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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.

1. INTRODUCTION

The interest to optically switch photonic structures has
recently gathered momentum due to the inherent fast-
ness of the process. While the switching speed of conven-
tional transistors is ultimately limited by heat dissipa-
tion, no such limitation exists for optical systems in the
absence of absorption. To date, the dispersion of photoin-
duced free carriers (FCs) is widely exploited to induce ul-
trafast changes in the photonic structure’s optical proper-
ties. Then, propagation switching, optical modulation,
trapping and releasing photons, frequency and bandwidth
conversion, and even ultrafast switching of the density of
states (DOS) are possible [1-6].

In the past, several groups have switched Si photonic
crystals via FC excitation [7-9]. This switching mecha-
nism is popular because of its large attainable change in
refractive index and its high possible repetition rate. In-
deed, currently many efforts are devoted to decreasing
the time scales of switching in polycrystalline silicon
(p-Si), achievable through implanting additional recombi-
nation centers such as ions [10-12]. However, the possible
recombination time is still limited to several picoseconds.

Electronic Kerr switching offers the potential to switch
instantaneously, with a repetition rate limited only by the
duration of the pump pulse. The duration of the pump
and probe pulses then controls the repetition rates, in-
stead of the recombination times of the FCS. Kerr switch-
ing could potentially increase the repetition rate from gi-
gahertz to terahertz. Unfortunately, the intensities
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required are typically much higher compared to FC
switching [13-15]. Recently, several groups have claimed
to have experimental evidence of this Kerr nonlinearity in
photonic crystals [16—20]. The reasoning in all cases is the
instantaneous nature of the effect, resulting in a decrease
in reflectivity or transmission at one probe frequency that
coincides with the cross correlation of the pump and probe
pulses. Here, we critically evaluate these optical pro-
cesses at instantaneous (femtosecond) time scales. At
pump-probe coincidence, we will show that two competing
processes change the optical properties as witnessed from
reflectivity measurements performed over a large band-
width. From these two processes, we propose a general
nondegenerate figure of merit (NFOM), which has wide
implications for all-optical femtosecond switching, ulti-
mately extending to DOS switching and the dynamic con-
trol of spontaneous emission.

2. EXPERIMENTAL SETUP AND SAMPLE

Our setup consists of a regeneratively amplified pulsed
Ti:sapphire laser (Spectra-Physics Hurricane) that drives
two independently tunable optical parametric amplifiers
(OPAs, Topas). The OPAs have a continuously tunable
output frequency between 0.44 and 2.4 eV, with nearly
bandwidth limited pulses (relative width of 1.33%, band-
width limited equivalent to 7p=110 fs) with pulse dura-
tions of 7p=140+10 fs (measured at Ep,m,=0.95 eV) and
a pulse energy of at least 20 ud. The probe beam is nor-
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Fig. 1. High resolution scanning electron micrograph of the sur-
face normal to [001] of a Si woodpile crystal at domain D4. The
width and thickness of each rod is 175+10 and 15510 nm,
respectively.

M= e = e

mally incident at #=0° on the sample, and is focused to a
Gaussian spot of 32 um full-width at half maximum
(FWHM) (at Epope=1.24 €V) at a small angular diver-
gence of NA=0.02. The probe intensity Ip.pe Of
3+2 GW cm~ was around ten times lower than the pump
intensity Ipymp to ensure that nonlinear effects caused by
the probe were negligible. The reflectivity was calibrated
by referencing to a gold mirror. A versatile measurement
scheme was developed to subtract the pump background
from the probe signal, and to compensate for possible
pulse-to-pulse variations in the output of our laser
[21,22].

Figure 1 shows a high resolution scanning electron mi-
crograph of the photonic woodpile structure made by
Fleming and Lin at Sandia National Laboratories [23]. It
consists of five layers of p-Si rods (n'=3.45) stacked or-
thogonally upon one another, the nth layer shifted by half
an interrod distance with respect to the (n+2)th layer,
with a total thickness of L=780 nm. This structure gives
rise to a diamond lattice, for which a first-order band gap
is predicted [24]. The dimensions of the rods were chosen
so as to aim the center of the band gap around telecom
frequencies (Er1.=0.735 eV). The electric field of the

probe beam is polarized along the [110] direction of the
crystal, that is, perpendicular to the first row of rods. The
last row of rods is supported by a 70 nm thick SiN layer of
refractive index 2.

The sample has been characterized extensively else-
where [22]. Over the sample, the mutual alignment of the
rods differs. These differences are spatially separated,
and allow the sample to be divided into 16 domains,
which we denote by Al through D4 in analogy to a chess-
board. Here, we perform measurements on both Al and
D4, and are thus able to validate our results for different
sample conditions. The symmetry of D4 is face centered
orthorhombic, while Al is body centered orthorhombic.

3. LINEAR REFLECTIVITY

Figure 2 shows a linear reflectivity spectrum of the wood-
pile photonic crystal. The high peak centered at E,
=0.9 eV corresponds to the '-X stopgap in the band
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Fig. 2. Linear reflectivity spectrum of the woodpile photonic
crystal measured normal to the [001] direction at a sample do-
main D4 shown in Fig. 1. The E field is perpendicular to the first
row of rods. A stopgap near 0.9 eV gives rise to a high maximum
reflectivity of 95% +2% and has a broad relative width of 47%,
indicating a high photonic strength. At high frequencies >1.2 eV,
the spectral features are attributed to Fabry—Pérot-type fringes.
The pump frequencies (shaded box) were tuned at the red edge
through half the electronic band gap E;=1.12 eV of silicon (ver-
tical dashed line), and the probe frequencies at the blue edge of
the stop band. The dashed curve is a calculation with the SWA in
the region of interest.

structure, which is part of the 3D photonic bandgap of Si
woodpile photonic crystals [21,25,26]. The maximum re-
flectivity of 95% 2% and the broad width of AE
=0.46 eV FWHM confirm the strong interaction of the
crystal with light. The interaction strength S is character-
ized by the relative gap width S=AE/E, [27]. We note
that the large photonic strength of S=47% is the largest
measured for any photonic crystal so far.

We can associate a length scale with the photonic
strength. The Bragg length Ly is the length at which the
incoming intensity has dropped to 1/e of its initial value,
and is given by [28]

Lp=— 1
B 7TS’ ()

where \ is the wavelength in the structure of the stopgap.
We deduce a Bragg length of Lg=840 nm, corresponding
to 1.06 unit cells. In contrast, other 3D structure with a
lower photonic strength have a much higher Lp: for ex-
ample, TiOy inverse opals have Lp~3.3 um, polystyrene
opals have Lg=5.1 um, and SiOy opals have Ly=6 um
[28].

The high quality of the sample also causes the steep
edges of the peak, which we will in the first instance
probe at the blue edge of the stop band. At these frequen-
cies, all induced changes in optical properties of the Si
backbone will cause a large change in reflectivity, which is
important for switching applications. The probe frequen-
cies (indicated by the shaded box) span both the blue edge
of the stop band as well as the fringes. These have been
tentatively assigned to Fabry—Pérot-type interferences
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Fig. 3. Differential reflectivity AR/R versus probe delay A¢
taken at different pump frequencies Ep,,, and at probe fre-
quency Ep,,.=1.13 eV, sample domain Al. At At=0 ps, the pump
and probe are coincident, and the differential reflectivity
(AR/R)pin. decreases. At A¢=1 ps, the differential reflectivity
(AR/R)yc has increased due to the dispersion of the FCs. The
peak pump intensity varies between Ip,,,=10+1 GWcm™
(Epump=0.516 €V) and Ipyp,=2522 GWem™? (Epyy,=0.75 eV),
and the probe intensity was Ip,p.=3+2 GW cm™2.

[29], but the interpretation of the reflectivity spectrum of
woodpiles is still an open question [22].

4. SWITCHED REFLECTIVITY VERSUS TIME
AT ONE PROBE FREQUENCY

The pump frequencies Ep,n,, were chosen to tune through
half the electronic bandgap of silicon, where the gap is
E;=1.12 eV. Both the Kerr coefficient ny and the degen-
erate two-photon absorption coefficient 8;; have recently
been shown to vary strongly in the vicinity of %EG
[13-15,30-32]. On domain Al we measured differential
reflectivity AR/R versus probe delay At as a function of
Epymp (Fig. 3). On this domain, the probe frequency
Epope=1.13 €V corresponds to the foot of the blue stop-
band edge. At positive probe delays A¢=1 ps and at pump
frequencies Epymp> %EG=0.56 eV, we observe a large
positive differential reflectivity (AR/R)pc due to a blue-
shift of the photonic features. This shift is caused by a de-
crease of the refractive index of the p-Si backbone that
agrees well with a Drude description of the excited FCs
[21]. When Epp,,, is reduced to below %Eg, the dispersion
vanishes, since no FCs are excited by a two-photon pro-
cess.

At pump-probe coincidence, near At=0 ps, we observe a
trough of magnitude (AR/R) yn.- The width of this trough
varies between 240fs (Epyy,=0.52eV) and 160 fs
(Epump=0.62 eV). These widths agree reasonably well
with the expected cross-correlation duration for two
pulses (7p X \V2=200 fs). As Epynp increases to above %EG,
the magnitude of the instantaneous feature (AR/R) yinc
grows until it saturates at Epymp=0.62 eV, just over %EG.
In all cases, instantaneous switching features are ob-
served.
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5. SWITCHED REFLECTIVITY VERSUS
FREQUENCY

A. Reflectivity Versus Frequency at Coincidence

To investigate the precise nature of (AR/R) yinc, We have
measured the differential reflectivity at coincidence on do-
main D4 for a wide range of probe frequencies, which we
plot in Fig. 4(c). We make three important observations.
First, with increasing Epyyp, the variation in the data be-
comes stronger. Second, the differential reflectivity be-
comes increasingly negative with both increasing pump
and probe frequencies. These negative values indicate op-
tical absorption. Third, at 1.22 eV, a peak appears in the
differential reflectivity that corresponds to a red edge in
the linear reflectivity [Fig. 4(a)l; likewise, a trough ap-
pears at 1.18 eV that corresponds to a blue edge. This
clear dispersive behavior is indicative of a redshift of the
photonic features related to a positive change in n’. Thus

Wavelength [um]
1.1 1.05 1

A
o
o

o\z L] l L] L] L] L] l L] L] L] L]
= )
>
= 504
3 ] o0BC800npgog
o=
3} (a)
™ 104 ' ' E.. =054 eV
— . E, =062eV
o d . 'v v Pump J
é. VVV L. ‘ VI\A
0 Oizaaka a2t i aaaxokAA
0'd vV v . .
P 1 . v V V1
< R
-104(b) v -
L] l L]
Ot-gz4------------
T [aA%ATAL AL, __
e v Abyv T o Aaa
e ... Vg . N .
° T P
v Vv v
@ -10 v
3 (c) VVygV

1.1 1.2 13
Probe Frequency [eV]

Fig. 4. (a) Measured linear reflectivity versus probe frequency
(open squares) on domain D4 compared to the scalar wave ap-
proximation (solid curve). (b) The differential reflectivity
(AR/R)pc at delay At=1 ps caused by the FCs shows mostly dis-
persive features, as seen from the symmetric variation of AR/R
around 0. When increasing the pump frequency from 0.54 (solid
triangles) to 0.62 eV (open triangles), these dispersive features
increase in magnitude. (c) At A¢=0 ps, dispersive as well as ab-
sorptive features are observed in (AR/R).n. increasingly so
when increasing the pump frequency from Ep,,

=0.54 t0 0.62 eV. For Ep,,,=0.54 eV, we find An’'=0.44X10"

and n"=0.46 X 1073, while for Ep,;,,=0.62 eV the fits give An’
=1.1xX10% and n”"=1.1X10"2. The pump intensity was Ipyy

=36+4 GWem™2  (Epyyp=0.54€V) and Ipyy,,=46+5 GWcm~

(Epymp=0.62 eV).
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we conclude that when pump and probe are coincident,
two effects contribute to the differential reflectivity: non-
linear dispersion, which we attribute to the electronic
Kerr effect, and absorption. We conclude that the nega-
tive differential reflectivity is due to an instantaneous
nondegenerate two-photon process, since this absorption
is seen to increase for an increase of either pump or probe
frequencies, and since the sum of pump and probe fre-
quencies exceeds the absorption edge of p-Si. Recent work
[16—20] has attributed the behavior at coincidence to the
Kerr effect exclusively, even though dispersive data are
lacking. Here, for the first time we identify the different
instantaneous contributions to all-optical photonic
switching. Therefore, this also represents the first identi-
fication of Kerr switching in photonic crystals.

B. Reflectivity Versus Frequency at At=1 ps

Before quantifying the two different instantaneous contri-
butions from the data, we will first briefly describe the
measured effects of the FCs on the spectral properties.
Figure 4(b) shows the differential reflectivity at a positive
probe delay of A¢t=1 ps that is caused by FCs. Because the
differential reflectivity varies around zero, we conclude
that the induced absorption is minimal. The peak at
1.2 eV corresponds to the blue edge of the linear reflectiv-
ity peak at 1.175 eV, the two troughs at 1.23 and 1.16 eV
correspond to the red edges of the reflectivity peaks at
1.175 and 1.25 eV, respectively. Therefore, the data are
consistent with a blueshift, or a decrease of the refractive
index An’ as a result of the FCs.

C. Model: The Extended Scalar Wave Approximation

To quantify the two nonlinear contributions at coinci-
dence as well as the FC effects, a model of the woodpile’s
linear and nonlinear spectral properties is necessary. To
predict the change in complex refractive index, we require
a physical model that is subject to two requirements: first,
this model must reproduce the linear reflectivity R, over
a given frequency range. This requirement is necessary
because the measured differential reflectivity, defined as
AR(t)/R=[R(t)-Ry]/R,, depends sensitively on R,. Sec-
ond, the calculated spectral properties must scale cor-
rectly with the induced complex n.

Here, we employ a heuristic model to calculate both the
linear as well as the dynamic reflectivity, which is an ex-
tension of the scalar wave approximation (SWA) [33]. The
dielectric function in beam direction €(z) and the lattice
spacing can be written in terms of their Fourier compo-
nents Ug and G, respectively. For binary structures com-
posed of two different dielectric materials, it can be shown
that [28]

Ug=Aez G#0, (2)

where A€ is the difference of the dielectric constants, and
fc is the Fourier transform of the indicator function f(z),
where €(z) = €;+Aef(z). From a change in A¢, a new Ug can
readily be obtained. The electric field inside the crystal
can now be calculated by considering only the first two
bands, £ (incident) and k-G (Bragg diffracted). Outside
the crystal, the field can be determined from the two
boundary conditions the two bands are subject to. Thus,
the transmission and reflectivity can be determined. Re-
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cently, Euser et al. employed an exact modal method
(EMM) to calculate the broadband reflectivity of the
woodpile photonic crystal [21]. Although the agreement
was good for low frequencies, the reflectivity could not be
reproduced faithfully beyond the stop gap. To obtain a
better agreement, the number of plane waves would have
had to have been increased, for which the calculation con-
verges more slowly. Also, Deubel et al. achieved good
agreement at the blue edge with a scattering matrix
model, although some salient features were still lacking
[34]. We verified that at the relevant probe frequencies,
the induced shift obtained with SWA matches the EMM
(see Appendix A).

We fit the linear reflectivity obtained by the SWA to the
region given in Fig. 4(a). The best agreement to the mea-
sured reflectivity is obtained with G=2#/(393 nm) and
U;=-0.8. The calculated spectral feature shown corre-
sponds to the first two Fabry—Pérot fringes at the blue
edge of the stopgap. In the model, we included the disper-
sion and absorption of p-Si (from [35], see Fig. 5), and
have taken bulk Si as the substrate. We verified that the
thin layer of SiN (n'=2, d=70 nm) had no effect on our
analysis (Appendix B). Since the optical features in the
reflectivity spectrum are much broader than the probe
bandwidth, no convolution of the calculated spectrum
with the probe is necessary.

D. Interpretation of Spectra at Coincidence

We match the calculated dispersive differential reflectiv-
ity to the strong signature of a redshift at Ep,,,.=1.2 eV
by fitting two independent parameters An'=2nylpmy, and
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Fig. 5. Instantaneous changes of the complex refractive index.
(a) Imaginary refractive index (n”, solid squares) versus pump
frequency Epyy, (lower axis) obtained from fits in Fig. 4. The
dashed curve is a fit of n” to an exponential. The right scale
shows the corresponding absorption coefficient. For comparison,
we plot the absorption coefficient for low pressure chemical vapor
deposited p-Si (solid curve) annealed at 545°C, similar to the
backbone of our woodpile crystals. Upper abscissa is the sum of
the pump and probe frequencies Ery,. (b) Change in real refrac-
tive index An’ (left scale, solid squares) versus pump frequency
Epymp from our nondegenerate measurements. The theoretical
relation predicted by [39] is also shown (solid curve, right scale).
We plot degenerate measurements for comparison: open squares
from [13] and open circles from [15]. Data from [14] exceed the
scale by one order of magnitude.
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n"=NoB12lpump/27™ over the range 1.18 eV<Ep,,
<1.23 eV by minimizing the least squares. Here, B;5 is
the nondegenerate two-photon absorption coefficient and
\g is the free space wavelength. The differential reflectiv-
ity was obtained as follows: using the G obtained previ-
ously from the fit to the linear spectrum, the Ug; was
changed via the changed Ae [Eq. (2)], and the switched re-
flectivity spectrum was calculated from the new Ug. Error
margins for the parameters were taken as the values at
which the least squares values had changed by 10%.

Figure 4(c) shows the fits to two spectra obtained at two
different Epyyp. The remarkable agreement of this ap-
proximate model with the data confirms that the subtle
interplay of nonlinear dispersion as well as nondegener-
ate absorption leads to the observed features. At frequen-
cies below 1.2 eV, the fitted curves tend to be lower than
the measurements. Above 1.2 eV, the calculated differen-
tial reflectivity is mostly higher than the measurements.
These deviations are due to our fit not taking into account
the frequency dependence of Bis, but setting it to one
value for all probe frequencies.

Figures 5(a) and 5(b) show the absorptive and disper-
sive part of the induced refractive index at coincidence,
respectively, as returned from the fits. The value at
Epymp=0.59 eV is excluded due to an experimental arti-
fact in that measurement. Figure 5(a) shows that the
imaginary refractive index n” increases for pump frequen-
cies Epymp>0.55 eV. These frequencies correspond to a
sum of pump and probe frequencies Epymp+Epiohe
>1.75 eV. Since these values are larger than the optical
gap of p-Si (1.4 eV<E(,<1.6 €V, depending on the de-
gree of polycrystallinity [36]), it is clear that the simulta-
neous presence of pump and probe photons induces opti-
cal absorption. The resulting values of the nondegenerate
two-photon absorption coefficient are B15=0.11 cm GW-!
at Epymp=0.54eV and B13=0.19 cm GW-1 at Epymp
=0.62 eV.

From recent calculations [37], the Ny,-photon process
in a direct transition can be viewed as a single-photon
process with an energy gap rescaled to Eq/Nyy,, where Ny,
is the number of photons. In other words, (Epymp
+Epope)/2=E’ in the present two beam case, where E’ is
a rescaled energy. Therefore, we can compare the spectral
shape of our extracted nondegenerate absorption coeffi-
cient to the linear absorption. We therefore also plot the
linear absorption of p-Si [35], similar to our woodpile
crystals [23]. The behavior of the linear absorption agrees
reasonably with that of the nondegenerate absorption,
supporting calculations from [37]. For our intensities, the
nondegenerate absorption remains significantly below the
linear absorption. Pumping or probing at higher frequen-
cies causes the absorption to increase, as do higher pump
intensities, but not higher probe intensities [38].

The instantaneous change of the real part of the refrac-
tive index An’ is plotted in Fig. 5(b). Again the value at
Epymp=0.59 €V is excluded from the discussion. At low
pump frequencies of 0.52 eV, the change is 0.44x 1073,
and it more than doubles to 1.1X 1073 at Epymp=0.56 eV.
At Epynp=0.62 eV, An’ decreases slightly. The resulting
values of the Kerr coefficients are ny=7.3
X108 em? GW1  at Epymp=0.54eV  and ny=12.7
X107% cm? GW-1 at Epymp=0.62 eV. We compare our
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measurements to recent measurements of the degenerate
nonlinear dispersion of bulk Si [13-15]. To be able to
make the comparison, we made use of the rescaling con-
dition. We find excellent agreement to the data from
[13,15], but surprisingly the measurements of [14] are an
order of magnitude higher, despite all being measured
with the same z-scan technique. We also compare our
measured data to a relation for ny derived for direct-gap
semiconductors [39] multiplied by our pump intensity
Ipymp. The functional form agrees well with our data. At
higher probe frequencies, the theoretical relation differs
from the data of [13,15]. The agreement can be improved
by employing a theory for the degenerate nonlinear prop-
erties of an indirect semiconductor [37] using the rescal-
ing condition [14].

Having identified the two contributions at pump-probe
coincidence, we briefly discuss recent photonic crystal
switching experiments in the light of our new interpreta-
tion. Becker et al. performed time-resolved nondegenerate
pump-probe spectroscopy on a-Si and p-Si inverse opals
[8]. In their data on the a-Si sample, sharp features in-
dicative of instantaneous absorption are apparent for
Epymp=0.674 eV and  Ep..>0.653 eV, or Eqgy
>1.327 eV at pump-probe coincidence. Their p-Si sample
reveals these sharp features at Epymp=0.717 eV and
Ep,ope=>0.539 eV (Ergta>>1.256 V). Because of the lower
optical gap Eqp for p-Si with respect to a-Si, we expect
nondegenerate absorption to take place at a lower Eqgiq
than for the a-Si sample, in agreement with their data. As
a second example, we discuss the contribution by Haché
and Bourgeois [16]. Here, the authors probe a Si/SiOq
Bragg stack at the red edge of the stopgap. At coincidence,
they observe a significant increase in transmission. The
observed feature can only be explained by the breakdown
of destructive interference due to nondegenerate absorp-
tion for Epymp=0.725eV and Ep.p.=0.821 eV, giving
Erot21=1.546 eV, comparable to Eqp of a-Si. The Kerr ef-
fect without induced absorption would lead to a redshift of
the stopgap and thus to a decrease in transmission. In a
similar manner, the contributions by Mazurenko et al.
[17], Hastings et al. [18], and Mondia et al. [19] misinter-
pret the sharp trough in differential reflectivity as the
Kerr effect.

E. Interpretation of Picosecond Switching

Using the same extended SWA from Subsection 5.C, we
can also interpret the picosecond FC behavior. Therefore,
the calculated differential reflectivity can be fitted to
(AR/R)pc by calculating the complex refractive index
change with the Drude model [Fig. 4(b)]. The carrier den-
sity N is given by

Izum TPIB
N= Pp—n, 3)

2F Pumpe

where B is the degenerate two-photon absorption coeffi-
cient. At our pump frequencies, we can neglect linear ab-
sorption. For carrier densities N<10%8 m~3, well above
densities created in our experiments, the change in di-
electric function is [40]
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Fig. 6. Nonlinear coefficient 3;; versus pump frequency (solid
squares) obtained from data as in Fig. 4. Dashed curve is a cal-
culation from [39] for ¢-Si. Other data are from [13] (c-Si, open
squares), [15] (c-Si, open circles), [14] (c-Si, triangles), and [41]
(p-Si, diamonds).

=)
Age=—| — | (L-i(wmp)™), (4)

where w%:NeQ/ (m*gp) is the plasma frequency squared in
(radians/second)?, e and m* are the charge and effective
optical mass of the carriers, and o is the probe frequency
in radians per second. Equation (4) is valid for (wmp)~!
<1, which is the case for our probe frequencies and damp-
ing times. For a given Ip,n, therefore, we can fit the dif-
ferential reflectivity resulting from a changing Bi; to
(AR/R)pc.

The B1; versus Epyy,, as returned from the fits is plot-
ted in Fig. 6. For Epym, < %EG, B11 tends to 0, as expected.
Increasing Epymp to above 0.54 eV, there is a marked in-
crease. At Ep,;,,=0.62 eV, B;1; has increased to as much
as 5+1 cm GW~L. This value compares favorably to other
values of p-Si samples: values as high as By
=60+15 cm GW-! have been reported [22]. Indeed, a sys-
tematic study by Ikeda et al. showed the nonlinear coeffi-
cient increases with increasing amorphousness of the
sample, with 8;;=4 cm GW~! for p-Si samples, and up to
120 cm GW-! for amorphous silicon [41]. To summarize
this comparison, we plot our extracted values of B8;; along
with B;; of both the p-Si and ¢-Si samples in Fig. 6.

We are now able to calculate crucial parameters to
characterize the quality of the switching process in terms
of absorption and homogeneity. We find that the carrier
induced absorption length is [/.,=123+50 um, much
longer than the Bragg length Lp, confirming that the ab-
sorption is negligible indeed. The pump homogeneity
length that describes the spatial homogeneity of carriers
is lhom=(IPumpﬁll)_1=44110 Mmm, or 170140LB at EPump
=0.62 eV and Ipym,=46+5 GWcem™2. This calculation
highlights the advantage of two-photon absorption [30] to
one-photon absorption in which absorption strongly limits
the pump homogeneity [17,18,42]. We conclude that for
our switching conditions both the pump and the probe ab-
sorption length remain well above L, and that thus in-
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stantaneous switching yields favorable conditions for our
pump and probe frequencies, and pump intensities.

6. INTERPRETATION OF SWITCHED
REFLECTIVITY AT ONE PROBE FREQUENCY

Having analyzed spectra of the reflectivity at coincidence
and at At=1 ps, we return to Fig. 3. Experimental condi-
tions had prevented us from taking more than four probe
frequency- and time-resolved spectra, mostly related to
the long measurement times. Having identified two com-
peting processes at coincidence, we can now focus on time-
resolved spectra that depend on pump frequency only.
Figure 7 shows (AR/R).in. as a function of Epyy,,. Here,
Ipymp has been corrected for three important pump beam
parameters: (i) the increase in intensity with increasing
Epymp because of the decreasing Gaussian focus [43]; (i)
the change in pump intensity due to the frequency depen-
dent reflectivity of the pump, see Fig. 2; and (iii) the mea-
sured 10% change in pump power over the frequency
range of the OPA. For (i), (AR/R)uin is taken to vary qua-
dratically with Epyyp, assuming that (AR/R)cin. changes
linearly with Ipyyp. For (ii), (AR/R)cin. Was linearly cor-
rected by a factor [1-R(Epymp)], where Rpymp(Epump) is
the reflectivity of the pump at the pump frequency. Fi-
nally, in (iii), we corrected (AR/R)in. linearly with Ip,py,.
The two largest corrections are by 80% (Epymp=0.52 eV)
and 34% (Epump=0.56 eV), but otherwise the corrections
are less than 20%.

In Fig. 7 we observe an increasing negative differential
reflectivity —(AR/R)coin With increasing Epyy,, up to
0.62 eV, then a decrease until 0.69 eV before a subse-
quent increase. With the analysis of the previous data
(Fig. 5), two important regimes can now be identified: for
Epump<0.69 eV (Eqg<1.82 eV), (AR/R)in. is mostly
governed by dispersion. For Epypm,>0.69 eV, (AR/R)in,

Pump+Probe frequency [eV]
1.6 1.8

10 >
® From complex n in Fig. 5(a) and (b) a
— = Measured in Fig. 3 J 40}(;0
°\° Theory )
T =
5
20 =~
-
[¢)
(@)
<
T L T L 0 §
0.4 0.6 08 =
Pump frequency [eV]

Fig. 7. Differential reflectivity at coincidence versus pump fre-
quency extracted from Fig. 3 (domain A1) and corrected for pump
beam parameters (squares, left scale). Circles are complex values
of n extracted from Fig. 5 (domain D4) and reinserted in the ex-
tended SWA at domain Al. We have calculated the differential
reflectivity expected from a nonlinear, purely dispersive direct
bandgap material (solid curve) [39] by inserting the theoretical
relation for n, into the extended SWA. The “purely dispersive as-
sumption” deviates from the data for pump frequencies above
Epymp=0.69 eV, or Epy,=1.82 eV.
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increases again due to a combination of both dispersive
(ng) as well as absorptive parts (819).

In Fig. 7 we also show the differential reflectivity ex-
pected from the extended SWA. Because this different re-
flectivity spectrum was obtained on domain Al, we first
have to apply the SWA to the linear reflectivity from Al
(not shown). We obtain best agreement for G
=27/(363 nm) and Uz=-1.2. From the theoretical rela-
tion for a degenerate n, of a direct bandgap semiconduc-
tor [39], (AR/R)inc is readily obtained. Since a nondegen-
erate theory for indirect bandgap semiconductors is not
yet available, the theory has to be interpreted cautiously
with respect to the measurement. For Ep,,,,<0.7 eV, the
shape of the theoretical relation agrees excellently to our
measurements. A strong divergence from the data is
found for Epypp>0.7 eV, or Ery,>1.83 eV. We interpret
this threshold frequency as marking a transition from
dispersive behavior of (AR/R) iy to absorptive behavior.

To verify the consistency of the time- and frequency-
resolved (AR/R) yinc taken on domain D4 (see Subsection
5.A) with the pump frequency resolved (AR/R) yn. taken
on domain Al, both ny and By (Fig. 5) were inserted into
the SWA at A1, and plotted in Fig. 7. The obtained differ-
ential reflectivity is lower by a factor 2. Reasonable agree-
ment to the measured differential reflectivity is found,
from which we conclude that the extended SWA provides
consistent description of our various data, measured at
different pump intensities and on different sample do-
mains.

7. NONDEGENERATE FIGURE OF MERIT
FOR FEMTOSECOND SWITCHING

To quantify how usable a material is for optical switching,
it is vital to consider a figure of merit (FOM). A high FOM
then is tantamount to a large phase shift, desirable for
switching applications. Previously, Garmire proposed a
degenerate FOM, a measure that indicates the maximum
achievable phase shift of 27X FOM, given that the device
length is equal to the pump homogeneity length [44]. The
absolute length of the device then depends on the inten-
sity used. From this requirement it follows that

nZ(EPump)
)\Pumpﬁll(EPump) ’
where Apyyp is the pump wavelength. Here we extend this
notion to the general case by including nondegenerate ab-
sorption: not only is the pump absorbed because it excites

FCs, but the probe is absorbed in the presence of the
pump. The NFOM is then [45]

NFOM (EPump, EProbe)

FOM(EPump) = (5)

ng (E Pump)

- APumpBll(EPump) + AProbeB12(EPump’EPr0be) )

Because of the much lower probe intensity, we can neglect
n9(Eprobe) in the numerator and B;1(Epyepe) in the denomi-
nator. The NFOM has been calculated from our measured
data as follows: ng(Epyyp) has been derived from Fig. 5(b),
where we have used the functional form of 74(Epyy,p) from
[39], scaled by a constant factor to match the magnitude

(6)
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of our data. An analytic form of B, was derived by fitting
an exponential to the linear absorption coefficient
A(Epymp+Eprohe). The exponential behavior of the F ab-
sorption coefficient @ with Ep,,. close to the gap region is
well-documented [46]. From a(Epymp+Eprobe), We deduce
Bi2= a(Epymp+Epyobe)/ (2l pump) from Eq. (7) (see [38]). Fi-
nally, an analytic expression for B1;(Ep,np) is obtained
from the theoretical relation for Bi1(Epymp) for direct
bandgap semiconductors from [39], scaled by a factor to
match our measurements (Fig. 6).

Figure 8 shows the NFOM for different Ep,,, and
Ep,qpe- At total frequencies Ega1=E pump + Eprobe below the
optical gap of p-Si (Eqga<Eop=1.5 eV), the nondegen-
erate two-photon absorption is small, tantamount to a
long probe absorption length, which is desired. If in addi-
tion Epymp < %Eg, the pump absorption length becomes in-
finite. Higher-order photon absorption has to be consid-
ered to quantitatively estimate the NFOM in this region
of parameter space [47]. Around Ep;,,=0.8eV, n,
changes sign and thus the NFOM approaches 0. For all
other frequencies, NFOM depends strongly on both pump
and probe frequencies. To achieve a high NFOM, it is best
for Eng, to remain below the optical gap, while Epyp,
should remain just below %EG. In that case, ng is high,
while both B;; and B;, are kept low. We have indicated
this line of maximum NFOM in Fig. 8. These experimen-
tal conditions were recently realized by us on a
GaAs/AlAs microcavity [48]. Our present measurements
have taken place in the parameter space indicated by the
box. In this region, we find NFOM between 6 x 10~* for
Epohe=1.24 eV and Epyp,,=0.75 eV, and NFOM=0.05 for
Ep,1.=1.09 and 0.58 eV. The only other measurement of
ng on a Si based photonic structure is from [16]. We con-
clude that for a judicious choice of pump and probe fre-

1.5 NFOM

=10

0.1

1E-5

Pump Frequency [eV]

0 :
00 05 10 15 20
Probe frequency [eV]

Fig. 8. NFOM for instantaneous switching versus pump and
probe frequency for polysilicon [see Eq. (6)]. For Epypy,
<§EG(=O.56 eV), pump absorption is absent as we do not con-
sider more than second-order photon absorption. If in addition
EpumptEprope <Eop=1.5 €V, the total absorption is zero leading
to large NFOM outside of the scale of graph (crosshatched area).
The black curve indicates the parameter space for which a maxi-
mum NFOM is reached if three-photon absorption is neglected.
At Epynp=0.8 €V, ny(Epyy,) crosses 0cm? GW-!, and so the
NFOM vanishes. For Erp,,>Eq,, the NFOM is <1x107
(hatched area). The parameter space in our present measure-
ments is bounded by the box (square). The only other measure-
ment of ny, on a Si based photonic structure is [16] (circle).
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quency the NFOM can be maximized by limiting both
pump and nondegenerate probe absorption.

8. CONCLUSION AND RECOMMENDATIONS

Using nondegenerate tunable pump-probe spectroscopy
on a Si woodpile photonic bandgap crystal, we have for
the first time identified Kerr switching in photonic crys-
tals. For pump+probe frequencies greater than the opti-
cal gap of p-Si, we additionally observe absorptive fea-
tures, which we identify with nondegenerate two-photon
absorption. Using a heuristic model, we estimate the
maximum change in the real part of the refractive index
to be An’=1.1x1073, giving a Kerr coefficient of ny=17
% 1076, which is in good agreement with values in the lit-
erature. The maximum imaginary part is 1.1 X 1072, cor-
responding to B12=1.19 cm GW-! at Epymp=0.62 eV. This
complex refractive index gives rise to reflectivity changes
of 1%. From the interplay of these two effects we derive a
nondegenerate figure of merit (NFOM) for instantaneous
switching. For a total pump+ probe frequency in excess of
the optical gap of Si, the NFOM is low, while opportune
switching is achieved for low probe frequencies, and for
Epymp~1/2Eg.

At probe delays of At=1 ps, we find that both pump and
probe absorption is negligible, in agreement with a Drude
description of the free carriers (FCs). The differential re-
flectivity spectra is purely dispersionlike, giving changes
in reflectivity of up to AR=2.5%. From this value we de-
duce the maximum two-photon absorption coefficient to
be B11=5 cm GW-1, in agreement to values stated in the
literature for p-Si.

In spite of the challenges in analyzing nondegenerate
optical properties of a photonic bandgap crystal, we have
measured a clear difference in response of Erqga<Eop
and Erga> Eopt. This difference has ramifications for fu-
ture experiments on nondegenerate instantaneous
switching photonic bandgap crystals. DOS switching, and
ultimately spontaneous emission switching, is limited by
the magnitude of pump and emission frequencies.

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

While a high-bandgap semiconductor will be less prone
to nondegenerate absorption, ng scales with E(";S, thus re-
ducing the NFOM. The absorption can also be diminished
by a lower pump intensity, which also goes at the expense
of An’. We therefore conclude that the judicious choice of
semiconductor material, and pump and probe frequen-
cies, are required to usefully exploit Kerr switching.
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Fig. 9. (a) Relative change in frequency AE/E, for a given

change in the relative average refractive index An,,/n,,. For
comparison, the change according to Bragg’s law is AE/E,
=—An,,/n,,. (b) Change in reflectivity for a given change in the
imaginary part of the refractive index n".

APPENDIX A: COMPARISON OF THE
SCALAR WAVE APPROXIMATION TO THE
EXACT MODAL METHOD

To assess whether the changes in spectral properties re-
sulting from a change in n’ and n” agree with the induced
changes in the EMM, we compare the spectral changes for
a given n’ or n”. Figure 9(a) shows the relative change in
frequency for a given change in average refractive index.
The shift AE due to An’ at the same probe frequency is
compared. We find that for changes An’<0.2, which is
more than 2 orders of magnitude larger than our expected
An’'=1x1073, the agreement is even better than 5%. The
good agreement for both An’ and An” proves indeed that
the two requirements are sufficient for the description of
the dynamic reflectivity. Therefore, spectral properties as-
sociated with the vectorial nature of the probe, such as
TE-TM mixing [50] or polarization effects [29], have a
negligible effect on the change in reflectivity. In Fig. 9(b)
we show the expected change in reflectivity for a given
change in n”. To include absorption in the SWA, the re-
flectivity is reduced by exp(-2L/l,,), where [,
=N\o/(47n" ¢). The factor of 2 in the exponent accounts for
the beam passing through the sample twice. For Ep,yp.
=1.19 eV, and for An”<0.1, which is around ten times
larger than expected, the agreement is better than 5%.

From the good agreement between the exact modal
method (EMM) and the extended scalar wave approxima-
tion, we conclude that the heuristic accurately predicts
the change in complex refractive index.
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Fig. 10. (Color online) Reflectivity calculated with the SWA with

and without the thin layer of SiN.
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APPENDIX B: EFFECT OF SiN ON LINEAR
REFLECTIVITY SPECTRUM

To verify that the layer of SiN supporting the woodpile
has negligible effect on the linear reflectivity, a calcula-
tion of the SWA is performed with this layer. Figure 10
shows the reflectivity spectra, without and with the sup-
porting SiN layer (70 nm). The spectra shifts by 6.2 meV
at the most in our region of interest. Therefore we con-
clude that the inclusion of this layer has only a negligible
effect on the linear spectra.
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