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Microcavity polariton linewidths in the weak-disorder regime
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Polariton linewidths have been measured in a series of high-quality microcavities with different excitonic
inhomogeneous broadening in the weak-disorder regime. We show experimentally that the influence of the
disorder on the polariton linewidths is canceled when the polariton energies are far in the tail of the excitonic
absorption. The measured linewidths are quantitatively compared with an estimation using the measured
excitonic absorption spectrum of the bare quantum wells, and good agreement is found.

DOI: 10.1103/PhysRevB.63.035307 PACS number~s!: 78.66.2w, 78.66.Fd, 71.36.1c
-
e

A

ty

in
er
a
on
iz
th

d
th
c

on
d

re
on
te
ot
a
a

pt
io
n

op
u
s

-
n

o
le
m
e
g

in

the
ails
re-
ity.
of

me-
pe,

ll
of

is
ex-

ly
er-
the
po-
of
on-

en-
ible
the

ld
ton
abi

us
us
ents

e
vi-
the
epi-
o-
,
es
the
he
The role of static disorder in the linewidth of cavity po
laritons has been intensively discussed in recent years,
perimentally and theoretically. In 1996, Whittakeret al.1 re-
ported reflectivity spectra measured on a Ga
semiconductor microcavity~MC! containing three InGaAs
quantum wells~QW’s!. They observed that when the cavi
mode is in resonance with the bare heavy-hole~HH! exciton
transition the linewidth of the lower polariton~LP! is smaller
than expected by averaging the bare exciton and cavity l
widths. Moreover, the lower-polariton linewidth is narrow
than that of the upper polariton. They explained the sub
erage broadening with a scaling theory based on a moti
narrowing argument: When a quantum particle of finite s
moves in a disordered potential with correlation leng
smaller in size, the spectral linewidth is reduced compare
that of a classical particle due to spatial averaging over
disorder. However, their model, which neglected interbran
scattering and nonparabolicity of the polariton dispersi
failed in explaining the different linewidths of the lower an
upper branches near resonance. In 1997, Savonaet al.2 pro-
posed a one-dimensional microscopic model of disorde
quantum wells embedded in a microcavity where excit
photon coupling and exciton-disorder interaction are trea
nonperturbatively. This model was able to reproduce b
the subaverage broadening due to motional narrowing,
the larger linewidth in the upper polariton due to addition
interbranch scattering. In 1998, Ellet al.3 showed that all
these features were reproduced by using the measured o
absorption of the bare QW together with linear dispers
theory. They concluded that the disorder-averaged excito
response in the bare QW fully determines the optical pr
erties of the well embedded in a microcavity, and in partic
lar that the asymmetric line shape of an inhomogeneou
broadened exciton absorption4 is responsible for the nar
rower LP linewidth compared to that of the upper polarito
At the same time Whittaker5 proposed a unified picture
where numerical calculations using a microscopic tw
dimensional model were in good agreement with a simp
model describing the polariton to exciton scattering in ter
of an absorption picture. In this model, the polariton lin
width is given by the photon lifetime due to escape throu
the mirrors and by the loss of photons due to absorption
0163-1829/2000/63~3!/035307~5!/$15.00 63 0353
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exciton states. In other words, the photonic fraction of
upper and lower polaritons is resonant with states in the t
of the exciton absorption that are in the weak-coupling
gime and simply act as a source of absorption in the cav
Therefore, in this model the difference between the widths
the two polariton branches is a consequence of the asym
try of the inhomogeneously broadened exciton line sha
with larger absorption on the high-energy side.4 This absorp-
tion model is thus a simplified version of the model of E
et al.,3 but in essence also agrees with the suggestion
Savonaet al.2 that the large width of the upper branch
caused by scattering of polaritons into higher-momentum
citon states. It is emphasized by Whittaker5 that this simple
model is justified because motional narrowing effective
eliminates the contribution to the linewidth due to disord
induced scattering between low-momentum polaritons in
same branch, and the only important contribution is the
lariton to exciton scattering. Thus a very intriguing feature
this absorption model is the prediction that the disorder c
tribution to the polariton linewidth shoulddisappearin struc-
tures with small but finite exciton inhomogeneous broad
ing, when polariton to exciton scattering becomes imposs
because the polariton energies are too far in the tails of
excitonic absorption~see Fig. 3 in Ref. 5!. More precisely,
the disorder contribution to the polariton linewidth shou
disappear, especially in the lower polariton, when the exci
inhomogeneous broadening is much narrower than the R
splitting in the microcavity~weak-disorder limit!. However,
this point was not experimentally verified in these previo
works, also due to the significant exciton inhomogeneo
broadening in the samples investigated. Recent achievem
in growth of high-quality microcavities6,7 now open the pos-
sibility of experimentally verifying this prediction.

In this article we report a detailed investigation of th
polariton linewidths in a series of semiconductor microca
ties with variable exciton inhomogeneous broadening, in
weak-disorder regime. We have used molecular beam
taxy grown GaAs single QW’s embedded in AlGaAs micr
cavities, with three different well widths of 25 nm, 15 nm
and 10 nm. With decreasing well width, the exciton becom
more sensitive to the interface and alloy disorder due to
larger wave function overlap with the interface region. T
©2000 The American Physical Society07-1
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optical properties of bare GaAs/Al0.3Ga0.7As QW’s of the
same nominal thicknesses and grown under similar co
tions are shown in Fig. 1. The excitonic absorption spectr
is deduced from the photoluminescence spectrum, meas
at 20 K at resonant excitation and low intensity, divided
the Boltzmann population factor, assuming an exciton po
lation in thermal equilibrium at the lattice temperature
described in Ref. 8. This procedure is already a good
proximation at 20 K in the samples investigated as we h
experimentally verified by comparison with higher tempe
tures. The corresponding half widths at half maximu
~HWHM’s! of the HH excitonic absorption are indicated. A
the linewidths will be given in the following as HWHM’s. In
order to estimate the exciton inhomogeneous broadening
have compared these linewidths with measurements of
homogeneous broadening by degenerate four-wave mi
~FWM!. Details of the experimental setup can be found
Ref. 9. In the inset, the time-integrated FWM for collinear
polarized pulses is shown versus their relative delay time
K close to the low-density regime (;109 excitons/cm2).
For the 25 nm wide QW~bottom plot! the decay is monoex
ponential and the FWM is a free-polarization decay, indic
ing the absence of disorder probed by the exciton.9 The cor-
responding homogeneous broadening agrees well with
absorption linewidth at 20 K, when we take into accou

FIG. 1. Absorption profile, as deduced from the photolumin
cence spectrum at 20 K corrected by a Boltzmann population fa
for a 25 nm ~bottom!, a 15 nm ~middle!, and a 10 nm~top!
GaAs/Al0.3Ga0.7As single quantum well. In the insets, four-wav
mixing ~FWM! traces at 5 K are given with the corresponding fi
of the homogeneous broadening.
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2.1 meV/K linewidth broadening by acoustic-phono
absorption.9 Thus, the exciton absorption in the 25 nm QW
predominantly homogeneously broadened. In the 15
wide QW~middle plot! signatures of exciton inhomogeneou
broadening appear in the absorption line shape, which
broader and slightly asymmetric.4 The FWM is now a photon
echo with a delayed maximum, and its decay was fitted
proposed by Erlandet al.10 An acoustic-phonon coefficien
of ;2 meV/K was also measured in this QW, resulting in
homogeneous broadening contribution of;80 meV at 20
K. Thus the total linewidth of the 15 nm wide QW is a
interplay of comparable homogeneous and inhomogene
broadenings. Finally, the absorption profile of the 10 nm Q
~top plot! is strongly inhomogeneously broadened, with
negligible contribution due to the homogeneous broaden
as deduced by FWM, and largely asymmetric.

We have recently reported on the optical properties o
microcavity formed by embedding a 25 nm GaAs single Q
inside an AlGaAs l cavity.6,11 An AlAs/Al 0.15Ga0.85As
Bragg reflector of 25~16! periods was grown at the bottom
~top! of the cavity. A special design of the Al0.3Ga0.7As bar-
riers and the spacer layer was shown to be successfu
reducing excess free-carrier densities in the microca
compared to more conventional designs.11 We obtained a
Rabi splitting to linewidth ratio of 19 at 11 K, one of the be
reported until now to our knowledge for single QW micr
cavities. With the same design, we have grown two n
microcavities containing, respectively, a 15 nm and a 10
wide single GaAs QW, which are investigated in this work
comparison with the MC containing the 25 nm QW. Th
energy of the polaritons versus the energy distance betw
the cavity resonance and the bare HH exciton~detuning! is
shown in Fig. 2 for these two microcavities at low tempe
ture ~5 K!. A good fit to the data is obtained by solving
three-coupled-oscillator model including the light-hole~LH!
exciton.11 The coupling to the LH exciton results in the a
pearance of three polariton modes, the lower, middle,
upper polaritons. From the fits we deduced 3.8 meV H
Rabi splitting~2.4 meV LH Rabi splitting! for the MC con-
taining the 15 nm QW, and 4.15 meV HH Rabi splitting~2.8
meV LH Rabi splitting! for the MC containing the 10 nm
QW. Thus, in all the microcavities investigated the HH e
citon inhomogeneous broadening is smaller than one-half
HH Rabi splitting, i.e., the structures are in the wea
disorder regime.5 Note that for smaller well widths the stron
ger quantization of the LH exciton leads to a smaller mixi
of this state in the LP and middle polariton~MP! resonances
around zero detuning.

In the inset, the reflectivity spectrum measured with wh
light near normal incidence (;1°) is shown for both MC’s
at zero detuning. The white-light source was focused on
sample with a spot diameter of 70mm resulting in a small
energy broadening of the cavity mode from the wedge g
dient and the incident wave vector spread.11 The spectra
were detected using a spectrometer and an intensified m
channel analyzer, with a total spectral resolution close t
Lorentzian line shape of 65meV HWHM. It can be seen
from the insets of Fig. 2 that the LP linewidth is narrow

-
r,
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MICROCAVITY POLARITON LINEWIDTHS IN THE . . . PHYSICAL REVIEW B 63 035307
than that of the MP and its value is subaverage, in agreem
with previous observations on the effect of disorder on
polariton linewidths.1

In order to investigate in detail the role of the disorder
the polariton linewidths, we have measured the detuning
pendence of the LP and MP linewidths, as shown in Fig
The measured linewidths, well fitted with Lorentzian pr
files, have been corrected by subtracting the spectral res
tion. The closed squares are the LP linewidths while the o
circles are the MP linewidths. The solid~dotted! lines are the
cavity linewidths, due to the finite transmission of the Bra
mirrors, multiplied by the calculated photonic content in t
lower ~middle! polariton. The cavity linewidth was calcu
lated taking into account the change of the linewidth w
energy position in our specially designed structure with u
form Bragg mirrors and a wedged spacer layer,11 and agrees
well with the measured LP linewidth at large negative det
ings. Uncertainties in the fit of the cavity linewidths are le
than 10%. Comparable LP broadenings are measured at
negative detuning in all the samples, consistent with the
that all the samples have nominally equal Bragg mirror
flectivities. It can be clearly seen from Fig. 3 that close
zero detuning the 15 and 10 nm QW MC’s show a LP lin
width narrower than that of the MP. Moreover, from th
comparison with the calculated photonic part the LP lin
width is subaverage and givenonly by the cavity contribu-
tion. In the 25 nm QW MC, instead, the LP and MP lin
widths are almost equal at zero detuning, and the
linewidth is larger than the cavity linewidth contribution.

In order to give a physical picture of the observed resu

FIG. 2. Polariton energies versus detuning for the 10 nm~upper!
and the 15 nm~lower! GaAs quantum well microcavity at 5 K. Th
solid lines are fits to the data. The insets show the reflectivity sp
trum of the microcavity at zero detuning.
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we have plotted in Fig. 4 the polariton linewidths versus t
distanceEP2EHH of the polariton energy from that of th
HH bare exciton. According to the simple absorption mod
of Whittaker,5 the polariton linewidth is the sum of the cavit
contribution and an excitonic part. This excitonic partge of
the linewidth should be related to the strength of the exci
absorption probed by the polariton resonances. We h
quantitatively performed this comparison. The measured
sorption spectra in Fig. 1 have been scaled in order to re
sent the absorption probability in the QW.12 The area of the
absorption probabilitya(v) in a QW is proportional to the
oscillator strength per unit area13 f:

E a~v!d~\v!5
2p2\e2

nm0c
f ~1!

with the refractive indexn, the electron chargee and mass
m0 , and the speed of lightc. The oscillator strength per uni
area is proportional to the exciton radiative linewidth13

which is related to the Rabi splitting\V in the
microcavity,14 and one gets

f 5
~\V!2n2m0Leff

8pe2\2
~2!

with Leff the effective length in the microcavity due to th
penetration length into the Bragg mirrors. The absorpt
probability is a loss in the cavity that gives rise to a phot

c- FIG. 3. Linewidths versus detuning of the lower~closed
squares! and middle~open circles! polaritons, for the different mi-
crocavity samples as indicated. The solid~dotted! lines are the cal-
culated photonic linewidths of the lower~middle! polaritons.
7-3
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decay ratea(v)c(nLeff)
21 additional to the transmissio

losses from the Bragg mirrors. Thus, finally, the measu
absorption spectrum with an integral over the energy norm
ized to 1,s(v), is related toge by

ge5ucl u2s~v!
p~\V!2

8
~3!

with ucl u2 being the photonic content of the polariton at t
energy\v. This formula is a valid approximation whenucl u2
is not too small; otherwise it predicts that the polariton lin
width tends to zero when the photonic content tends to z
while the true value tends to the exciton linewidth.5

The solid lines in Fig. 4 are the calculated polariton lin
widths gP5ucl u2gc1ge with gc the cavity linewidth ~see
Fig. 3! and ge calculated using Eq.~3! and the absorption
spectra in Fig. 1. For comparison, the isolated cavity lin
width contribution ucl u2gc is plotted as dotted lines. Th
overall quantitative agreement between calculated and m
sured linewidths is quite good foruEP2EHHu.1 meV,

FIG. 4. Measured~symbols! and calculated~lines! polariton
linewidths versus the energy distance of the polariton from the b
HH exciton. The dotted lines are the estimated cavity contributi
in the polariton linewidths.
.
ys

d
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where the absorption model holds, i.e., when the photo
content is not too small and when the polariton energies
resonant with excitonic states far enough in the tail of
absorption to be in the weak-coupling regime.5 In particular,
it appears clearly that when the excitonic absorption pro
is asymmetric the contribution to the polariton linewid
from the excitonic absorption is bigger forEP2EHH.0, i.e.,
for the MP, than forEP2EHH,0, i.e., for the LP, in agree-
ment with the measurements. Moreover, in the LP
disorder-induced broadening isabsentwhen the polariton en-
ergies are far in the tail of the excitonic absorption.

Some small discrepancies between calculation and m
surements are also evidenced. A parameter not under co
in this comparison is the density of excess free carriers in
samples, resulting in trion resonances in the low-energy
of the excitonic absorption. In the upper part of Fig. 4 a trion
resonance;2 meV below the exciton seems to be prese
in the 10 nm bare QW, which is not observed in the mic
cavity sample. The opposite occurs in the 25 nm QW~lower
figure!, where a trion resonance is evidenced in the mic
cavity sample, approximately 1 meV below the HH excito
also in agreement with photoluminescence measurement
this structure,11 while it is less present in the bare QW
sample. Additionally, in the 15 nm and 25 nm QW MC’s, th
MP linewidths appear to be slightly higher~by a few tens of
meV) than the calculated ones in the region where the p
tonic content is not very small. Even if this difference is
the limit of our accuracy, it is reasonable that when t
disorder-induced broadening is very small the MP linewid
are affected by other scattering processes, such as phon
free-carrier interactions, not included in the simple abso
tion model of Whittaker.5 In fact, the observed difference i
on the order of what is calculated from additional homog
neous broadening of the upper polariton due to acoustic p
non scattering,15 which is inhibited in the lower polariton. As
a general comment, note that the polariton linewidths sho
in this work are very small, well below those reported
previous work investigating the role of disorder in cavi
polaritons.3,5 Thus it is not surprising that small features su
as trion/free carriers and phonon effects are affecting
measured linewidths in our samples.

In conclusion, we have shown experimentally that the
fluence of disorder on the polariton linewidth of microcav
ties in the weak-disorder regime can be canceled when
polariton energies are far in the tail of the excitonic abso
tion, in agreement with predictions in the literature.5,2 The
measured linewidths have beenquantitativelycompared with
those estimated from the measured excitonic absorptio
the bare quantum wells, following the simple absorpti
model proposed by Whittaker.5 A generally good agreemen
is found.
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