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Angle-Resonant Stimulated Polariton Amplifier
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We experimentally demonstrate resonant coupling between photons and excitons in microcavities
which can efficiently generate enormous single-pass optical gains approaching 100. This new parametric
phenomenon appears as a sharp angular resonance of the incoming pump beam, at which the moving
excitonic polaritons undergo very large changes in momentum. Ultrafast stimulated scattering is clearly
identified from the exponential dependence on pump intensity. This device utilizes boson amplification
induced by stimulated energy relaxation.

PACS numbers: 71.36.+c, 42.50.—p, 42.65.—k, 78.47.+p

The interaction of light with solids to produce absorp-well defined throughout the gain process, and recovers to
tion, luminescence, and stimulated emission depends iits original state after the pulses have passed.
detail on the coupling between electrons and photons. New Our motivation for simultaneous time- and angle-
physical behaviors result from manipulating both elecresolved experiments is to directly track the postulated
tronic and photonic wave functions, for instance, enhancstimulated scattering process. By injecting and probing
ing the optical gain in semiconductors. Semiconductoipolaritons at particular points along the dispersion relation,
microcavities have attracted recent interest in explorindpoth energy and momentum scattering is observed on
resonant light-matter interactions because their strongltrafast time scales. Construction of a femtosecond-stable
anticrossing between quantum well excitons and cavitygoniometer allows angular tuning up o= +80° with
photons creates two mixed polariton states [1]. A keysub-ps time shifts. Together with spectral filtering of
property of such planar microcavities is that the polari-both pump and probe femtosecond pulses, this provides
tons’ critical optical wave vectors can be directly accessedccess to the relevant range of the polariton dispersion
by coupling light at an angle to the cavity [2,3]. The relation.
exciton-photon mixing strongly deforms the dispersion The semiconductor microcavity sample [Fig. 1(b)] is
relations of the quasiparticles. Despite this dispersiongrown by metalorganic vapor-phase epitaxy and consists
recent papers suggest their optical properties are wetif two pairs of threel00 A Ing osGayosAs quantum wells
described using independent two-level systems embeddéa 100 A GaAs barriers, sandwiched between 17 (20)
in a cavity [4]. More controversially, the bosonic nature of pairs of distributed Bragg reflectors Gaf o 15Gay g AS
the polaritons has recently been claimed to promote stimwsn top (bottom). The optical cavity length iS3 . /2
lated scattering, allow Bose condensation, and potentiallgnd varies across the sample allowing access to both posi-
form aboser [3,5—7]. Recent cw measurements [8—10]tive and negative detuningd, = wex — wcav (6 =0), of
of photoluminescence have attributed nonlinearities in the
emission rates and shifts in the emission energy to this
stimulated scattering.

In this paper we show strong evidence for the presence
of a stimulated scattering process, which is, however, dif-
ferent from those previously discussed. This is achieved
by using two different angles to separately pump and initi-
ate the process. The scattering provides a new approach to
generating gain in semiconductors, manifest in the ampli-
fication of a probe pulse by nearly 2 orders of magnitude
in a single transit, when the microcavity is pumped at a
resonant angle. Modification of the polariton dispersion is
crucial to the scattering, which is forbidden for excitons.
Systematic studies as a function of detuning show that tw&!G. 1. (a) Polariton dispersion relation vs incident angle
propagating pump polaritons scatter to release a stationa@é zero detuning. Cavity (exciton) energieg,, (we) shown

ump polariton providing gain, and a highpartner po- shed. Probe polaritorv)( stimulates the scattering of pump
pump p P g gain, P P polaritons ¢). (b) Sample structure and experimental geometry

lariton to conserve energy and momentum [Fig. 1(a)]. IMyrobed at normal incidence and time delaywhile changing
contrast to previous work, the exciton-polariton remaingshe pump angle.
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the cavity resonance.,, from the exciton energyv.y. @
The sample is held in a cold-finger, wide field-of-view
cryostat at a temperature of 4 K. The cavity mode can be .
further tuned by changing the angle of incidence, pro- 1ok
ducing the polariton dispersiom,+ = {wex + @cav(0) F :
Vo — wear(0) + Q2}/2, where Q) is the exciton- 7 Pump -
photon coupling strength, which is shown in Fig. 1(a) for I ob— (.)off :
resonance at normal incidencA & 0). The sample is ' off Time delay (ps)
resonantly excited by pulses derived from a 100 fs mode- ' |(© ©=-20ps | T="-1ps
locked Ti:sapphire laser. Pump and probe pulses are
separately spectrally filtered inside zero-dispersion grating
compressors using a computer-controlled spatial light AN o o
modulatorh[lll] or int,Iin_ ord(te)r to f]ele;tilve!y e_xcitefthr(]e B FReS _AJ
upper or the lower polariton branch. Polarization of the P o
incident beams is set by tunable wave plates calibrated to 1 W L\/‘
compensate for Fresnel losses.
The scheme of Fig. 1(a) is investigated by injecting up
to 2 mW pump pulses of 1.5 meV bandwidth at specific /J
angles to the sample growth axis, ontol@ um spot. s

.
Cross”

To measure the response of the lowest energy polariton |, ,imp ; P
states, a broad band 100 fs probe puls@.8 mW) is fo- /\] H\/_

. pump 1 : .
cused along the growth axis t&@ wm spot on the sample, SN S
and the specular backreflected light collected. In the ab- s e 1 Tas 46 145 146
sence of the pump, the reflected probe spectrum shown in " Energy (eV) Energy (eV)

Fig. 2(a) shows the two polariton states split by the nore 15 2. (a) Reflected probe spectramat= 0 ps for pump off,

mal mode splittingiQ) ~ 7 meV. This spectrum is radi- o and cross-circularly polarized to the probe. Spectral oscilla-
cally modified when the pump pulse arrives, provokingtions are caused by interference between reflections from front
narrow band gains around the lower polariton of up toand back of the sample. Pump spectrum on lower trace. Inset:
70 (AR/R = 7000%). These enormous gains for the in- Reflected narrow band probe spectrarat 0 ps, with pump

: ulse on/off, together with pump PL without probe pul9g. (
jected pulses are observed when the pump (lower spe ) Reflected probe power vs time delay, with and without pump.

tra) is detuned above the. (¢ = 0) polariton by 2 meV  Jemporal resolution shown dashed and theoretical fit dotted.
and its incident angle is 16.5 Thus the amplified probe (c) Probe reflection spectra at several time delays. Pump powers
can be clearly distinguished from scattered pump phoare (a),(b)22 W/cn? and (c)4.5 W/cn? andA = 0.

tons, indicating the involvement of energy loss in this

process.

To confirm the gain is real and not spectral conversion Previous explanations for nonlinearities within semi-
of photons within the probe spectrum, a narrow bandwidttconductor microcavities have implicated four wave mix-
probe centered at the lower polariton is used, producining modeled with static excitons [15]. In this picture the
the amplified spectrum shown in Fig. 2(a) (inset). Thisfermion constituents of the exciton and their Coulomb cou-
emission is shifted 0.8 meV above the lower polariton. Inplings are responsible for the observed interactions. A
the absence of the probe pulse, the pump luminesceneceimber of recent discussions [4,13] also stress the success-
collected in the same direction is over 2 orders of magniful treatment of microcavity phenomena using cavity pho-
tude weaker. The enormous amplification of the spectrallyons coupling to simple two-level systems (i.e., excitons).
narrow probe beam can be recorded on a photodiode dhe data presented here, however, require a full polaritonic
a function of the time delay after the pump pulse arrivedreatment based on the reshaped dispersion relations and
[Fig. 2(b)]. The gain builds up over a few ps as the pumpthe new behavior of the polariton quasiparticles.
pulse arrives (injecting~5.10'' photons pulse! cm™?) Strong evidence for polariton scattering is provided
and turns off sharply after it passes. This high-gainby changing the incident angle of the pump pulse. The
submicron device stretches the amplified pulse lengtipump energy is simultaneously tuned for maximum gain,
by <50%. The temporal response is spectrally resolvedvhich occurs when resonantly exciting the lower polariton
in Fig. 2(c), clearly demonstrating that transient narrowbranch. We map out a sharp resonant enhancement
band gain exists without destroying the upper polaritoraround a critical angle which depends on the detuning
resonance, and the recovery is immediate. This is in starkf the exciton and photon modes. For zero detuning
contrast to previous reports [8,12—14] which use powefA =0), gain is observed only fof = 16.5 = 2°, and is
densities over an order of magnitude larger, achievindotally absent in the conventional near-normal incidence
at best gains of 2, and rapidly washing out all traces ofjeometry at these moderate pump intensities (Fig. 3). The
exciton-polaritonic coupling. critical angle for gain is an unambiguous signature that
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A=-25meV A=0meV A=+35meV can also be obtained [16] by integrating Maxwell's equa-
17 il taigns coupling the boson field amplitudes through
probe

2 o Eprobel Epump|>. Numerical simulation of the
evolving polariton densities using these rate equations and
incident pulse profiles (without adjustable parameters)
reproduces the observed asymmetric time dependence of
the gain [Fig. 2(b), dotted line]. The polariton density
injected into each mode is given by the number of pho-

\ tons/pulse divided by the number bfstates excited. For
A S SV R SR a 2 fJ probe pulse with photon densiy~ 4_>§ 108 cm ™2
Angle (deg) Angle (deg) Angle (deg) focused down to an acceptance angjle- 10~ “ rad at the

. . . sample, Niina1 = P/[7(¢/Aex)?] ~ 10* polaritong state
FIG. 3. Parametric gain ) vs angle for detunings . .
A= —45, 0, +3.5 meg\’/_ Thg energy ogthe pump pulslxg >1). As expeqted, the_emergln_g_probe power is found
is tuned to achieve maximum gain. Fitted dispersion relationd0 b€ almost linear with the injected probe power:

m

(lines) match the reflected probe spectra shown solid (dashedprobe © (Iprobe)*®, While saturating at higher probe pow-

on the left side for pump on (off). The gain peaks are aters [Fig. 4(a)]. The power gain (inset) drops as the probe

19.5+1.5% 165 =2° and17 + 2.5°, respectively, compared to power increases, producing maximum transfer efficiencies

the predicted curves shown dashed, Whl(r:r?z are at°1arﬁ213, from pump to probe of order 5%.

and 17.2. Pump (probe) powers ag® W/cm- (0.4 W/cnr). Stimulated scattering is confirmed experimentally by
the observed exponential dependence of gain on the pump

specific energy-momentum scattering is needed for th@ower [Fig. 4(b)], although at intensities ab&&W /cr?

gain process. This would not occur in four wave mixing,

for which interfering polaritons at any two angles can

cause nonlinear diffraction.

1.455

Energy(eV)

1.450

- hadll] T

This strongly suggests the dominance of the previously :‘5 . _ﬂ..f
- . . &) o
overlooked scattering process shown in Fig. 1(a). Two IE"20k * g, 3
k, polaritons injected by the pump are stimulated by e ™
a probe polariton ak =0, to scatter into polaritons at 10° 10° 10"

@
T

2k, and0. Energy and momentum conservation restrict Frobe Power (Wem)

the range ofk, to those satisfyingt (2kp,) — E(kp) =
E(ky) — E(0). The predicted angular resonances satisfy-
ing this condition (Fig. 3, dashed line) are based on the

Output Probe Power .(W/cmz)
=)
=
Ty

measured polariton linewidths and dispersions and are in i L= 14 Wiem”
excellent agreement with the data. In particular, the model 0001g T
successfully accounts for the increase in resofiattboth 0 w0t w0t 107 10!
positive and negative detunings. It also reproduces the nar- Input Probe Power (W/cm’)

rower width of the angular resonance as the detuning be- =20 mW/em’
comes more negative, due to the increased curvature of
the lower polariton dispersion. The energy dispersion of
acoustic phonons [8] is unable to account for these data.
In a simplistic picture, one of two moving polaritons es- 10'E
capes by the probe-enhanced conversion, while the other ; L HT@
carries off the energy and momentum. This highelari-
ton is detected in emission at 3&nd will be reported in %ﬁq §
detail elsewhere. The scattering condition is impossible to J z
satisfy for the quadratic dispersion provided by either the oL 108 (T )| | F——vvrgv g | (;1
exciton or cavity modes alone and proves the involvement 0 10 20 1520 25
of polariton quasiparticles. Pump Power (W/em?) ~ Pump Power (W/cm®)

The scattering process is S.timUIated b_y probe pOIaritonElG. 4. (a) Reflected vs incident probe power for a pump
as expected for the hypothesis of bosonic scattering (Which, ver of 14 W JomR. Fit: 1% o (I%e)°%. Inset: Probe

previously C(_)nsidered a different scheme) [3,5,8,9]._ Theyain vs probe power. (b) Semilog plot of probe gain vs
strong polariton coupling masks the normally dominantincident pump power. Inset: log plot—dashed lind, .,
fermionic nature of the carriers, thus favoring scatteringwhile solid curvex exp(g/l,ump). (c),(d) Normalized sponta-

which is enhanced by occupation of the final state. In-€ous PL emission from the pump alone vs pump power, for

P ; P o £ = +1.5 meV. Emission collected at normal incidence with
jecting probe photons stimulates scattering into this flnadetection cone oft1° showing relative emission at the upper

. Ntina
stateNrina1, since for boson% % (1 + Nfinal)Npumps  (V), lower (A) polariton and extra peak on higher energy side
for a bath of Npump pump polaritons. This dependence of lower polariton ().

D)

probe’

Gain

] i il
1.45 E(ev) 146

log(gain)
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some saturation occurs. This exponential behavior is exsuch as bleaching of absorption. Instead of conventional
pected because the boson scatteriatg depends on the phase matching from nonresonant photon mixing, here
number of pump polaritons (integrated over the pulseenergy-momentum conservation demands the Rigio-
duration), SONfina1 = (1 + No) explglpump). Conven-  lariton to balance the process.
tional four wave mixing usually produces a quadratic In summary, we report the observation of giant single-
pump power dependence [shown dashed in Fig. 4(b)pass optical gain by pumping semiconductor microcavities
inset] which is unable to fit our data. Because of thisat specific angles. A key innovation is the use of excita-
exponential pumping, the slope efficiency approachesion and probe pulses at different angles to identify the
1000% at low probe powers. For comparison, Figs. 4(ckcattering. The predicted angles from energy-momentum
and 4(d) show the spontaneous emission from the pumgponservation of polariton fission match well to the experi-
excitation alone, collected in the probe direction andment. The ability to deform polariton dispersions pro-
normalized to the pump power. The spectra clearly revealides a new path to resonant nonlinear phenomena in these
a new photoluminescence (PL) peak appearing 0.8 megystems.
above the lower polariton for intensities abaeW /cnr. J.J.B. enthusiastically acknowledges discussions with
The PL exhibits stimulated gain and resembles nonlinBenoit Deveaud, Stefan Koch, and the support of the Uni-
ear luminescence seen in recent cw photoluminescenaersity of Southampton, Coherent U.K. Ltd., and Hitachi
measurements [8,9]. Using pulsed illumination the newEurope Ltd. This work was partly supported by EPSRC
state is observed more clearly and at significantly loweitGR/M43890, GR'L32187, and HEFCE JR98SOBA.
powers. The use of ultrafast time- and angle-resolved
techniques is crucial for identifying the new scattering
process actually responsible.
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