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Linewidths in a semiconductor microcavity with variable strength of normal-mode coupling
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The variation of the normal-mode coupling in a semiconductor microcavity is demonstrated by reducing the
cavity quality through stepwise removing top mirror pairs. The dependence of the measured normal-mode
coupling linewidths on the cavity quality is well reproduced by calculations on the basis of a linear dispersion
theory with broadened excitons in a microcavity.@S0163-1829~99!08421-0#
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Semiconductor microcavities are presently a field of gr
interest both due to their applications for vertical-cavity s
face emitting lasers1 and due to their potential for fundamen
tal studies on light-matter coupling.2 The strong interaction
of quantum-well excitons and photons in a microcavity lea
to coupled modes when exciton and cavity resonan
aproach each other. In analogy to the vacuum Rabi-split
of atoms in a cavity, normal-mode coupling of excitons3,4

results in two separate peaks in reflectivity spectra of se
conductor microcavities.2 The energy positions of the tw
peaks exhibit a polariton-like anticrossing behavior as
energetic position of either the exciton resonance or the c
ity resonance is varied. Tuning of the cavity resonance
be achieved for example by spatial variation of the cav
thickness5 and the exciton resonance can be shifted by va
tion of temperature.6 In the narrow-linewidth limit, the split-
ting V between the two peaks is a measure of the strengt
the exciton-photon interaction and depends on the numbe
quantum wellsN in the cavity and the effective cavity thick
ness according toV}AN/Leff.

7

In the past, the linewidths of the normal modes and p
ticularly the influence of disorder on the linewidths ha
attracted a lot of attention.6,8–10There has been a controvers
on whether disorder influences excitons in the stro
coupling regime in a different way than excitons in t
weak-coupling regime. Whittaker and co-workers6 measured
the normal-mode linewidths as a function of detuning b
tween exciton and cavity energy and found that the li
widths around resonance were smaller than intuitively
pected. They explained this observation in terms of a cav
polariton picture. Excitons and photons in a microcav
form new quasiparticles, the cavity polaritons. From the d
persion relation of these polaritons effective masses h
been deduced which are much smaller than those of excit
Their conclusion was that cavity polaritons would be mu
less influenced by disorder than excitons without a microc
ity since the zero-point motion of a lighter particle averag
over a larger disordered region thereby reducing the bro
ening due to disorder. The cavity-polariton linewidths wou
then be smaller than one would expect from a simple co
bination of the exciton and cavity-mode linewidths.6,8 The
effect was called ‘‘motional narrowing.’’

Recently, Ell and co-workers9 claimed that these effect
are not required for the description of normal-mode lin
PRB 590163-1829/99/59~21!/13525~3!/$15.00
t
-

s
s
g

i-

e
v-
n

y
-

of
of

r-

-

-
-
-
-

-
ve
s.

-
s
d-

-

-

widths in present experiments. They obtained very go
agreement of experimental results on different samples w
a linear dispersion theory. The principle of this theoretic
approach is that the susceptibility of the quantum well ex
tons without cavity is determined independently. On the
sis of this susceptibility the light-propagation through t
microcavity with the quantum wells is calculated, e.g., w
the tranfer-matrix technique. Hence the backaction of
cavity on the exciton linewidth itself is neglected where
the light-matter coupling between the exciton and the cav
that leads to normal-mode coupling, is included. The res
of these calculations agree very well with linewidth measu
ments on samples of different qualities where the exci
broadening is either larger or smaller than the width of
cavity mode or comparable to it.9 However, ‘‘motional nar-
rowing’’ was still very recently claimed to play ‘‘an essenti
role in explaining the reduced linewidths close
resonance.’’10

In this contribution, we give further evidence for the fa
that polaritonic effects are not required to explain the norm
mode linewidths even close to resonance. We study
normal-mode linewidth at and around the resonance reg
on one sample with variable normal mode coupling. T
damping of the cavity mode and thus the sample quality
changed by selective removal of a consecutive numbe
top-mirror pairs on the same sample. The variation of
damping of the cavity mode changes the photon lifetime
the cavity from values much longer that the exciton hom
geneous lifetime down to values shorter than the exci
lifetime. The removal of top-mirror pairs also reduces t
effective cavity length and thus the normal mode coupling
the same sample in contrast to the approach of Ell and
workers where different samples were used.9 The experimen-
tal results are compared with calculations from a linear d
persion theory in order to clarify further the role of disord
on the normal-mode linewidths at resonance.

Our structure is a 2l sin-type cavity with 433 strain-
compensated~GaIn!As/Ga~PAs! quantum wells placed in the
antinodes of the electric field in the cavity. The botto
Bragg mirror consists of 15 and the top mirror consists
12.5 pairs of AlAs/GaAsl/4 layers.11 Using selective etch-
ing, we can remove a variable number of top-mirror pa
~TMPs! at different sample positions in order to reduce t
cavity quality. For the experiment, a staircase-like struct
13 525 ©1999 The American Physical Society
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13 526 PRB 59BRIEF REPORTS
is used which is shown schematically in Fig. 1. The cal
lated top-mirror reflectivity changes from 98.98% for 12
TMPs to 66.69% for 2.5 TMPs.

We measure reflectivity spectra of our sample at differ
positions and determine the energetic positions of the
normal modes as a function of temperature. The homoge
ity of our sample is so good that we cannot tune exciton
cavity mode into resonance by a variation of the position
the sample parallel to the stairs. Therefore we tune thro
the dispersion of the modes across the resonance by vari
of temperature.

The temperature dependence of the energy position
the normal modes is shown in Fig. 2 for 11.5 and 2.5 TM
In both cases, an anticrossing behavior is observed wi
minimum distance of the two branches at 75 K, where ex
ton and cavity mode are in resonance. As a result of the la

FIG. 1. Scheme of the sample structure.

FIG. 2. Energy positions of the two normal modes as a funct
of sample temperature for 2.5 top-mirror pairs~top! and for 11.5
top-mirror pairs~bottom!. The insets show the corresponding r
flectivity spectra atT575 K ~resonance!.
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number of quantum wells in our sample, a large norm
mode splitting of 10.42 meV is obtained for 11.5 TMPs. T
splitting is reduced to 6.71 meV for 2.5 TMPs. The variati
of the splitting with the number of TMPs demonstrates th
the partial removal of the top mirror not only varies th
damping of the photon mode~cavity-mode linewidth! but
also changes the exciton-photon interaction considerably

We measure the normal-mode linewidths close to re
nance for different numbers of TMPs, i.e., for various cav
qualities. The measured reflectivity spectra at resonance~75
K! are shown for 11.5 TMPs and 2.5 TMPs as insets in F
2. The temperature-dependent contribution to the stron
inhomogeneously broadened exciton linewidth~6 meV! is
negligible up to 150 K so that the tuning into resonance
increasing the temperature up to 75 K has no influence

n

FIG. 3. Experimental and theoretical normal-mode linewidths
resonance as a function of the number of TMPs. The squares d
the experimental data; the circles show the theoretical data.
solid and the dotted lines are guides to the eye for the experime
and for the theoretical data, respectively.

FIG. 4. Experimental and theoretical normal-mode linewidths
a function of detuning between exciton and cavity resonance
11.5 TMPs~top!, 5.5 TMPs~middle!, and 2.5 TMPs~bottom!.
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our results. Two peaks are resolved at resonance for all n
bers of TMPs, even for 2.5 TMPs normal-mode coupling
clearly visible. The linewidth of the high energy~upper!
branch increases monotoneously from 3 meV for 12.5 TM
to 15 meV for 2.5 TMPs while the linewidth of the lowe
branch increases from 1 meV for 12.5 TMPs to 4 meV
2.5 TMPs. Numerical values for the linewidths are obtain
by a double Lorentzian fit to the measured reflectivity sp
tra. These values are depicted as a function of the numbe
TMPs and in the resonance regime in Fig. 3.

To further analyze the experimental results and to de
mine the validity of the linear dispersion theory, we reco
struct the quantum-well susceptibility. The top and botto
mirrors of the microcavity sample are removed complet
by etching and the absorption spectrum of the remain
quantum wells is measured at different temperatures.
absorption spectra correspond very well to those of a re
ence sample grown under the same conditions but with
Bragg mirrors. The refractive index spectra and the opt
susceptibility are obtained with a Kramers-Kronig transf
mation. The susceptibility is used for a calculation of t
microcavity reflectivity using the transfer-matrix techniqu

The theoretical results obtained from linear dispers
theory are also plotted in Fig. 3 showing that the experim
tal results are very well reproduced. Hence, it is sufficien
use the effective susceptibility that implicitly includes th
on
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disorder effects. It should be pointed out that in contras
previous experiments we vary the strength of the norm
mode coupling on the same sample by almost a factor o
Nevertheless, we still do not find features which cannot
described by the linear dispersion theory. To further confi
this result, we study the linewidths as a function of detun
between exciton and cavity for different numbers of TMP
The corresponding experimental and theoretical data
compared in Fig. 4 for 11.5 TMPs, 5.5 TMPs, and 2.5 TMP
respectively. The experimental values for the detuning
obtained from a fit to the dependence of exciton energy
temperature. Again, the experimental observations are
reproduced by the linear dispersion theory.

In conclusion, we have studied the normal-mode lin
widths on a sample with variable cavity quality and norm
mode coupling. Quantitative agreement is found betwe
measurements and calculations on the basis of a linear
persion theory. Our results confirm that ‘‘motional narrow
ing’’ effects6,8,10do not play an important role in the norma
mode linewidth even at and around resonance and
further confirm the results of Ell and co-workers.9

The authors thank T. Ochs and M. Preis for techni
support and the Deutsche Forschungsgemeinschaft for f
ing within the Sonderforschungsbereich SFB 383, throu
the Heisenberg program~F.J.!, and through the Leibniz
program~S.W.K!.
A.

eis-

d P.

G.
1K. Iga, F. Koyama, and S. Kinoshita, IEEE J. Quantum Electr
24, 1845~1988!.

2C. Weisbuch, M. Nishioka, A. Ishikawa, and Y. Arakawa, Phy
Rev. Lett.69, 3314~1992!.

3Y. Zhu, D.J. Gauthier, S.E. Morin, Q. Wu, H.J. Carmichael, a
T.W. Mossberg, Phys. Rev. Lett.64, 2499~1990!.

4F. Jahnke, M. Kira, S.W. Koch, G. Khitrova, E.K. Lindmark, T.R
Nelson, Jr., D.V. Wick, J.D. Berger, O. Lyngnes, H.M. Gibb
and K. Tai, Phys. Rev. Lett.77, 5257~1996!.

5A. Tredicucci, Y. Chen, V. Pellegrini, M. Bo¨rger, L. Sorba, F.
Beltram, and F. Bassani, Phys. Rev. Lett.75, 3906~1995!.

6D. Whittaker, P. Kinsler, T.A. Fisher, M.S. Skolnick, A. Armit
.

.

age, A.M. Afshar, M.S. Sturge, J.S. Roberts, G. Hill, and M.
Pate, Phys. Rev. Lett.77, 4792~1996!.

7R. Houdre, R.P. Stanley, U. Oesterle, M. Ilegems, and C. W
buch, Phys. Rev. B49, 16 761~1994!.

8V. Savona, C. Piermarocchi, A. Quattropani, F. Tassone, an
Schwendimann, Phys. Rev. Lett.78, 4470~1997!.

9C. Ell, J. Prineas, T.R. Nelson, Jr., S. Park, H.M. Gibbs,
Khitrova, and S.W. Koch, Phys. Rev. Lett.80, 4795~1998!.

10D. Whittaker, Phys. Rev. Lett.80, 4791~1998!.
11C. Ellmers, S. Leu, R. Rettig, M. Hofmann, W.W. Ru¨hle, and W.

Stolz, J. Cryst. Growth195, 630 ~1998!.


