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Sensitive characterization of phase and amplitude semiconductor
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We present an experimental technique that allows for the detection of pump-induced transmission
and phase changes with high sensitivity and ultrafast temporal resolution over an arbitrarily wide
time window. This is achieved combining spectral interferometry with high-frequency-chopping
differential transmission measurements. With this setup, exciton and continuum nonlinearities in a
semiconductor are studied for broadband excitation. We find that the pump-induced phase changes
at the exciton and in the continuum decay on distinctly different time scales, indicating different
microscopic origins. ©2000 American Institute of Physids§0021-89780)04514-X]

With the advent of Ti:sapphire lasers, pulses as short asitonic excitations.®> However, the broadband amplitude
only a few optical cycles became available at a repetition rateand phase continuum nonlinearities will become increasingly
of about 100 MHZ These sources are ideally suited for ul- important for future semiconductor switching devices oper-
trafast, spectrally broadband spectroscopic investigationsiting on the 10 fs time scale. Our data show that higher-order
The high repetition rates allow for differential transmissionphase changes in the semiconductor continuum and at the
(DT) measurements using chopping frequencies in the MH£xciton decay on strikingly different time scales. This dem-
range where laser noise is significantly reduced as comparethstrates that they have different physical origins. While the
to the kHz rangé.In this way, the sensitive measurement of decay of the excitonic phase changes can be attributed to the
small optical nonlinearities becomes feasible at low to mod/ifetime of carriers in a thermalized distribution, the decay of
erate excitation levels. In DT experiments, only the ampli-the phase change in the continuum is determined by thermal-
tude of the probe field is analyzed. However, the opticalization or dephasing processes.
phase may give additional insight into the microscopic phys-  In our experimental setup shown in Fig. 1, we use 20 fs
ics in various materials, e.g., in semiconductbfsSpec-  Pulses from a Ti:Sapphire oscillator operating at 90 MHz
trally integrated(Sl) phase changes can be measured witf€petition rate. After dispersion precompensation, beam
high sensitivity using time division interferometfy.An el-  splitter BS 1 splits the pump pulse from the probe and the
egant way to sensitively measure small, spectrally resolvefeference. To implement HF chopping without the excessive
(SR phase changes in a weak broadband optical pulse is ﬂfgspersi(_)n inherent in. acousto-optical modulz;tors, we use a
usage of spectral interferometry. Its implementation in a DTMechanical chopper in the pump beam, which allows for
setup has been demonstrated, e.g., in Refs. 9—11. Those &{10PPINg frequencies up to 1 MHz. A small portion of the

perimental setups did not take advantage of the substantigiodulated pump serves as reference signal for the HF
improvement of the DT sensitivity which could be obtained!0Ck-in amplifier. The probe/reference beam is chopped at a
using chopping techniques and lock-in detection. In particuIeW 100 H,Z' BS 3 splits the prope from the reference pulse.
d The latter is needed for spectral interferometry. Note that the
t{_eference pulse does not propagate through the sample, in
tion rates of only 10 kHz or below. In this communication contrast to earlier work.™ If the reference pulse passes

' through the sample, it has to arrive at the sample prior to the

we experimentally demonstrate how spectral interferometr i .
) . . . . pump pulse since the pump should only influence the trans-
can be implemented in a DT setup with 20 fs time resolution” . . 4 .
mission of the probe pulse. This requirement restricts the

and high DT sensitivity given by HF chopping and lock-in pump-probe delay to values smaller than the probe-reference

detection. 'T] our s_etgp, phase dynamics can be studied in (’?elay, which is limited by the finite spectral resolution of the
temporal window limited only by the repetition rate of the interferogram detection. For example, the delays were re-

laser, in contrast to earlier woik:" The setup presented in stricted to a few hundreds of femtoseconds in Refs. 9-11.

this letter provides a versatile tool for the study of phaseOur setup circumvents this limitation, as suggested in Ref.
dynamics in various materials. 1 '

, . . . 0.

With this setup, we have studied phase and amplitude g5 4 girects part of the probe to the photodiode PD 2 for
semiconductor nonlinearities for broadband excitation of eXDT detection. The SI DT or the SR DT is detected with
citonic and continuum transitions. So far, measurements Oéascaded lock-in amplifiers. For the acquisition of the SR
phase dynamics in semiconductors have concentrated on eyt 5 scanning monochromator is used. Combined with HF

chopping, we have found this scanning scheme to be more
¥Electronic mail: kunde@ige.phys.ethz.ch sensitive than the acquisition of the whole spectrum with a
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multichannel detector in the absence and presence of thsf the setup. We have found thatfluctuates by abouté
pump at relatively low rates. BS 5 recombines the probe ane-0.15 fs over half an hour. This allows for measurements of
the reference pulse. An acousto-optic modulator is used asgump-induced changes in the linear phase tesm (o) 6 as

HF shutter in front of the spectrometer. This shutter is synsmall as, e.g., 0.024 rad between 750 and 800 #hdoes
chronized with the HF chopper in the pump via the HF lock-not influencee. Therefore, even smaller higher-order phase
in. The shutter guarantees that the interferogram is acquireghanges can be accurately measured without the need of ac-

only during pump excitation of the sample. Without this tjye

interferometric  stabilization.

While pump-induced

shutter, the interferogram would be averaged over pump-oBhanges ind modify the arrival time of the probe pulse,

and pump-off conditions, making the extraction of the pump-
induced phase changes difficult. Note that the HF chopper
should be kept in the pump beam during measurements of
interferograms. This ensures that phase and DT data are ac-
quired with the same average laser power and the same ther-
mal load on the sample.

To demonstrate the capabilities of the setup, we have
studied a 1um thick AlyoGa 9/AS bulk semiconductor
sample. The pulse spectrum spans from the band edge to
states high up in the barjdee inset of Fig. ®)]. All experi-
ments were performed at room temperature. In the inset of
Fig. 2(a), a SI DT curve is shown for very low carrier density
and an acquisition timefol s per data point. The curve
shows that normalized transmission chanddgT of about
10-%/\/Hz can be measured with the HF chopping technique.
If high sensitivity is not needed, the setup allows for the fast
acquisition of large data seté§The SR DT data in Fig. ®)
and the phase data in Fig. 3 have been taken at the higher
carrier densityNg,~5%10""cm™3. The SR DT data show
the well-known dynamics of nonequilibrium carrier distribu-
tions in the thermalization reginté Figure 2a) shows the SI
DT curve taken at the same density. More details will be
discussed later.

The standard spectral interferometry algorithrallows
for the retrieval of the relative phask, between reference
and probe pulse:

Prel(w,7)=00(7)+ ¢(w,7). )

For an angular frequenay,, 6 denotes the delay by which
the probe precedes the reference pulse and the phase
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differepce between probe and _reference in _higher than linegig, 2. (a Spectrally integrated differential transmissit®l DT) and DT
order in (w— wg). An increase in the refractive index of the spectra(b) for three different pump-probe delays Pump and probe are

sample corresponds to a decreasejg. 6 and ¢ may both
change as functions of the pump-probe detalue to pump-

linearly cross polarized. Carrier densityp,~5X 10" cm~3. Shaded: ex-
citation pulse spectrum. Inset ¢d): SI DT for a reduced carrier density.
Inset of (b): room temperature linear absorption spectrum of the

indUCEd_ phase changeg.may also Ch_ange due t_O ﬂUCFL_"f" Al 0Ga gAs bulk semiconductor sample and excitation pulse spectrum
tions 86 in the probe-reference delay, i.e., due to instabilitieS(shaded
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04F @ - ©) carriers are present. These carriers broaden the exciton reso-

K 20T nance, which leads to phase changes, as observed &arlier.

) 0.2 ‘.’g 0.15 F o Moreover, the carriers weaken the oscillator strength of the
< 00 e 0.10 |- excitonic resonance due to phase space filling and screening,
& < 0.05 F resulting in additional phase changes. The same effects are

02 | < 000 reflected in the SR DTsee Fig. 20)]. _ '
1.50 1.55 1.60 1.65 700 0 100 200 The h|gher-order phage chang®®ont m'the semicon-
Photon Energy (eV) Pump-Probe Delay (fs) ductor continuum decay with a sub-100-fs time constant, i.e.,

much faster tham ¢y [Figs. 3b) and 3c)]. This shows that
®) the continuum phase changes have a different physical ori-
L T =+40ps , | gin. We recall that the carrier distributions thermalize in
about 100 fs, as shown in Fig(l8. The comparison of the
- = +120fs time constants demonstrates that higher-order continuum
e e = phase changes are only causednioythermalcarrier distri-
butions or coherent effects. This suggests that a spectrally
Qldrad " e kAL well-localized perturbance of the flat continuum is required
to produce higher-order phase changes. Our results are in
line with quasi-steady-state studies which showed that the
WM’”‘“— 1=-100fs, totall7pump-induced refractive index changes were spectrally
' ' ' flat.
1.50 1.55 1.60 In summary, we have presented a setup that allows for
Photon Energy (eV) the measurement of broadband nonlinear amplitude and
FIG. 3. (a) Higher-order probe-reference phase differepder two differ- phase dynamics with high sensitivity and 20 fs time resolu-
ent pump-probe delays. Shaded: Excitation pulse spectruth) Pump-  tion over a wide temporal window. This setup has allowed us
induced phase changese for five delays 7. (c) Pump-induced phase to identify distinctly different time constants for the phase

changes at the excitaioy (crossesand in the continuum gcon (Circles  gynamics in the semiconductor continuum and at the exciton.
versus pump-probe delay. Carrier density,,~5%x107cm™3. Also

shown: spectrally integrated differential transmissish DT).
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pump-induced changes of the higher-order phase term

modify the temporal shape of the probe pulse. In the follow-

ing, we will focus one, which contains substantial physics. )
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