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We have used reflection geometry pump-probe spectroscopy to investigate the free carrier response
time of AlGaAs high refractive index contrast one-dimensional photonic crystal waveguides. We
have observed pump-induced shifts of photonic resonances in the near infrared spectral region, and
have studied the dependence of the decay time on the sample parameters. We find that the response
time can be varied from 8§ to 33 ps by changing the structure period and etch depth. This, combined
with the large changes observed in the reflectivity, demonstrates excellent potential for application
as ultrafast photonic switches with a controllable recovery time. © 2006 American Institute of

Physics. [DOL: 10.1063/1.2191955]

Photonic crystals (PCs) have been a very active research
area, ever since they were first proposed by Yablonovitch'
and John® in 1987. The unique properties of PCs enable a
whole range of possibilities for controlling the propagation
and emission of light. These properties make PCs particu-
larly well suited for use as ultrafast photonic switches in
all-optical telecommunications networks.” Theoretical pro-
posals to implement such switches by using optically in-
duced shifts of photonic resonances’”’ have now been dem-
onstrated in small®® and highIMS refractive index contrast
PCs. Despite the work carried out to date, the nonlinear
properties of the PCs are not fully understood, especially as
regards the dependence of these properties on the detailed
design of the structures.

In our previous work we have shown that it is possible to
modulate the reflectivity of a photonic crystal waveguide
(PCW) by generating free carriers in the core.'”'* The pump
pulse with high intensity creates a large carrier population in
the conduction band (i.e., by single or two photon absorp-
tion) and these carriers then modify the optical properties.
The refractive index change alters the photonic band struc-
ture and results in a shift of the photonic resonance accom-
panied by large changes in the reflectivity. The decay time
for a two-dimensional (2D) crystal was found to be around
10 ps. This fast decay was attributed to surface recombina-
tion at the air holes. In this Letter, we investigate the re-
sponse time of the free carrier nonlinearities in a series of
high refractive index contrast one-dimensional (1D) AlGaAs
PCWs with a systematic variation of the period, air-fill fac-
tor, and etch depth. The aim was to improve the understand-
ing of the surface recombination effects and to determine the
degree of control that can be exercised over them. The re-
sults indicate that the response time depends strongly on all

“Electronic mail: p-murzyn@sheffield.ac.uk

0003-6951/2006/88(14)/141104/3/$23.00

88, 141104-1

of the parameters, allowing extra scope for device optimiza-
tion by choice of the design parameters of the PCW.

The PCW investigated here is shown schematically in
Fig. 1. The PCW was grown by metal organic vapor phase
epitaxy (MOVPE). The core was 400 nm thick and consisted
of an active region of five periods of 9.6 nm thick
Ing 1,Al),GagggAs quantum wells with 10 nm thick
Al ,Gag gAs barriers surrounded on both sides by approxi-
mately 150 nm of Aly,GajgAs. The purpose of the quantum
wells in the core was to enhance the magnitude of the refrac-
tive index change induced by the carriers. The waveguide
was realized with air acting as the top cladding and a
1500 nm thick Aly¢Gag4As layer as the bottom cladding.
The structure was capped with a 10 nm layer of GaAs to
minimize oxidation. Room temperature photoluminescence
measurements  showed  excitonic  emission  around
790-800 nm.

Photonic crystals were patterned onto the top surface of
the wafer by electron-beam lithography and were then etched
by chemically assisted ion-beam etching. A variety of 1D
photonic structures with different periods and air fill factors
were patterned onto the same wafer. Each photonic structure
was a square with dimensions of 80X 80 um?, surrounded
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FIG. 1. (Color online) Experimental geometry of the pump-probe technique
and the layer structure of the sample.

© 2006 American Institute of Physics

Downloaded 21 Jun 2007 to 138.251.31.213. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.2191955
http://dx.doi.org/10.1063/1.2191955
http://dx.doi.org/10.1063/1.2191955

141104-2 Murzyn et al.

35, w0

3.0

25 %

20] %
150 %\ 4
1.0

860 880 900
Wavelength (nm)

Reflectivity (a.u.)

FIG. 2. (Color online) Representative reflectivity spectra at negative and
positive time delays for a PCW with a stripe width of 704 nm and an etch
depth of 850 nm. The Wavelength shift (AN) of the photonic resonance is
shown.

by a deeply etched air moat of width 20 wm. The period a
ranged from 330 to 880 nm, while the air-fill factor f was
varied from 10%-30%. These two parameters together deter-
mine the stripe width w according to w=a(1—f). The etch
depth was either 100 or 850 nm. In the former case, the
etching stopped in the core region, while in the latter, the
pattern penetrated down into the bottom cladding.

The photonic structures were investigated by external-
coupling reflectivity measurements. This technique provides
information about the photonic band structure by coupling to
the leaky modes in the PCW structure. The incident light has
to satisfy the phase-matching condition k;=(w/c)sin 6,
where k; is the in-plane wave vector, w is the angular fre-
quency, and € is the coupling angle as shown in Fig. 1. Parts
of the band structure of the PCW can then be mapped out by
varying 6.

Time-resolved measurements were carried out at room
temperature by a pump-probe technique in reflection
geometry.B’14 The pump beam was generated by a TOPAS
optical parametric amplifier (OPA) with a tuning range from
240 nm to 18 wm. The TOPAS OPA was pumped by a
regenerative-amplified, mode-locked, Ti:sapphire laser oper-
ating at 800 nm with a pulse width of 130 fs and a repetition
rate of 1 kHz. The pump beam wavelength was set to
810 nm and was focused on to the sample with a spot size
<200 pm at an incident angle of 30°. The pump fluence was
set to 0.45 mJ/cm?.

A small part of the Ti:sapphire beam was used to gener-
ate a femtosecond white light continuum in a thin sapphire
plate. The resulting beam was collimated with a divergence
angle <2° and was used as the probe in the time-resolved
measurements. The probe beam was incident on the sample
at an angle of 45°. The surface-reflected beam was then mag-
nified and imaged onto a pinhole, thus allowing the signal
from an individual photonic crystal to be collected. The spa-
tially filtered signal was then fed into a spectrometer and
detected by a charge-coupled device (CCD). A reference
beam was extracted from the white light continuum and used
to normalize the signal, thus removing wavelength-
dependent systematic backgrounds and noise due to pulse
energy fluctuations.

Typical pump-probe reflectivity spectra are shown in
Fig. 2 for two values of the probe time delay 7. Negative
values of 7 indicate that the probe arrived before the pump
pulse, and that the sample was therefore unexcited. In Fig. 2
a photonic feature at 892 nm for negative 7 is observed to
shift to shorter wavelengths for 7> 0. This shift is caused by
the refractive index change associated with the free carriers
generated by the pump pulse.13’14 By plotting the wavelength
shift AN of the photonic resonance against 7, graphs such as
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FIG. 3. (Color online) (a) Wavelength shift AN of the photonic resonance vs
probe time delay 7 for three different stripe widths. The etch depth was
850 nm in all three cases. AN has been normalized with AN(7) set to unity at
zero time delay. (b) Decay time vs stripe width for a constant etch depth of
850 nm. The inset shows the results of a simple in-plane diffusion model.
The red lines, in both the main graph and inset, represent a linear fit to the
experimental and modeled points, respectively.

those shown in Figs. 3(a) and 4 may be obtained. The re-
sponse time for each for the samples can then be determined
by fitting the decay of AA.

Figure 3(a) shows decay curves for three representative
values of the stripe width w at a constant etch depth of
850 nm, while Fig. 3(b) plots the decay times extracted from
the data against w. A clear linear dependence exists between
the decay times and the stripe width. The times obtained are
too short for bulk recombination. Additionally, the samples
were processed in a similar manner and conditions, ruling
out that the recombination changes were caused by the pro-
cessing. (N.B. No change in the response time was observed
for different e-beam exposure times). The results in Fig. 3
therefore can be understood by invoking the surface recom-
bination model proposed to explain the rapid decay time ob-
served in our previous experiments on 2D structures.*'* In
similar excitation conditions, we expect the free carriers to
have the same diffusion speed and the same lifetime. The
decay time in the PCW is then expected to scale with the
average distance that the carriers have to diffuse to reach the
surface. In 1D PCWs, this distance is determined primarily

Etch Detph (nm)

1.0 [ —e— 100
0.8 \ —a— 850
— "\
506 \ -,.‘.
S04 F
‘é \I .\.‘..‘o.
0.2 . ®%gceccce

0.0 cnmm i‘—

25 0 25 50 75 100125
time delay (ps)

FIG. 4. (Color online) A\ vs probe time delay for the deep- and shallow-
etched PCWs. Both samples had the same period of 330 nm and air-fill
factor of 30%. The graphs have been normalized so that AN is equal to unity
at zero time delay.
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by the stripe width, as demonstrated by the data shown in
Figs. 3(a) and 3(b).

The inset to Fig. 3(b) shows the results of a simple in-
plane model, which calculates the probability of a carrier
reaching the surface based on the mean distance traveled by
the carriers excited in AlGaAs. The model accurately repro-
duces the linear de(’pendence on the stripe width. The carrier
diffusion Velocity1 and the carrier lifetime'’ are taken to be
20 000 m/s and 100 ps, respectively. The former parameter
controls how likely carriers are to reach any surface, whereas
the latter is the recombination time of carriers that have not
reached the surface. These parameters are material depen-
dent. The simple nature of the model only allows for a quali-
tative agreement with the experimental data. A fully fledged
three-dimensional analysis would be required to model the
decay time quantitavely.

Figure 4 shows the dependence of the wavelength shift
on the etch depth for a constant period of 330 nm and air-fill
factor of 30%. The decay times in the deep- and shallow-
etched structures were found to be 8 and 33.5 ps, respec-
tively. This strong dependence on the etch depth can again be
attributed to the surface recombination rate. The surface area
of the deeply etched PCW was approximately 4.5 times
larger than in the shallow-etched structure, and the ratio of
the two decay times (4.2) is almost in direct proportion to
this factor. The good correlation between the reduction in
surface area and the increase in the decay time shows the
effect of surface recombination in PCWs.

In conclusion, we have demonstrated that the free carrier
response of 1D PCWs depends on the period, air-fill factor,
and etch depth. The decay time was found to range between
8 and 26 ps when the stripe width was increased from
231 to 704 nm. Conversely, when the etch depth was re-
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duced from 850 to 100 nm, the decay time increased from
8 to 33.5 ps. This work demonstrates that 1D PCWs are very
good candidates for fast all-optical switches with highly cus-
tomizable recovery times.
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