N

N

Stimulated scattering and its dynamics in semiconductor
microcavities at 80 K under nonresonant excitation
conditions
Antigoni Alexandrou, G. Bianchi, Emmanuel Peronne, B. Hallé, F. Boeuf, R.
André, R. Romestain, Le Si Dang

» To cite this version:

Antigoni Alexandrou, G. Bianchi, Emmanuel Peronne, B. Hallé, F. Boeuf, et al.. Stimulated scattering
and its dynamics in semiconductor microcavities at 80 K under nonresonant excitation conditions.
Physical Review B: Condensed Matter and Materials Physics (1998-2015), 2001, 64 (23), pp.2333181.
10.1103 /PhysRevB.64.233318 . hal-00837037

HAL Id: hal-00837037
https://polytechnique.hal.science/hal-00837037

Submitted on 19 May 2014

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://polytechnique.hal.science/hal-00837037
https://hal.archives-ouvertes.fr

PHYSICAL REVIEW B, VOLUME 64, 233318

Stimulated scattering and its dynamics in semiconductor microcavities at 80 K under nonresonant
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We have observed stimulated scattering in a 11-VI microcavity at 80 K underesonant excitation con-
ditions. This stimulated scattering manifests itself through probe amplification in a pump-probe reflectivity
experiment and through a highly nonlinear emission at an energy correspondihg#® state on the lower
polariton branch. We were able to follow the onset and decline of stimulated scattering by measuring the
temporal evolution of the probe amplification.
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In semiconductor microcavities embedding quantumnant excitation. In contrast to resonant excitation that neces-
wells, mixed polariton states arise as a result of the strongitates a spectrally well-defined pump pulse and, as a conse-
coupling between the cavity photon modes and the quantumuence, cannot provide good temporal resolution, the pump
well excitons! The strong mixing between photons and ex-pulse in our case of nonresonant excitation was a femtosec-
citons drastically modifies the in-plane dispersion relationsond pulse. We are thus able to resolve the dynamics of the
Thus, the density of states of the mixed exciton-photon statesuildup of a polariton occupancy close to unity, the initiation
can be four to five orders of magnitude smaller than that ofind the decay of the stimulated scattering process. Further-
excitons. In addition, due to the bosonic nature of polaritonsmore, the stimulated scattering could be observed for a tem-
their scattering rate is proportional to+IN, N being the perature as high as 80 K as opposed to all previous observa-
occupancy of the final state, where 1 corresponds to spontéions which required temperatures of 15 K or less. The final
neous ancN to stimulated scattering. Fd¥ close to unity, —state associated to the stimulated scattering was nokthe
the stimulated process dominates giving rise to a strongly=0 state but a higher-lying state and approacheskfked
nonlinear increase of the final state population and has beestate for low temperatures. We believe this state corresponds
predicted to lead to a buildup of a coherent polariton poputo the maximum polariton occupancy along the lower polar-
lation and polariton lasingbosey.? Because of the low po- iton dispersion branch.
lariton density of states, stimulated scattering effects can The semiconductor microcavity used in this work was
be expected for densities well below the exciton saturatiogrown by molecular beam epitaxy on a GgZng 15T sub-

density. strate. It consists of a GdMgggTe 3\ cavity containing 24
Indeed, recently several groups have reported evidencenm CdTe quantum wellsix groups of four quantum wells
of stimulated scattering both in 1I-VI and 1lI-V located at the maxima of the electric field distribution in the

microcavities>-®112A strongly nonlinear dependence of the cavity). The top and bottom cavity mirrors are distributed
microcavity photoluminescence under nonresonant excitaBragg reflectors made of 17.5 and 23 pairs of
tion was attributed to stimulated scatterfhg® For resonant  Cdy 7dMng ,sTe/ Cdy Mg, ¢Te N/4 layers, respectively. Due to
excitation close to the point of inflection of the lower polar- the large exciton binding energy, the strong coupling regime
iton dispersion curve, strong stimulated scattering was obpersists up to room temperature. The Rabi splitting at 80 K
served leading té=0 and highk polariton population§®  was 26.4 meV.
This process was either self-stimulated by polariton scatter- Photoluminescence and pump-probe reflectivity measure-
ing leading to a final state occupancykat=0 close to unity ~ments were performed using a Ti:sapphire femtosecond os-
that initiates stimulated scatterfhgr stimulated by the pres- cillator followed by a regenerative amplifi¢200 kHz; Co-
ence of a probe injecting polaritons at the final stqteoﬁ‘ herent RegAand an optical parametric amplifier. The pump
In the case of the pump-probe experiméhgsprobe ampli-  excitation pulse was nonresonant at 1.917 eV with a duration
fication of nearly two orders of magnitude was observedof 150 fs and was focused down to 120m. Both pump and
More precisely, it is the presence of the polaritons injectedorobe arrived at normal incidence on the microcavity. The
by the probe that provokes stimulated scattering which leadexperiments presented below were performed for a detuning
to an inrease of thky=0 polariton population by two orders of —3 meV, that is an effective detunir{gatio of detuning
of magnitude. The intensity of k=0 polariton emission is to Rabi splitting of —0.11. Similar results were obtained for
then also increased by the same amount. a detuning of—13 meV. Great care was taken to probe only
In the present work, we have observed amplification of eéa homogeneously excited area of the sample. Therefore, only
probe pulse due to stimulated scattering followingpareso-  the central 20um of the photoluminescence and of the
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robe in the pUMD-brobe experiments. respectively. were se- FIG. 2. Selected reflectivity spectra @a=80 K for different
p pump-p P ! P Y, g/ump-probe delays and for a pump excitation density of

lected with a pinhole at an intermediate image and.sent int 75 wdicn?. The upper inset is a blow-up of the spectral region
the spectrometer and CCD detector. The probe differenti here the probe amplification is observed. The lower inset shows

reflectivity, AR/R, due to the presence of the pump was Measne gpectrally integrated probe amplification in arbitrary units as a
sured at an 8-Hz rate in order to suppress the noise due ¥nction of pump-probe delay.
low-frequency laser fluctuations. The reflectivity spectra in
the presence of the pump were then reconstructed from thecting about 18 cm™? electron-hole pairs in the quantum-
differential reflectivity and the reflectivity in the absence of well continuum. The pump-probe delay values were obtained
the pump. from the period of the coherence oscillations observed at
We first performed photoluminescence experiments innegative delay$® The solid curve corresponds to the unper-
volving the pump only. A highly nonlinear emission was ob- turbed samplébefore the pump arrival The dashed curve
served in this sample at=80 K above an excitation- (0.1 p9 and the dashed-dotted cur(2.2 pg taken during
density threshold value of 3.mJ/cnt (see Fig. 1 This  and after the pump pulse, respectively, show an increasing
nonlinear emission is similar to that reported in Refs. 3 and broadening of both the upper and lower polariton peaks. Sev-
for lower temperaturegt and 15 K (Ref. 13 and also shows eral picoseconds after the end of the pump, the broadening of
a spectral narrowing. In the latter case, the dependence of tlike polariton peaks has partly recovered and a small blueshift
nonlinear emission threshold on the number of quantunof both polaritons is clearly observed. Furthermore, an am-
wells and on the detuning between the exciton and photoplification of the probe shows up on the high-energy side of
mode lead to the attribution of the nonlinear emission tothe lower polariton peak at the same energy as the nonlinear
stimulated exciton-exciton scattering. In our case, it is interemission observed in the absence of the pr@ee Fig. L
esting to note that the nonlinear emission is shifted 7 meV ta’he dynamics of this amplification is presented in the upper
higher energies with respect to the linear emission whichnset of Fig. 2.
appears at the same energy as the lower polariton reflectivity It should be noted that this amplification signal cannot be
signature. Only about 1 meV of this shift is due to a blueshiftattributed to the photoluminescence of the microcavity: The
of the lower polariton at higher excitation densiti@gs we latter is due to the presence of the pump only and does not
will see in the reflectivity spectra in Fig) 2and we attribute depend on pump-probe delay. The small contribution of the
the remaining 6 meV to a participation of polaritons on thephotoluminescence has been subtracted from the differential
lower polariton branch with #0. This observation is not reflectivity spectra at large negative delays before converting
surprising given the results of Refs. 10,14 where an accumuhem into reflectivity spectra. The probe is amplified by less
lation of polaritons foik;# 0 was reported. A shift, though of than a factor of 2 but we expect much larger values for a
smaller value, was also observed in experiments done at logetection angle corresponding to tkeof the participating
temperaturé®®’ and there also it could not be entirely ex- polaritons. Indeed, our maximum collection angle of 8° is
plained by the shift of the lower polariton under excitation.much smaller than the external angle of 23R %3.4
Pump-probe reflectivity spectra taken in the same conditionsx 10* cm™1) corresponding to the observed polariton en-
as the nonlinear emission show that this emission appeaesgy. The detected photons are thus only a small fraction of
while the microcavity is still in the strong coupling regime as the emitted photons and we believe that they are detected
was the case in Ref. 7. due to elastic scattering at the sample surface or interfaces.
Selected reflectivity spectra are shown in Fig. 2 for differ- We attribute this probe amplification to stimulated
ent pump-probe delays and for a pump excitation density oéxciton-exciton scattering. The proposed process is the fol-
3.75 wJd/cn? just above the nonlinear emission threshold in-lowing (see schematic representation in Fig. Bhe pump
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FIG. 3. Dispersion relation of the upp€uP) and lower(LP) FIG. 4. Lower polariton width(@) and blueshift of the lower

polariton branchessolid line9. The dashed lines show the exciton Polariton energy(b) as a function of pump-probe delay obtained
and photon dispersion in the absence of coupling, the short-dashdg@m Lorentzian fits of thg reflectivity spectra f_or an excitation den-
lines show the dispersion of some electron-hole-pair continuun§ity of 3.75 wJ/cnt (full circles). The error bar is=0.1 meV. The.
states, while the arrows show the process proposed to explain tHBSets are a blow-up of the short pump-probe delay range. The inset
probe amplification. Note that in the process shown the wave vectd?f (&) also shows a blow-up of the spectrally integrated probe am-
is conserved. The fact that the wavevector change appears to Ification shown in Fig. Zopen circleg The squares irb) corre-
different for the two polaritons participating in the scattering pro- SPond to an absorbed pump excitation density of AXcnt.

cess is due to the logarithmic wave vector scale. . . . . . .
g tion shown in the lower inset of Fig. 2 reflects this dynamics.

Stimulated scattering starts at about 4 ps, shows a maximum
pulse creates electron-hole pairs in the quantum-well conat 10 ps, and continues upto approximately 130 ps. There is
tinuum. These electron-hole pairs form excitons via LO-a small spectral shiftl meV) of the probe amplification as a
phonon emissioh® Subsequently, two excitons witky of  function of pump-probe delaysee upper inset of Fig.)2
opposite sign scatter resulting in an upper and a lower polarAbout half of it is related to a shift of the lower polariton
iton. When the population of the lower polariton state corre-peak. The rest of it probably translates a displacement of the
sponding to the final state of this exciton-exciton scatteringstimulated scattering process towards smatlewave vec-
process approaches unity, stimulated scattering sets in causrs.
ing a strongly nonlinear increase of the lower polariton popu- The above interpretation is corroborated by the behavior
lation. This stimulated exciton-exciton scattering continuesof the width and peak position of the lower polariton peak. It
as long as there is a sufficient initial population in the excitonis depicted in Fig. 4(full circles) as a function of pump-
reservoir. When the initial population for this scattering pro-probe delay and was obtained from the full set of reflectivity
cess declines, the lower polariton population also drops bespectra under the conditions of Fig. 2. The insets correspond
low unity due to the emission process and stimulated scattete a blow-up of the short pump-probe delay range. The en-
ing ceases. In the presence of the probe, the scattering rateéggy positions were obtained with Lorentzian fits of the po-
proportional to H Npymgt Npropes WhereNy m, is the lower  lariton peaks. The lower polariton width at half maximum
polariton occupation factor obtained after LO-phonon emis4increases rapidly during the pump pulse from 2 to 14 meV. A
sion and scattering from the electron-hole pairs injected byapid recovery of the width down to 4 meV in about 4 ps is
the pump andN e the lower polariton occupation factor followed by a slow recovery. The lower polariton energy
resonantly injected by the probe. exhibits a drastically different behavior: It continues to in-

Under stimulated scattering conditiondlf,m, close to  crease until about 4 ps after the end of the pump pldse
and above unity the presence dfl,q,cl€ads to an increase inset of Fig. 4b)].
in the scattering rate which translates into an increase of the These results are interpreted as follows: As soon as the
lower polariton population and thus an amplification of thepump pulse creates electron-hole pairs in the continuum,
probe. The probe being weak, the main part of the populatiothese electron-hole pairs effectively scatter the lower and up-
giving rise to the stimulated emission is built up due to theper polaritons ak=0 by interacting with the polariton exci-
relaxation of the electron-hole pairs injected by the pumpton components thus increasing their broadening. When ex-
This is confirmed by the fact that for pump intensities belowcitons are formed, the polariton broadening seen by the
threshold (data available for 2.2uJ/cnf and below no  probe partly recovers because the scattering rate of polaritons
probe amplification is observed. We therefore believe that thavith excitons is much lower than with electron-hole pairs
presence of the probe allows to visualize the dynamics of theince excitons are neutral particles. The exciton formation
stimulated scattering process without substantially altering italso has another consequence: Due to the hard-core repulsion
As a consequence, the spectrally integrated probe amplificdetween excitons’~*°the exciton energy, and subsequently
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the energy of both polaritons, shift to the blue as is observeffig. 4(b) the dynamics of the lower polariton energy
in Figs. 2 and ). Indeed, the partial recovery of the polar- (squaresfor a pump excitation density below the threshold
iton width is concomitant with the increase in polariton en-of the nonlinear emission observed in the absence of the
ergy which leads us to attribute the 4-ps characteristic tim@robe (1.1 xJ/cnf). In this case, no probe amplification
related to both effects to the exciton formation time. Thistakes place and the blue shift of the lower polariton reflecting
exciton formation time is shorter than the exciton formationthe population in the exciton reservoir decreases more slowly
times measured in GaAs quantum wéfiave attribute this than ﬁn the case above thre;hold where stimulated scattering
observation to the fact that in these CdTe quantum wells th€MPties the exciton reservoir.

LO-phonon energy21.4 meV} is very close to the exciton In conclusion, our results demonstrate that stimulated
binding energy(25 me\) thus leading to very efficient exci- Scattering and probe amplification can be observed even un-
ton formation through emission of LO phonons with Smallder nonresonant excitation which is promising for potential

wave vectors[In GaAs quantum wells, the LO-phonon en- applications. This js contrary to the predictions of Ref. 20,
. ’ . S however, also earlier experimental restflisave shown that
ergy (36 me\) is much larger than the exciton binding en-

. the bottleneck effect calculated in Ref. 20 was overestimated.
ergy of about 10 meY.These two effects, rapid recovery of ¢\ ormore. we have observed nonlinear emission and

the lower polariton width and delayed increase of the lower, oo ampiification under strong coupling conditions at tem-
polariton energy, an_d_ the_|r dynamics are consistent with the o 5iures as high as 80 K. The evolution of the probe ampli-
onset of probe amplification at about 4[see lower inset of fication as a function of time indicates that the buildup of a
Fig. 2 and its blow-up shown with open circles in the inset ofo\ye polariton population close to unity from electron-hole

Fig. 4@)]. pairs injected into the quantum-well continuum takes about 4

Furthermore, the blue shift of the lower polariton de-nq - gimulated exciton-exciton scattering is then sustained
creases following the decline of the probe amplification an pto about 130 ps.

thus the decline of the population in the exciton reservoir. In
order to confirm the above interpretation, we also show in  We thank B. Deveaud for a helpful discussion.
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