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The ultrafast response of a high-reflectivity GaAs/AlAs Bragg mirror to optical pumping is
investigated for all-optical switching applications. Both Kerr and free carrier nonlinearities are
induced with 100 fs, 780 nm pulses with a fluence of 0.64 and 0.8 kJVine absolute transmission

of the mirror at 931 nm increases by a factor of 27 from 0.0024% to 0.065% on a picosecond time
scale. These results demonstrate the potential for a high-reflectivity ultrafast switchable mirror for
quantum optics and optical communication applications. A design is proposed for a structure to be
pumped below the band gaps of the semiconductor mirror materials. Theoretical calculations on this
structure show switching ratios up to 2200 corresponding to switching from 0.017% to 37.4%
transmission. €005 American Institute of PhysidDOI: 10.1063/1.1854200

High-finesse optical cavities are of interest in quantumkeep the mirrors as thin as possible. At least one material
optics experiments, in particular for cavity quantum must possess a large nonlinear index of refraction to allow
electrodynamics and quantum state stora@dn many of effective all-optical switching. GaAs and AIAs meet these
these experiments it would be beneficial to be able to switcleriteria and mirrors with~30 layer pairs can be grown with
light in and out of a cavity on a fast time scale. Commonreflectivities>99.99%. GaAs and AlAs have a Kerr nonlin-
cavity switching techniques use intracavity elements whickearity and in addition, the nonlinearity in index of refraction
unavoidably introduce additional cavity losses, limiting therelated to free carriers in GaAs has previously been
finesse. In addition, switching elements such as acousto-optiitudied%2
modulators or Pockels cells are limited to time scales longer The sample is a 30 pair GaAs/AlAs Bragg mirror on a
than tens of picoseconds. GaAs substrate with 50 nm spacer layer of gLGa ¢As.

Instead, we propose to switch the finesse of the cavity byrhe thicknesses of the GaAs and AlAs layers are 61.8 and
switching one of the cavity end mirrors. The high-reflectivity 75.0 nm respectively, corresponding xd4n for a wave-
cavity mirrors are composed of alternating layers of two dif-length of 892 nm. The measured reflectivityircles and
ferent dielectric materials. Ideally the layer thicknesses ircalculated reflectivitysolid line) as a function of wavelength
this Bragg mirror aré\/4n, wheren is the refractive index of ~at a 12.5° angle of incidence is shown in Fig. 1. The asym-
each of the materials andis the central wavelength of the metry in the reflectivity is caused by absorption in the GaAs
reflected light. If the index of refraction of at least one of thefor photon energies larger than the band gap of the GaAs.
materials can be switched rapidly, the reflectivity of the mir- ~ The change in transmission through the sample as a
ror will change on the same time scale. The changa in function of the delay between pump and probe pulses is stud-
alters the ideak/4n length ratio in the layers and the index ied using the setup shown in Fig. 2. The light from a regen-
contrast between the two materials. This process can be used

for ultrafast all optical switching of a Bragg mirrdr
Similarly, switching in two- and three-dimensional pho- 100-
tonic crystalé™ and switching using other mechanisms, such =
as spin-polarization relaxatithand saturable absorptidh, 8 801
have been studied. & &0l
This earlier work has focused primarily on switching by 5
large absolute percentages. However, a high-finesse switch- B 40-
able cavity requires a mirror with high initial reflectivity and ?
a large switching ratio. In this letter we present time resolved 20
pump-probe measurements of the change in transmission of
a GaAs/AlAs Bragg mirror under intense optical pumping. 0 , ,
A switchable mirror with high initial reflectivity requires 600 800 1000 1200
materials that have low absorption at the desired operation Wavelength (nm)

wavelength, and a large index contrast is desirable in order to
FIG. 1. Measured reflectiviticircles and calculated reflectivitisolid line)

of a 30 layer pair GaAs/AlAs Bragg mirror at 12.5° angle of incidence. The
dauthor to whom correspondence should be addressed; electronic maimirror is designed to have maximum reflectivity at 892 nm for normal
bouwmeester@physics.ucsb.edu incidence.
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FIG. 2. Setup used to measure transmission through the mirror as a function 0.95 ps Delay
of temporal pump—probe overlap. The probe is a broadband white light c 0.08
created by continuum generation with part of the pump light. The delay line 2 e (c)
in the pump path is scanned as transmission is measured in a spectrometer. é’ ]
ag
eratively amplified titanium sapphire femtosecond mode- E 0.00
locked laser at 780 nm witk 100 fs pulse width and 40 kHz s | ()
repetition rate is used as the pump. A portion of the light is ? &
split off and focused into a cell of flowing water, generating £g 10
. . 0 &=
ultrafast white light probe pulség.The pump and probe are 58
combined on a dichroic mirror that reflects the 780 nm pump FO o= : ,
920 925 930 935

beam and transmits the white light probe for>820 nm
such that they propagate collinearly. The pump and probe are
:‘h:e]r_15f2ri1ulseends t?'hae ig Irl?n;?i?iltlilsoi?f?et Sﬂnzgears]gn;ﬁl)ieweltr?sﬁr FIG. 4. Transmission spectrum for umpumped mil(tdangleg) a_t maximal
' %ump probe overlaga) and at the second peak in transmission, a 0.95 ps

good overlap on the sample. The pump beam path has d@iay (c) for pump fluence of 0.8 kd/f(closed circles and 0.64 k/h
delay line which is scanned and at each position a spectruripen circles The switching occurs over the whole wavelength range mea-
of the transmitted light is measured using a spectromete‘i‘t”;dr- TQ?;?L‘; (;fntc:]% %‘gn}pegeﬁg;mftsgéoggg U?\%“?;fe: :fiﬂzfg‘i?io”
with a .COOIe.d charged-cpupled devi¢8CD) Came.'ra' The icct?rsoforepump fluence of 8.8 kJPrat 931 nm, a ratiyo of 27. gAtsél 0.95 ;g)]s
PumP light '_5 absorbed in the sample, any residual PUMReay the largest change occurs for pump fluence of 0.8 k&trA33 nm, a
light is at a different wavelength from the probe and does notatio of 17.
interfere with the spectral measurement. A measurement of
the transmission demonstrates the ability to switch the light
out of a high-finesse cavity, as this requires a mirror that hagonlinearity in GaAs and AlAs which changes the index of
an increase in transmission under optical pumping. refraction of both materials, leading to an increase in trans-

The transmission through the GaAs/AlAs mirror at 931 mission of the mirror. At 931 nm this change is a 27 time
nm for a pump fluence of 0.8 kJAr(closed circles and  increase in transmission; from a transmission of 0.0024% to
0.64 kJ/n% (open circleas a function of pump probe delay 0.065%. The first peak is fit to a Gaussian with a full width at
is shown in Fig. 3. These fluences correspond to 80% anbalf maximum of~100 fs, consistent with the assumption
64% of the damage threshold for GaRsit negative delay that the switching is due to an instantanegkisrr) nonlin-
the transmission is constant. The initial fast response, pealearity. The peak of the Gaussian corresponds to zero delay.

ing at maximal pump probe overlap, is attributed to the Kerr ~ The second, lower but broader, peak is related to the
presence of free carriers that induce a change in the index of

0.10 refraction and increase the transmission of the mirror. Be-
cause the pump energy is below the band gap of AlAs, the
free carriers are created predominantly in the GaAs. A num-
ber of theoretical models for this change in index of refrac-
tion have been introduced. For the intense pump pulses used
in our experiment, electrostatic screening and many body
effects from the large number of free carriers are responsible
for the index chang&**®

We also attribute the third, smaller peak after 2.5 ps, to
the behavior of free carriers in the GaAs. A detailed analysis
would require insight in the complicated dynamics of a high
density of free carriers in GaAs that interact with the lattice
2 4 6 and is beyond the scope of our experiments. Thermal effects
Delay (ps) in GaAs are typically observed on time scates ps:? and
FIG. 3. Transmission at a wavelength of 931 nm as a function of probeare responsible for the small offset observed in Fig. 3 at 6 ps.

delay for a pump fluence 0.8 kd?niclosed circlesand 0.64 kJ/rh (open Figure 4a) shows the transmiSSion as a function of
circles. wavelength for the unpumped mirréclosed triangles the
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mirror at zero delay for a pump fluence of 0.8 k¥/folosed Using the Kerr nonlinearity to switch the mirror gives
circles and 0.64 kJ/rh(open circles The ratio of the trans- accurate control over switching times. Pump pulses in the
mission in the pumped versus unpumped state is shown irange from tens of femtoseconds to tens of picoseconds
Fig. 4b) and is largest for the longer wavelengths and at acould be used to achieve desired switching times.

pump fluence of 0.8 kJ/fn The maximum change is a 27 In conclusion we have shown that the nonlinear index of
time increase in transmission at a wavelength of 931 nm. Theefraction in GaAs and AlAs can be used to create a high-
ratio of change is larger for the longer wavelengths, closer t@eflectivity GaAs/AlAs all optically switchable mirror.
the edge of the stop band of the Bragg mirror. There are tWayitching is demonstrated with a maximum change of 27
mechanisms that contribute to this effect. An overall changgimes in transmission from 0.0024% to 0.065% at 931 nm.
in the refractive index of the layers shifts the center waveyyiih larger switching ratio such a mirror would make an

length of the Bragg mirror. In addition, a reduced index con-gycellent optical switch as one end mirror of a higteavity.
trast between the layers narrows the width of the stop banﬂ switching ratio of 2200 is predicted for optical pumping at

of the Bragg mirror. .
The transmission at 0.95 ps delay, corresponding to thgnerg|es below the band gap of the GaAs.

second peak in transmission, is shown in Fig)4The over- The authors thank W. Irvine and C. Simon for useful
all switching ratio[Fig. 4(d)] is less than that at zero delay discussions. This work was supported by NSF Grant No.
with a maximum ratio of 17 and an absolute change frompHY-.0334970 and DARPA Grant No. MDA972-01-1-0027.

0.0032% to 0.054%. S.H. is supported by a NSF Graduate Fellowship.
The absorption of the pump in the sample is assumed to
be linear in the GaAs layers and negligible in the AlAs. With 1G_Rempe, R. J. Thompson, R. J. Brecha, W. D. Lee, and H. J. Kimble,
an absorption coefficient of 15%610* cm™ at 780 nm the Phys. Rev. Lett.67, 1727(1991).
1/e point for absorption of the pump is afterll layer pairs. W. Marshall, C. Simon, R. Penrose, and D. Bouwmeester, Phys. Rev. Lett.
The different pump intensity in the different layers produces , 91, 130401(2003. ,
a different change in index of refraction for each layer, only B'i‘ Egg'em[" Ré;'szgjsfge; J. B. Judkins, J. B. Stark, and A. M. Veng-
switching the top layers of the mirror effectively. However, 4SDarT:\r,’emF:r' ,\Ttt'@ R Br(()derz'k D. J. Richardson, R. I. Laming, and M
with lower absorption, the pump would propagate further |psen, opt. Lett.23 328(1998. o ' '
into the mirror and the switching ratio would be much larger. ®m. Scalora, J. P. Dowling, C. M. Bowden, and M. J. Bloemer, Phys. Rev.
The observation of switching due to the Kerr nonlinear- 6Lett. 73, 1368(1994. _
ity in GaAs and AlAs demonstrates the potential to achieve aé- \'/4\/3"3_290 s;‘% '\1'4 E"\;’“\gio[')srri Qpﬁ’l'smﬁh'gezza‘?g(igg?fspohn ohys
large switching ratio using a pump laser at an energy below Rev. B 66, 161102(2002.

the band gap in GaAs. At this energy there is no linear ab-sA. D. Bristow, J. P. R. Wells, W. H. Fan, A. M. Fox, M. S. Skolnick, D. M.

sorption in the layers. _ o Whittaker, A. Tahraoui, T. F. Krauss, and J. S. Roberts, Appl. Phys. Lett.
A 2 X 2 transfer matrix model for the transmission of a 83, 851(2003.

30 layer pair GaAs/AlAs Bragg mirror with the substrate °D. A. Mazurenko, R. Kerst, J. I. Dijkhuis, A. V. Akimov, V. G. Golubev,
etched away is used to calculate the switching ratio for a D- A. Kurdyukov, A. B. Pevtsov, and A. V. Sel'kin, Phys. Rev. Letl,
0.8 kJ/nt pump at 1060 nm. A two-photon absorption coef- 213903(2003. _

ficient, B=23 cm/GW-® is used to calculate an absorption OZ' NI'SB':a;N EI‘_’e'tB;' E;acsksgu (Clrg’g;' Nakamura, S. Muto, and N. Yokoyama,
coefficient of the pump of 1.8 10° m™ for the incident in- nB!O%'. Ki%"E. Garmire, S. G. Hummel, and P. D. Dapkus, Appl. Phys.
tensity. For the two-photon process, the point where the in- Lett. 54, 1095(1989.

tensity drops to 1¢ times the initial value is after after 22 ™. Huang, J. P. Callan, E. N. Glezer, and E. Mazur, Phys. Rev. 188.
layers, significantly larger than the 11 layers for pumping 185(1998. . .

above the band gap. A nonlinear coefficienj=—6.6 R. L. Fork, C. V. Shank, C. Hirlimann, R. Yen, and W. J. Tomlinson, Opt.
X107 CmZ/W16 in the GaAs layers is assumed, where Wel“llsetii 8l’(i::-n(lls-)l&?ghrenreich and E. Runge, Solid State Comm&8. 119
have taken into account the collinear double beam configu- 1994 ’ rHngs '

ration of the pump and prob%.Using the values above, a 5. x. Benedict, Phys. Rev. B3, 075202(2001).

switching ratio of 2200 is calculated with transmission *°A. A. Said, M. Sheik-Bahae, D. J. Hagan, T. H. Wei, J. Wang, J. Young,
changing from 0.017% to 37.4% at 915 nm. No data areﬂarw| E. W. Van Stryland, J. Opt. Soc. Am. & 405(1992.

available for the Kerr nonlinearity in AlAs, but the nonlin- ~R: Y. Chiao, P. L. Kelley, and E. Garmire, Phys. Rev. Letf, 1158
earity in AlAs below the band gap is expected to be at least (1966.

8 .
. .M. Sheik-Bahae, D. J. Hagan, and E. W. Van Stryland, Phys. Rev. Lett.
an order of magnitude smaller than that of GaAs according g5 g6 (1990. ’ Y Y

to the dependence G’I on the band gap at pump energies %), s, aitchison, D. C. Hutchings, J. U. Kang, G. I. Stegeman, and A.
below the band gai?.’ Villeneuve, IEEE J. Quantum Electroi3, 341 (1997).



