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Strong coherent gain from semiconductor microcavities in the regime of excitonic saturation
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We present femtosecond gain measurements in microcavity-embedded quantum wells. When the excitonic
transition is saturated by an intense pump field, the spectrum measured with a weak probe pulse is strongly
modulated by pump-probe wave mixing processes. A giant probe amplification occurs within the bandwidth of
the empty-cavity mode. The optical feedback provided by the microcavity is responsible for a net gain of the
broadband probe pulsgS0163-182809)50424-4

The nonlinear optical response of excitons strongly andble even at pumping ratels, exceeding by far the exciton
coherently driven by intense laser pulses is a topic raisingaturation intensityl.® Therefore, a high-finesse MC ap-
much interest. So far, femtosecon@s) pump-probe experi- pears to be the perfect laboratory to study coherent gain phe-
ments in free-space semiconductors, with the pump pulsesomena in such a nonlinear regime. This represents a new
tuned to the transparency region below the band gap, showeafhallenging field in semiconductors.
the so-calledoptical Stark shiftof the exciton resonance. In this paper, we investigate the coherent gain dynamics
Similar experimental investigations have recently reported # a MC havingQ=2x 10%, by means of fs degenerate and
hyper-Raman gaion the low-energy side of the nonresonantdoubly resonant pump-probe experimerit®., the laser
pump pulse§. These phenomena, involving complex pulses are resonant with the cavity mode and the fundamen-
absorption/gain patterns in the spectum of the outgoinial QW exciton. In the exciton saturation regime, the probe
probe pulses, originate from coherent pump-probe wav ight is amplified up to more than a factor of 2 close to the
mixing processes which are significant for the comprehenenergy of the empty-cavity mode, where positive optical
sion of fundamental physics of coherent excitation in semifeedback is achieved. Moreover, the spectrally integrated re-
conductors. The corresponding amplification is often referre@ponse shows aetgain of about 10%. Temporally, the gain
to ascoherent gain However, in free-space semiconductorsis revealed at very short pump-probe delays and is character-
one deals with very small coherent gain, revealed only foized by strong modulations. The experimental results are
intensities not exceeding the limit of exciton optical compared to numerical solutions of the Maxwell-Bloch
saturatiorf In a semiconductor microcavityMC), probe equations for an ensemble of 2LS’s. The calculations give a
stimulated emission occurring within the bandpass of thejualitative explanation of the gain phenomenology in terms
empty-cavity mode is expected to undergo an enhancemeff pump-probecoherentcoupling in optical cavities.
related to the cavity quality facto®. The choice of opti- The experiments have been performed on\d23GaAs
mized Q factors and probe pulse widths would also bringMC containing six 75 A wide Ip;4G& sAs QW's placed at
MC’s closer to requirements for practical applications in ul-the antinodes of the electric field. When the cavity mode is
trafast optical devices. resonant with the heavy-hole exciton resonance, the Rabi

The intriguing case of a saturatimgsonantexcitation in ~ splitting Qg is =8 meV. The exciton inhomogeneous
MC’s containing quantum wellQW’s) has been addressed broadening and the linewidth of the empty cavity amount to
very recently*~® In a high-finesse cavity, it has been shownabout 5 meV and 0.7 meV, respectively. The MC, held at a
that the exciton polariton doublet changes into extiton temperature of 2 K, has been resonantly excited by circularly
Stark tripletwhen the system is driven by intense fs laserpolarized 100 fs pulses with intensitigsup to 7x 10" pho-
pulses> The main experimental findings have been tracedons pulse’cm™2, i.e., 35 times the exciton saturation in-
back to the fundamental properties of an optically saturatetensity | s=2x10'? photons pulse cm™2.%° The response
two-level system(2LS). This result, surprisingly simple if of the MC has been probed by means of copolarized pulses
one considers the many-body nature of a strongly excite@éf much weaker intensity, at different delaygd. To study
semiconductor, has been confirmed in a recent theoreticshe process of light amplification in the MC, the sum of the
work based on the semiconductor Bloch equati¢(BBE), intensities of the reflected and the transmitted outgoing probe
provided that the influence of continuum states on the systemulses,R -1+ 7-1,, should be measured?( and 7 are the
polarization is negligiblé. The symmetric Stark sidebands reflectivity and transmittivity, respectively, ahgdis the weak
are characteristic features of the regime of coherent saturantensity of the incident probeHowever, in our sample the
tion of the exciton transition, and quite remarkably are vis-transmitted intensity is found to be negligible with respect to

0163-1829/99/5@4)/155944)/$15.00 PRB 59 R15 594 ©1999 The American Physical Society



RAPID COMMUNICATIONS

PRB 59 STRONG COHERENT GAIN FROM SEMICONDUCTOR ... R15 595
@ Experiment (b) | = 2% 10" photons pulse cm™? (bold dashed curyeAs
Zba=0 ) /s i pesis a matter of fact, it is almost indistinguishable from that of the
;: I reflected intensityR - I, alone. Importantly, the intensity of
X the spectrally integrated total probe emission exceeds the in-

cident one by=8%. We therefore infer that the strong cavity
feedback also ensureset gain of our broadband probe
pulsest!

In the reflection spectra it is even more difficult to reveal
the ac Stark sidebands than in transmission, because outside
the bandwidth of the empty-cavity mode is =1. High-
sensitivity differential measurement®ot reportedl have
been necessary to distinguish them from the reflected laser

“Probe Reflection (arb. units)

— Probe Reflection and Transmission

| — : intensity.
1t . ] As shown in Fig. 1b), close to zero delay the measured
. NS /.\./.\N reflection spectrum depends sensitively/n As a result of
32013301340 13301340 1350 the coherent interaction between the tail of the polariton

Energy (meV) wave created by the weak probe and the strong pump field, a

FIG. 1. Reflection spectra of the weak probe pulges:for ~ gain peak appears already at negative delays.

different pump intensitiesl () at zero pump-probe delayA(); (b) The sharp S-shaped structure is strongeshiat0. At

for different At values at I,=5l; (Is=2x10"* photons At=+0.5 ps it has already vanished and incoherent satura-
pulse ' cm™2). The bold dashed curve is the sum of transmittedtion of the exciton resonance appears. Actually, for this
and reflected probe intensities Bf=10l;. The smooth dashed pump intensity the system has not yet reached the regime of
curves represent the spectra of the incident probe pulses, while thstrong saturation. Once a strong ac Stark effect takes place
horizontal dashed lines mark zero reflection. Two transmissior(|p%1_5_2>< 10" photons pulse! cm 2), the amplified
spectra, al ;=0 and 10, are plotted as thin solid lines, with a probe intensity oscillates versus delay with a frequency cor-
relative magnification of 100 and 2, respectively. responding to half the splitting of the Stark triplet, as already

reported for the transmitted probe intengity.

the reflected one. This is due to the fact that the transmittiv- To model the pump-probe coherent processes, we adopt a
ity of the top Bragg reflector (1.5%) is much higher than thattwo-level approximation for the fundamental exciton reso-

of the back reflecto.r (0.2%). o nance. The interaction between the excitons and the intra-
The main experimental results are presented in Fig. lcavity pump and probe fields is described by coupling the
Panel(a) shows a series of probe reflection specRal,,  optical Bloch equations for the 2LS to the Maxwell’s wave

taken at zero pump-probe delay for increasing pump intensiequation. Our aim is to solve them numerically in a time-
ties. The spectra of the incident probe pulésaooth dashed resolved case with fs incident pulses. For simplicity, we
curves serve as baselines to determine the fraction of amplimake a quasimode approximation for Maxwell’'s wave
fied light R-1,—1;. At low intensities, the linear response equation'? In order to account for the many-body nonlineari-
gives rise to the polariton doublet. Increasing the pump inties of excitons, both the coupling factgbetween the cav-
tensity, the MC spectra drastically change.tdansmission ity mode and the 2LS and its optical transition enefy
the low-field polariton spectrum changes into the ac Starkthe 1s exciton energyare renormalized phenomenologi-
triplet, and the energy of the central peak, essentially due teally following the results of the perturbative theory devel-
saturation of the exciton resonance, approaches that of thgped by Schmitt-Rinket al® This way, local-field correc-
empty-cavity mode. A spectrum is plotted foy=2X 10" tions to the system Rabi enefgyare automatically included.
photons pulse! cm™2, upper thin solid line in panéb). Due  Further, accounting for a density-dependent exciton collision
to the cavity spectral filtering, the ac Stark sidebands ar®roadening is essential in a realistic description of the tem-
very weak, and are not visible in a linear scale. Also, in theporal dynamic¥". This broadening is assumed to be linearly
reflectionspectra the most important changes are occurringlependent on the exciton density. The exciton inhomoge-
close to the empty-cavity mode. Fdi~ 10'? photons neous broadening is accounted for by using a collection of
pulse cm™2, the lower polariton dip becomes dominant, 2LS's, spread in energy with a Gaussian distribution.
and with increasing pump intensity it shifts to the blue to- The calculation of the optical response of the MC system
wards the center of the spectrum, as the exciton-photon codiellows a two-step scheme. First, to include self-consistently
pling decreases. Oncel, approaches 8 photons the cavity field dynamics, we solve numerically the coupled
pulse 1 cm™2, the dip evolves to a quite sharp dispersive-Maxwell-Bloch equations and derive the linear optical sus-
like structure featuring strong optical gain. In a narrow specceptibility x*(w,At) for the weak probe, coherently
tral band on the left part of the structure, the reflected inteneoupled to the strong pump. Secondly, the susceptibility is
sity largely exceeds the incident one. Tlgisint gain peak inserted in a transfer matrix calculation to obtain the MC
reaches values higher than 100%e., R>2), andpersists optical spectra. Details of the model will be reported in a
up to the highest pump intensitiels, & 1), when the exciton  forthcoming paper.
transition is strongly bleachéd. In Fig. 2, we compare experimental transmission spectra
To show the irrelevance of the transmitted intensity forat zero delay,panel(a), to calculations of transmission spec-
the estimate of the gain, the sum spectrum of transmittetta, panel(b), and to the corresponding spectra of the QW
plus reflected probe intensitieR(1,+7:1,) is plotted for  absorption coefficient(w,0)=Im[ x*)(w,0)], panel(c). In
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FIG. 3. Calculated reflection spectra of the prot&:at At=0
for different pump intensities, ; (b) atl,=1 for various delays.
Horizontal and smooth dashed lines as in Fig. 1. The thin solid line
in panel(a) is the spectrum of the absorption coefficientfor I,
FIG. 2. (a) Measured probe transmission spectra at zero delay=1s andAt=0. Thea scale is reported in units af,, defined in
for 1,=0 andl,=45l¢ (I;=2x10" photons pulse’cm ?). (b)  Fig. 2.
Calculated transmission spectra for the same cases &.ilc)
Corr_esponding theoretical resylts for the_absorption (_:oeffioient oscillator strength and linewidth should be properly calcu-
B et e e rar Jted using refale treatmens of many-body nteracions
d . ' 7 Increasing further the excitation level, coherent effects
otted ones in panét) are reference zeros. Parameters are given in - . . s
the text. start taking place in the optical susceptibility. At=1s, the
QW absorption coefficient already shows Stark sidebands
all panels, the lower and upper curves refer to the cases g$ee thin solid line in Fig. @]. Again, due to the blueshift
zero and very high pump intensityl =9X 10'2 photons  of the resonance, the spectrum is asymmetric. The negative
pulse * cm™?), respectively. Our model reproduces well the lobe at low energy, closer to the energy of the cavity mode
ac Stark effect of the resonantly saturated excitons inside thé&an the high-energy one, is amplified by the cavity effect
MC. In the a spectrum, the Gaussian line shape of the lineateading to the strong gain peak in the reflected ligit (
regime evolves, at strong pump intensities, towards bleach=2). Such resonant amplification is so large that a net gain
ing of the optical transition close to the center of the specstill occurs in the spectrally integrated response4@o at
trum and strong absorption-gain Stark sidewifiySue to I,=1s). Augmenting further the pump field, the Stark side-
the finite temporal length of the excitation, in addition to thebands move rapidly out of the empty-cavity bandwidth and
two main structures, minor ones occur. These features faintllence(resonant gain disappears This is the intrinsic phe-
appear also in the experimental spectra. Each band crosseemenology of the ac Stark effect for a 2I@nd for a SBE
zero absorption and causes a dip to appear in the MC trangaodel restricted to the 1s-exciton resondic&he persis-
mission spectrum. However, the filtering effect of the cavitytence of the gain in the experimental spedtfag. 1(a)]
drastically reduces the strong gain lobes occurring far fronstrongly suggests that the off-resonantly excieett pair
the energy of the cavity mode. The slight asymmetry of thestates also contribute to the coherent response with gain
calculated spectra, in agreement with the experiment, is dugodulations at the energy of the cavity mode. This topic
to the exciton blueshift. We point out that in our model thedeserves a particular attention for all potential implications.
only adjustable parameters are the exciton blueshift and thieor a proper theoretical treatment, the many-body approach
homogeneous broadening at saturation. In all simulations wef Ref. 7 should be extended to both excited exciton and
have taken the values of 3 mefRef. 16 and 5 meV, re- continuum states at the band edge.
spectively. The spectra of Fig. (®) have been calculated &=,
Now, let us address the strong coherent gain appearing ifor which calculations foresee an incipient ac Stark effect at
reflection. We first discuss a series of calculated reflectiolt=0, rather equivalent to the experimental series of Fig.
spectra of the probe, obtained by varying the pump intensityl(b). Probe amplification already occurs &t<<0. At nega-
at At=0, Fig. 3a). When the pump level is raised, the Rabi tive delays, the interference between the tail of the probe
splitting starts collapsing. The asymmetry of the bleachingpolarization wave with the saturating pump field causes
process comes from the interplay between renormalization afpectral modulations to appear in the probe QW response.
g and the exciton blueshift. Note that, in the simulations, theAmplitude and phase of these modulations depend sensi-
effective saturation intensity is lower than the experimentatively upon pump-probe delay, resulting in a complex tran-
one by nearly a factor of 5. This can be imputed to thesient dynamics, strongly enhanced within the cavity mode
guantitative inadequacy of our basic modeling. For a reliabldandwidth!’ Such spectral modulations are tempgmacur-
theoretical estimate, the density dependence of the excitasors of the ac Stark effec and, therefore, are expected to
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Energy (meV)



RAPID COMMUNICATIONS

PRB 59 STRONG COHERENT GAIN FROM SEMICONDUCTOR ... R15 597

occur even for strong saturation. Actually, transient featuresations at negative delaysWe demonstrate, experimentally
for At<0 do not change qualitatively fdr,>1, in agree- and theoretically, that nonlinear pump-probe mixing in mi-
ment with the experimental findingsot reportedl They are  crocavities can produce giant coherent gain in resonance
characteristic features of the entire temporal dynamics of th#ith the cavity mode as well as net coherent gain of a broad-
ac Stark effect of excitons. band probe pulse.

In conclusion, we report doubly resonant fs gain experi-
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