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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 time$0ps which are consistent

with surface recombination times in the patterned waveguide20®4 American Institute of
Physics [DOI: 10.1063/1.1790569

I. INTRODUCTION was observed to have a rise time-ef ps and a decay time

of <10 ps. This decay time is more than an order of magni-

Al ,GaAs planar waveguides patterned with two- tude faster than that observed in bulk AIGdAsnd is
dimensional (2D) hexagonal lattices of air holes provide thought to be determined by the surface recombination of the
band gaps in the electromagnetiEM) spectrum. This phe- photogenerated carriers at the edges of the air holes. The
nomenon has attracted much attention due to the innovativenhanced nonlinearity and fast response time confirms the
way in which it can be used to control the propagation ancexcellent potential of PCWs in nonlinear switching applica-
emission of light? The incorporation of photonic band gap tions.
materials in state-of-the-art photonic telecommunication In this paper, we present power-dependent data with im-
technologies has been the goal of many research grouggoved temporal resolution to clarify the origin of the non-
worldwide for over a decade. The ability to use transferabldinearity, and outline a simple model to account for the mag-
growth and fabrication techniques from the field of semicon-itude of the wavelength shift. The results and the modeling
ductor physics also opens up the possibility of including nontogether confirm that the wavelength shift originates from
linear interactions in the operation of these materials. Confree carriers generated by two-photon absorp(i@RA) in
sequently, the properties of photonic crystals combined withhe AIGaAs core. We also present a preliminary study of the
semiconductor nonlinearities are of great importance and padependence of the nonlinear response on the excitation
tentially offer a wealth of interesting effectst In particular, wavelength and the effect of incorporating quantum wells
it is predicted that semiconductor photonic crystal shouldQWs) into the waveguide core to enhance the nonlinearity.
provide rapid all-optical switching and soliton formation as aThese studies indicate that there is considerable scope to op-
result of the strong confinement and dispersion of theaimize the nonlinear response, with the prospect of obtaining
light.>"® Despite this theoretical interest, experimental worklarge nonlinearities at lower intensities, which is essential for
on switching in high index-contrast photonic crystals hasrealistic applications in photonic switching.
only recently become a reality™*
We recently reported on nonlinear switching measure-

ments in AIGaAs photonic crystal waveguid@&CWs, dem- !l SAMPLES AND EXPERIMENTAL DETAILS

onstrating that a free carrier induced change in refractive The PCW comprises of an asymmetric planar waveguide
index: can producg an enhajré;ed change S reﬂe_Ct'V'%at is deeply etched with a 2D hexagonal lattice of air holes.
close to a photonic resonanceThe nonlinear reflectivity The waveguide is grown by metal-organic vapor phase epi-
taxy on a GaAs substrate, which were orientated at 3° off of
dpresent address: Department of Physics, University of Toronto, Torontghe [10Q] direction towards th¢11Q] direction. It consists of

M5S 1A7, Canada. ; —
DElectronic mail: mark.fox@sheffield.ac.uk an Al Ga gAs core layer of thicknessi=400 nm and a

9Present address: Department of Electronic and Electrical Engineering, UnfOWer Al 6Gay sAs cl_add?ng layer with th_iCkneSSdc_l _
versity of Sheffield, Sheffield, S1 3JD, United Kingdom. =1500 nm, as shown in Fig. 1. The top cladding layer is air
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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.
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W|t_h a_thln(lo nm capping layer to protect the surfgce from Wavelength (nm)
oxidation. The semiconductor wafer is patterned with a pho-
to.mc crystal, 80< SO 'L’%mz in §|ze surrounded by &20 'Lf“m FIG. 2. Angle-tuned reflectivity spectra along thieK direction of the hex-
air moat. Patterning is achieved by electron-beam lithograagonal 2D lattice PCW with TM polarization. The region markedorre-
phy and chemically assisted ion beam etching, which prosponds to the spectral region studied in the reflection geometry pump-probe
duces very vertical holes with an aspect ratio of 10:1. Theneasurements.
lattice under investigation here has a periodasf540 nm
and hole radius of =110 nm, and consequently an air-fill the photonic resonance under investigation is at a maximum.
factor of f =30%. The etch depth in these structures is therein this setup both beams are incident on the sample surface
fore comfortably larger than the thickness of the waveguidevith an angular difference ak6=6°.
core, ensuring good confinement of the propagating modes. The laser source is a 1 kHz Ti:sapphire regenerative am-
Note that incorporated into the schematic in Fig. 1 is a scanplifier, tuneable around 800 nm with a pulse width f
ning electron micrograph of the top surface of the real PCW=150 fs which is split into the pump and probe beams by a
structure. 75:25 beam splitter. The pump path includes a delay stage
The PCW sample was characterized by external couplingnd is incident on the sample with weak focusing by a 25 cm
reflectivity. The external radiation is coupled to propagatinglens to a spot size o200 um. The long focal length lens
modes in the structure when the phase-matching conditionincreases the Rayleigh range of the focused pump beam
close to the sample and minimizes the angular divergence.
o The probe beam is tightly focused on a 1 mm thick sapphire
kj=—sing 1) plate (attenuated to<1 wJ per pulsg* that generates a
¢ single filament white-light continuutvia self-phase modu-
lation. The probe continuum is then collimated with a spot
is achieved, wherg; is the in-planek-vector,w is the angu-  size of<2 mm and a divergence of1°. The probe light is
lar frequency of the external radiation, afids the angle of  directed towards the sample wafer, the reflection of which is
incidence. This method examines the leaky modes from thepatially filtered” to select light from only the photonic crys-
structure which present themselves as minima, maxima ol under investigation. The reflected signal is then coupled
Fano-like resonances in the reflectivity specir@ set of  into a spectrometer with a thermoelectrically cooled charge-
angle-tuned measurements is used to extract the portion @bupled device CCD) attached. A reference beam from the
the photonic band structure that lies above the light linewnhite-light continuum is also coupled into the spectrometer,
Typical spectra are presented in Sec. Il. the CCD is binned vertically into two stripes so that the
Time-resolved pump-probe experiments were performedeflected signal can be normalized against the reference. The
with a weak white-light laser continuum as the probe, and aormalization removes any variation due to instabilities in
high-intensity laser beam as the pump. The pump pulse, witthe white-light continuum and improves the signal-to-noise
wave vectoik,, has a variable delay between it and the proberatio (SNR) by more than an order of magnitude. The SNR is
pulse(with wave vectoik), allowing a small time difference also improved by acquiring 20 accumulations per spectra
(A7) to be introduced into the experiment, as indicated inwith the CCD.
Fig. 1. Time-resolved pump-probe spectroscopy measure-
menfts of this sort can be used to'examine the temporal.dym_ EXPERIMENTAL RESULTS
namics and the profile of the coupling resonance for a variety
of different excitation conditions. In the data presented inthe  Figure 2 shows a typical set of angle-tunétb°< 6
following section, the power-dependent nature of the spectra60°) linear reflectivity spectra along tHe-K direction for
are studied foA7=0, i.e., this occurs when the blueshift of transverse-magneti¢TM) polarization in which the mag-
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FIG. 3. Pump-probe reflectivity spectra fa&x7=0 over a range of 0 An:no—, (2)
<fluence=2.39 mJ/criwith Npump=800 nm. The reflection spectra show a No

photonic coupling feature at 860 nm which blueshifts increasingly with

greater power. where \q and n, are the linear wavelength and refractive

_— L . index, respectively. The justification for this approximation
netic field lies in the plane of the waveguide. The SpeCtra}s discussed in Sec. IV. The strength of the blueshift is com-

consist of broad Fabry-Perot oscillations with sharper photo- : . : o
. . arable with that observed in our previous workThe
hic features superimposed on top of them. The Fabry-Per ower-dependent measurements reveal that the amplitude of
oscillations originate from the thin film interference between” P . P
. o the wavelength shift follows a square law dependence on the
the surface and the interfaces within the structure, and have

. . . pump beam intensity. This is illustrated by the solid line in
negligable effect on the following results. The photonic fea-". ) . 2
. . . Fig. 4, which represents a fit dfx (and hence\n) «=lg. The
tures, on which we concentrate here, are either Fano-like or

minima, and are identified with dashed lines in Fig. 2. Wedetalls are also discussed in Sec. IV. .

~ico . . In Fig. 5 a color contour plot of the experimental reflec-
concentrate on th@=45° spectrum, which has a coupling tivity spectra is presented as a function of both wavelength
feature at~860 nm with a minimum in the reflectivity. The Y SP P 9

) - ) gnd time delay for the fluence of 1.59 mJ/crin the figure
region of the spectra which includes this resonance, labele : L
red represents high and blue represents low reflectivity, re-

Ain the figure, will be used to perform the nonlinear mea_spectively. The striping effect is a result of the plot being

surements described in Fig. 3. . . .
. .constructed from multiple spectra which are normalized and
Figure 3 shows the results from the pump-probe experi- . . X
. . o averaged by the method described in Sec. Il. The change in
ment for the 860 nm coupling feature in the 45° spectrum for,

_ . ; the central postion of the photonic coupling resonance at
A7=0 as a function of pump power dependence Vil Ao~ 860 nm is overlaid. The rise time is close to 2 ps, which

=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 865 —— g Reflectivity
(arb. units)

power. The range of € fluence<2.39 mJ/cm is presented
in the figure. The zero fluence spectr¢top) is obtained by
setting the time delay to negative values significantly larger € 8607
than the pulse width of the laser; consequently the probei/
beam arrives at the sample before the pump. The couplin¢s,
feature at 860 nm is visible and comparable to that observec &
in region A 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. ik i

The amplitude of the blueshift deduced from Fig. 3 is 0 5 10 15
shown in Fig. 4 as a function of pump fluence. The intensity Time delay (ps)
[defined in Eq(5)] an_d the change in re_fractlve index are FIG. 5. (Color) Color contour plot of the reflectivity as a function of both
marked on the opposite axes. The latter is deduced from thgayelength and time delay. Overlaid is the central position of the photonic
approximate relationship coupling featurgblack circles.
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Tlan002 | e in GaAs-based material€;? it can be shown that the
| ® on 4 . . . . .
- 2:_=+%%g ) | —tine it Pl change in refractive index is proportional to the square of the
0.209 =% go | intensity. This follows because
Z L3 An=oN, 3)
2
3 0.154 0.02 | o being the change in refractive index per unit carrier density
E and N the number of carriers, which is proportional Il%)
_ v _ througl?0
010- T ' ":' I<_"—l—_\:\_’v T : ] NngOE\/;! (4)
850 855 860 865 870 875 @p
Wavelength (nm) whereB=3.1x 10°® cm/W is the TPA coefficiefit andaw, is

FIG. 6. Simulated reflection spectra fan=0.00,+0.02 showing the ex- the angular frequency of the pump pUIse' In this case the

pected direction and magnitude of the nonlinear shift observed. The insd?UMP beam is defined as
shows the dependence of the minimum in the reflectivity as a function of the
change in the refractive index of the semiconductor core. |(r,t) = exp(— t2/7'2))exr(— 2r2/W%)' (5)

. L . wheret is the time,r is the radial distances, is the pulse
is shorter than the temporal resolution in our previous re- . . : . :

. : o width, andw is the beam waist at the sample. The intensity
sults. In this experiment the pump excitation is at 0<d5,,

) ) S ._range used in the experimental results presented here excites
consequently TPA excites carriers high into the conductio g P P

9 ) ) -
band. The observed excitation will therefore be effected b;/b etv’\&egtr: a%i?saggdculr(\}/ e?:r(;gv?’ np(e):]ttz)u?hlg 32?:?;:; in Fig. 3

intervalley scattering and carrier cooling, which occur on thefrom which the change of refractive index per unit carrier

same time scal€’ From Fig. 5 the 1é decay time for this ddensity can be extracted. This is achieved by dividing the

psg/ieéulsslz?/vﬁz.re-rthk:z g:aocs:lﬁinr::t\fvgessa;hir;ee?ucl,?mog?tﬁ:?ued uadratic fit toAn by the square of the pump intensity, to
P Y y 9 ind An/l%, and then substituting E@4) into Eq. (3) to ob-

faster than that observed in bulk AlGaAs-100 pg under tain 0=-3.5+1.4x102° cm®. This method allows for the

Eg'::aer tﬁgniilttzlr%r;\ssl.e;—zljrf:cedlizcgomg:ﬁaggﬁpF(z[rczlggh <”:)r;dﬂg:omparison between the theoretical values of the free carriers
. : R MBduced index change for patterned and unpatterned AlGaAs,

other powers in the series presented in Fig. 3, the relaxation . '

L S : . i -“Whereo is defined a¥

time is also very similar to this value, with a deviation that is

within experimental errors. Consequently, there appears to be 2 E2

no carrier density dependence of the decay time. g

g = ’
ngrfonomef-f Eé = (ﬁwp)z

(6)

wherew,, as the angular frequency of the probe beamgy is
IV. MODELING the reduced effective mass of the carriers &g 1.7 eV is
the electronic band gap of the waveguide core. Equatipn

The linear relationship given in Eq?2) is verified by — at fw,~0.95X E; gives ¢=-0.7+0.1x10°%° cm?®, which
studying the effect of altering the refractive index of the matches the values presented in the literature for bulk
semiconductor region in a theoretical simulation of the re-AlGaAs under similar condition¥° and differs by only a
flectivity of the photonic lattice. This is modeled by using a factor of 4 from that obtained in our experiment. One pos-
steady-state scattering-matrix method simuldtiai the re-  sible reason for the discrepancy is that E8).does not take
flectivity for different values of the refractive index over a account of excitonic enhancements close to the band edge of
range corresponding to —0.62An=< +0.02. Figure 6 shows the Aly,Ga gAs waveguide core or band-edge renormaliza-
the calculated spectra for the two extremes compared wittion. Nevertheless, one clear conclusion is that the quadratic
the referencé&n=0 (solid curvg. For aAn of —0.02(dashed dependence confirms that TPA is the dominant nonlinear pro-
curve) the photonic coupling resonance aB60 nm under- cess involved in the blueshift of the photonic reflection fea-
goes a blueshift of=4.5 nm, which coincidently is compa- ture.
rable with the experimental observation. The inset to Fig. 6 The decay rate for carriers in this structure is modified
shows the dependence of the wavelength shift as a functioftom the bulk. The waveguide is patterned with a lattice of
of the change in refractive index. The relationship is approxi-air holes which increase the surface area by more than a
mately linear and the gradient extracted from the figure idactor of 3. The surface recombination velocity for carrier
211 nm per unit index change, which is comparable to thelensities of 188—10" cm 2 is ~2x 10f cm s in GaAs?
value of \o/nyg=245 nm used in the determination afn The surface of the hexagonal unit cell is 540 nm wide and
from Eq. (2) in Fig. 4. has air holes that have a radius-e110 nm. If only the core

We now discuss the nonlinear behavior in terms of aregion is considered, then a carrier has to travel a mean dis-
steady-state approximation of the carrier creation due to theance of=200 nm in any direction before reaching an inter-
incident radiation. From simple free-carrier models for TPAface where it can recombine. This leads to an estimation of
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the surface recombination rate in the patterned waveguide afbtained without attempting to overlap the QW resonance
(~10 p97%, which is in agreement with the 7—8 ps relax- with a photonic coupling resonance, which is expected to
ation times observed in our experiments. 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

The experimental conditions that we have employed@" operate. In optical switches where carrier excitation is
here establish general principles of using PCWs in nonlineaj’® nonlinear mechanism then the recombination determines
photonic applications, but they are far from optimized: for he Switch-off time. In our structures the relaxatiords0 ps
instance, the intensities used in this work are extremely larg@Nd iS dominated by the recombination at the surface, allow-
compared to those required for a pracical device. HencdNd & modulation frequency of up to100 GHz. As the rela-

there is considerable scope for enhancing the effects that wiye surface area is increased the time for the carriers to reach
have observed. In this section we give a qualitative discusin® surface is reduced and so faster switch-off times would
sion of two approaches to increase the magnitude of the epe _exp_ecte_d for smaller periods and larger air-fill fa_ctors. The
fective nonlinearity, and also discuss the ways to increase thaVitching time can be further reduced by changing to the

switching speed. Both of these are obvious requirements fd€9ime where the optical switching is puls% width limited,
eventual applications in ultrafast photonic swithcing with €ither by excitation of a Kerr or AC Stark effettn AlGaAs-

lower pump intensities. based materials this can be a_lchieved by pumping _below the
The first method to enhance the effective nonlinearity is°N€- and two-photon absorption edges to excite virtual car-

to couple the external pump radiation more effeciently€’s:

through a coupling resonance of the photonic band structure,

The experimental results presented so far in this paper are fofl- CONCLUSION

a pump wavelength that is nonresonant with any photonic  |n summary, we exploit the coupling resonances ob-

band structure modes. The wavelength of the pump beam caerved in the band structure for 2D PCWs to demonstrate

be tuned so that it is overlapped with a photonic couplingultrafast all-optical nonlinear switching. By pumping close to

resonance, consequently resulting in phase matching of th#ie band gap of the AIGaAs waveguide core, free carriers are

pump light and stronger coupling to the waveguide core. Thghotogenerated. The induced free-carrier density in the semi-

increased intensity in the coupled mode leads to an increasgnductor region of the lattice alters its refractive index, and

in the population of photogenerated carriers for the sam@ence the photonic band structure related to the periodic pat-

incident power. In this structure a photonic band structurgering. This manifests itself as a blueshift of the coupling

mode at 794 nm is observed in the reflectivity. The EM en-resonance, showing a large change in the reflectivity close to

ergy density was calculated by steady-state scattering-matrihe photonic feature.

simulations for this photonic mode. The intensity of the The decay time of the observed blueshift shows that car-

probe light coupled into the mode as a function of wave-riers are being excited from the valence to the conduction

length across the feature is calculated to enhance by approdyand. The power-dependent measurements show that the ex-

mately three times exactly on resonance compared to a deitation has a square law dependence on the intensity of the

tuning of only 10 meV. Prelimary pump-probe experimentsincident pump light, which as the modeling confirms, is a

were preformed altering the wavelength of the pump lightresult of two-photon absorption. The temporal measurements

and observing the blueshift of the coupling resonance aghow that the relaxation process is not pulse width limited

860 nm, as before. The results indicate a doubling of theind that the observed decay time is due to surface effects

observed blueshift when the pump wavelength is closest tgoth from the waveguide and the photonic patterning.

the 794 nm resonance, thus confirming the general trend of The temporal dynamics of the nonlinear effect show that

the calculations. Further experiments to establish the quantihe material nonlinearity is modified in terms of its decay

tative enhancement due to pump coupling considerations affme with respect to unpatterned material, which is governed

required, along with a time-dependent theoretical compariby surface recombination. The photonic patterning reduces

son. Also we expect that enhancement can be achieved hyie switch-off time of the device, allowing for extremely fast

coupling the external radiation into a band with a very flatoperation speeds. We also discuss initial experimental results

dispersion, i.e., a defect band. for further optimisation of the optical-switching process by
The second method by which the blueshift can be enthe use of resonant pumping to either photonic band structure

hanced is to alter the properties of the material from whichmodes or buried quantum wells.

the PCW is made. For comparison to the data presented here
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