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Room-temperature cavity polaritons in a semiconductor microcavity
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Strong exciton-photon coupling can be achieved in a semiconductor microcavity. In this regime, the
Fabry-Pérot photon mode of the cavity and the exciton electronic mode are no longer the eigenstates of
the system. Both states are strongly coupled and cavity polaritons occur. The splitting of the cavity po-
lariton is also known as vacuum-field Rabi splitting in atomic physics. We observe this regime up to
room temperature. This may have important implications from a device application point of view be-
cause perturbative approaches of the light-matter interaction such as Fermi’s golden rule are no longer
valid. The magnitude of the splitting depends on the exciton oscillator strength and provides an accu-

rate measurement of it.

Electronic confinement in low-dimensional structures
has been widely used to tailor materials for enhanced op-
tical and electronic properties. For complete control of
the emission properties, the continuum of photon states
that normally exists must also be controlled. This can be
achieved by confinement of photons in microcavities' and
photonic band-gap structures.”> On one hand, it is more
difficult to confine photons than electrons because the
equivalent of a potential barrier for electrons is a high-
reflectivity low-absorption material, which does not exist
in the visible or near IR. However, periodic structures
(e.g., distributed Bragg reflectors) can overcome this limi-
tation. On the other hand, it is much easier technologi-
cally to quantize photons in all directions than electrons,
simply because the wavelength of visible and IR photons
is so much greater. A three-dimensional (3D) microcavi-
ty can be more than one order of magnitude greater in all
dimensions than an equivalent quantum box for elec-
trons.

Two regimes for photon-matter interaction can occur
when the number of photon modes is reduced by a micro-
cavity, those of weak and strong coupling. In the first
one, the width of the emission can be much narrower
than in free space and the spontaneous emission rate can
be altered,’ either enhanced or inhibited. The change in
spontaneous emission rate has led to much recent interest
in microcavity structures.*> The strong coupling regime
corresponds to an active medium with atomiclike transi-
tions inside a microcavity so strongly coupled to the pho-
ton modes that the position of its energy levels is altered
by this coupling. In such a regime, the normal perturba-
tive approach of Fermi’s golden rule breaks down.® The
strong coupling regime is well known in atomic physics
and has recently been observed for excitons in a semicon-
ductor microcavity at helium temperatures.’

In this paper we show that the strong coupling regime
can be observed up to room temperature in structures
where the cavity mode is resonant with the heavy-hole
exciton transition. We explain our observations by analo-
gy with atomic systems. As a consequence we can direct-
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ly measure the exciton oscillator strength.

The cavity-quantum-electrodynamics (CQED) treat-
ment of a two-level atomic system resonantly coupled to
a single photon mode predicts that the eigenstates of the
system are no longer the photon- and atomic-oscillator
states, but two mixed symmetric and antisymmetric
states. The energy separation is A,=#Q=gV'1+n
where g is a coupling factor that only depends on the di-
pole matrix element and the cavity volume, and # is the
number of photons in the cavity.® For zero photons, a
splitting still occurs, which can be regarded as coupling
between the atomic oscillator and the vacuum field of the
cavity (i.e., in the absence of a driving field). This effect
was first called vacuum-field Rabi splitting by Sanchez-
Mondragon, Narozhny, and Eberly? as it is related to the
textbook case of intense-field Rabi splitting9 which, in the
present case, is induced by the zero-point field fluctua-
tions in the cavity. If several atomic oscillators are
present, it can be shown'” that the coupling constant in-
creases as the square root of the number N of atoms
8.=olN)=gV'N. If the system is prepared in a pure
atomic-oscillator or photon-oscillator state, it will oscil-
late between these two states at the Rabi frequency Q. In
a classical description, the overall system exhibits an an-
ticrossing behavior when both oscillators are resonant,
with the two split modes corresponding to the normal
modes of the system.” In an atomic-transition language,
one considers the system as undergoing a coherent evolu-
tion with a photon being absorbed by an atom, which
subsequently emits a photon with the same energy and
wave vector k, the photon being reabsorbed, and so on.

The conditions for observation of Rabi splitting ob-
tained from a linear-dispersion model or CQED are the
following. The maximum splitting Q,,, is reached when
both oscillator linewidths are matched. Q,,, is a func-
tion of the electric dipole matrix element of the atomic
transition (d) [or the oscillator strength (f) in a classical
model], the number of atomic oscillators (N), and the
cavity size (¥, ), i.€., the length for a planar cavity or
the volume for a 3D cavity:
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The Rabi frequency must be larger than the damping rate
of both oscillators, i.e., Q> Y caviey 30d Qo > ¥ atom-
The matching condition of both oscillator linewidths
expresses, provided that the conditions for vacuum-field
Rabi splitting are fulfilled, that improving one oscillator
only is deterimental. In other words if the cavity damp-
ing rate is too long (“too high” Q) the system is badly
coupled to the outside world and the exciton-photon par-
ticle decays before being emitted out of the cavity.

A relevant physical parameter that can be used as ex-
perimental evidence of vacuum-field Rabi splitting is ab-
sorption (i.e., the dielectric susceptibility),' neither
reflectivity nor transmission are unambiguous parame-
ters.!! The existence of two split levels in the cavity plus
atom system is evidenced by transitions that can occur at
these energies. Existence of a structure in reflectivity
does not make the distinction between absorption and a
change in the reflectivity-transmission balance.

Vacuum-field Rabi splitting has been a domain of in-
terest in atomic physics for many years. In order to ob-
serve a similar effect in solid, we need the equivalent of
both atomic and photon oscillators in a monolithic semi-
conductor structure. Semiconductor microcavity struc-
tures have very simple 1D implementations: One uses
planar Fabry-Pérot (FP) microcavities where the mirrors
are multiple-quarter-wave stack distributed Bragg
reflectors (DBR’s). It is also well known that sharp,
atomiclike excitations (excitons) do exist in semiconduc-
tors at low temperature. Due to the electron-hole in-
teraction, the oscillator strength of the electron-hole con-
tinuum in the volume of the exciton is concentrated at
the exciton energy, making it equivalent to a two-level
atomic system.!? Quantum-well (QW) excitons will have
the advantages of an increased oscillator strength and an
increased binding energy compared to bulk ones, and it is
also possible to locate them at the exact optical-field an-
tinode positions inside the cavity. It is interesting to re-
call that the equivalent of vacuum-field Rabi oscillations
was proposed long ago in solids. Polaritons are just the
coupled modes of the exciton (acting as a two-level sys-
tem) and the vacuum field. There is no need of a cavity
because of the absorption-emission k selection rule of the
exciton-photon pair (i.e., the exciton can only couple to
one photon mode of the same energy and wave vector).
The term ‘“‘vacuum-field Rabi splitting” has so far been
used for semiconductor microcavities in analogy to atom-
ic physics where this effect was first observed. From a
solid-state physics point of view, where dispersion also
has to be considered, the term ““cavity polariton” is more
appropriate.

A sketch of a semiconductor microcavity is shown in
Fig. 1. The low (high) index material is usually AlAs
(GaAs) where the refractive index is n =2.96 (3.54). For
optical pumping it can be useful to use Al Ga,_,As
(x =10%) instead of GaAs. The alloy is grown as a pseu-
doalloy for molecular-beam-epitaxy (MBE) technical
reasons. The quantum wells are In, [;Ga, g,As and 75 A

BRIEF REPORTS 49

air

§ [ M 4AIGaAs 4 A AlAs

8 | M4AlAs 36 A GaAs

T | M4AlGaAs 4AAIAs EF

%g | 1X15 \\ : 2 g

2 | W/ 4 AlGaAs 3 2
PTYTEE Y yvrealet

_? M 2 GaAs 36 A GaAs

3 M 2 GaAs

- ASNANNNRNNNNRNNNNNNNNNN ( G a AS

& | M2GaAs N 75 A InGaAs 13%
M4 AlAs 100 A GaAs

5 | M4AlGaAs 75 A InGaAs 13%

g | MaAlAs 100 A GaAs

B ix19 75 A InGaAs 13%

8| GaAs

© M 4 AlGaAs

2 [ M4AlAs

GaAs subsrate

FIG. 1. Sketch of a semiconductor microcavity.

thick, allowing experiments in reflection and transmis-
sion. In the design of the quantum well, a compromise
between the limitations induced by the mismatch strain,
the increasing oscillator strength, and inhomogeneous
linewidth broadening when decreasing the thickness has
to be made. In optimizing the structures to achieve a
large splitting, another compromise has to be made with
the fact that ) increases with f but decreases with the
cavity length. In practice all the QW’s cannot be posi-
tioned where the field intensity is maximum. A structure
factor arises from the phase difference between the
different wells and thus ) grows more slowly than the
square root of the oscillator strength. The cavity of the
structures that have been investigated is 3A/2 long (i.e.,
two usable antinode positions) with three QW’s at each
antinode. Fabrication of such structures is not far from
the ultimate performance of MBE systems and finesses as
high as 5000 have been obtained.!* The splitting can then
be studied as a function of the detuning between the FP
mode and the exciton energy by making use of the fine
sample inhomogeneity across the wafer.

Figure 2 shows the cavity-exciton absorption spectrum,
at 77 K, of the structure described in Fig. 1 when both
the FP mode and the QW exciton are at resonance. The
absorption (A) spectrum was deduced from reflectivity
(R) and transmitivity (7)) measurements. Moreover, the
structure was deliberately unbalanced (i.e., the reflectivity
of the back mirror is greater than the top one) so that at
resonance T <<R, then A =1—R —T=1—R. The split-
ting is 8.8 meV. As shown by Zhu et al.,'* a linear-
dispersion model can be used to describe vacuum-field
Rabi splitting. In atomic physics it consists of modeling
the atomic system by a set of classical Lorentz oscillators
and the cavity by the standard Airy description of a FP.
This model can be extended to cavity-polaritons in semi-
conductor microcavities. The DBR-FP is modeled by a
standard transfer matrix method and a 2D exciton is in-
cluded with a Lorentz oscillator dispersive dielectric con-
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FIG. 2. 77-K absorption spectrum. The solid line is a
linear-dispersion-model fit. The oscillator strength per quantum
well is 4.8 X102 cm ™2
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where f is the oscillator strength per unit area, g (m) the
charge (mass) of the electron, L, the QW thickness, e,
the exciton energy, and y the exciton linewidth. The
continuous line in Fig. 2 is a fit, where the fitting parame-
ters are the oscillator strength and the excitonic
linewidth, which is assumed to be the inhomogeneous
linewidth. The high-energy line is broader than the low-
energy one, probably because of coupling to the continu-
um or excited states of the exciton. It should be noted
that the observed Rabi splitting is of the order of or even
bigger than the exciton binding energy. In fact, simula-
tions including coupling to the 2s exciton state show a
large broadening of the high-energy line. A complete fit
was not attempted in this case because of too many free
parameters. Therefore, the comparison to the linear-
dispersion model is satisfactory for the low-energy line
(especially the low-energy tail) and the amplitude of the
line. A linewidth that fits the high-energy line would not
have given the right amplitude and moreover would have
given a low-energy tail above the experimental one. The
inhomogeneous linewidth (2.7 meV) and the oscillator
strength (4.8 X 10'2 cm ™2 per QW) are in good agreement
with the literature.'® It should be noted that this fitting
procedure allows one of the most accurate and reliable
measurements of the oscillator strength of a QW exciton.
Figure 3 shows the absorption spectrum of the same
nominal structure tuned so that the cavity and QW’s are
resonant at room temperature. The splitting is now 4.5
meV. An excellent fit is obtained with the same oscillator
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FIG. 3. 300-K absorption spectrum. The solid line is a
linear-dispersion-model fit. The oscillator strength per quantum
well is 4.8 X102 cm 2,

strength that was measured at 77 K, by adding to the 77-
K inhomogeneous linewidth the homogeneous linewidth
given by LO phonon scattering at 300 K (=~6.5 meV).!¢
No broadening due to continuum effects is observed in
this case because of the smaller Rabi splitting. It should
be emphasized that there are no adjustable parameters in
the theoretical curve.

The observed mode splitting is not simply a filtering
effect of the exciton absorption spectrum. CQED pre-
dicts that there are actually two mixed exciton-photon
states coherently coupled and effects like Rabi oscilla-
tions, photon squeezing, !”'® and dramatic change of the
recombination dynamics (the usual rate equation for
spontaneous and stimulated emission are no longer valid
in such a system) are expected. The energy separation of
these states can be larger than k7T at 77 K and larger than
the inhomogeneous linewidth of the same oscillator in
free space. The association of quantum wells and micro-
cavities produces an optical “hybrid” material, which ex-
hibits a strong optical coupling, i.e., the coherent interac-
tion of light and matter, up to room temperature where
excitonic recombination does not usually occur. This
might well be the “ultimate” optical material. All these
microcavity concepts are just starting to influence the
design of optical and electro-optic devices such as hor-
izontal and vertical-cavity emitting lasers, electro-optic
modulators, and nonlinear optic étalons. They should
lead in the near future to strongly improved device per-
formances.
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