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Influence of Structural Disorder and Light Coupling on the Excitonic Response
of Semiconductor Microcavities
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The interplay between structural disorder, Coulomb interaction, and light-coupling effects is
investigated for high-quality quantum wells in a semiconductor microcavity. The independently
measured experimental susceptibility of a single quantum well in linear dispersion theory yields
excellent agreement with a series of measured reflectivity spectra for a variety of microcavity and
distributed Bragg structures, showing that the disorder-averaged response of the exciton in its quantum
well determines the optical response. [S0031-9007(98)06153-5]

PACS numbers: 78.66.–w, 68.65.+g, 73.20.Dx
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Static structural disorder on mesoscopic length scales
an unavoidable feature of semiconductor microstructur
Besides the impurities, lattice imperfections, etc., whic
are also present in volume (bulk) crystals, quantum-w
systems additionally exhibit interface imperfections du
to the formation of steps during the layer-by-layer grow
or fluctuations of the composition of neighboring atom
layers. Because of its strongly quantum confineme
dependent energetic properties, the free exciton opti
response is a very sensitive measure of structural disor
properties. A very interesting question in this conte
arises regarding the interplay between structural disord
the attractive Coulomb interaction of the electron-ho
pairs, and the radiative coupling effects on the optic
response of real structures. The microscopic modeling
all these effects in a fully self-consistent theory is on
of the major challenges of current approaches which w
keep theorists busy for some time to come. Howeve
important insights into this complex problem can b
gained already by well-controlled experimental studie
where aspects of the disorder problem are isolated.

Recent studies of Whittakeret al. [1] and Savonaet al.
[2] showed that the excitonic response of semiconduc
microcavities depends very sensitively on structural diso
der [3,4]. Because of the strong nonperturbative ligh
matter interaction, the microcavity reflection spectru
exhibits pronounced normal-mode coupling (NMC), a
first observed by Weisbuchet al. [5]. Measurements of
the energy dependence of the two resulting reflectiv
dips show characteristic modifications of this so-calle
cavity polariton response. Related light-coupling effec
dominate the response of quantum-well Bragg and an
Bragg structures [6–8]. A very fascinating question
this context is whether light-coupling effects are indee
able to modify the influence of structural disorder on th
excitonic quasiparticles within their quantum wells.

In this Letter we present an experimental test usin
extremely high-quality samples to study to interplay b
0031-9007y98y80(21)y4795(4)$15.00
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tween light-coupling and disorder effects. Even thoug
the concept is rather straightforward, the detailed ana
sis requires substantial accuracy and very good sam
characteristics. For this purpose we grew a series
quantum-well structures with and without Bragg mirror
We thenmeasuredthe optical response of all these struc
tures such that we knew the energy dependent reflectiv
of our quantum well (QW) in a high-quality microcav-
ity. Clearly, since this is an experiment, all microscop
effects are included consistently. We then measured
optical response of all these structures that we knew
energy dependent reflectivity of each microcavity contai
ing one or more QW’s. Next, we measured the optic
transmission of our reference QW’s and used these
sults to extract thedisorder averagedexcitonic response.
Using this effectivemeasuredsusceptibility in linear dis-
persion theory (LDT) [5, 9–15], we computed the micro
cavity spectrum and compared it with the experiment
results of the complete microcavity system. If the LD
results are able to reproduce the experimental spectra
the microcavity system, this demonstrates that polariton
effects in the exciton-disorder light coupling are negl
gible in contrast to the claims in Refs. [1] and [2].

LDT constructs the reflectivity and transmission o
light incident on a multilayer structure by working from
the boundary conditions at each interface required
Maxwell’s equations [16]. Such an approach requires
knowledge of the refractive indexn and the absorption
coefficient a or the corresponding optical susceptibility
of each layer. The QW absorption coefficientaQW used
in our LDT is shown in Fig. 1(a). Thee-hh exciton has
a FWHM linewidth of 0.56 meV, and it was measured
with ø0.9 Å bandpasss0.17 meVd on a sample called
DBR13, which consists of 30 QWs. The GAAs barrier
have a thickness such that thely2 Bragg condition occurs
somewhere on the sample. The absorption coefficie
aQW was calculated from experimental transmission da
aQW ­

1
30 L lnsI0yItd, whereL ­ 85 Å is the thickness
© 1998 The American Physical Society 4795
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FIG. 1. (a) Experimental (solid line) and calculated (dashe
line) absorption coefficient as a function of energy. Th
lines are hard to distinguish. (b) Calculated and (c) measu
reflectivity at Bragg resonance (2) and at0.85ly2 spacing (1)
as a function of energy.

of the QW,I0 is the measured incident light intensity, an
It is the measured transmitted light intensity. To avo
pronounced constructive radiative coupling effects, t
measurement was performed for QW spacing of0.85ly2,
i.e., far from the Bragg condition.

In order to test the approach to use the experimen
susceptibility for the optical response of a heterostructu
we use the measured data to compute the correspond
reflection in the Bragg resonance, where the light coupli
leads to a pronounced resonance broadening [Fig. 1(
Figure 1(c) shows the corresponding measured reflec
ity. Note that the linewidth of theRsEd is dramatically
broader at the Braggsly2d spacing which is the linear cw
spectroscopy equivalent of the increased radiative dam
ing rate reported in [7] and related to the splitting seen
[17]. The comparison indicates that the measured refl
tivity spectra are well reproduced, putting the absorptio
measurement in a transfer matrix calculation.

In the next step we now use the extracted susceptibil
to compute the response of our microcavity structure
The solid curves in Figs. 2(a) and 2(b) show LDT
calculations of the linewidths of the two branches for tw
of our own samples, referred to as NMC63 and NMC6
which were grown by molecular beam epitaxy. NMC6
consists of a3ly2 GaAs spacer with two InGaAs QWs
4796
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FIG. 2. Comparison of measured (symbols) and calculat
NMC linewidths (solid line) for samples NMC63 (a) and
NMC65 (b) as a function of the detuning. The inset i
(a) shows the reflexivity spectra as a function of energy f
approximately equal dips.

one at each antinode, and NMC65 contains al GaAs
spacer with one InGaAs QW at the antinode. The QW
are identical to those of DBR13. NMC63 has28y33
sR ­ 99.6d quarter-wave layers of GaAs and AlAs in the
top/bottom mirror, while NMC65 has16y21 sR ­ 95.6d.

Experimental measurements of linewidths were do
with sample cooled to 10 K. Different detunings wer
achieved by scanning the cavity line through resonan
with the almost fixed exciton absorption ine by movin
about 2 mm over the surface of the samples, aw
from the sample growth center. The spectra we
measured in reflectivity in the linear regime by probin
a 30 mm diameter on the sample, with a beam hal
cone angle of4.4±, using a spatially filtered, Gaussian
broadband light-emitting diode (LED) probe centere
at ø850 nm sø1.46 eVd. A small probe spot size and
incident angle is needed in order to minimize averagin
over different detunings in a single measurement. The
flectivity was measured using a 1.25 meter scanning Sp
spectrometer with a0.75 Å sø0.13 meVd bandpass,
and a Hamamatsu R943-02 photomultiplier tube with
lock-in amplifier detection technique. Note in the LDT
calculation of these lines, each reflectivity spectrum w
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calculated by averaging over the set of thicknesses enco
passed by a30 mm spot in order to mimic experimental
conditions. A small amount (0.00038 mm21 for NMC63
and 0.001 mm21 for NMC65) of constant background
absorption was added to all mirror layers and the spac
resulting in bare-cavity FWHM linewidths of 0.5 and
3.7 meV, in agreement with measurements. These do
qualitatively change the results but do improve the agre
ment of measurement and theory. The broadeningdspect
due to the spectrometer bandpass has been taken
account by dplotted ­ sd2

measured 2 d2
spectd1y2. Experi-

mental detuning was calculated bȳhvex 2 h̄vc, where
h̄vc was determined by multiplying the wavelength rat
the cavitylike mode tunes with position when far from th
resonance condition.

The comparisons in Figs. 2(a) and 2(b) show exce
lent agreement of the LDT calculations with the full ex
perimental results. Similar agreements have been fou
with a third sample studied, NMC64, which has the sam
spacer as NMC63, but38y43 top/bottom mirror layers.
Note that NMC63, 64, 65, as well as DBR13 were grow
under the same growth conditions and in rapid successi

To further demonstrate the validity of our approach w
used the same procedure to extract the actual reflectiv

FIG. 3. (a) Comparison of measured and calculated NM
linewidths (stars: lower branch; triangles: upper branch) f
the data of Ref. [1]. The arrow marks the detuning for equ
reflectivity dips. (b) Reconstructed absorption coefficient an
(c) comparisons of the measured (dashed line) reflectivity [
and the calculated one (solid line) for removed top mirrors.
m-

er,

not
e-

into

e
e

l-
-
nd
e

n
on.
e
ity

C
or
al
d
1]

of the QW-embedded microcavity structure of Whittake
et al. [1]. It is shown in Fig. 3(a). In applying LDT to the
data of [1], it was necessary to extractaQW [18], shown
in Fig. 3(b). The resultant extractedaQW , when put into
LDT for their sample with the top mirror etched awa
as well as 5.3% of the spacer, approximately reproduc
their measured reflectivity dip, as shown in Fig. 3(c
The FWHM of the exciton absorption line is 2.65 meV
while the reflectivity dip has a FWHM of 3.1 meV.
Cavity losses are taken into account by introducing
amount of mirror adsorption which results in a FWHM
of the empty cavity line of 1.2 meV. Note that ou
LDT calculations agree with the data even better than t
computations of Savonaet al. [2], which involve in a one-
dimensional microscopic model the scattering of excito
on a QW interface disorder potential leading to a motion
narrowing effect.

In studies of NMC linewidths, surprise has been e
pressed over two observations. The first surprise is that
upper branch linewidthdu is broader than the lower branch
linewidth d,. The second surprise is that on resonanced,

is sometimes less than the mean of the bare QW exci
linewidth dex and the empty cavity linewidthdc, which
would be the result expected for a homogeneously, sy
metrically broadened oscillator. Linear dispersion theo
provides an explanation of both of these puzzles by co
sideration of the bare QW exciton line shape.

The linewidth of the two branches was found to b
very sensitive to small local changes in the exciton
absorption coefficient and refractive index in the imme
diate vicinity of the NMC peaks, denoted bȳhv, and
h̄vu. The absorption line, as can be seen in Figs. 1
and 3(b), is affected by disorder, resulting in an asym
metric line shape with higher absorption on the high e
ergy side. Consequently, equality of the reflection dip
does not occur at the resonance conditionh̄vc ­ h̄vex;
insteadh̄vc . h̄vex is required, so that the exciton tai
absorptions are equal at̄hv, and h̄vu. The linewidths
d, and du are determined mostly by the locally differen
slopes of the QW refractive index, resulting indu . d,

explaining the first surprise. In contrast, at resonance,
smaller low energy tail absorption is the main cause of t
smaller linewidth of the lower branch.

The cases treated here represent three different
tios of exciton/cavity linewidths: (i)dex ¿ dc [realized
in Fig. 3(a)], (ii) dex ø dc [shown in Fig. 2(b)], and
(iii) dex ø dc [the intermediate case which can be see
in Fig. 2(a)]. All three cases can be understood and e
plained by the LDT approach.

(i) The case of dex ¿ dc, where dex is strongly
inhomogeneously broadened, is the most pronounc
example of the second surprise. While we emphasize
importance of line shape asymmetries and spectrally lo
values of the susceptibility, Houdréet al. [19] has shown,
for symmetrically inhomogeneously broadened lines a
an NMC splitting much larger thandex, that linewidths
4797
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ex 1 dcdy2. This is the basic

physics of the second surprise.
The article of Whittakeret al. [1] is unable to explain

du, but argues that motional narrowing applied to the m
crocavity polaritons results in significant motional narrow
ing which is unimportant for the QW alone. They claim
that this is because the polariton effective mass is mu
lighter (ø1025m0 compared with0.1m0) resulting in av-
eraging over a much larger diameter (104 Å instead of
an exciton Bohr radius). Although the effect of the m
crocavity is to bring out particular aspects of the QW
namely, the absorption and refractive index in the imm
diate vicinity of the two peaks, the agreement obtain
by our approach here shows that there are not proper
of the composite system unexpected from the propert
of the QW and the empty microcavity put together se
consistently in LDT.

(ii) The casedex ø dc is realized by our NMC65
sample which has a lower mirror reflectivity. Th
linewidths versus detuning are very symmetric becau
the symmetric cavity oscillator linewidth is largest so th
the exciton asymmetries are unimportant in the crosso
at zero detuning.

(iii) The intermediate case is shown by our NMC6
sample, where cavity and excitonic properties contribu
almost the same. As can be seen, the linewidths
the upper and lower branch are almost constant ove
wide range of detuning because the cavity and excit
linewidths are almost equal; thus the linewidth is almo
independent of their relative contributions. The large i
crease of the FWHM of the upper branch ath̄vc . h̄vex
emphasizes the importance of spectrally local absorpti
at that detuning range the cavity resonance passes
hh-e (2s and continuum) and,h-e 1s exciton resonances.

In conclusion, our analysis shows clearly that for cu
rently available top-quality samples it is an excelle
approximation to assume that the disorder-averaged
citonic response determines the optical properties. Ba
on this insight, it is shown here that the asymmetry in t
bare QW absorption line shape when used in LDT e
plains the two most striking features of NMC linewidths
The linewidth of the lower NMC peak is narrower tha
the upper, and often narrower than the mean of the c
ity and exciton linewidths. For InGaAsyGaAs QWs as
presently grown, the success of LDT seems complete
that there is good agreement for both low and high
concentrations. In general there is no question that
correct approach is to treat disorder, Coulomb interacti
effects, and light propagation on an equal footing, i.e.,
multaneously. However, this is a very difficult problem
whose solution is not required to analyze the properties
currently available structures. It remains for future stu
4798
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ies to unravel the microscopic nature of the disorder an
to see if samples can be grown where LDT fails.
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