit (NFOM) for instantaneous
witching. For a total pump+probe frequency in excess of
he optical gap of Si, the NFOM is low, while opportune
witching is achieved for low probe frequencies, and for
Pump
1/2EG.
At probe delays of �t=1 ps, we find that both pump and

robe absorption is negligible, in agreement with a Drude
escription of the free carriers (FCs). The differential re-
ectivity spectra is purely dispersionlike, giving changes

n reflectivity of up to �R=2.5%. From this value we de-
uce the maximum two-photon absorption coefficient to
e 
11=5 cm GW−1, in agreement to values stated in the
iterature for p-Si.

In spite of the challenges in analyzing nondegenerate
ptical properties of a photonic bandgap crystal, we have
easured a clear difference in response of ETotal
EOpt

nd ETotal	EOpt. This difference has ramifications for fu-
ure experiments on nondegenerate instantaneous
witching photonic bandgap crystals. DOS switching, and
ltimately spontaneous emission switching, is limited by
he magnitude of pump and emission frequencies.

To exploit Kerr switching, that is to maximize NFOM,
he following improvements are proposed. In the first in-
tance it seems useful to pump and probe with the same
olarization. For collinear polarization, a factor of 3 im-
rovement is predicted with respect to orthogonal polar-
zation [49]. Furthermore, the optical properties of the
hotonic crystal could be tailored so as to enhance the
eld. Calculations by us on a 1D distributed Bragg reflec-
or have revealed that the field can significantly be en-
anced when pumping at either the red or blue stop-band
dge, while the position of the field maximum depends
ritically on the exact pump frequency.

While a high-bandgap semiconductor will be less prone
o nondegenerate absorption, n2 scales with EG

−3, thus re-
ucing the NFOM. The absorption can also be diminished
y a lower pump intensity, which also goes at the expense
f �n�. We therefore conclude that the judicious choice of
emiconductor material, and pump and probe frequen-
ies, are required to usefully exploit Kerr switching.
PPENDIX A: COMPARISON OF THE
CALAR WAVE APPROXIMATION TO THE
XACT MODAL METHOD
o assess whether the changes in spectral properties re-
ulting from a change in n� and n� agree with the induced
hanges in the EMM, we compare the spectral changes for
given n� or n�. Figure 9(a) shows the relative change in

requency for a given change in average refractive index.
he shift �E due to �n� at the same probe frequency is
ompared. We find that for changes �n�
0.2, which is
ore than 2 orders of magnitude larger than our expected
n�=1�10−3, the agreement is even better than 5%. The
ood agreement for both �n� and �n� proves indeed that
he two requirements are sufficient for the description of
he dynamic reflectivity. Therefore, spectral properties as-
ociated with the vectorial nature of the probe, such as
E–TM mixing [50] or polarization effects [29], have a
egligible effect on the change in reflectivity. In Fig. 9(b)
e show the expected change in reflectivity for a given

hange in n�. To include absorption in the SWA, the re-
ectivity is reduced by exp�−2L / labs�, where labs
�0 / �4�n���. The factor of 2 in the exponent accounts for

he beam passing through the sample twice. For EProbe
1.19 eV, and for �n�
0.1, which is around ten times

arger than expected, the agreement is better than 5%.
From the good agreement between the exact modal
ethod (EMM) and the extended scalar wave approxima-

ion, we conclude that the heuristic accurately predicts
he change in complex refractive index.
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PPENDIX B: EFFECT OF SiN ON LINEAR
EFLECTIVITY SPECTRUM

o verify that the layer of SiN supporting the woodpile
as negligible effect on the linear reflectivity, a calcula-
ion of the SWA is performed with this layer. Figure 10
hows the reflectivity spectra, without and with the sup-
orting SiN layer �70 nm�. The spectra shifts by 6.2 meV
t the most in our region of interest. Therefore we con-
lude that the inclusion of this layer has only a negligible
ffect on the linear spectra.
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