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Exciton-polariton light-semiconductor

coupling effects

H. M. Gibbs™, G. Khitrova' and S. W. Koch?

The integrated absorption of an excitonic resonance is a measure of a semiconductor's coupling to an optical field. The concept of
an exciton-polariton expresses the non-perturbative coupling between the electromagnetic field and the optically induced mat-
ter polarization. Ways to alter this coupling include confining the light in optical cavities and localizing the excitonic wavefunc-
tion in quantum wells and dots, which is illustrated by quantum strong coupling between a single dot and an optical nanocavity.
Positioning quantum wells in periodic or quasiperiodic lattices with spacing close to a half wavelength results in pronounced
modifications to the light transmission. Light-matter coupling can also be used to generate and interrogate an exciton popula-
tion, for example by the recently developed technique of absorbing terahertz radiation.

cinating features that are attributable to their intricate light-

matter coupling properties. The response of a material to
a weak field, known as its linear optical response, is governed by
the transition amplitude of an electron from the valence band to
the conduction band. The missing valence-band electron — the
hole — is a quasiparticle with positive charge that experiences an
attractive Coulomb interaction with the negatively charged con-
duction-band electron. The resulting pair state, commonly referred
to as the (Wannier) exciton, has a binding energy ranging from a
few millielectronvolts to a hundred millielectronvolts, giving rise to
resonances in the optical spectrum that are energetically well below
the fundamental absorption edge (that is, below the bandgap of the
unexcited material). Hence, the linear optical semiconductor prop-
erties are inherently governed by Coulombic interaction effects.

From Maxwell’s equations, we know that an electromagnetic
field interacts with a charge-neutral dielectric medium, such as a
semiconductor, through the optically induced dipoles commonly
described by the material’s polarization. Because the electromag-
netic field and polarization are both characterized by amplitude and
phase, we refer to them as coherent fields, in contrast with optically
incoherent quantities such as light intensity or carrier populations,
which have no phase information. The imaginary part of the polari-
zation determines the optical absorption spectrum, which exhibits
strong excitonic resonances, whereas the real part determines the
optically induced refractive index changes.

In 1958, John Hopfield noted in his groundbreaking paper® that
the fundamental optical absorption process is not a conversion of
photons into excitons but rather a two-stage process with excitons
(we refer to this state as the excitonic polarization) as an interme-
diate step; that is, the electromagnetic field induces an excitonic
polarization that can then be converted into a population by the
interaction processes. Hopfield introduced the term ‘polariton’ to
denote the coupled light and polarization fields that form a mixed-
mode excitation in a semiconductor system.

Because the original analysis by Hopfield focused on bulk semi-
conductor systems, the inclusion of spatial dispersion made it nec-
essary to introduce ‘additional boundary conditions** to match
the single incoming electromagnetic field at the semiconductor-
air interface with the two propagating polariton modes inside the

E ; emiconductors and their nanostructures exhibit many fas-

material. The boundary conditions were introduced in an ad hoc
fashion that allowed for different choices, making this explanation
highly controversial*” until a proper solution was obtained® through
a fully self-consistent space-time-dependent calculation of the prop-
agating fields coupled to the inhomogeneous excitonic polarization.

Polaritons are intrinsically a concept of a linear system, and it was
noted”!'® quite early on that a polariton-based analysis of excitonic
laser processes in bulk semiconductors allows for a simplified mod-
elling of experimentally observed features. Owing to the severely
limited numerical resources of the 1970s, these treatments often
had to resort to poorly controlled approximations, such as the treat-
ment of excitons as interacting Bosons by ignoring the fundamen-
tal Fermionic features of the constituent electrons and holes. Such
simplified models are sometimes used even today and may allow for
interesting insights, although often at the expense of full theoreti-
cal consistency. A systematic treatment of light-matter interaction
effects can be achieved by microscopically describing electron-hole
pair excitations, their many-body interactions and how they couple
to the light field'""". In such an analysis, polariton features appear
automatically through the self-consistent treatment of the light-
matter interaction.

Although Hopfield originally introduced the polariton concept
for bulk semiconductors, it is by no means limited to these structures.
Exciton polaritons are also important for describing the light-matter
coupling in quantum well (QW) lattices and in planar microcavities
containing QWs, as we will discuss in the following sections.

Tailoring the light-matter coupling

Owing to their mixed-mode nature, polariton features can be
manipulated by changing either the excitonic properties or the opti-
cal eigenmodes of the system; ideally one wants to optimize both
simultaneously. High-quality low-dimensional semiconductor sys-
tems are often introduced into dielectrically structured environ-
ments for this purpose.

One of the main reasons for choosing low-dimensional semi-
conductors rather than bulk material is because the excitonic
binding energy — and thus the oscillator strength of the resonance —
increases with decreasing system dimensionality. Whereas an ideal
two-dimensional (2D) exciton is four times as strongly bound as
its 3D counterpart®, the exciton binding in a strictly 1D system is
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Figure 1| MBE and narrow-linewidth excitonic transitions. Using MBE to grow semiconductor layers with almost monolayer precision has resulted in
narrow-linewidth excitonic transitions that enhance the light-matter coupling needed for creating pronounced exciton-polariton effects. a, Transmission
electron microscopy image of four Ing,GagAs QWs separated by GaAs barriers. b, Absorption coefficient per QW for 30 Iny,GagocAs/GaAs QWs
with a 0.56 meV FWHM heavy-hole exciton linewidth. ¢, Reflectivity linewidth as a function of number of QWs, with the Bragg separation (1/2) between
QWs and with the top and bottom of the sample coated in an antireflective layer. The points are experimental linewidths with error bars depicting 10%
uncertainty. The slope of the straight line yields 27 £ 2 peV for the radiative damping rate of a single QW.

infinitely strong'. Because real structures are never truly 1D, no
such divergence exists in nature. Although truly 2D systems also do
not exist, high-quality QW structures based on GaAs-type materials
show quasi-2D behaviour with strongly enhanced exciton effects. In
quasi-0D quantum dot (QD) systems, the full motional quantization
of electrons and holes leads to intrinsically discrete exciton states.

In addition to the enhancement of excitonic effects, low-
dimensional semiconductor nanostructures have the significant
advantage that they can be grown with very high quality using cur-
rent state-of-the-art molecular beam epitaxy (MBE) techniques
(Fig. 1a). Besides the controlled growth of individual structures, the
introduction of passive separation (barrier or buffer) layers allows
for a desired spatial arrangement and/or deposition onto prestruc-
tured material, such as high-quality mirrors (see below).

As always, problems may arise from the presence of undesira-
ble imperfections such as growth inhomogeneities, which can lead
to fluctuations in QW width or QD size. Furthermore, because
binary, ternary or even quaternary material combinations must
be used, a certain level of compositional fluctuation is practically
unavoidable. All these features influence the spectral position and
strength of the excitonic resonances that cause inhomogeneous
broadening effects.

Although inhomogeneous broadening can be minimized by
optimized growth, the interaction processes inherent to electronic
semiconductor excitations are unavoidable. Before analysing these
interactions and their influence on dephasing and exciton popula-
tion formation in more detail, it is important to discuss how the
resonant eigenmodes are tailored by dielectrically structuring the
semiconductor material.

According to Snell’s law, light propagating through the interface
between two media with dielectric constants n, and #, is partially
reflected and partially transmitted. If two or more of such inter-
faces are present, then interference also occurs between the mul-
tiply reflected/transmitted light beams. Constructive interference
can lead to very high reflectivity, for example in a distributed Bragg
reflector (DBR), which consists of alternating materials that each
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have an optical path length (refractive index n times the physical
length) a quarter of the vacuum wavelength A,. Each partial reflec-
tion is in phase, resulting in a total reflectivity that approaches
unity as the number of interfaces becomes very large. Two such
DBRs, separated by a spacer whose thickness is an integer multiple
of half-wavelengths, forms a planar microcavity — a Fabry-Pérot
interferometer with an extension of a few optical wavelengths
(Fig. 2a). The quality factor Q of the cavity is very high because
the reflectivity of a DBR mirror is close to unity, which leads to
strongly enhanced intracavity light fields (Fig. 2b).

The optical periodicity of the DBR allows it to be visualized as a
1D photonic crystal. Both 2D and 3D photonic crystal structures have
also been demonstrated'”'® and studied extensively. Etching periodic
arrays of air holes into a planar semiconductor structure forms a 2D
photonic crystal if the optical path length between the holes equals
half the wavelength. 3D microcavities can be manufactured, using
a half-wavelength-thick slab for vertical confinement through total
internal reflection, simply by leaving out or shrinking the diameter of
one or a few of the holes. Properly adjusting the size and arrangement
of the holes around this defect allows for Q-factors exceeding one
million®. As a consequence, the light-field amplitudes inside these
3D cavities are strongly enhanced over their 1D counterparts.

Utilizing total internal reflection in one, two or three dimen-
sions — with a photonic crystal in the other two, one or zero dimen-
sions — results in either a photonic crystal slab, micropillar and
nanobeam, or microdisk 3D optical cavity, respectively. Except for
the relatively new micropillar and nanobeam arrangement**?, these
cavities are well-reviewed”*. Photonic crystal slab cavities are
emphasized in this Review because they are especially well-suited
to planar integrated photonics. With one or more internal emitters,
cavity design enables both the emission direction and the photon
emission dynamics to be controlled**.

Light-matter coupling in cavities
Placing high-quality QWs or layers of QDs at the antinodes
of the intracavity light field leads to pronounced coupling
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Figure 2 | Comparison between semi-classical normal-mode coupling of a QW in a planar microcavity and quantum vacuum Rabi splitting of a single
QD in a photonic crystal slab nanocavity. a-c, QW planar microcavity vacuum Rabi splitting. a, Schematic of a planar microcavity consisting of two
DBRs and a GaAs spacer layer with two QWs in the cavity-field antinodes. b, Computed position dependence of the cavity field strength u,(z) and

the refractive index n(z). ¢, Observed normal-mode coupling at zero detuning with ten QWs in a 5.51 microcavity with mirrors designed for 99.94%

reflectivity. d-f, Single QD photonic crystal slab nanocavity vacuum Rabi splitting. d, Scanning electron microscopy image of an L3 photonic crystal slab
nanocavity with three missing holes forming the ‘spacer’. The centre of the slab contains a plane of InAs QDs; an atomic force microscopy image of such
a QD without a cap layer is shown on the left. e, Computed positional dependence of the cavity optical field. f, Plot of the photoluminescence peaks
observed using temperature to scan the single QD transition through the cavity mode. Inset shows the photoluminescence spectra over the range 15 K

(top) to 19.5 K (bottom).

effects if the exciton resonance energy coincides with that of a
cavity eigenmode.

A strong matter resonance is needed to achieve such pro-
nounced matter—field coupling, as discussed above. Because oscilla-
tor strength is conserved, a narrower linewidth provides a stronger
resonance. Figure 1b displays the measured absorption coefficient
per QW for InGaAs QWs often used in light coupling experiments,
both in cavities and between multiple QWs**%. The total linewidth
is an order of magnitude larger than the radiative linewidth; this
inhomogeneous broadening exists already in a single QW due to
fluctuations in well thickness as a function of position within the
probe beam. Growing such QWs in the antinodes of the field of
a planar microcavity designed for low-temperature operation (as
shown in Fig. 2a,b) provides strong coupling between the QW
excitonic resonance and the cavity field. Weisbuch et al. were the
first to observe this QW vacuum Rabi splitting, or ‘normal mode
coupling’ as it is often called, emphasizing the analogy to any two
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coupled oscillators®. An example of normal mode coupling with a
large splitting-to-linewidth ratio is shown in Fig. 2c'%. The coupling
of the induced excitonic polarization and the light field leads to
cavity—exciton polaritons?®®. If the microcavity is excited reso-
nantly with a pulse that is short compared with the cavity—exciton
polariton decay time, emission oscillations are seen as the exci-
tation goes back and forth between being light that can leak out
of the cavity and being a material excitation, namely an excitonic
polarization. The linear and nonlinear optical properties of planar
microcavity normal mode coupling are summarized in two sepa-
rate reviews'>*".

Over the past decade, research on normal-mode coupling
microcavities has split into the search for and study of the quantum
regime, and investigations into the many-body coherence. One can
test how far away a system is from the quantum regime by seeing
how many photons it has to absorb before its spectrum changes;
for a typical QW planar microcavity this is around 90 photons per
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Figure 3 | Exciton formation mechanisms for low-energy carriers.

a, Exciton formation through acoustic phonon emission (energy hw,.).

b, Exciton formation through the many-body Coulomb interaction. The
exciton binding energy is transferred to the electron-hole plasma, resulting
in heating. The lengths of the wiggly arrows are proportional to the
thermal velocity.

square micrometre®. Thus, for a typical probe beam of 50 pm diam-
eter, the photon saturation number is almost 200,000; the observed
vacuum Rabi splitting is then analogous to that observed in atomic
experiments with a very large number of atoms'>?. Even in a pho-
tonic crystal slab nanocavity with a mode area of about 0.15 pm?
at a wavelength of 1,200 nm (as shown in Fig. 2d), the saturation
photon number for a QW active medium is about 13. Although this
is likely to be an interesting regime with large statistical fluctuations,
it will not be the true quantum regime, in which the absorption of
a single photon changes everything, as in single-atom vacuum Rabi
splitting®*. The diameter of the semiconductor QW must there-
fore be even smaller than the mode diameter, which requires the
use of a QD.

The photonic crystal approach to the quantum regime involves
etching air holes into planar slab semiconductor structures con-
taining layers of QDs, as depicted in Fig. 2d and described above.
The lifetime (linewidth) of a typical self-organized InAs QD is a
few nanoseconds (a few microelectronvolts)** — much longer than
the photon decay time of 5-10 ps (~100 peV). A 3D cavity polari-
ton mode is formed if a QD is at a position of a high field amplitude
(see the cavity mode profile in Fig. 2e) and its excitonic resonance
coincides with the cavity eigenfrequency. Tuning the relative ener-
gies of the QD and cavity results in an anticrossing of the two
resonances (Fig. 2f)¥. This quantum strong coupling regime was
first seen in a micropillar cavity* containing a larger QD than that
used in ref. 37, with the larger dipole moment compensating for the
larger mode volume, and was later seen in a microdisk cavity using
an interface fluctuation QD of even larger dipole moment®. See
ref. 23 for a comparison of these first three systems, and ref. 40 for
the use of a microsphere.

The typical ratio between the vacuum Rabi splitting due to a
single QD and the linewidth is not much larger than unity (Fig. 2f,
inset). Despite considerable effort to improve this ratio, there have
been few reports of success, and reproducibility is almost nonex-
istent. Nevertheless, several significant demonstrations have been
reported. Photon statistics show that the emission from such a
quantum strong coupling system is antibunched, thus verifying that
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a single QD is responsible for the splitting*"*>. Such a device can
be operated in a photon blockade mode for a probe beam resonant
with the upper transmission peak; when the QD is unexcited, light
is transmitted, and when the QD is excited, the probe is reflected.
Consequently, the transmitted light is antibunched®.

The regime of reduced photon loss will undoubtedly be pursued
by improving fabrication techniques and investigating other material
systems. Improving the ratio of the quantum vacuum Rabi splitting
to the coupled system linewidth would, for example, enable more
definitive demonstrations of single-QD lasing*, higher rungs of the
Jaynes-Cummings ladder® and single-photon switching through
photon blockades®. This large ratio is also required by modalities
that use quantum entanglement to achieve quantum state transfer.
On the other hand, quantum strong coupling is not needed at all for
many applications. The weak coupling regime with a large Purcell
factor can efficiently couple light from an excited QD into the cav-
ity mode and then out into free space or into an optical fibre. This
regime is used to make quantum light sources* such as a photon
turnstile (single photon on demand) or a continuous-wave source
of antibunched light***, sometimes with no Purcell enhancement*.
It is also appropriate for realizing fast several-photon switches*-,
QD lasers™* and many other photonic devices™.

The other main research direction that has grown out of inves-
tigations into normal mode coupling planar microcavities over
the past decade is the search for many-body coherence. The first
research surge involved pumping a normal-mode coupling planar
microcavity at the ‘magic angle) converting two pump photons into
an idler photon and a signal photon (emitted normal to the cavity
and at the lower branch wavelength), which conserves energy and
momentum for the conversion®**. From a practical point of view,
this parametric amplification unfortunately requires a coherent
pump that is stronger in intensity than (and close in wavelength
to) the coherent output beam. For pumping away from the magic
angle, generating either cavity-exciton polaritons resonantly at a
very large angle®®* or carriers above band (which then must form
excitons through a much slower process, as discussed below®’), light
emission with some degree of coherence has been reported at exci-
tation densities an order of magnitude or two below those required
for lasing using electron-hole-plasma gain®’*!. Those authors claim
that cavity-exciton polaritons undergo Bose-Einstein condensa-
tion to the lowest state, which then emits coherent light. Here we
do not analyse such cases theoretically, and given the availability of
long reviews on the subject™**%* we choose not to cover reports of
superfluidity, quantized vortices and Bose-Einstein condensation
of exciton polaritons in planar microcavities.

Light-matter coupling in QW lattices

Strong polaritonic effects can also result from a lattice of many QW's
without a cavity. QW excitonic resonances are especially well-suited
for forming polaritonic systems, for a number of reasons. First, the
QW thickness (~8 nm) is much thinner than half of a typical wave-
length A in the material (A,/2n ~ 115 nm). Thus, the Bragg condi-
tion for maximum reflectivity — that the QWs are A/2 apart so the
fields emitted backwards by the QW polarizations are all in phase
— is easily satisfied. Second, MBE growth is capable of positioning
the QWs at an accuracy much less than the QW thickness (Fig. 1a).
Third, the total linewidth of the excitonic resonance in high-quality
samples is small enough (~0.5 meV) that radiative coupling (polari-
tonic) effects can dominate with a reasonable number N of QWs
(10-100) that can be grown practically by MBE.

It was predicted early on®** that a clear signature of inter-QW
radiative coupling is the system reflectivity linewidth of NI at Bragg
spacing, where I, is the full-width at half-maximum (FWHM) radia-
tive linewidth of a single QW. Typically, I',= 50 peV for a high-quality
In, ,,GayocAs/GaAs QW'>?. This linear dependence on the reflection
linewidth has been demonstrated for N < 100, with peak reflectivities
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exceeding 90% and FWHM linewidths reaching 5 meV — much
larger than the inhomogeneous linewidth (0.5 meV) of a single QW
(Fig. 1c). At Bragg spacing, all the oscillator strength of the N QWs
goes into a single super-radiant mode of linewidth NI, whereas the
other N-1 modes are dark. Correspondingly, in the time domain this
Bragg-spaced coupling results in a very rapid decay of the polariza-
tion, as seen in four-wave mixing experiments®. Although changing
the spacing slightly away from A/2 allows other modes to gain oscil-
lator strength and become bright, these modes lie close in frequency
to the excitonic resonance.

Exciton—-polariton dispersion curves can be measured by tilting
the sample by an angle of 6 and recording how the reflectivity or pho-
toluminescence changes®. Just as for an empty cavity, the energy dis-
persion of the A/2-spaced QWs changes in a 1/cos manner, which
is much faster than the excitonic resonance dispersion. If one wants
to interpret the dispersion curve in terms of an ‘effective mass, the
polariton effective mass is three or four orders of magnitude smaller
than the exciton mass, just as it is for a cavity-exciton polariton.
However, the effective mass concept must be used with some care,
particularly given that the exciton polariton is a mixed mode com-
bining intrinsically massless quasiparticles (photons) with massive
quasiparticles (excitons).

Bragg-spaced periodic QWs are useful for contrasting polari-
tonic and emission properties. When excited non-resonantly,
Bragg-spaced periodic QWs emit very poorly in the forwards and
backwards directions, despite the fact that a resonantly excited
polarization decays very rapidly in these directions®”. Computing
the electric field strength as a function of position throughout
a periodic QW structure shows that the field nodes are centred
on the QWs. Thus, recombination within the QWs couples very
poorly to modes emitting perpendicular to the layers (vertically).
Photoluminescence can occur at tilted angles, as the 1/cosf disper-
sion removes the Bragg condition and the QWs are no longer at
the field nodes. Similarly, vertical emission returns if the separation
between QWs is altered from A/2 (often accomplished experimen-
tally by scanning across a gradient sample).

Note that in a multi-QW semiconductor laser the Fabry-Pérot
resonances of the two Bragg mirrors and spacer can force field anti-
nodes to form at the QW positions. All QWs are therefore optimally
radiatively coupled for vertical emission. Even purely periodic QW's
can simultaneously exhibit both passive dielectric and active exci-
tonic periodic structures, provided the background refractive index
of the QW is sufficiently different from that of the barriers between
the QWs; this additional degree of freedom can be used to further
control the emission properties of periodic QWs®. Alternatively,
coupling a bulk excitonic resonance and a passive dielectric periodic
structure results in two intergap modes, similar to the dispersion
of a doublet of microcavity polaritons, giving rise to slow-light-
enhanced nonlinear propagation and parametric scattering at two
‘magic’ frequencies®.

QW lattices often result in sharp features in the reflection and
transmission spectra that can be exploited for nonlinear opti-
cal switching schemes such as spin-dependent switching””".
Commercial systems always use electro-optic switches because of
their wavelength independence, cost and direct electrical control,
but nonlinear optical switches continue to provide interesting stud-
ies of the underlying physics involved.

Semiconductor layers or QWs can also be positioned to form a
1D quasicrystal that possesses long-range order but lacks periodic-
ity”%. 1D photonic quasicrystals of both passive dielectrics and active
excitonic resonances have so far been studied”. The long-range
order gives a Bragg condition for maximum reflectivity, just as it
does for periodic QWs. As one would expect, the peak reflectivity is
lower and the linewidth is less broad than for an identical number
of periodic QWs. The long-range order is introduced by positioning
the QWs in a specific way. There are several ways of achieving this,
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but the one most studied for excitonic quasicrystals is based on the
Fibonacci sequence.

When Fibonacci-spaced QWSs are excited non-resonantly,
the vertical photoluminescence intensity is unaffected by tuning
through the Bragg condition, which is in sharp contrast with the
deep minimum exhibited by periodic QWs™. This observation is
consistent with the non-periodic spacing of the QWs; it is impossi-
ble for all of the QWs to be at nodes of the field. There are many sim-
ilarities between Fibonacci-spaced QWs at the Bragg condition and
periodic QWs slightly detuned from the Bragg condition, including
sharp features that can be used for switching but disappear due to
excitation dephasing as the carrier density increases”.

Passive dielectric structures have been fabricated into 3D crys-
tals and quasicrystals using direct laser writing”® and interferomet-
ric’”” techniques. By loading such a structure with a dye, optically
pumped lasing was observed that exhibited symmetry properties of
the quasicrystalline host””.

This section has emphasized light-matter coupling effects based
on narrow-linewidth excitonic absorption. Although these effects
are interesting and help us to learn more about the light-mediated
coupling between QWs, they are not likely to result in practical
applications because they are more pronounced at low temperatures
and switching can be performed only when close to the excitonic
resonance.

Interrogation of exciton populations

One approach that helps us to understand how the roles of electrons
and holes contrast with those of exciton populations in highly excited
light-matter systems is to develop a comprehensive many-body the-
ory and compare it with definitive experiments. This approach has
forced a reinterpretation of previous experimental conclusions.

As mentioned above, a resonant light field induces a coherent
polarization at the excitonic eigenfrequency. Even in idealized,
structurally perfect semiconductors, this excitonic polarization
decays over time because of its coupling to the light field. Typical
values for the radiative decay times in high-quality QWs are in the
range of several to many picoseconds. However, at finite lattice tem-
peratures, the polarization may also be destroyed by interactions
with lattice phonons. Furthermore, if the system is excited beyond
the linear regime, many-body interactions among the electron-hole
excitations lead to intrinsic dephasing. This ‘excitation-induced
dephasing’ was first identified as the dominant decay mechanism in
four-wave mixing experiments’ and as the reason for the gradual
saturation of the exciton resonance in high-quality QWs without
loss of oscillator strength”.

The interaction processes may lead to the build-up of an inco-
herent excitonic population; that is, they provide a polarization-to-
population conversion mechanism. However, because excitons are
Coulomb-bound electron-hole pairs, the Fermionic nature of the
constituents does not allow for arbitrarily high bound pair densities.
The Fermi exchange interaction and the density-dependent screen-
ing of the attractive Coulomb potential together lead to a gradual
weakening of the electron-hole binding, eventually causing a transi-
tion to a plasma state of unbound electrons and holes. This effect is
often referred to as the excitonic Mott transition.

Even though excitonic effects are prominent in semiconductor
optics, the unambiguous identification of exciton populations is not
trivial. Because the appearance of a resonance in an absorption or
luminescence spectrum merely demonstrates that the light-matter
interaction is particularly strong at this frequency, the influence of
populations on the interband optical effects is much more subtle. In
fact, one must carefully evaluate how the different populations —
that is, unbound electron-hole pairs and/or exciton populations —
influence the spectra.

Pioneering work in this context was reported by Chatterjee et al.,
who measured and analysed excitonic luminescence after non-
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Figure 4 | Computed time-resolved terahertz spectra after optical
interband excitation. a, Spectral position of the excitation relative to the
exciton resonance. b, The terahertz spectrum at early times corresponds
to a Drude response, which is characteristic for the plasma nature of the
probed electron-hole pairs. ¢, Strong correlations build up on the 100 ps
timescale. d, A clear 1s-2p transition emerges after 1ns, indicating the
formation of incoherent 1s-excitons.

resonant excitation using a microscopic many-body theory*. For
the chosen interband excitation conditions, the induced optical
interband polarization is rapidly converted into incoherent electron
and hole populations. However, for sufficiently low temperatures
and not too high densities, it may be energetically favourable for
the system if some or all of the electrons and holes bind to excitons
(Fig. 3). This exciton-formation process requires Coulomb- and
optical-phonon-assisted carrier relaxation to the low-energy states
of the conduction and valence bands and an interaction with acous-
tic phonons or the plasma to transfer the relatively small exciton
binding energy from the electronic excitations to the lattice. Typical
timescales for these processes are in the femto- to picosecond range
for Coulomb and optical-phonon interactions, and in the nanosec-
ond range for the acoustic-phonon-assisted conversion of unbound
electrons and holes into excitons.

To monitor the appearance of excitonic populations,
Chatterjee et al. performed detailed experimental investigations
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on high-quality QW samples by carefully monitoring the excitonic
photoluminescence spectra and corresponding nonlinear absorp-
tion. Their analysis showed that pure plasma contributions are the
luminescence source for slightly elevated lattice temperatures above
30 K, whereas for low densities and temperatures a contribution of
exciton populations is required to fit the experimental results. These
assignments are supported by time-resolved measurements show-
ing different dynamical evolutions of the excitonic resonance and
the continuum emission if excitons are formed, whereas the full
spectrum shows uniform dynamics for the pure plasma case.

Terahertz spectroscopy is an alternative way of identifying popu-
lations of incoherent excitons. The most pronounced intra-excitonic
terahertz resonance occurs at the energy corresponding to the exci-
ton transition between the 1s and the 2p state®’*2. In general, the
1s-2p peak in absorption can either originate from the coherent
excitonic polarization or the incoherent 1s—exciton population'*®.
Monitoring the appearance of this peak after interband excitation
allows the exciton formation time to be determined. An example
of the computed time-resolved terahertz spectra after non-resonant
optical interband excitation is shown in Fig. 4. The results are in good
qualitative agreement with experimental observations®. Figure 4
shows that the original terahertz spectrum roughly corresponds to
a Drude response, which is characteristic for the plasma nature of
the probed electron-hole pair. At later times — here after around
1 ns — a clear 1s-2p transition emerges, indicating the formation of
incoherent 1s—excitons, which is in good qualitative agreement with
photoluminescence results.

Quantitative optical measurements under resonant excitation
conditions have recently been performed to detect subtle changes in
the optical absorption spectra of QWs®. For the analysis, the optical
response was calculated for more than 100,000 different electronic
many-body states. The detailed comparison between quantitative
experiments and theory shows that the absorptive nonlinearities
depend so sensitively on the many-body configuration that the role
of coherent polarization, exciton and electron-hole plasma contri-
butions can be identified with great confidence. In the incoherent
regime — that is, after the resonantly excited excitonic polariza-
tion has been converted into populations by the many-body inter-
actions — one finds that nearly 100%-bound excitons are formed,
as long as excitation densities are not too high. With increasing
excitation level, the total electron-hole pair density first grows lin-
early as a function of excitation power, and then saturates. This is a
consequence of excitation-dependent saturation of the 1s-exciton
resonance, which strongly reduces the ability of the pump to gen-
erate more carriers. In parallel with this absorption saturation, the
exciton fraction of the total electron-hole pair population decreases
rapidly with increasing density because of induced ionization (the
dynamic excitonic Mott transition). An alternative analysis of
another experiment reaches different quantitative conclusions for
resonant excitation®. However, the analysis is based on the question-
able assumption of quasi-equilibrium between unbound electron—
hole pairs and the excitons in all states, even though it is known that
the optically active exciton states are strongly depleted because of
the highly momentum-selective radiative emission process®”

The complexity of simultaneous multiple interactions in a highly
excited semiconductor coupled to optical field eigenmodes means
that intuition often fails us. Prior to the computations described
above and in refs 88-90, a photon emitted at the exciton resonance
was interpreted as the signature of the decay of one member of the
exciton population. Now we know that an electron and hole in a
plasma can emit directly at the exciton energy by giving their excess
energy and momentum to the other carriers that they are inescap-
ably affecting through the Coulomb interaction (Fig. 3b). More
than a decade ago it was shown that the luminescence from a nor-
mal-mode coupling planar microcavity is double peaked, with both
peaks below the energy of the exciton continuum of the unexcited
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QWs, even though the only excitations included in the theory were
electrons and holes (that is, no exciton populations)®. To under-
stand this finding it helps to distinguish between what causes
the normal-mode splitting (the excitonic resonance in the light-
matter coupling) and what gives rise to the luminescence (either an
electron-hole pair or an exciton). This finding does not seem to be
generally accepted, as two recent examples illustrate. In ref. 91 the
appearance of an excitonic resonance in the luminescence spec-
trum is attributed only to the presence of an exciton population. In
addition, the report®> of a GaAs polariton LED operating near room
temperature states: “the exciton and cavity modes are well-resolved
over the entire temperature range, and exhibit the characteristic
anticrossing behaviour of the strong coupling regime. This shows
that electroluminescence in this intermediate temperature range
arises unambiguously from exciton polariton states in the strong
coupling regime, which is demonstrated for the first time in electri-
cally pumped semiconductor microcavities” However, this report
presents no unambiguous evidence that there are any excitons
present or that exciton polariton states are formed; the same can be
said about refs 93,94. As we have shown in our own work, the source
of the luminescence could just as well be an electron-hole plasma,
whereas the presence of double peaks only requires that most of the
excitonic interband absorption features are still present.

Summary

The narrow exciton linewidths of QWs and QDs achieved by MBE
growth lead to very pronounced light-matter coupling effects. MBE
growth, electron beam lithography and various etching techniques
are able to structure the dielectric environment of the QWs and
QDs, thus defining light confinement eigenmodes. QWs spaced
to produce a 1D photonic crystal or quasicrystal have interesting
reflectivity and photoluminescence properties that are very dif-
ferent from randomly positioned QWs. Cavity eigenmodes close
to an excitonic resonance give rise to cavity—exciton polaritons,
which have been studied extensively in two modalities: with QWs,
in efforts to generate coherent emission well below the threshold
for plasma-gain lasing; and with a single QD, to reach the truly
quantum regime of vacuum Rabi splitting for potential applica-
tions such as low-energy switches and sources of single photons on
demand. To better understand cavity—exciton polaritons, it is also
instructive to study exciton dynamics, in which the QW separa-
tions are chosen to suppress light coupling effects. Neither resonant
nor non-resonant excitation generates a population of excitons
instantaneously; both generate a polarization that scattering proc-
esses can convert into an exciton population or an electron-hole
plasma, the ratio depending on the plasma temperature and the
excitation density. Careful comparison between interband data and
the many-body theory is able to determine the exciton population
fraction, but monitoring the 1s-2p exciton transition with a tera-
hertz probe is much more direct. Particularly promising research
areas for the future are the terahertz probing and manipulation of
exciton populations, cavity—exciton polariton coherent emission
from semiconductors with very large exciton binding energies such
as GaN**® and organics”, and quantum devices based on a single
QD in a near-minimum-volume high-Q nanocavity.
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