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Chirp-controlled ultrafast optical nonlinearities in semiconductors
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We experimentally demonstrate that the differential transmisgibi) response of bulk
semiconductors excited well above the band edge can be manipulated by chirping of the broadband
excitation and readout pulses. In particular, the maximum transmission change in spectrally
integrated DT experiments can be modified on the 20 fs time scale. Spectrally resolved DT studies
explain this chirp dependence. Depending on the sign of the chirp, positive or negative DT
contributions at low or high photon energies are probed with varying efficiency around zero time
delay. These results demonstrate that chirp can become an additional degree of freedom for the
optimization of device performance in ultrafast all-optical switching. 1@98 American Institute of
Physics[S0003-695098)00147-9

Time-resolved differential transmissiofDT) studies conductor sample with a broadband antireflection coating at
have yielded a wealth of information about the dynamics ofthe sample—air interface. The pulse spectrum spans from the
nonequilibrium carrier distributions and optical nonlineari- band edge to states high up in the bdsde inset of Fig.
ties in semiconductors.For applications in ultrafast all- 1(a)]. The excitation carrier density Ne=3x 107 cm 3.
optical switching, specially designed materials or materialall experiments were performed at room temperature.
structures allow one to customize the nonlinear optical re-  We can carefully control the total group delay dispersion
sponse to some extent. For example, low temperature growtf{GDD) of our setup with double-chirped mirrdrand a pair
reduces the carrier trapping time in G&As electronic con-  of fused silica prisms. Varying the prism insertion and, there-
finement enhances the excitonic nonlinearity in quantunfore, the GDD, we either obtain unchirped or chirped pulses
wells? In principle, the properties of the optical pulse canat the position of the sample. The experiments were carried
also influence light—semiconductor interaction which is re-out with down- or up-chirped pulses with equal pulse widths
ferred to as coherent contrdln this letter, we demonstrate of 60 fs or with 15 fs unchirped pulses. As usual, down chirp
that the differential transmission of a bulk semiconductor cantefers to the high-energy components being in the leading
be manipulated on an ultrafast time scale by chirping of the
pump and probe pulses for broadband continuum excitation.
Different rises, decays, and magnitudes of the DT are ob- down-chirp

. ) s W
served, depending on the pulse chirp. This, in turn, leads to
strikingly different switching windows. This is of particular
interest for femtosecond laser applications where the broad-
band nonlinear optical response of semiconductor saturable
absorbers creates ultrafast switching windows for pulse
formation® In general, switching schemes in high-speed all-
optical communication systems could benefit from the con-
trolled usage of pulse chirping, particularly if absorptive 50 0 50 00 180 200
nonlinearities in semiconductors are utiliZe@he chirp de- Time Delay (fs)
pendence of the DT response is also important in fundamen-
tal studies of carrier relaxation where a residual chirp can
mask the “true” dynamics. Such artifacts have been ob-
served earlief? however, in experimental situations dis-
tinctly different from the one treated in this letter. The com-
plete elimination of chirp becomes more and more difficult
for today’s sub-10 fs pulses, increasing the importance of the
study of chirp effects.

Standard noncollinear pump-probe measurements were aigle | (b) ,
carried out with 15 fs pulses centered at 1.57 eV from a -50 0 50 100
Ti:sapphire laser. Pump and probe pulses have the same Time Delay (fs)
spectrum, the same chirp, and are linearly parallel polarized:g. 1. Spectrally integrated differential transmission for three different
We have studied a 200-nm-thick AJGay 9/AS bulk semi-  pulse chirps. In the linear plg#), the magnitude of the signals is to scale. In
the logarithmic ploib), the curves have been normalized. Insetadf room
temperature linear absorption spectrum of thg A&ba, 9,As bulk semicon-
3Electronic mail: kunde@ige.phys.ethz.ch ductor sample and excitation pulse spectriamadeql
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FIG. 2. Differential transmission spectra for unchirped pump and probe
pulses at three pump-probe time delays Shaded: Excitation pulse

FIG. 3. Differential transmission spectra at small negative time defay
spectrum.

up- (“red first”) and down-chirped‘blue first”) pulses. Shaded: Excita-
tion pulse spectrum. Insets: Schematic picture of the pulse energy compo-

. . . nents vs time for up and down chirp.
edge of the pulse. The pulse widths were determined by in-

terferometric autocorrelation and noncollinear intensity auto-
correlation. They are in good agreement with the pulseéand the red shift of the bleaching were modeled by coherent
widths obtained from Fourier transformation of the pulsenonequilibrium Coulomb enhancement arising from the local
spectrum, assuming a flat spectral phase for the unchirpéild in the coherent regimé.
pulses or a phase corresponding to the inserted GDD for the Figure 3 shows DT spectra for up and down chirp at
chirped pulses. small negative time delay corresponding to the onset of the
Figure Xa) shows the spectrally integraté¢8l) DT for  rise of the SI DT. The amount of positive and negative DT
unchirped, down-, and up-chirped pulses. For down chirp, aaries significantly compared to the unchirped situatiese
pronounced ultrafast decaying contribution is observedFig. 2). For down chirp, only broadband bleaching is ob-
which is weaker for unchirped and absent for up-chirpedserved while little bleaching and strongly enhanced induced
pulses. These data demonstrate that the magnitude of tlddsorption is obtained for up chirp. To explain these obser-
nonlinear transmission can be adjusted by the pulse chirp ovations, we recall that efficient probing of the transmission
the 20 fs time scale. We have verified that this effect mono€hange induced by a pump energy component is only pos-
tonically scales with the magnitude of the chirp and that it issible with time-delayed probe components. This approach
observed over a wide range of carrier densities. For pumpeonsiders only the direct probe transmission term. We will
probe time delays larger than 50 fs, all curves have the sam@mment on the grating coupling telfater. The perturbed
height. Moreover, the rising edge of the SI DT does notfree induction decay term is negligible for excitation of an
reflect the pulse width, unlike the common perception. Thénhomogeneously broadened continutim.
curves for unchirped and up-chirped pulses in Fitp) Show The insets in Fig. 3 schematically show the pump and
a nearly identical rise, even though the pulse widths differ byprobe energy components as a function of time for both chirp
a factor of four. For down- and up-chirped pulses, the riseslirections at negative time delay. Transmission changes in-
are different, although the pulse widths are equal. The SI DTuced by the marked pump energy component can only be
for down-chirped pulses smears out towards negative timprobed by the marked time-delayed probe components.
delay while, for up chirp, a delayed rise is observed. Therefore, for down-chirped pulses and negative time delay,
To get physical insight into these chirp dependent efprobing occurs on the low-energy side of a pump energy
fects, we measured the spectrally resol¥8®) DT at sev- component. Here, only bleaching can be probed, as experi-
eral delays for the three chirp conditions. We first recall thementally observed. As a consequence, the rise of the SI DT
properties of the SR DT signal for unchirped pulses in Fig. 2smears out towards negative time delay due to this early
in order to pinpoint the chirp-dependent effects. At earlyprobing of bleaching for down chirp. For up-chirped pulses,
time delays, we observe bleachifgositive DT) which is this situation is reversed. Probing occurs on the high-energy
slightly red shifted from the excitation pulse spectrum andside of a pump energy component and the induced absorp-
induced absorptiofinegative DT at high energies. At later tion is enhanced, as seen in the experimental data. As a con-
time delays, the induced absorption vanishes while theequence, the rise of the SI DT is delayed because a positive
bleaching signal broadens. The center of gravity of thdntegral cannot build up at early time delays.
bleaching contributions shifts towards the band edge with Summarizing this discussion, the chirp results in a time
time due to thermalization. Those effects are welldelay between a pump and a probe energy component which
known°~*The initial red shift of the bleaching with respect depends on their energy separation. Since this time delay
to the excitation pulse spectrum and the induced absorptiodetermines the probing efficiency, an energy-dependent read-
are consequences of many-body effects. For 100 fs pulsesuyt efficiency results.
they have been explained in terms of Fermi edge effécts. The energy dependence of the readout efficiency also
For substantially shorter pulses, the initially excited carrierexplains the DT data at later times. Figure 4 shows DT spec-
distribution becomes so broad that one would not expect tera for down and up chirp for a small positive time delay
see Fermi edge effects. In this case, the induced absorptia@orresponding to the maximum of the SI DT. As the insets
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These results do not contradict the work reported in Ref.
7, where it has been shown that the grating coupling term
strongly depends on the chirp in a configuration where only
the pump pulse is chirped. We have experimentally verified
that the DT response significantly changes if both the pump
and the probe pulse are chirped. Therefore, it does not come
as a surprise that different terms are important for the chirp
> effects in the different experimental situations. In fact, the
[ additional probe chirp is the reason for the importance of the
L direct probe transmission term because this probe chirp leads

ij' to the chirp-induced energy-dependent readout efficiency.
H probe . .
d In summary, we have shown that the differential trans-
mission of a bulk semiconductor can be manipulated by
chirping of 15 fs pulses. Our data demonstrate that the trans-
mission can be increased in 20 fs-wide time windows by
appropriate chirping, allowing for ultrafast switching with
FIG. 4. Differential transmission spectra at small positive time delégr  increased modulation. Spectrally resolved studies show that
up- (red firsy and down-chirpedblue flr_si) pulses. Insets: Schematlc picture this is due to the chirp-induced selective readout of bleaching
of the pulse energy components vs time for up and down chirp. . ) . ) .
and induced absorption during carrier thermalization.
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efficient. Therefore, enhanced DT is observed at high eneiScience Foundation.

gies. For down chirp, probing at low energies is most effi-

cient, leading to enhanced DT close to the band edge. Be-

cause the bleaching signal shifts with time towards the bandJ. Shah,Ultrafast Spectroscopy of Semiconductors and Semiconductor
edge, enhanced probing at low energies results in a higherNanostructuresSpringer, Berlin, 1996and references therein.

spectrally integrated differential transmission than enhancedgé quréta(, Jgig'; Whitaker, and G. A. Mourou, IEEE J. Quantum Electron.
. . . . . . . 2464 (1 .
probing at high energies. This manifests itself experlmentallysD. S. Chemla, D. A. B. Miller, P. W. Smith. A. C. Gossard, and W.

in Fhe pronounced fast conFribqtion to the Sl signal for down-  \yiegmann, IEEE J. Quantum Electrd@E-20, 265 (1984).
chirped pulses, as shown in Fig. 1. 4A. M. Weiner, Prog. Quantum Electrof9, 161 (1995.

The above discussion has shown that the observed chirpV- Keller, K. J. Weingarten, F. X. Kener, D. Kopf, B. Braun, I. D. Jung,
R. Fluck, C. Hmninger, N. Matuschek, and J. Aus der Au, IEEE J. Sel.

dependence of the SI DT signal can be traced back to theT

; . op. Quantum Electror2, 435(1996.
shape of the DT spectra. This shape can be explained by ér. Takahashi, Y. Kawamura, and H. lwamura, Appl. Phys. L8}.153
gualitative model which considers the chirp-induced energy (1996.

S na , . .
dependence of the readout efficiency. Intrinsically, these iiiéffggg’ M. Joffre, J.-L. Oudar, and D. Hulin, J. Opt. Soc. Ami®3

con3|derat|on_s qnly take into accpunt changes in the direct;"; Baumberg, B. Huttner, R. A. Taylor, and J. F. Ryan, Phys. Re, B
probe transmission. However, during pulse overlap, the grat- 4695(1993.
ing coupling term* also contributes to the DT. This has been °F. X. Kartner, N. Matuschek, T. Schibli, U. Keller, H. A. Haus, C. Heine,

neglected so far. The grating coupling term arises from thqo\Ffv- ﬂor&n\éksghﬁﬁirfn’gﬁ;”?& aE’;d'\ATi-”grSCJhUSd:{a?pE Lgﬂzcii%n(égiza c

diffraction of the pump from the grating formed by the pump ; ‘gpank phys. Rev. Lets6, 1191(1986.
and the probe. We have experimentally verified that this termtJ.-p. Foing, D. Hulin, M. Joffre, M. K. Jackson, J.-L. Oudar, C. Tanguy,

does not dominate the observed chirp effects. For this pur- and M. Combescot, Phys. Rev. L&, 110(1992.
; ; “F. X. Camescasse, A. Alexandrou, D. Hulin, L.r§ai, D. B. Tran Thoai,
pose, we have weakened the grating coupling term by chang and H. Haug, Phys. Rev. Lel7, 5420 (1996

ing the pump-probe configuration from linear parallel polar-isi g Sayed and C. J. Stanton, Phys. Rev6® 9671 (1997.
izations to linear perpendicular polarizatidisWe still  “c. H. Brito Cruz, J. P. Gordon, P. C. Becker, R. L. Fork, and C. V. Shank,

observe the same influence of the chirp on the DT. ConsqglEEESJ-l?llia;tum E';féctrom4yl261(|1988- i dbera. S A
: +.~~J. P. Sokoloff, M. Joffre, B. Fluegel, D. Hulin, M. Lindberg, S. W. Koch,
qguently, we conclude that the dominant effects due to chirp A. Migus, A. Antonetti, and N. Peyghambarian, Phys. Rev® 7615

result from the probe transmission term, in agreement with (19gg.
our qualitative model. 167, Vardeny and J. Tauc, Opt. Commu88, 396 (1981).



