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We have studied the power-dependent wavelength shift of photonic coupling resonances of a
two-dimensional photonic crystal waveguide by reflection geometry pump-probe measurements.
The quadratic response is indicative of two-photon induced carrier creation, which alters the
refractive index of the semiconductor core of the photonic lattice. A free-carrier model is used to
simulate the phenomenon, giving values of the change in refractive index per unit carrier density
that satisfactorily compare to values calculated for bulk AlGaAs under similar conditions.
Time-resolved spectra are also presented, showing relaxation times of,10 ps which are consistent
with surface recombination times in the patterned waveguide. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1790569]

I. INTRODUCTION

Al1−xGaxAs planar waveguides patterned with two-
dimensional(2D) hexagonal lattices of air holes provide
band gaps in the electromagnetic(EM) spectrum. This phe-
nomenon has attracted much attention due to the innovative
way in which it can be used to control the propagation and
emission of light.1,2 The incorporation of photonic band gap
materials in state-of-the-art photonic telecommunication
technologies has been the goal of many research groups
worldwide for over a decade. The ability to use transferable
growth and fabrication techniques from the field of semicon-
ductor physics also opens up the possibility of including non-
linear interactions in the operation of these materials. Con-
sequently, the properties of photonic crystals combined with
semiconductor nonlinearities are of great importance and po-
tentially offer a wealth of interesting effects.3–11 In particular,
it is predicted that semiconductor photonic crystal should
provide rapid all-optical switching and soliton formation as a
result of the strong confinement and dispersion of the
light.3–8 Despite this theoretical interest, experimental work
on switching in high index-contrast photonic crystals has
only recently become a reality.9–11

We recently reported on nonlinear switching measure-
ments in AlGaAs photonic crystal waveguides(PCWs), dem-
onstrating that a free carrier induced change in refractive
index can produce an enhanced change in the reflectivity
close to a photonic resonance.11 The nonlinear reflectivity

was observed to have a rise time of,2 ps and a decay time
of ,10 ps. This decay time is more than an order of magni-
tude faster than that observed in bulk AlGaAs12 and is
thought to be determined by the surface recombination of the
photogenerated carriers at the edges of the air holes. The
enhanced nonlinearity and fast response time confirms the
excellent potential of PCWs in nonlinear switching applica-
tions.

In this paper, we present power-dependent data with im-
proved temporal resolution to clarify the origin of the non-
linearity, and outline a simple model to account for the mag-
nitude of the wavelength shift. The results and the modeling
together confirm that the wavelength shift originates from
free carriers generated by two-photon absorption(TPA) in
the AlGaAs core. We also present a preliminary study of the
dependence of the nonlinear response on the excitation
wavelength and the effect of incorporating quantum wells
(QWs) into the waveguide core to enhance the nonlinearity.
These studies indicate that there is considerable scope to op-
timize the nonlinear response, with the prospect of obtaining
large nonlinearities at lower intensities, which is essential for
realistic applications in photonic switching.

II. SAMPLES AND EXPERIMENTAL DETAILS

The PCW comprises of an asymmetric planar waveguide
that is deeply etched with a 2D hexagonal lattice of air holes.
The waveguide is grown by metal-organic vapor phase epi-
taxy on a GaAs substrate, which were orientated at 3° off of
the [100] direction towards the[110] direction. It consists of
an Al0.2Ga0.8As core layer of thicknessd=400 nm and a
lower Al0.6Ga0.4As cladding layer with thicknessdcl

=1500 nm, as shown in Fig. 1. The top cladding layer is air
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with a thin s10 nmd capping layer to protect the surface from
oxidation. The semiconductor wafer is patterned with a pho-
tonic crystal, 80380 mm2 in size surrounded by a,20 mm
air moat. Patterning is achieved by electron-beam lithogra-
phy and chemically assisted ion beam etching, which pro-
duces very vertical holes with an aspect ratio of 10:1. The
lattice under investigation here has a period ofa=540 nm
and hole radius ofr .110 nm, and consequently an air-fill
factor of f .30%. The etch depth in these structures is there-
fore comfortably larger than the thickness of the waveguide
core, ensuring good confinement of the propagating modes.
Note that incorporated into the schematic in Fig. 1 is a scan-
ning electron micrograph of the top surface of the real PCW
structure.

The PCW sample was characterized by external coupling
reflectivity. The external radiation is coupled to propagating
modes in the structure when the phase-matching condition

ki =
v

c
sinu s1d

is achieved, whereki is the in-planek-vector,v is the angu-
lar frequency of the external radiation, andu is the angle of
incidence. This method examines the leaky modes from the
structure which present themselves as minima, maxima or
Fano-like resonances in the reflectivity spectra.13 A set of
angle-tuned measurements is used to extract the portion of
the photonic band structure that lies above the light line.
Typical spectra are presented in Sec. III.

Time-resolved pump-probe experiments were performed
with a weak white-light laser continuum as the probe, and a
high-intensity laser beam as the pump. The pump pulse, with
wave vectorkp, has a variable delay between it and the probe
pulse(with wave vectork), allowing a small time difference
sDtd to be introduced into the experiment, as indicated in
Fig. 1. Time-resolved pump-probe spectroscopy measure-
ments of this sort can be used to examine the temporal dy-
namics and the profile of the coupling resonance for a variety
of different excitation conditions. In the data presented in the
following section, the power-dependent nature of the spectra
are studied forDt=0, i.e., this occurs when the blueshift of

the photonic resonance under investigation is at a maximum.
In this setup both beams are incident on the sample surface
with an angular difference ofDu.6°.

The laser source is a 1 kHz Ti:sapphire regenerative am-
plifier, tuneable around 800 nm with a pulse width oftp

=150 fs which is split into the pump and probe beams by a
75:25 beam splitter. The pump path includes a delay stage
and is incident on the sample with weak focusing by a 25 cm
lens to a spot size of,200 mm. The long focal length lens
increases the Rayleigh range of the focused pump beam
close to the sample and minimizes the angular divergence.
The probe beam is tightly focused on a 1 mm thick sapphire
plate (attenuated to,1 mJ per pulse)14 that generates a
single filament white-light continuum15 via self-phase modu-
lation. The probe continuum is then collimated with a spot
size of,2 mm and a divergence of,1°. The probe light is
directed towards the sample wafer, the reflection of which is
spatially filtered11 to select light from only the photonic crys-
tal under investigation. The reflected signal is then coupled
into a spectrometer with a thermoelectrically cooled charge-
coupled device(CCD) attached. A reference beam from the
white-light continuum is also coupled into the spectrometer,
the CCD is binned vertically into two stripes so that the
reflected signal can be normalized against the reference. The
normalization removes any variation due to instabilities in
the white-light continuum and improves the signal-to-noise
ratio (SNR) by more than an order of magnitude. The SNR is
also improved by acquiring 20 accumulations per spectra
with the CCD.

III. EXPERIMENTAL RESULTS

Figure 2 shows a typical set of angle-tuneds15°øu
ø60°d linear reflectivity spectra along theG-K direction for
transverse-magnetic(TM) polarization in which the mag-

FIG. 1. Experimental geometry of the pump-probe spectroscopy technique.
The layer structure of the sample is indiated, together with a scanning elec-
tron micrograph(SEM) of the PCW surface. The corresponding Brillouin
zone and crystal point symmetry are shown to the right.

FIG. 2. Angle-tuned reflectivity spectra along theG-K direction of the hex-
agonal 2D lattice PCW with TM polarization. The region markedA corre-
sponds to the spectral region studied in the reflection geometry pump-probe
measurements.
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netic field lies in the plane of the waveguide. The spectra
consist of broad Fabry-Perot oscillations with sharper photo-
nic features superimposed on top of them. The Fabry-Perot
oscillations originate from the thin film interference between
the surface and the interfaces within the structure, and have
negligable effect on the following results. The photonic fea-
tures, on which we concentrate here, are either Fano-like or
minima, and are identified with dashed lines in Fig. 2. We
concentrate on theu=45° spectrum, which has a coupling
feature at,860 nm with a minimum in the reflectivity. The
region of the spectra which includes this resonance, labeled
A in the figure, will be used to perform the nonlinear mea-
surements described in Fig. 3.

Figure 3 shows the results from the pump-probe experi-
ment for the 860 nm coupling feature in the 45° spectrum for
Dt=0 as a function of pump power dependence withlpump

=800 nm. Zero delay time corresponds to the maximum ex-
citation when the pump and probe beams overlap temporally,
hence providing the maximum wavelength shift at each
power. The range of 0ø fluenceø2.39 mJ/cm2 is presented
in the figure. The zero fluence spectrum(top) is obtained by
setting the time delay to negative values significantly larger
than the pulse width of the laser; consequently the probe
beam arrives at the sample before the pump. The coupling
feature at 860 nm is visible and comparable to that observed
in regionA of Fig. 2. At nonzero fluences the photocreated
free-carrier density alters the refractive index of the semicon-
ductor region and hence the photonic band structure. This
results in a blueshift of the photonic coupling resonance that
increases with increasing fluence, as shown in Fig. 3.

The amplitude of the blueshift deduced from Fig. 3 is
shown in Fig. 4 as a function of pump fluence. The intensity
[defined in Eq.(5)] and the change in refractive index are
marked on the opposite axes. The latter is deduced from the
approximate relationship

Dn = n0
Dl

l0
, s2d

where l0 and n0 are the linear wavelength and refractive
index, respectively. The justification for this approximation
is discussed in Sec. IV. The strength of the blueshift is com-
parable with that observed in our previous work.11 The
power-dependent measurements reveal that the amplitude of
the wavelength shift follows a square law dependence on the
pump beam intensity. This is illustrated by the solid line in
Fig. 4, which represents a fit ofDl (and henceDn) ~I0

2. The
details are also discussed in Sec. IV.

In Fig. 5 a color contour plot of the experimental reflec-
tivity spectra is presented as a function of both wavelength
and time delay for the fluence of 1.59 mJ/cm2. In the figure
red represents high and blue represents low reflectivity, re-
spectively. The striping effect is a result of the plot being
constructed from multiple spectra which are normalized and
averaged by the method described in Sec. II. The change in
the central postion of the photonic coupling resonance at
l0,860 nm is overlaid. The rise time is close to 2 ps, which

FIG. 3. Pump-probe reflectivity spectra forDt=0 over a range of 0
ø fluenceø2.39 mJ/cm2 with lpump=800 nm. The reflection spectra show a
photonic coupling feature at 860 nm which blueshifts increasingly with
greater power.

FIG. 4. Blueshift of the 860 nm coupling feature as a function of average
pump fluence in the range 0ø Paveø2.39 mJ/cm2. The intensity and the
refractive index change deduced from Eq.(2) are marked on the opposite
axes. The solid line is a quadratic fit withDl~ I0

2.

FIG. 5. (Color) Color contour plot of the reflectivity as a function of both
wavelength and time delay. Overlaid is the central position of the photonic
coupling feature(black circles).
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is shorter than the temporal resolution in our previous re-
sults. In this experiment the pump excitation is at 0.953Eg,
consequently TPA excites carriers high into the conduction
band. The observed excitation will therefore be effected by
intervalley scattering and carrier cooling, which occur on the
same time scale.16 From Fig. 5 the 1/e decay time for this
power is <7 ps. This closely matches the results obtained
previously, where the decay time was an order of magnitude
faster than that observed in bulk AlGaAss,100 psd under
similar conditions.12 This is due to the deep etching and
hence the increased surface recombination. For each of the
other powers in the series presented in Fig. 3, the relaxation
time is also very similar to this value, with a deviation that is
within experimental errors. Consequently, there appears to be
no carrier density dependence of the decay time.

IV. MODELING

The linear relationship given in Eq.(2) is verified by
studying the effect of altering the refractive index of the
semiconductor region in a theoretical simulation of the re-
flectivity of the photonic lattice. This is modeled by using a
steady-state scattering-matrix method simulation17 of the re-
flectivity for different values of the refractive index over a
range corresponding to −0.02øDnø +0.02. Figure 6 shows
the calculated spectra for the two extremes compared with
the referenceDn=0 (solid curve). For aDn of −0.02(dashed
curve) the photonic coupling resonance at,860 nm under-
goes a blueshift of<4.5 nm, which coincidently is compa-
rable with the experimental observation. The inset to Fig. 6
shows the dependence of the wavelength shift as a function
of the change in refractive index. The relationship is approxi-
mately linear and the gradient extracted from the figure is
211 nm per unit index change, which is comparable to the
value of l0/n0.245 nm used in the determination ofDn
from Eq. (2) in Fig. 4.

We now discuss the nonlinear behavior in terms of a
steady-state approximation of the carrier creation due to the
incident radiation. From simple free-carrier models for TPA

in GaAs-based materials,18–20 it can be shown that the
change in refractive index is proportional to the square of the
intensity. This follows because

Dn = sN, s3d

s being the change in refractive index per unit carrier density
and N the number of carriers, which is proportional toI0

2

through20

N =
bI0

2tp

2"vp
Îp

2
, s4d

whereb=3.1310−8 cm/W is the TPA coefficient21 andvp is
the angular frequency of the pump pulse. In this case the
pump beam is defined as

Isr,td = I exps− t2/tp
2dexps− 2r2/w0

2d, s5d

where t is the time,r is the radial distance,tp is the pulse
width, andw0 is the beam waist at the sample. The intensity
range used in the experimental results presented here excites
between 1018 and 1019 carriers per cubic centimetre.

A quadratic curve is drawn onto the data points in Fig. 3
from which the change of refractive index per unit carrier
density can be extracted. This is achieved by dividing the
quadratic fit toDn by the square of the pump intensity, to
find Dn/ I0

2, and then substituting Eq.(4) into Eq. (3) to ob-
tain s=−3.5±1.4310−20 cm3. This method allows for the
comparison between the theoretical values of the free carriers
induced index change for patterned and unpatterned AlGaAs,
wheres is defined as19

s =
e2

2vpr
2 e0n0meff

Eg
2

Eg
2 − s"vpd2 , s6d

wherevpr as the angular frequency of the probe beam,meff is
the reduced effective mass of the carriers andEg=1.7 eV is
the electronic band gap of the waveguide core. Equation(6)
at "vp,0.953Eg gives s=−0.7±0.1310−20 cm3, which
matches the values presented in the literature for bulk
AlGaAs under similar conditions,18,19 and differs by only a
factor of 4 from that obtained in our experiment. One pos-
sible reason for the discrepancy is that Eq.(6) does not take
account of excitonic enhancements close to the band edge of
the Al0.2Ga0.8As waveguide core or band-edge renormaliza-
tion. Nevertheless, one clear conclusion is that the quadratic
dependence confirms that TPA is the dominant nonlinear pro-
cess involved in the blueshift of the photonic reflection fea-
ture.

The decay rate for carriers in this structure is modified
from the bulk. The waveguide is patterned with a lattice of
air holes which increase the surface area by more than a
factor of 3. The surface recombination velocity for carrier
densities of 1018–1019 cm−3 is ,23106 cm s−1 in GaAs.22

The surface of the hexagonal unit cell is 540 nm wide and
has air holes that have a radius of,110 nm. If only the core
region is considered, then a carrier has to travel a mean dis-
tance of<200 nm in any direction before reaching an inter-
face where it can recombine. This leads to an estimation of

FIG. 6. Simulated reflection spectra forDn=0.00, ±0.02 showing the ex-
pected direction and magnitude of the nonlinear shift observed. The inset
shows the dependence of the minimum in the reflectivity as a function of the
change in the refractive index of the semiconductor core.

4732 J. Appl. Phys., Vol. 96, No. 9, 1 November 2004 Bristow et al.

Downloaded 05 Nov 2004 to 143.167.6.55. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



the surface recombination rate in the patterned waveguide of
s,10 psd−1, which is in agreement with the 7–8 ps relax-
ation times observed in our experiments.

V. DISCUSSION

The experimental conditions that we have employed
here establish general principles of using PCWs in nonlinear
photonic applications, but they are far from optimized; for
instance, the intensities used in this work are extremely large
compared to those required for a pracical device. Hence,
there is considerable scope for enhancing the effects that we
have observed. In this section we give a qualitative discus-
sion of two approaches to increase the magnitude of the ef-
fective nonlinearity, and also discuss the ways to increase the
switching speed. Both of these are obvious requirements for
eventual applications in ultrafast photonic swithcing with
lower pump intensities.

The first method to enhance the effective nonlinearity is
to couple the external pump radiation more effeciently
through a coupling resonance of the photonic band structure.
The experimental results presented so far in this paper are for
a pump wavelength that is nonresonant with any photonic
band structure modes. The wavelength of the pump beam can
be tuned so that it is overlapped with a photonic coupling
resonance, consequently resulting in phase matching of the
pump light and stronger coupling to the waveguide core. The
increased intensity in the coupled mode leads to an increase
in the population of photogenerated carriers for the same
incident power. In this structure a photonic band structure
mode at 794 nm is observed in the reflectivity. The EM en-
ergy density was calculated by steady-state scattering-matrix
simulations for this photonic mode. The intensity of the
probe light coupled into the mode as a function of wave-
length across the feature is calculated to enhance by approxi-
mately three times exactly on resonance compared to a de-
tuning of only 10 meV. Prelimary pump-probe experiments
were preformed altering the wavelength of the pump light
and observing the blueshift of the coupling resonance at
860 nm, as before. The results indicate a doubling of the
observed blueshift when the pump wavelength is closest to
the 794 nm resonance, thus confirming the general trend of
the calculations. Further experiments to establish the quanti-
tative enhancement due to pump coupling considerations are
required, along with a time-dependent theoretical compari-
son. Also we expect that enhancement can be achieved by
coupling the external radiation into a band with a very flat
dispersion, i.e., a defect band.

The second method by which the blueshift can be en-
hanced is to alter the properties of the material from which
the PCW is made. For comparison to the data presented here
on passive waveguides, similar structures were fabricated
which contained five evenly spaced InAlGaAs QWs with a
band gap close to the pump wavelength to provide a resonant
nonlinearity. Initial experiments show that over a very simi-
lar power range to that presented in Fig. 3 the photonic cou-
pling feature undergoes a large blueshift up to,16 nm, lim-
ited by the damage threshold of the material. This result was

obtained without attempting to overlap the QW resonance
with a photonic coupling resonance, which is expected to
further enhance the observed phenomenon.

Fast all-optical switches require both fast switch-on and
switch-off times. The faster the switch-on time the better the
discrimination between the on and off states. The faster the
switch-off time the higher the frequency at which the switch
can operate. In optical switches where carrier excitation is
the nonlinear mechanism then the recombination determines
the switch-off time. In our structures the relaxation is,10 ps
and is dominated by the recombination at the surface, allow-
ing a modulation frequency of up to,100 GHz. As the rela-
tive surface area is increased the time for the carriers to reach
the surface is reduced and so faster switch-off times would
be expected for smaller periods and larger air-fill factors. The
switching time can be further reduced by changing to the
regime where the optical switching is pulse width limited,
either by excitation of a Kerr or AC Stark effect.9 In AlGaAs-
based materials this can be achieved by pumping below the
one- and two-photon absorption edges to excite virtual car-
riers.

VI. CONCLUSION

In summary, we exploit the coupling resonances ob-
served in the band structure for 2D PCWs to demonstrate
ultrafast all-optical nonlinear switching. By pumping close to
the band gap of the AlGaAs waveguide core, free carriers are
photogenerated. The induced free-carrier density in the semi-
conductor region of the lattice alters its refractive index, and
hence the photonic band structure related to the periodic pat-
tering. This manifests itself as a blueshift of the coupling
resonance, showing a large change in the reflectivity close to
the photonic feature.

The decay time of the observed blueshift shows that car-
riers are being excited from the valence to the conduction
band. The power-dependent measurements show that the ex-
citation has a square law dependence on the intensity of the
incident pump light, which as the modeling confirms, is a
result of two-photon absorption. The temporal measurements
show that the relaxation process is not pulse width limited
and that the observed decay time is due to surface effects
both from the waveguide and the photonic patterning.

The temporal dynamics of the nonlinear effect show that
the material nonlinearity is modified in terms of its decay
time with respect to unpatterned material, which is governed
by surface recombination. The photonic patterning reduces
the switch-off time of the device, allowing for extremely fast
operation speeds. We also discuss initial experimental results
for further optimisation of the optical-switching process by
the use of resonant pumping to either photonic band structure
modes or buried quantum wells.
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