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Coherent reflected pulses of exciton polaritons in multiple quantum wells
at Brewster's-angle incidence
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A coherent emission of excitons in semiconductor multiple quantum wells was investigated by using tran-
sient Brewster reflection spectroscopy. The method reduced nonresonant background reflection greatly and
allowed us to observe the coherent dynamics of the excitons clearly. The coherent signal showed not only the
guantum beats of the heavy- and light-hole excitons but also the oscillatory modulation structures that resulted
from the radiative coupling of exciton polaritons. In the linear regime, these observations were compared with
results calculated from the transfer-matrix method involving multiple-reflection effects, and good agreement
was obtained. As the excitation density of the incident pulses was raised, the decay rate of the coherent signal
increased due to the exciton-exciton scattering.
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l. INTRODUCTION periods of(GaA9s;/(AlAs)s; grown by molecular-beam ep-

The investigation of coherent phenomena of exciton sysi-taxy on a(00D-oriented semi-insulating GaAs substrate.

tems has become an active and fast progressing field of r&dure 1 shows the reflection spectrum at the Brewster’s-
search. The radiative properties and propagation effects @n9€ condition. The lowest=1 heavy- and light-hole ex-
excitonic polaritons in bulk semiconductors and quantunCiton transitions of the MQW structure were observed at
wells especially have been of considerable interest in fundat->38 and 1.546 eV, respectively. The sample was mounted
mental studies. in a liquid-helium cryostat and cooled £ K during all the
The behaviors of exciton polaritons on the temporal shap&xperiments. _ _
of ultrashort laser pulses have been investigated mainly in For a light source of time-resolved experiments, a self-
the transmission geometry. If the input pulse bandwidth ignode-locked Ti:sapphire laser producing 130 fs pulses at an
wider than the exciton resonance linewidth, the temporaB2 MHz repetition rate was used. Our experiments were per-
shape of the transmitted pulse is adjusted into the severefprmed with a fast-scan setup, which was equipped with a
distorted and aperiodic modulation due to the interferenceshaker instead of a scanning optical delay for varying the
between polaritons of the upper and lower branchés. time delay. We took the time trace of the Brewster-reflected
Another simple and useful way to study the coherent dy-optical pulses by using a standard up-conversion method.
namics of exciton polaritons is the transient reflection specThe up-converted signal was detected by a photomultiplier
troscopy which up to now was not often used. This measuretube and recorded by a digital accumulator. This real-time
ment enables us to investigate the optical proprieties of th@ata acquisition significantly improved the signal-to-noise

as-grown sample without removal of the substrate. Moreyatig.
over, the use of the Brewster's-angle condition can reduce
the nonresonant background reflection greatly and give us a -
clear time-resolved signal of the exciton with the improved o0.12} . g
signal-to-noise ratid:® '

In this paper we report the oscillatory free induction de- 0.08t Ny |

S Ih|

excitons superimposed on the FID signal. We evaluated the 0.041 \\N\M ]
time evolution of the reflected pulse at the Brewster's-angle N
condition by using the transfer-matrix method in the linear 0.00 152 154 56
regime. The experimental results were well reproduced by ) ) )
the numerical calculation. The decay rate of the coherent PHOTON ENERGY (eV)

cay (FID) signal in the excitation of the single resonance line
and quantum beats between the heavy-hole and light-hole
signal increases with the excitation density due to the scat-
tering of excitons.

REFLECTIVITY

FIG. 1. The reflection spectrum of a GaAs MQW sample at
Brewster’'s-angle incidence. The lowest 1 heavy-hole and light-
Il. EXPERIMENT hole exciton transitions occur at 1.538 and 1.546 eV, and are indi-
cated by arrows. The energy splitting of two exciton resonances is 8
The sample used in the present study was a high-qualitsheV. The solid and dotted lines are spectra of the femtosecond
multiple quantum well(MQW) structure consisting of 25 laser pulses used in the time-resolved experiments.

0163-1829/97/5@0)/127804)/$10.00 56 R12 780 © 1997 The American Physical Society



RAPID COMMUNICATIONS

56 COHERENT REFLECTED PULSES OF EXCITO. . . R12 781

[x 10-2] the electromagnetic coupling between excitons located in
. different wells, and it exists even if the wells are electroni-
() 1 cally uncoupled. As a result, the coupled excitons are formed
and distributed throughout the whole well in the MQW. This
radiative coupling is attributed to the physical origin of our
experimental results.
J Therefore, the transient behavior of the reflected signal
~ . - can be understood in the exciton-polariton scheme. It is well
known that the group velocity of exciton-polariton branches
(b) 1 has a minimum velocity at the exciton resonance due to po-
lariton dispersion. Near the exciton resonance region upper
and lower branches of exciton polaritons have different
group velocities which lead to relative phase differehe.
_} As a consequence, during the propagation of the ultrashort
. - pulses, the superposition of these reflected pulses results in
0 2 4 6 beating structures. Hence, the slowly oscillatory modulation
TIME DELAY (ps) structure could be considered a result of the radiative cou-
pling effect of the exciton polaritons distributed in the MQW
FIG. 2. The time-resolved reflected pulse signals in GaAswhile the ultrashort pulses propagate.

O = N W

INTENSITY (NORMALIZED)

S =N W

MQWS (a) on resonance with theslheavy-hole exciton antb) at It is noteworthy that in recent theoretical investigations
detuning of 7.1 meV below the 1 s-hh exciton. collective effects can modify the transmission and reflection
spectra in MQW structures and become important for the

I1l. RESULTS AND DISCUSSIONS excitonic decay procegsl_o

In order to quantitatively understand the experimental re-
sult, we calculated the reflected pulse shape by using a trans-
égr matrix. The reflected pulse amplitudig(t) is given by

Figure 2 shows the temporal evolution of the Brewster-
reflected pulse in the linear regime (17 nJgniThe time-
resolved signals have a strong peak at zero delay, corr
sponding to the reflected laser pulse from the sample surface.

The following delayed tail comes from the coherent emission _
of excitons. The coherent tail shows a slowly oscillatory Er(t,0)=5— J Ei(o)r(w,0)e“do, (3.
modulation and a clear beating structure superimposed on it.

The period of beat500 f§ corresponds to the energy differ- whereE,(w) is the Fourier transform of the incident electric

ence of 8 meV. It is consistent with the energy splitting . ;
between two transition lines in the reflection spectrum. Thiield' r(,0) is the frequency- and angle-dependent reflec-

structure of the quantum beats resulted from the interferen on coefficient of the sample whesis the incident angle.

between the heavy-hole and the light-hole exciton transi- he reflection coefficient for th@-polarized electric field
tions. Figures @) and Zb) are the results corresponding to can be obtained by the transfer-matrix methb@ihe transfer

the laser spectrum profiles in Fig. 1, respectively. Since Figmatr'x of the whole MQW is obtained by multiplying the

2(a) is the emission signal under the simultaneous excitatioiranSfer matrices of each layer and of each interface. There-

of the heavy-hole and light-hole exciton resonances, th ore, the transfer-matrix method automatically takes into ac-
guantum beat on the oscillatory modulation is seen ﬁwor&ount the effec.tS related to multiple reflections Wh'Ch play an
clearly important role in the MQW structuréd*®For the linear re-

In tHe case of Fig. @), the coherent signal also clearly gime this method can reveal characteristic features of the

exhibited a slowly oscillatory modulation signal and the refl_?r(]:ted pylse_ shape_lljn t_he MQ:]N sz;\fmpl_e. local dielectri

small beating structure superimposed on the signal. The re- e excitonic contribution to the efiective local dielectric

duction of the quantum beats implies the small contributiorfunction of each layer is expressed as a Lorentizian oscillator

of the light-hole exciton because the spectrum overlap of thémdel'

laser pulse and the light-hole exciton becomes small. There-

fore we can conclude that the slowly oscillatory modulation

is originated from the single heavy-hole exciton transition. e(w)=¢€p 1"‘2 o o
It has already been reported that the ultrashort pulse o @om @Y

propagation around the single resonance line of the bulk

semiconductors leads to the oscillatory modulation in thevhere e, is the background dielectric constamijy, wg,

transmitted pulsé? It originated from the interference be- and y” are the longitudinal-transversg.T) splitting, the

tween polaritons of the upper and lower dispersion branchegesonant frequency, and the damping factor of each exciton
Contrary to the polariton states in the bulk semiconducin the layer, respectively. The LT splitting of the barrier and

tors, in quantum wells the breaking of translational invari-Substrate was assumed to be zgro excitons effegtand the

ance along one direction gives the exciton state an intrinsi€xciton parameters of the quantum well were taken as

radiative decay mechanism which emits photons. This radiaw[‘?:O.G, w'LhT=0.4, y""=0.13, andy"=0.4 meV. ¢, was

tive decay mechanism couples the exciton states in differeriaken as the background dielectric constant of each bulk

wells. In quantum wells coupled by the light field, the col- semiconductot?

lective effect can take place. The collective effects consist of The jth layer is represented by thex2 transfer matrix

w(r
LT (3.2
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FIG. 3. The calculated results of the reflected pulses in the FIG. 4. The excitation density dependence of the reflected pulse
Brewster's-angle incidence by the transfer-matrix meti@dThe  at the Brewster's-angle conditiofa) As the excitation density is
central frequency of the laser pulse is 1.538 @¢avy-hole exci- raised, the decay of the experimental coherent signal becomes faster
ton). (b) The central frequency of the laser pulses is changed intajue to the exciton-exciton scatterir(p) The fitting results obtained

1.5309 eV. by the equation = I y(t)exp(—Ayt). I o(t) is the experimental signal
for the lowest excitation density andiy(ps 1) is the scattering
co;d; —i sink;d;/Z; rate. The fitting shows a good correspondence with the experimen-
M;= . , 3.3 .
i —IZjSIrkjdj COSkJ-d]- (3.3 tal results of(a)

whered; is the thickness of th¢th layer, andZ;(w,#) and  exciton. From the calculated results, we could confirm that
kj(w,0) are the impedance and wave number of the respedhe slowly oscillatory modulation originates from the only

tive medium as defined by heavy-hole exciton resonance.
It was noteworthy that in Fig. 3 the relatively small peak
_ _C at zero delay compared to the experimental results was at-
Zi(w,6)=cosgj/ni(w), ki(w,60)= wZ'COSﬁ" tributed to the experimental inaccuracy of the Brewster's-

(3.9 angle condition which increases the nonresonant background

wheren, (w)(= Je(w)ley) is the complex refractive index, reflection in the time-domain signal. Even a small angle de-

and #; and €, are the incident angle in the medium and theyIatlon (~1° or 2) made the peak at zero delay strongly

permittivity of a vacuum, respectively. increase while the intensity of the coherent emission signal

If the resultant matrix for the MQW structure &= (t;;), \(/jvals not ciuanged. _Ther(if?rg tthe_relatngebtl)lstrongbpea(lj( at zEro
we can obtain the complex reflection coefficient, elay In the experimental data is probably attn’ uted to the
small angle deviation from the exact Brewster's angle and

Z(tyt Zout1s) — (tor+ Zout o) the sca_ttering on the sa_mple surface. _

7 (it Zouk o)+ (tort Zoudz) (3.5 In this way, our experlmeqtal result was well (_axpla|_ned by
IMLT Soutly/ T A521 T Sout2 a simple calculation method in the exciton-polariton pictures.
whereZ;, and Z,,; are the wave impedance of the entranceln our calculation, we neglected the spatial dispersion com-
and exit regions. ing from the finite exciton mass. In the QW case, the kinetic
Figure 3 shows the calculated results for the temporaknergy of the exciton &, is six orders of magnitude smaller
shape of the reflected pulse in the MQW structure under théhan the damping factor of each exciton. Therefore the ki-
Brewster's-angle condition. Figure(é corresponds to the netic energy of the exciton has a very small contribution in
laser tuning on the heavy-hole exciton resonafibe solid the few picosecond region. As can be seen, we nicely repro-
laser profile in Fig. L We can see that the calculation de- duced the experimental results by a simple method without

scribes fairly well the quantitative features of experimentalconsidering the spatial dispersion effects.
results, a slowly oscillatory behavior of FID and quantum We have also investigated the excitation density depen-
beats with 500 fs period. dence of the time evolution of the reflected pulse, when the
When the central frequency of the incident electric fieldlaser is tuned to the heavy-hole exciton transition. Figure
was detuned from th 1 s heavy-hole exciton resonance by4(a) shows the temporal shapes of the reflected pulse inten-
7.1 meV corresponding to the dashed laser profile in Fig. 1sity for the three excitation densities. A clear quantum beat
the reduction of the oscillatory modulation and the smallmodulation is observed for all the excitation densities. As the
beating structure on the modulation signal was reproduced iexcitation density is raised, the decay of the coherent emis-
Fig. 3(b). We clearly show the oscillatory modulation signal. sion becomes faster.
In the fitting procedures, the oscillatory modulation behavior The fitting of the excitation density dependence is plotted
was strongly dependent on the parameters of the heavy-hole Fig. 4(b). The time trace for the casky=0ps ! is the

rNw,0)=
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experimental result for 17 nJ/énexcitation density and rep- line broadening is due to the exciton-exciton scattering
resents a linear response signal. The trace for the case grodel.
Ay=1ps tand 2 ps?!are obtained by multiplying the time-
dependent coefficient expAt) by the linear signal. The

fitting shows a good correspondence with the experimental We have observed the coherent emission signal from the
results of Fig. 4a). In spite of the complex nature of the excitons in GaAs/AlAs MQW structures by the time-
coherent signal, the fitting result indicates that the excitatiofesolved Brewster reflection experiment. The reflected signal
dependence has a linear relationship with a single parametéiowed the oscillatory behavior caused by the radiative cou-
Ay. pling of exciton polaritons in a sample of nonzero size. The

It was known theoretically and experimentally that thequantum beats of the hh and Ih exciton were clearly ob-

. . . ; served. The period of beafS00 fg corresponds to an energy
homogeneous linewidth of excitons in GaAs quantum wellSyi¢terence between the two exciton transition lines. The cal-

which is proportional to the inverse phase-coherence timgyation based on the transfer matrix method considering
T, %, has alinear dependence on the denSity The agree-  multiple reflections reproduced the experimental features
ment between the experimental and the theoretical line andery well. The decay rate of the coherent signal increases
the linear correspondence between the excitation density anwith the excitation density due to the exciton-exciton colli-
the broadening constatollision efficiency show that the sion.

IV. CONCLUSIONS
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