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Adiabatically driven electron dynamics in a resonant photonic band gap: Optical switching
of a Bragg periodic semiconductor

Martin Schaarschmidt,Jens Forstner, and Andreas Knorr
AG Nichtlineare Optik und Quantenelektronik, Institut flir Theoretische Physik, Technische Universitat Berlin, Germany

John P. Prineas
Department of Physics and Astronomy, University of lowa, lowa City, lowa 52242, USA

Nils C. Nielsen and Jirgen Kuhl
Max-Planck-Institut fir Festkdrperforschung, Stuttgart, Germany

Galina Khitrova and Hyatt M. Gibbs
Optical Sciences Center, University of Arizona, Tucson, Arizona 85721, USA

Harald Giessen
Institute of Applied Physics, University of Bonn, Germany

Stephan W. Koch
Fachbereich Physik und Wissenschaftl. Zentrum fiir Materialwissenschaften der Philipps-Universitat Marburg, Germany
(Received 3 August 2004; revised manuscript received 17 September 2004; published 2 December 2004

The adiabatic driving of the resonant electron dynamics in a one-dimensional resonant photonic band gap is
proposed as an optical mechanism for nonlinear ultrafast switching. Pulsed excitation inside the photonic gap
results in an ultrafast suppression and recovery of the gap. This behavior results from the adiabatic carrier
dynamics due to rapid radiative damping inside the band gap.
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The time scale of the optical response in nano-optical syspassive dielectric band gap of a Bragg reflector caused by
tems near resonance is limited by the response time of thewltiple reflection at the periodic surfaces and interference
structured material and the duration of the excitation pulse. I&ffects(analytic solutions are known from atomic systéfps
all intrinsic relaxation processes in the material are fast Comgjowever, in contrast to passive dielectrics, the excitonic
pared to the duration of the excitation pulse, the optical puls@esonance which forms the band gap, can be directly influ-
adiabatically drives the material variables and determinegnceqd by the strength of the light field because of strong

their temporal responseln this Paper, we theoretically ana- o tica| nonlinearities due to Coulomb many body and other
lyze and quantitatively explain this principle for pulse shap-yiaraction effects, and Pauli blocking. Such nonlinearities

ing and optical switching in a half-wavelengtie., spacing may lead to exciton saturation resulting in a breakdown of

\/2) periodic semiconductor structure, recently observed Xihe band ga B9
perimentally in Ref. 2. The analysis of the nonlinear reflec- ) 9ap:
In this Paper, we show that a strong laser pulse

tion experimentsin pump-probe geometry, is carried out on : ) i o
the basis of the coupled semiconductor Maxwell-Bloch equapropagates—.be&des reflec.uo.n—wnhout.strong reshapmg_ i
tions, recently used to explain the transmission of shorilS SPectrum is completely inside the optical band gap. This

single pulses through multiple quantum well Bragg pulse_ suppresses the photonic band gap for_ th_e time of its
structures duration, thus allowing for a femtosecond switching mecha-
In mu|t|p|e quantum We” StructuquQW), W|th Spacing nism. This behavior is caused by Pauli b|OCking and Cou-
great enough to eliminate direct Coulomb interaction bejomb nonlinearities of the carrier density which adiabatically
tween the quantum wellQWSs), the excitonic resonances follows the light pulse. In contrast, if the pulse spectrum is
inside the different QWs couple radiativéfy? If the QWs  energetically above the photonic band gap, the gap does not
are in Bragg periodicity, a super-radiant mode develops lead-ecover for nanoseconds.
ing to a broad resonant photonic band $4p®which for a The semiconductor Bragg-structure studied is depicted in
large number of QWSs results in the band gap of a oneFig. 1 of Ref. 3. It containdN=200 (In,GaAs QWs with a
dimensional photonic crystat:1® Long-lived and short-lived width L embedded in bulk GaAs. The QWs are equally
polariton modes in such Brag@nd anti-Bragy structures spaced with a distance af/ 2 (corresponding to the exciton
have been discussé8lAlso the influence of defects in MQW resonance Plane waves propagating perpendicular to the
photonic crystals and their optical properties have beei®Ws are assumed and the reflected and transmitted signals
studied!” Typical bandwidths are on the order of 10-20 are calculated by numerically solving the semiconductor
meV, compared to 1-2 meV for the spectral width of aMaxwell-Bloch equations(SMBE)!®?° using the finite-
switching pulse. The resonant band gap itself is similar to alifference-time-domain ~ method (FDTD).2%22  The
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FIG. 1. Reflected and transmitted pulse shapes for increasing FIG. 2. Electron density in the first, 100th, and |6200thh QW
intensity. With increasing intensity the transmission increases anébr different incident field strengths. For nonlinear excitation, the
envelope modulations due to Rabi oscillations occur. All pulses argystem dynamics occur simultaneously with the pulse envelope. For
normalized to the respective input pulses maxima. strong excitation(87), the populations exhibit Rabi oscillations.

: ; fields (Fig. 1, righy. With increasing input pulse area, the
g%ae‘zr;?r?wt:r'f used in the calculation are chosen to reflect thetransmitted pulse exhibits pulse shortening and develops an
: . asymmetric shape. For large input ar , the transmitted

Through the wave equation [d2—(1/c?®)d]E(z,t) y P ge input aré@s), t
= 1o PP (2.1) the electric fieldE | led to th tical pulse resembles more or less the input field. The reflected
= Mot FdynZ, € electric Tieldk- Is coupied to the optica signal is weakened with increasing pulse area and the trailing
polarizationPy, Here,c is the speed of light in the back-

: : - edge is flattened.
ground semiconductor material apg the permeability. The g

4 N : In order to understand the observed dynamics, Fig. 2 de-
time-dependent polarization inside the semiconductor wa)icts the electron density inside different QWs during the
at z=z, is expanded in a two-dimensional Bloch ba$is:

| tion. As can be seen, the @&nd 8r pulses
den(z,t)=A‘1E§:12k5(z—zn)dwpﬂ(t)+c.c. Theinterband di- puise propagaton by

. ) . induce a temporal density dynamics which directly follows
pole transition element is denoted 8y, andA is the area of

' . the pulse envelopéFig. 1). Such dynamics are expected
a QW. Because of the small width of the Q\¥gpically less  fom a pulse with a temporal duration longer than the re-

than 10 nm in comparison to the large wavelength of the ghonse time of the photonic lattice because the polarization
propagating wavémore than 200 ninthe quantum-confined 514 density dynamics are adiabatically driven by the pise.
envelope functions are approximated by delta functionsrpe |attice response time is given by the inverse half-width
8(z-z,).” The actual well width oL.=8.5 nm only enters as at half-maximum(HWHM) of the band gag100 f9 and is

an effective length in the FDTD algorithm. The equations ofyyych shorter than the applied pulse duration of 1.6 ps. For
motion in Hartree-Fock approximatigi?’2%for the electron intensities greater than@(peak Rabi frequency larger than
coherencep and the electron/hole occupatidfi™” in the  the lattice bandwidthweak Rabi oscillations occur in the
nth well including the Coulomb-renormalized energies andnonlinear material response and the dynamics of the density
fields are given in Refs. 3,19. These equations contain t_h@an no longer be adiabatically driven by the pulse envelope.
dynamically Coulomb-renormalized optical field at the posi-pyring the action of the pulse, Pauli blocking of the Cou-
tion of the nth QW. This field must be computed self- |omp renormalized fieff reduces the strength of the exci-
consistently from the wave equation and is therefore influygpic resonance, thus weakening the radiative coupling be-

enced by all other QWs in the sample. tween the QWSs. In consequence, the photonic band gap
[full width at half-maximum(FWHM) 1.6 meVA 1.14 p§ To discuss whether this effect can be utilized for ultrafast

Gaussian pulses with increasing intensities and calculate thgyitching of a second pulse, we investigate the influence of
reflected and transmitted signal. To classify the strength ofne induced carrier dynamics on the photonic band? gap
the pulse-induced nonlinearity, one can compare the peaimulating a pump-probe setup for cross-linearly polarized
Rabi frequencylo=Eqd,, /% of the time dependent Rabi fre- jight pulses. A weak, spectrally broa@WHM 14.4 meV
quency of the puls€ee™’™ with the widthA of the photo- A 126 f9 probe pulse experiences the nonlinear band gap
nic band gap. For the investigated sample, the width of thelynamics induced by a strong pump pulse at different time
band gap is found to be 15 meV. For comparison, a pulséelays. The investigated sigrlis chosen to be the ratio of
with 3 meV peak Rabi frequency corresponds to a pulse arethe energy of the reflected probe puls,) to the incident
O=/7 dt Qoe‘tz’f2 of 14 (resulting in full inversion of a non-  probe pulse(E, oy energy computed for different pump-
interacting two level systemFigure 1 shows the transmitted probe delaysr. A suppression of the photonic band gap by
and reflected intensities for different pulse areas. Figure the pump induced density dynamics is shown by a drop in
(lefty shows the normalized electric field envelope at thethe reflectivity of the weak probe pulgenlarged transmis-
sample entrance as a function of time and is given for comsion). In addition, different detunings of the pump pulse with
parison with the transmitte@ig. 1, middlg and the reflected respect to the resonance are investigated: excitation below
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FIG. 3. Spectra of pump pulses located at different energies with = \ WS eadh
respect to the excitonic resonance are used to investigate the influ- \ ey TR
ence of the induced carrier dynamics on a weak probe pulse. 0.8 \\»"'

(-8 meV), inside(0 meV), and abov&14 me\) the photonic 6 4 2 0 2 4 6 8
band gap(Fig. 3. pump-probe-delay [ps]

In Fig. 4 (top), the integrated reflected probe intensities _
are shown as a function of the delaybetween pump and _F!C- 4. Integrated probe pulse reflection: A pump pulse)
probe pulses. Pump pulses with the relatively large detunings'de or above the photonic ban.d gap suppresses the photonic band
—8 meV below the center of the band gap do not signifi-02P: The gap recovers on the time scale of the pump pulse when
cantly influence the reflection of the sample. However, for_excned inside the photonic band gap. For excnatlo_n above the_ gap
excitation inside the photonic band gépmeV), the reflec- it does not recover for nanoseconds. Top, theoretical calculations.

o . ! Bottom, measurement®ef. 2 with a 4 uJ, FWHM 1.6 ps pulse.
tivity drops noticeably and recovers on the time scale of the t 2 H PSP

pump pulse due to the transient bleaching of the excitomyeriodic MQW structure induces carrier dynamics which in-
resonance. For an excitation 14 meV above the photonigiantaneously follow the pulse envelope. This behavior

band gap(near the semiconductor band egigelectron-hole yegits from the strong radiative coupling in the sample. Dur-
populations are excited due to the overlap of the pump puls;,hg the pulse, the gap is temporally weakened due to the

with the interband absorption spectrum. Due to the lack opg|i plocking of the Coulomb renormalized field at the ex-
the super-radiant coupling of the unbound interband transigjionic resonance forming gap. The band gap recovery due to

tions, their phase coherence is lost and the process cannot g, strong radiative decay takes place on the time scale of the
reversed during the switch off of the optical pulse. Thereforepump pulse as long as the excitation is spectrally inside the

the opz)gical band gap does not recover on the time scale of theqtonic band gap. As a potential application, the observed
pulse: The magnitude of the nonlinear band gap suppresgtfact could be utilized for ultrafast optical switching with

sion of 15% depends on the intensity and shape of the pumgitching times down to the response time of the latti@0
pulse. For stronger pulsg#n the order of 1@r) complete fs).

suppression can be realized.

Next we show that the obtained theoretical results are in  The Berlin group thanks the Deutsche Forschungsgemein-
compliance with reflection measurements on MQW samplesschaft (DFG) for financial support through the Sonderfor-
(Fig. 4, bottom. The experiments were conducted on aschungsbereich “Wachstumskorrelierte Eigenschaften nieder-
N=200 Iny oGay gAS/GaAs wedged MQW structure dimensionaler Halbleiterstrukturen.” The Stuttgart group
(DBR28) with a pump-probe setup in reflection geometry.thanks H.-U. Habermeier and F. Schartner for the fabrication
The observed integrated reflection is not influenced by excief the pulse shaper masks. One of the authiS8V.K.) ac-
tation below the band gap. If excited in or above the bandnowledges financial support through the DFG photonic
gap, a significant drop in reflectivity is observed. This dropcrystal program and the Humboldt Foundation and the Max
recovers instantaneously if the sample is excited inside thPlanck Society for support through the Max Planck Research
band gap whereas it stays at a low level for excitation abov®rize. One of the author§l.P.B thanks NSF AMOP and
the band gap. All these effects are reproduced in every spe®ARPA for their support. The Tucson group thanks NSF
tral excitation regime by our theoretical approaghg. 4, (AMOP and EPDJ and JSORAFOSR and ARQ. One of
top). the authorgH.G.) thanks the DFG for support through their

In conclusion, our calculations show that a spectrally narprogram SPP 1113 and the BMBF for support through the
row laser pulse tuned into the photonic band gap of a Bragg“Photonic Crystal” program.
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