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ABSTRACT
We review distinct features arising from the unique nature of
the carrier-phonon coupling in self-assembled semiconductor
quantum dots. Because of the discrete electronic energy struc-
ture, the pure dephasing coupling usually dominates the pho-
non effects, of which two properties are of key importance: The
resonant nature of the dot-phonon coupling, i.e. its non-
monotonic behavior as a function of energy, and the fact that
it is of super-Ohmic type. Phonons do not only act destructively
in quantumdots by introducing dephasing, they also offer new
opportunities, e.g. in state preparation protocols. Apart from
being an interesting model systems for studying fundamental
physical aspects, quantum dot and quantum dot-microcavity
systems are a hotspot for many innovative applications. We
discuss recent developments related to the decisive impact of
phonons on key figures of merit of photonic devices like single
or entangled photon sources under aspects like indistinguish-
ability, purity and brightness. All in all it follows that under-
standing and controlling the carrier-phonon interaction in
semiconductor quantum dots is vital for their usage in quan-
tum information technology.
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1. Introduction

When solids are reduced to the nano-scale, several properties of the system
become fundamentally different than on the macro-scale. Most obviously,
this holds for the electronic energy structure. A semiconductor quantum dot
(QD) is a nano-structure, where a material with a low band gap is embedded
into a material with a higher band gap yielding a three dimensional con-
finement of the carriers and, thus, a discrete energy structure [1–5]. Due to
the discrete energies QDs are often referred to as artificial atoms. Unlike real
atoms, the energies of QDs can be tailored in a wide range by changing their
size and geometry [6] making them attractive for many applications. An
equally important difference to atomic systems is the fact that QDs are
embedded in a solid state environment. In particular, the coupling to the
motion of lattice atoms, that after quantization gives rise to quasi-particles
denoted as phonons, has a profound impact on the physics of QD systems.

In this review, we highlight the distinctive characteristics of the QD-phonon
interaction which differs significantly from carrier-phonon interactions in
extended semiconductors. In fact, in bulk materials or in two-dimensional
semiconductors, like the recently found monolayers of transition metal dichal-
cogenides [7,8], there are usually many possibilities to reach another electric
state from a given initial state by a phonon emission or absorption process that
respects the conservation of energy and momentum on the single particle level.
However, phonon energies do typically not match the discrete electronic
transition energies in QDs. This mismatch of transition energies was expected
to result in a hindrance of relaxation in QDs, which was coined by the term
phonon bottleneck [5,9–12]. Due to the phonon bottleneck, the phonon-
induced coupling between different electronic states can be rather weak in
QDs and a different carrier-phonon coupling mechanism becomes dominant,
at least on short time scales on the order of a few to tens of picoseconds, namely,
pure dephasing processes due to acoustic phonons [13,14]. Here, the phonons
couple to the occupations of QD states rather than to transitions between
different states. As a consequence, in the free time evolution that arises, e.g.
after an excitation of a QD with an ultra-fast laser pulse, such a QD-phonon
coupling can affect only the electronic coherences while the occupations are
conserved. However, it should be noted that, as a result of further interactions,
like, e.g. permanent laser driving or the coupling to photon modes of a cavity,
new electronic states emerge such as laser or cavity-dressed states. While pure
dephasing interactions are unable to induce transitions between the undressed
states, they can lead to relaxations between the dressed states. Examples where
such relaxation processes become important are the phonon induced damping
of Rabi oscillations [15–21], the phonon influence on state preparation schemes
[22–27] or phonon-assisted cavity feeding [28–37]. We will discuss these and
other effects in our review and show that all of them reflect distinctive features
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of the carrier-phonon interaction, examples being a non-resonant coupling
enabled by phonons, asymmetries in the coupling efficiency and non-
Markovian characteristics.

Longitudinal optical (LO) phonons on the other hand can provide
efficient relaxation channels between excited QD states, especially via
multi-phonon transitions [38–41]. An exceptional situation is encountered
when LO phonons happen to have energies close to resonance with
transitions between different discrete excited states of a QD. In this case,
a strong QD-phonon coupling regime with clear anti-crossing behavior is
encountered indicating the emergence of a new quasi-particle. Due to its
exceptional stability it is termed everlasting resonant polaron [42,43].
Further analysis revealed that the polaron lifetime is mainly limited by
the decay of the LO-phonon component via anharmonic phonon-
couplings into two other phonons, where different branches (acoustic or
optical) are possible for the final phonons [44–47].

While QDs are interesting objects for studying the fundamentals of the
carrier-phonon interaction on the nano-scale, they are likewise highly
attractive candidates for applications in quantum information technology.
In particular, QDs could be used as single [48–55] or pair photon sources
[54,56–63] or in quantum networks [64]. Therefore it is also of high
interest to understand the impact of the carrier-phonon interaction on
the properties of the photons emitted from a QD.

The remainder of the paper is organized as follows: We start by briefly
summarizing the basics of the theoretical description of the carrier-phonon
interaction in QDs (Sec. 2) including a discussion of commonly used
approaches to simulate observable quantities (Sec. 2.3). We then review
a few instructive examples of the phonon impact on linear and non-linear
optical signals (Sec. 3) and present theoretical and experimental results
highlighting the resonant nature of the carrier-phonon coupling (Sec. 4).
The distinctive influence of phonons on photonic properties is addressed in
Sec. 5 and we conclude in Sec. 6 with some outlook towards future research.

2. Modelling of the carrier-phonon interaction in quantum dots

2.1. Electronic structure

Due to its discrete energy structure, the electronic degrees of freedom of
a QD can be well approximated by a few-level system as long as the
remaining states are not excited. In a neutral QD, the simplest few-level
system is composed of the ground state jgi at the energy �hωg , where no
excitation took place, and the lowest excited state jxi consisting of one
exciton (electron-hole pair) at the energy �hωx. When the QD is exposed to
laser driving or is embedded in a cavity, these two states are coupled by the
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dipole interaction between the electric field E and the QD polarization P. In
the two-level approximation the Hamiltonian of the system can be written as

HQD ¼ �hωgjgihgj þ �hωxjxihxj � P � E : (1)

Despite its simplicity the two-level model already captures many of the
pertinent physical aspects that are also found in more involved situa-
tions. Therefore, it is often the starting point for the analysis. Since the
two-level model implicitly assumes a selective coupling where the fre-
quencies of the electric field are nearly resonant to the QD transition
frequency, it is common to apply the rotating wave approximation to
the dipole coupling [65]. The electric field can be modeled either by
a classical light field or by quantized photon modes. The former is
a valid description when the QD is driven by a coherent external
laser; a situation encountered, e.g. in state preparation schemes or
when measuring absorption spectra. The latter results in the Jaynes-
Cummings model known from quantum optics [66–68]. This level of
theory is required when considering a QD in a cavity or when studying
photonic properties like the indistinguishability of emitted photons.
Often a diagonalization of the coupled electronic-light Hamiltonian is
advantageous for the interpretation which introduces the dressed state
basis [24], that is, however, time-dependent for pulsed excitation.

A more complete description of a QD has to account for several excitonic
states. Restricting ourselves to the excitation of s-shell excitons, there are four
different configurations of electron and hole spin. From these four single
exciton states two are optically active or bright, while the other two are optically
inactive or dark and, thus, other than optical means are needed for addressing
the latter states [69–71]. In the s-shell manifold also the excitation of two
excitons is possible resulting in the biexciton state, which is used as the starting
point for entangled photon-pair generation. A more detailed discussion of the
states and their optical selection rules can be found, e.g. in Refs [2,5,24,72]. For
small QDs, which are in the strong confinement limit, the restriction to s-shell
excitons holds rather well. For larger QDs or higher shells, state mixing effects
can become important leading to modified selection rules [73].

2.2. Carrier-phonon interaction

Accounting for single exciton and biexciton states in addition to the QD
ground state, the Hamiltonian of the phononic part and the QD-phonon
interaction for a strongly confined QD can be written as

Hph ¼ �h
X
q

ωqb
y
qbq þ �h

X
q;χ

nχjχihχj gqbq þ g�qb
y
q

� �
; (2)
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where byqðbqÞ are the creation (annihilation) operators of a phonon with
wave vector q having the energy �hωq and χ labels the QD states, where nχ
denotes the number of electron-hole pairs contained in a state jχi. The
carrier-phonon coupling is given by the coupling matrix element gq. The
fact, that the phonon-coupling is determined for all states jχi by the same
function gq just scaled by the number of pairs nχ is a consequence of
considering the strong confinement limit where exciton and biexciton
wave functions factorize into products of single-particle wave functions.
Further, we point out that the pure dephasing nature of this coupling
mechanism manifests itself in the coupling term being proportional to
jχihχj and not to transitions between states.

There are several mechanisms of carrier-phonon interaction, among
them the deformation potential coupling, the piezoelectric coupling and
the Fröhlich coupling. For the dephasing, that constitutes the most impor-
tant phonon impact on short time scales, usually the deformation potential
coupling to longitudinal acoustic (LA) phonons dominates [14,15,24,74,75].
Exceptions to this rule occur in particular for GaN-based QDs [76,77] where
the piezoelectric coupling to both longitudinal and transverse acoustic
phonons can become comparable or even stronger than the deformation
potential coupling due to the huge internal fields that build up in these
structures. The Fröhlich coupling is the main interaction mechanism for LO
phonons which, however, do not contribute much to the dephasing [14].
This is due to their weak dispersion as well as to the fact that LO phonons
introduce only fast oscillating off-resonant contributions to the dynamics;
except for special cases where LO phonon energies happen to be close to
transition energies to higher electronic states. For QD states close to the
wetting layer LO phonons may also contribute when additionally carrier-
carrier scattering comes into play [78,79]. We further emphasize, that the
Fröhlich interaction strength depends on the difference between electron
and hole wave function [14]. This difference is rather weak in standard
GaAs-type QDs, hence the influence of LO phonons in these dots is negli-
gible, while for type-II QDs [80] or a QD in an electric field [76] the LO
phonon coupling can become strong [81].

In this review we concentrate on materials with similar lattice properties
for the QD and its surrounding, which applies, in particular, to the widely
studied class of InGaAs/GaAs-type QDs. A cross section of an InGaAs QD
obtained by transmission electronic microscopy (TEM) is shown in
Figure 1 (left) displaying the typical lens-shape of a self-assembled QD.
The scale bar gives the size of the QD with its borders being at a radius of
about 10-20 nm in in-plane direction and a height of 3-7 nm. Note that the
size of the QD in the remainder of this review refers of the width of the
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envelope carrier wave functions in the QD, which is typically smaller by
about one half.

For such QDs the phonons are almost not affected by the QD confine-
ment and can be well described as bulk phonons, i.e. plane wave eigen-
modes that have well defined momenta q and corresponding energies �hωq.
Note that this is different especially for QDs surrounded by a glass matrix
[82–87] or colloidal QDs [88–91], which are often dissolved in liquids and
have a strong dependence of the phonon dispersion on the size and shape
of the dot, or for metallic nano-particles which show vibrational modes of
the whole particle [92].

For bulk phonons, the coupling matrix element gq ¼ GqF q factorizes
into the bulk matrix element Gq and a form factor F q, which can be
calculated within the envelope function formalism from the QD wave
function via a Fourier transform. Due to the form factor, the coupling is
restricted to low q-values, where the dispersion of acoustic phonons can be
approximated by a linear function ωq ¼ csq with cs being the speed of
sound. The explicit form of the coupling matrix elements for different
mechanisms can be found, e.g. in Refs [14,24,76,93].

The coupling efficiency can be well illustrated using the phonon spectral
density defined as JðωÞ ¼ P

q jgqj2δðω� ωqÞ. Examples of calculated and
measured phonon spectral densities are shown in Figure 1. The most
remarkable feature of JðωÞ is its non-monotonic dependence on energy
such that a maximum is found at a finite energy. This maximum is the

Figure 1. Left: Transmission electron microscopy (TEM) picture of a cross section of a single
InGaAs QD. Figure by A. Ludwig and J-M. Chauveau [94]� Nature Publishing Group. Center:
Calculated phonon spectral density for a spherical QD with a size of 3:8 nm and a flat QD with
a lateral size of 5 nm and a height of 1:5 nm. Right: Measured effective phonon spectral
density (dots) fitted by a theoretical calculation. The measurements were taken at T ¼ 10
K. The inset shows the calculated effective phonon spectral density for different temperatures.
The right part is taken from [100]� American Physical Society.

ADVANCES IN PHYSICS: X 723



origin of the resonant nature of the QD phonon coupling. Resonant in this
case means that when the light-dressed states have a splitting corresponding
to this maximum the electron-phonon coupling has its highest efficiency.

We will see and discuss consequences of this non-monotonic behavior
further in Sec. 4. The appearance of the maximum can be understood in
view of the decomposition of the phonon coupling into a bulk matrix
element and a form factor: While for small energies the bulk coupling
matrix element dominates and exhibits for deformation potential coupling
a cubic behavior ,ω3, at high energies the phonon spectral density is
determined by the form factor, which rapidly approaches zero. As a side-
aspect we note that, depending on the parameters, the spectral density can
also have a zero at finite energies [95].

The specific shape of the phonon spectral density depends sensitively on
the actual size of the QD. For a spherical QD [black curve in Figure 1
(center)], the phonon spectral density can be well approximated by
JðωÞ,ω3 expð�ω2=ω2

cÞ with the cut-off frequency ωc [96]. Typical QDs
are lens-shaped rather than spherical [red curve in Figure 1 (center)]. The
phonon spectral density for the flat QD has a larger ω-extension than
found for the spherical QD in Figure 1 because its smallest spatial con-
finement corresponding to its height is smaller than the QD radius in the
spherical case and thus phonons with higher energies are coupled. It
should be noted, however, that since JðωÞ is a single function of a single
real parameter, for any given JðωÞ (no matter whether it has been calcu-
lated for a spherical or a non-spherical QD) it is always possible to find
a spherical QD model that yields the same phonon spectral density [93].
This is an important observation since from the formal representation of
the dynamics within the path-integral formalism [97] it is readily seen that
all phonon influences on the dynamics of the reduced electronic density
matrix for a strongly confined system are mediated by JðωÞ. Therefore, the
electronic dynamics can always be treated in a spherical QD model without
loss of generality. The phonon degrees of freedom, on the other hand,
reflect the QD shape and geometry as well as anisotropies of the QD-
phonon coupling as can be seen, e.g. from the spatio-temporal evolution of
phonon wave packets emitted from QDs [76,98,99].

Figure 1 (right) displays a measured effective phonon spectral density
defined as JeffðωÞ ¼ P

q jgqj2 nqðTÞδðωþ ωqÞ þ ðnqðTÞ þ 1Þδðω� ωqÞ
� �

,

where the occupation of the phonons is taken into account explicitly by
the Bose distribution nqðTÞ [100]. The measurement was performed for
a QD embedded in a photonic crystal cavity, where the phonon spectral
density was extracted by quantifying the phonon-assisted cavity feeding
[100]. The inset in Figure 1 (right) displays calculated JeffðωÞ curves for
different temperatures, which agree well with the measurements. Again we
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see the finite range of the phonon spectral density and its resonant nature.
Since the effective phonon spectral density takes into account the tem-
perature, it reveals the asymmetry between emission and absorption of the
phonons. At low temperatures, the phonon occupations are negligible and,
hence, there are no phonons that could be absorbed. Therefore, only
phonon emission processes take place. Accordingly the effective phonon
spectral density is only non-vanishing for ωq > 0. With increasing tempera-

ture phonon absorption becomes possible and Jeff becomes more and more
symmetric.

2.3. Theoretical approaches

When there is no light-field acting on the system, the QD model intro-
duced in the previous subsections reduces to the independent boson model,
for which analytical solutions exist [101–104]. However, as soon as a light
field is active, in the most general case no analytical solution is known and
approximate or numerical solutions to the coupled QD-light-phonon
problem are employed. Because of their importance for the theory of
quantum dissipative systems in general and their relative simplicity, mod-
els of the here discussed type have become a test-field for approximate
approaches and the development of new methods. Indeed, almost any
many-body technique has been applied in order to evaluate the dynamics
predicted by these models.

In the case of ultra-fast optical excitation, i.e. when the laser pulses can be
approximated by δ-pulses, analytical solutions of the problem can be found
by separating the light field and phonon induced dynamics and employing
a generating function formalism [105–107]. The analytic solution accounts
for both the electronic and phononic degrees of freedom and also allows to
study phonon properties like, e.g. the lattice displacement field and its
fluctuations, which under certain circumstance exhibit phonon-squeezing
[81,108,109]. Furthermore, linear and non-linear optical signals can be
obtained exactly [14,74,110–112]. Recently, analytical results for the absorp-
tion spectrum have been obtained for a two-level system coupled to a single
phonon mode even including quadratic QD-phonon couplings [113].

A popular method for obtaining numerical solutions is provided by the
correlation (or cluster) expansion within the density matrix formalism
[15,17,93,114–119]. Here, equations of motion for variables of interest are
set up, but, due to the many-body character of the carrier-phonon interac-
tion, they are not closed since higher order terms appear (i.e. expectation
values of a larger number of operators for electronic, photonic or phononic
degrees of freedom). The higher order terms are factorized into cumulants
[120] and the correlated parts are used as new dynamic variables, which
yields an infinite hierarchy of coupled equations for correlation functions.
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To truncate these equations, higher order correlations are neglected at some
order. Typically, a rather high accuracy is obtained within the fourth order
Born approximation [116]. The corresponding equations of motion can be
found e.g. in Ref [114]. The approach has been generalized by introducing
a photon-probability cluster expansion to take into account a quantized light
field [115]. A further advantage of the correlation expansion is that it
explicitly takes into account the phonon degrees of freedom and thus
provides directly information about the phonon dynamics [93,118].

The master equation approach is a standard workhorse for treating
quantum dissipative systems [121,122]. Master equations have been derived
for the systems considered in this review on different levels of complexity
[20,123–129]. One approach, which lately has attracted much attention, is
the polaron master equation (PME) [130–132]. In the PME treatment the
coupled QD-light field and the polaron contribution of the carrier-phonon
interaction are taken as system, while the dissipative part of the carrier-
phonon interaction constitutes the bath. The latter is usually treated pertur-
batively. The second order Born-Markov approximation of the QD-phonon
coupling (also known as weak-coupling theory) yields at higher temperatures
unphysical negative values for the exciton occupations [123,132]. This can
be overcome by switching to a polaron-transformed frame [123,132]. The
transformation to the polaron frame need not necessarily be complete but
can be controlled by a variational parameter [20]. A review on the PME
approach can be found in Ref [132]. Recently, an extension to the standard
PME has been developped to improve the accuracy of the method for
systems exposed to a time-dependent drive [133]. Another variant of the
master equation approach is the time-convolutionless (TCL) projection
operator method [121] which has also been applied successfully to describe
effects of the carrier-phonon coupling in QDs [134–139].

Other many-particle techniques that have been applied to the dynamics
and relaxation of QDs coupled to phonons cover Green-functions [140–143],
multi-configuration time-dependent Hartree methods [142], time-dependent
density functional theory [90,144] as well as path-integrals (PI) [97,145,146].
In particular, real-time PI methods have been widely used [21,147–157].With
these methods it is possible to evaluate the reduced electronic density matrix
for QD-phonon systems without approximation to the model. Interestingly,
the PI method performs even better for strong couplings, where perturbative
methods come to their limits [151]. Most of the current calculations rely on
the pioneering work of Makri and Makarov [145,146], where, starting from
Feynman’s exact representation of the time-evolution operator in Hilbert
space [158,159], an iteration scheme for the so called augmented density
matrix (ADM) was introduced that exploits the finite extension of the phonon
induced memory. It turns out, that these ideas can be extended to Liouville
space [156] which allows the natural inclusion of non-Hamiltonian
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contributions to the dynamics like, e.g. Lindblad-type loss-rates, along with
the numerically complete treatment of QD-phonon couplings. Due to the
rapid increase of the numerical demand with the number of system states, PI
based simulations of the QD-phonon dynamics have for a long time been
restricted to systems with at most four states. Recently, however, a laser driven
QD-cavity system with 41 states coupled to a continuum of LA phonons has
been treated in a numerically complete way [37]. This became possible due to
a reformulation of the iteration scheme where now a partially summed ADM
is iterated which in the case considered in Ref [37] reduced the number of
variables that need to be iterated by more than 15 orders of magnitude. The
efficiency of PI calculations can be further boosted by using tensor-network
techniques [157]. PI methods have also been developed for the evaluation of
multi-time correlation functions [160]. This paves the way for overcoming
limitations of the widely used quantum regression theorem resulting from the
fact that this theorem is valid only when all baths introduce a Markovian-type
dynamics [122,161,162].

3. Phonon impact on optical signals

3.1. Linear optical response

The influence of the carrier-phonon interaction is already clearly visible in
the linear absorption or emission spectra of a QD [13,14]. Due to the
discrete energy structure of the QD levels, one would expect to see a sharp
transition line corresponding to the transition energy between the states.
This line is referred to as zero phonon line (ZPL). The ZPL is superimposed
on a broad phononic background. An example of a calculated emission
spectrum is shown in Figure 2 (left) taken from Ref [163]. At low tem-
peratures, the phonon background is visible only at one side of the ZPL,
reflecting the difference in emission and absorption. At higher tempera-
tures, it becomes more symmetric as phonon emission and absorption
processes become more balanced. The phonon background reflects the
phonon spectral density (cf. Figure 1) and has an energy range of a few
tens of meV. Absorption spectra exhibit analogous features [14].

The phonon sidebands in the photoluminescence spectrum of a single
QD have been measured more than 15 years ago [13] and have been
confirmed several times since then [164–167]. More recently, QDs have
been embedded into photonic cavities [53,163,168,169], which have a line-
width smaller than the width of the phonon background. Figure 2 (right)
displays the spectrum of a QD within a cavity (red line) and without a cavity
(black line) [168]. Embedding the QD in a cavity has two essential effects: the
ZPL is broadened due to the Purcell enhancement of the radiative emission
and the phonon sideband emission falling outside the spectrum of the empty
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cavity (blue dashed line) is strongly suppressed. Thus, the cavity effectively
redirects the phonon sideband emission towards the ZPL.

The spectral information can be connected to the temporal behavior
of the linear polarization induced by an ultra-short laser pulse [14]. In
the dynamics of the polarization, a sharp drop within the first few
picoseconds is followed by a long-term decay on a nanosecond time-
scale. The initial loss of coherence is due to the acoustic phonons that
are also responsible for the phonon sidebands. It can be noticeably
reduced by using a multi-pulse coherent control scheme [170]. After
excitation with a single short pulse, the asymptotic of the polarization
obtained for long times when only pure dephasing type couplings to
acoustic phonons are retained is exclusively governed by the behavior of
the dimensionless QD-phonon coupling γq ¼ gq

ωq
in the limit of small q

values (cf. the appendix of Ref [14]). It is important to note, that gq is
the difference between the phonon couplings to electrons and holes. For
piezoelectric coupling cancellations caused by taking the difference lead
to a different small q scaling of gq than that obtained individually for
the electron and hole couplings [14]. For phonons with linear disper-
sion ωq ¼ cs q a small q asymptotic of jγqj2,qλ directly translates into

a power law JðωÞ,ωn with n ¼ λþ 4 for the phonon spectral density.
At finite temperatures, an exponential decay of the polarization is
obtained for n ¼ 1, which is referred as the Ohmic case [121]. For sub-
Ohmic coupling (n< 1) the decay can be even stronger. Deformation
potential coupling yields n ¼ 3 while n ¼ 5 is obtained for piezoelectric
interactions (i.e. super-Ohmic couplings in both cases) indicating that

Figure 2. Left: Calculated normalized emission spectrum from a single QD at different
temperatures. Note the logarithmic scale. Inset: fraction of the intensity in the sidebands.
Taken from Ref [163].� American Physical Society. Right: Calculated spectrum from a QD in
a photonic cavity (red dotted line) and without cavity (black line). The cavity spectrum is
indicated by the blue, dashed line. Note the logarithmic scale. Taken from Ref [168].�

American Physical Society.
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the polarization decays non-exponentially towards a finite value at long
times. This implies that the pure dephasing model for acoustic phonons
provides no contribution to the width of the ZPL.

At low temperatures the ZPL acquires a finite width due to the
radiative decay of the exciton which for a QD takes place on
a nanosecond timescale, i.e. much longer than typical phonon induced
time scales [13,171,172]. Furthermore a noticeable temperature depen-
dence of the ZPL line-width was reported [13,171,172]. Major contribu-
tions to the T-dependence of the ZPL line-width were identified as
resulting from virtual transition into higher confined QD states assisted
by LA phonons [173] and, for larger QDs, also real transitions can play
a role [174]. As pointed out in Ref [175], for realistic self-assembled
QDs both of these mechanisms are insufficient to explain the observed
T-dependence quantitatively. Further broadening mechanisms that have
been discussed involve acoustic phonon interactions with carriers out-
side the QD [176] and the finite lifetime of the phonons interacting
with the QD [175,177]. The most important intrinsic process limiting
the acoustic phonon lifetime is the anharmonic phonon decay [175,178–
180]. Further contributions result from phonon scattering by impurities
and boundaries [175,177] leading to strongly sample dependent decay
rates.

3.2. Non-linear optical signals

The QD-phonon interaction influences also non-linear optical signals like, e.g.
pump-probe [111,119] or four-wave-mixing spectra [74,110,111,167,181–183].
As in the linear case, also non-linear spectra comprise a ZPL superimposed on
a broad acoustic phonon induced background. The background is non-
Lorentzian corresponding to a non-exponential decay in the time-domain.
However, the shape of the phonon sideband now strongly depends on para-
meters like the pulse intensities, the polarizations of the incoming pulses as well
as on the pulse delays. In particular, the dependence on the delays can be used to
monitor the build-up of the acoustic polaron that forms around the QD
position after the optical excitation [111].

Likewise resonance fluorescence spectra comprising a Mollow triplet
exhibit significant phonon induced features [184–189]. For example,
a temperature-dependent decrease in the Mollow triplet side-band splitting
was found, which was attributed to the phonon-renormalization of the
driving frequency [190].

A detailed description of the phonon influence on optical QD spectra
addressing in particular the Non-Markovian effects can be found in the
recent review [191].
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4. Resonant nature of carrier-phonon interaction in optical state
preparation

Optical state preparation schemes are the backbone of the majority of
applications of QDs. However, compared to a discrete energy system
without phonons (like an atom) there are fundamental differences that
one should be aware of when designing an efficient preparation protocol
[24]. In fact, the combined QD phonon dynamics taking place in typical
protocols exhibits a number of rather unusual features most of which are
related to the resonant nature of the QD-phonon coupling discussed in
Sec. 2.2. The phonon influences on the most widely used preparation
schemes are the subject of the following subsections.

4.1. Rabi oscillations and rotations

Probably the best known coherent preparation scheme is the excitation with
a laser having a fixed central frequency equal to the QD transition frequency
resulting in Rabi oscillations [15–17,192–201]. To understand most clearly
how Rabi oscillations are affected by effects resulting from the resonant
nature of the QD-phonon coupling we consider the case of a continuous
excitation switched on instantaneously driving a two-level QD. Without
phonons, such an excitation leads to fully modulated undamped Rabi
oscillations of the exciton occupation described by a pure sine-function.
When coupled to phonons, a damping of the oscillations sets in [15–20] and
the stationary value reached by the occupation at long times approaches 0:5
[118,119,151]. This can be well explained in the dressed state picture, where
the phonon damping corresponds to a relaxation towards a thermal dis-
tribution of the laser-dressed states [119,151,202]. Interestingly, the damp-
ing rate depends strongly on the excitation strength, which determines the
Rabi frequency of the oscillations [149,150,202]. For a certain Rabi fre-
quency a fast damping occurs, while Rabi frequencies above or below this
resonance lead to weaker damping. This behavior is highlighted in Figure 3
(left,top), which shows Rabi oscillations as a function of time for different
excitation strengths quantified by the Rabi frequency ΩR. The strongest
damping can be directly connected to the maximum of the phonon spectral
density (cf. Figure 1) [16,118].

The dynamics of the exciton system can be well monitored using the
Bloch vector defined as u ¼ x; y; zð Þ ¼ 2ReðpÞ;�2ImðpÞ; 2f � 1ð Þ
[202,203] defined by the polarization p and the occupation f . For
a driven two-level system without phonons, the Bloch vector always
moves on the surface of the Bloch sphere and has the length 1. For the
Rabi oscillations it describes a circle going from the south pole correspond-
ing to the ground state j0i to the north pole representing the jxi state.
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With phonons, as shown in Figure 3 (right), the Bloch vector spirals and
ends up on the y-axis corresponding to the steady state given by f ¼ 1=2
and a finite real polarization p [151].

The damping of the Rabi oscillation is accompanied by the emission of
phonon wave packets, which entangles the QD with its environment [204]
and, thus, leads to decoherence [93,109,112,167,205]. The formation of the
phonon wave packets occurs due to the change of the charge density in the
electronic system. When this change happens fast enough, excess energy
due to the formation of a polaron is released in form of a phononic wave
packet [106]. This is illustrated in Figure 3 (left, bottom) where wave
packets at a sphere outside the QD generated by a cw-excitation switched
on instantaneously at time t ¼ 0 are shown [118]. The amplitude of the
wave packets nicely reflects the Rabi oscillations. However, for very large
Rabi frequencies, only a single wave packet, which stems from the switch-
on process, is emitted, while further wave packet emission is suppressed.
Here, the Rabi frequency is well outside the range of the phonon spectral
density (cf. Figure 1) and, hence, this is a regime, where the electron and
the phonon system are decoupled.

Experimentally it is easier to monitor the final exciton occupation after
a short pulse excitation as a function of the pulse area than to record the
Rabi oscillations in the time domain. Again an oscillatory behavior
emerges, which we denote as Rabi rotations in order to distinguish it
from the time domain oscillations. In Figure 3 (left, top) Rabi rotations
for a rectangular pulse of length τ are found as a vertical cut at t ¼ τ.
When going from bottom to top for t ¼ 20 ps one starts with unhindered
Rabi rotations, followed by a strong damping and then the amplitude of
the Rabi rotations again gains in strength. This phenomenon is called

Figure 3. Top: Exciton occupation in a two-level QD coupled to phonons as a function of time
and excitation strength for a continuous excitation with the Rabi frequency ΩR switched on
instantaneously at t ¼ 0. Bottom: Normalized phonon displacement ~u at a sphere outside the
QD. The dashed lines mark the resonance with the maximum of the phonon spectral density.
Results adopted from [118] � IOP Publishing. Right: Dynamics of the Bloch vector on the
Bloch sphere for the phonon-damped Rabi oscillations.
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reappearance of Rabi rotations and was predicted more than ten years ago
[149,150]. It should be noted that the reappearance is also visible for
Gaussian pulses, but there it is less pronounced, because Gaussian pulses
contain a spectrum of Rabi frequencies [21]. In most experiments smooth
pulses are used and indeed Rabi rotations have been measured up to
a pulse area of 12π and clear signs of the phonon damping are visible
[19,75]. Although these measurements are in very good agreement with
theory, no clear evidence for the reappearance has been found, indicating
that the regime of dynamical decoupling of a QD and phonons is hard to
reach in Rabi scenarios.

4.2. Adiabatic rapid passage

A different method for state preparation is the excitation with chirped
laser pulses via the adiabatic rapid passage (ARP) effect [65,207–209]. In
a two-level system without phonons, the ARP results in a population
inversion which is robust against variations in pulse strength, chirp rate
or detuning. The ARP scheme can be used to produce single photons
with high indistinguishability [190]. Like for the Rabi rotations, phonons
lead to a damping of the ARP effect, but again only for a certain
parameter range. At low temperatures, where phonon absorption is
suppressed, phonons are only effective for one sign of the chirp, which
can be well understood in the dressed state picture [117,138,210,211]. For
negative chirp the system is guided along the upper dressed state branch
and phonon emission leads to a relaxation towards the lower branch. In
contrast, for positive chirp the guidance is along the lower branch, such
that phonon induced transitions would require phonon absorption which
is, however, inhibited at low temperatures. This asymmetry has been
confirmed in several experiments [206,212]. One example for the excita-
tion with chirped pulses is shown in Figure 4 where fluorescence mea-
surements reflecting the exciton occupation after a chirped laser pulse are
compared with theoretical predictions. The black curve, which corre-
sponds to almost zero chirp, displays Rabi rotations. The red lines
correspond to excitations with positive chirp where a robust population
inversion builds up due to the ARP effect as soon as the adiabatic
threshold has been overcome. Phonons do not impede this process.
The blue curves are results for an excitation with negative chirp. Here
the phonons hinder the population inversion and a strong reduction of
the ARP effect is visible.

Interestingly, the reduction in Figure 4 exhibits a clear maximum for
a pulse area around 3π, while for pulse areas higher than 10π practically no
reduction is observed and the curves for positive and negative chirp
coincide. Indeed, this proves that at high pulse areas a regime is entered,
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where electrons and phonons are decoupled exploiting the resonant nature
of the carrier-phonon interaction [206]. In this regime the QD dynamics
proceeds as if no phonons were present. Because in the ARP effect always
a finite splitting between the dressed states exist, it is much easier to enter
the decoupling regime than with Rabi rotations, which always scan
through all frequencies [93]. Note, that in the decoupling regime, a state
preparation which is stable also for elevated temperatures should be
possible.

The ARP method can also be applied to prepare the biexciton state in
a QD [213–215] where combined carrier-phonon dynamics exhibit similar
features like the chirp asymmetry or the dynamic decoupling.

4.3. Phonon-assisted preparation

A pumping directly into the phonon side band can also result in high
exciton (or biexciton) occupations [23,25–27,216], which would be impos-
sible without phonons. When a two-level QD is excited with a pulse with
a positive detuning from the excitonic transition energy, phonon emission
leads to a relaxation into a thermal mixture of the laser-dressed states such
that at low temperatures essentially only the lower dressed state is occupied
[151]. When driving with a cw laser the exciton occupation at long times is
therefore determined by the exciton content of the lower dressed state. The
latter approaches one only in the limit of vanishing laser intensity where,

Figure 4. (a) Experimentally measured fluorescence and (b) theoretically calculated occupa-
tion corresponding to the excited state of a QD driven by a chirped laser pulse with different
chirp rates as indicated. Taken from [206]� American Physical Society.
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however, the phonon induced relaxation slows down since the phonon
coupling between the dressed states is proportional to the exciton content
of both dressed states. Thus, with cw driving a perfect phonon-assisted
preparation of the exciton is approached asymptotically only at the price of
an infinite preparation time [202].

Fortunately, for pulsed excitations, e.g. with Gaussian pulses, a fast
phonon-assisted preparation on the timescale of ,10 picoseconds is
possible with high fidelity [23,202]. This can be understood by noting
that the off-resonant preparation process is actually composed of two
separate steps [202]. In a first step phonons lead to a relaxation between
laser-dressed states. This is most efficient when the Rabi frequency is
tuned to the resonance of the phonon spectral density (cf. Figure 1) and
both the initial and the final dressed state have equally large exciton
components. The latter condition is always met for strong driving of
a two-level system, since for Rabi frequencies much larger than the
detuning the probability for being in the exciton state becomes equal
for both dressed states and approaches 1/2 (cf., e.g. Equations (9) and
(10) in Ref [217].). When the relaxation is completed, the exciton occu-
pation is only about 50% in this scenario since both dressed states have
similar exciton components. High exciton occupations are reached in
a second step by smoothly switching off the driving laser, which removes
the dressing and for positive detuning guides the system adiabatically
towards the exciton state [202]. The dynamics of the Bloch vector for the

Figure 5. Left: Phonon-assisted state preparation using two-photon excitation (TPE) for
different laser detunings and two excitation strength 1π and 7π. Dots are experimental
data, while the solid lines are fits. Taken from [218] under a Creative Commons Attribution.
Right: Dynamics of the Bloch vector for phonon-assisted state preparation with (a,b) dynamics
of the Bloch sphere and (c,d) length of the Bloch vector for excitation with a Gaussian pulse
(a,c) and with a rectangular pulse with either a smooth switch on (blue) or off (red) (b,d).
Taken from [202] � American Physical Society.
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phonon-assisted state preparation is shown in Figure 5 (right, top) [202].
For the excitation with a Gaussian pulse [see (a,c)] it is interesting to
note that the Bloch vector moves through the center of the Bloch sphere,
thus, experiences a complete loss and subsequent reappearance of coher-
ence. The two-step character of the preparation is seen best when con-
sidering a rectangular pulse with a smoothed edge [see in particular the
red curves in (b,d)]. The phonon relaxation in the first step is clearly
visible by the spiralling behavior [cf. also Figure 3 (right)] and in
the second step during the adiabatic undressing the Bloch vector moves
into the north pole of the Bloch sphere.

High fidelity phonon-assisted exciton and biexciton preparation has
been demonstrated experimentally in Refs [25,26,218] while selecting the
ground state as target can be used for an ultra-fast reset of a QD to its
ground state independent of the initial QD occupation [219,220]. Off-
resonant phonon-assisted preparation is robust against variations in the
pulse intensity or detuning and has the advantage that the exciting laser
frequencies are spectrally separated from the QD emission. Unlike other
schemes it works better for stronger QD-phonon coupling since it makes
active use of the interaction with phonons.

An example for phonon-assisted state preparation is shown in Figure 5
(left), where the QD population is shown as a function of the laser
detuning from the two-photon resonance of the ground to biexciton
transition for π and 7π pulses. For the π pulse the phonon-induced
relaxation between dressed states is rather weak, most likely because the
corresponding Rabi frequency is far away from the resonance of the
phonon spectral density. As a result, a steep drop of the population is
found when the laser is detuned from resonance. In contrast for a 7π pulse
a wide plateau is observed, because here phonon-assisted processes become
efficient enabling a state preparation for detuned excitations. Even though
the state preparation actively uses phonons, no degradation of the quality
of subsequently emitted photons in terms of two-photon entanglement and
indistinguishability was found [218], indicating that the time-jitter intro-
duced by phonons is of minor importance. A similar result was reported in
Ref [26] for the coherence of photons emitted after a phonon-assisted
preparation of the biexciton.

The fact, that for the phonon-assisted preparation the resulting popula-
tion is only weakly affected when the detuning is varied within the range
set by the width of the phonon-spectral density (cf. Figure 5) has impor-
tant practical implications. As demonstrated in Ref [218] it becomes
possible to prepare simultaneously two or more QDs in excited states
and thus trigger a correlated photon emission from remote QDs. The
latter is important for making quantum-information processing protocols
scalable.

ADVANCES IN PHYSICS: X 735



5. Impact of carrier-phonon interaction on photonic properties

Among the most attractive aspects of QDs are certainly their ability to
manipulate properties of photons that interact with them and the possibi-
lities to prepare non-classical photon states such as, e.g. single-photon Fock
states or entangled photon pairs. Fock as well as entangled photon states are
integral ingredients of innovative developments [221], e.g. in quantum
cryptography [222,223], quantum information processing [224–226] and
photonics [227]. Furthermore, embedding a QD in a cavity it becomes
possible to enter the strong coupling regime, where the quantum states of
the QD and the cavity photons are tied together in coherent superpositions.
The impact of phonons on these aspects is manifold and pronounced as
illustrated by the following examples.

For QD-cavity systems the occurrence of vacuum Rabi oscillations
[228–230] and collapse and revival phenomena [231,232] indicate the
realization of cavity-QED in the solid state in the strong coupling regime.
Phonons coupled to strongly confined QDs lead to a reduction of the
vacuum Rabi frequency with rising temperature [154,233,234]. However,
even at appreciable temperatures typically no phonon-induced transition
from the strong to the weak-coupling regime is found [233,235]. More
precisely, if phonon-induced pure dephasing were the only dephasing
mechanism vacuum Rabi oscillations should be observed at arbitrarily
low QD-cavity couplings λ [154] since by lowering the coupling also the
phonon-induced dephasing is reduced. This prevents the system from
entering the weak coupling regime where dephasing destroys the coherent
energy exchange between QD and cavity. Other relaxation mechanisms,
such as those responsible for the broadening of the ZPL, introduce a finite
λ value where a transition from strong to weak coupling takes place. The
phonon impact on this critical λ value manifests itself in a pronounced
dependence on the temperature [154]. For less confined larger QDs
a temperature dependent change of the wave function extension of the
state from which the emission takes place results in an effectively tempera-
ture dependent strength of the dipole coupling, which can overcompensate
the reduction of the vacuum Rabi frequency [236].

Another typical strong-coupling feature is the occurence of collapse and
revival phenomena [68,237,238]. It turns out that already at zero tempera-
ture phonons significantly reduce the amplitude of the revivals [231]. Most
remarkable, when increasing the QD-cavity coupling within the range that
is typical for current strong-coupling experiments, the revival amplitude
counter-intuitively drops with rising coupling strength [231]. Only at very
high couplings this trend reverses. Actually, this behavior is another
manifestation of the resonant nature of the QD-phonon coupling and
can be understood by recalling that the effective phonon-induced damping
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depends non-monotonically on the driving strength [150], which in a QD-
cavity system is represented by the QD-cavity coupling. Interestingly, in
certain parameter regimes, phonons can have a stabilizing effect on the
revivals by inhibiting the irregular dynamics that is typical in particular for
the atomic Jaynes-Cummings dynamics at low mean photon numbers
[232]. Indeed, it has been predicted on the basis of the Jaynes-
Cummings model including phonons that even at T = 50 K a sequence
of clear revivals can be observed at times where simulations without
phonons exhibit a highly irregular time evolution [232].

Much interest has been raised by measurements demonstrating a non-
resonant QD-cavity coupling [28,35,36,239–246] of a cavity to an
embedded QD, enabling, e.g. to feed photons in a cavity by driving the
detuned QD [30]. Photons emitted at frequencies corresponding to the QD
and the cavity resonance turn out to be antibunched and anticorrelated
[28,36,239,240]. Off-resonant cavity feeding is particularly attractive for
applications, since it allows for monitoring the QD dynamics by spectro-
scopy at the cavity resonance as well as for background free observations of
photons emitted from the cavity [28,184,244].

Theoretical studies revealed that phonons provide an efficient coupling
mechanism between a QD and a detuned cavity as long as the detuning is
not larger than the width of the phonon side-band (i.e. a few meV) [29–
34]. Non-resonant QD-cavity coupling has, however, been observed even
for detunings of several tens of meV, where the phonon mediated coupling
becomes neglibible. Here, shake-up processes in charged QDs [241] and
quasicontinuum excitonic transitions involving multi-exciton states
[36,246,247] have been discussed as possible origin of the observed effects.

The usability of QDs as single-photon sources has been demonstrated by
many groups [48,51,190,248–253] and even triggered as well as determi-
nistic and robust modes of operation of such devices have been reported.
Important figures of merit typically used to characterize a single-photon
emitter are: the purity, the brightness, the efficiency and the indistinguish-
ability. The purity measures how close a given source comes to the ideal
case of releasing exactly one photon in a given emission cycle. It can be
determined in coincidence measurements of Hanbury Brown-Twiss type
[254], which are related to the conditional probability to detect a second
photon when a first one has already been recorded. In this sense purity
refers to the suppression of multi-photon emission events. The photon
extraction efficiency, which we here refer to as brightness, reflects the
average number of photons per excitation pulse extracted from the source
[49] while the spontaneous emission (SE) coupling efficiency (also referred
to as β-factor) represents the fraction of light emitted into a desired mode,
which is most often a cavity mode due to its strong spatial directionality
[255]. The indistinguishability quantifies whether or not photons
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generated in different excitation cycles are identical. To this end one
exploits the fact that when two identical photons arrive simultaneously
on the two input channels of a lossless balanced 50:50 beam-splitter,
behind the beam splitter the two photons can only be found together in
the same output channel while no photons are detected in the other output
channel. Of course, which of the two output channels contains the two
photons is random and both channels have equal probability. This so
called Hong-Ou-Mandel-effect can be monitored by two-photon interfer-
ence (TPI) measurements [256] and the TPI visibility (corrected by the
residual multiphoton probability) is a common measure for the indistin-
guishability [51]. The theoretical description of the indistinguishability
requires the evaluation of second order two-time photon correlation func-
tions [224,255].

5.1. Indistinguishability

In Ref [257] TPI measurements have been performed on photons emitted
from a single InGaAs QD. Figure 6(a–c) show TPI coincidence histograms
obtained from photons emitted after excitations with a delay δt ¼ 2 ns for
three temperatures T while Figure 6(d) displays the TPI visibility as
a function of T. The Hong-Ou-Mandel-effect for ideally identical photons
should manifest itself by a vanishing coincidence when the two-photons
are not delayed [τ ¼ 0 in Figure 6(a–c)]. Indeed, the counting rate is close
to zero at τ ¼ 0 and low temperatures. For higher temperatures it

Figure 6. Impact of the temperature on the two-photon interference (TPI) visibility. (a)-(c) TPI
histograms for co-polarized configuration at 10, 25, and 35 K and corresponding fits (red solid
curves). (d) Experimentally obtained TPI visibilities for various temperatures together with
theoretical results accounting for two stochastic forces. Taken from Ref [257].� American
Physical Society.
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gradually rises indicating a decrease in indistinguishability. Figure 6(d)
reveals, that the TPI visibility and thus the indistinguishability falls to zero
for temperatures above 40 K. The experimental data in Figure 6(d) has
been analyzed by a phenomenological model accounting for two types of
stochastic forces representing Gaussian random variables. One force is
modeled as white noise and attributed to phonons. The other force is
represented as colored noise exhibiting a finite correlation time τc. Charge
fluctuations have been discussed as possible origin of the colored noise
contribution. In this model the TPI visibility is given by:

Vðδt; τc;TÞ ¼ Γ

Γ00ð1� e�ðδt=τcÞ2Þ þ γðTÞ þ Γ
; (3)

where Γ00ð1� e�ðδt=τcÞ2Þ stems from the colored noise stochastic force,
γðTÞ is the white noise contribution, while Γ represents the radiative
decay rate and δt is the temporal separation between excitations of the
QD. Assuming γðTÞ to arise from the interaction with phonons one
expects a proportionality to the square of the mean phonon number
[122], i.e. γðTÞ ¼ γ0 �nðTÞð Þ2. In Ref [257] �nðTÞ has been parameterized as

�nðTÞ ¼ ½expðα=TÞ � 1��1. Using γ0 and α as fitting parameters a very
good agreement with the experimental results in Figure 6(d) is obtained
corroborating the assignment that the reduction of the TPI visibility is
indeed due to the interaction with phonons. Thus, phonons completely
destroy the indistinguishability of subsequently emitted single photons
from a QD when the temperature is above 40 K.

Theoretical studies [255,258] of the phonon impact on the indistin-
guishability and the efficiency in QD-cavity systems have found pro-
nounced non-Markovian effects. Indeed, comparing results of an exact
diagonalization in a strongly reduced phonon state space with a Lindblad-
rate treatment as well as with calculations based on a second order time-
convolutionless approach revealed strong quantitative and qualitative
deviations between exact and approximate results. For example, the
Lindblad theory turned out to be unable to capture pronounced asymme-
tries of the indistinguishability as a function of the detuning between cavity
and QD transition frequencies [258], which reflects the asymmetry
between phonon absorption and emission.

The crucial influence of phonons on these key figures of merit was further
revealed by demonstrating [259] that a cavity-based source cannot simulta-
neously reach close to unity efficiency and indistinguishability by increasing
the cavity Q factor or the QD-cavity coupling strength. The latter was
expected on the basis of simple rate models. For explaining this effect it was
argued that a QD emits not only in the ZPL but also in phonon sidebands.
Due to the different emission frequencies, the emitted photons become more
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distinguishable the broader the sideband is. Recalling that a cavity effectively
redirects the phonon sideband emission towards the ZPL [cf. Figure 2 (right)]
an increase in indistinguishability would be expected. A closer look, however,
reveals that the cavity can be considered to act as a filter, removing the
phonon-sidebands when the cavity losses are low. The lowering of the SE
coupling efficiency caused by the filtering is counter-acted by the Purcell-
enhancement of the emission in the zero photon line. All together we are
facing a competition of counteracting influences that makes it impossible to
reach near unity values of the indistinguishability and the efficiency simulta-
neously. Recently, it has been shown [133] that accounting for aspects asso-
ciated with pulsed excitation that can limit simultaneously efficiency and
indistinguishability, such as excitation of multiple excitons, multi-photons,
and pump-induced dephasing, leads to a further degradation of the source
figures of merit which is comparable to the effects caused by phonons. On the
other hand, phonons can also have beneficial effects. In particular, a single-
photon source with a brightness exceeding 50% has been realized in QD-
cavity systems even for QD transition frequencies not matching the cavity
frequency [260]. This is possible as long as the QD-cavity detuning is within
the range of the phonon sideband since in this case a Purcell enhancement of
the emission can take place for phonon-assisted transitions.

5.2. Purity

For practical purposes it is highly desirable to spectrally separate the frequen-
cies of the signal photons from those of the exciting laser pulses to facilitate the
monitoring of the signal. To this end one can pump higher energetic dot states
and detect photons emitted after a relaxation to lower energetic states. The
incoherent nature of the relaxation to the lower state, however, leads to
significant uncertainties of the emission times (known as time-jitter) and
thus to a loss of control over the emission. Ultra-high purities of photons
spectrally separated from the driving laser have been reported using resonant
two-photon excitation of the biexciton [261], where, however, the use of
a resonant scheme introduces an often unwanted sensitivity on the pulse
area and the laser frequency. An alternative is provided by the off-resonant
phonon-assisted preparation schemes discussed in Sec. 4.3, which avoid
occupations of higher energetic QD states and due to their robustness against
variations of pulse area and central laser frequency even allow for scalable
preparations of spatially separated QDs emitting coherently [218].

The question whether or not a preparation of QD states relying on the
participation of phonons can compete with resonant excitation schemes in
terms of the figures of merit of a single-photon source is addressed in Figure 7.
Plotted in that figure are purity and brightness as functions of the pulse area
for different detunings between the frequencies of the exciting laser and the
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QD transition obtained from simulations with (right) and without (left)
phonons. Clearly, without phonon assistance the signals for off-resonant
excitation are way too low to be of practical use. However, the phonon-
induced off-resonant exciton preparation also leads to sizable values of bright-
ness and purity. The maximum value of the purity of 98.8% is even noticeably
larger than the maximal achievable value for resonant excitation under
otherwise identical conditions, which for the parameters in Figure 7 turns
out to be 90.7%. Themaximal brightness for off-resonant excitation is reduced
compared with the resonant case but is still on an acceptable level. The
surprising enhancement of the purity caused by phonons can be explained
by recalling (cf. Sec. 4.3) that in an off-resonant preparation process first
a relaxation between dressed states takes place, at the end of which the exciton
state is typically occupied only to 50%. High exciton occupations are reached
subsequently by switching off the driving laser, which removes the dressing
and for positive detuning guides the system adiabatically towards the exciton
state [202]. The fact that the exciton occupation is built-up not at the pulse
maximum but delayed implies that also subsequent processes such as reexci-
tations of the exciton resulting in the creation of additional photons in the
cavity are delayed. This enhances the purity since at the time when the system
is returned to the QD ground state with a photon in the cavity, the laser pulse
needed for a reexcitation to produce a second photon is already almost gone.

Figure 7. Brightness B (panels a, b) and single-photon purity P (panels c, d) as a function of
the excitation pulse area θ of a pulse in the pulse train for selected laser-exciton detunings
ΔωLX . The left column (a, c) is the result of a phonon-free calculation, the right column (b, d)
includes the coupling to a continuum of LA phonons. The purity curves have been cut off at
the lower end at 50% in order to highlight the behavior at elevated P values. Results are
taken from [288].
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5.3. Entanglement

An application of great practical importance is the use of QDs as sources
for (triggered) entangled photon pairs [56,58,262–267]. To this end a QD
is usually prepared in the biexciton state jBi and it is exploited that the
subsequent decay can proceed along different pathways that eventually
return the system to the QD ground state jGi with two photons that are
either horizontally (H) or vertically (V) polarized. According to the rules
of quantum mechanics the final state will contain in general a coherent
superposition of the two two-photon states jG;HHi and jG;VVi which
represents a polarization entangled two-photon state. The appearance of
entanglement is a genuine quantum mechanical feature which has no
classical analog. Maximal entanglement is reached when the superposition
is symmetric, which can be achieved only when which-path information is
suppressed. In particular, the two excitons that appear as intermediate
states of the biexciton decay have to be degenerate and, when the QD is
embedded in a cavity, the H and V cavity-photon modes should have the
same frequency. Even for degenerate excitons and cavity modes, multi-LO-
phonon coupling of the QD to the electronic continuum of wetting layer
states can strongly reduce the entanglement for temperatures above 80 K
[268]. Under fully symmetric conditions LA phonon-induced pure dephas-
ing has been found to have no impact on the degree of polarization
entanglement [269,270] since it affects the two competing pathways in
exactly the same way. Indeed, current experiments come close to preparing
maximally entangled states either by selecting QDs which naturally have
a sufficiently small fine-structure splitting [263,266], by tuning the splitting
with external fields [262,271,272], or by applying strain [273]. However,
the required effort is rather demanding. In order to achieve high degrees of
entanglement even at finite fine-structure splitting δ it has been proposed
[274] to place a QD in a cavity and tune the cavity modes in resonance to
the two-photon transition between biexciton and ground state. For finite
biexciton binding energy of a few meV this set-up strongly favors direct
two-photon transitions jBi ! jGi compared with a sequential single-
photon decay of the biexciton first to one of the excitons and then to the
ground state. This increases the entanglement by reducing the which-path
information caused by the fine-structure splitting, because the direct two-
photon process is not much affected by the exciton splitting. Phonons
generally reduce the entanglement found for finite δ [62,275,276]. It turns
out, however, that for cavity modes in resonance to the two-photon
biexciton-ground state transition, the phonon-induced loss of entangle-
ment is much stronger for a finite than for vanishing biexciton binding
[276]. This is a result of the frequency dependence of the phonon-spectral
density (cf. Figure 1) since the phonon energies needed to compensate for
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frequency mismatches are higher for finite than for vanishing biexciton
binding energies. For these higher phonon energies the phonon spectral
density is higher than for lower ones resulting in an effectively stronger
phonon interaction. As a consequence a finite crossing temperature Tcross

exists above which the configuration with two-photon resonant cavity
modes and finite biexciton binding exhibits a lower photon-pair entangle-
ment than in a setting with vanishing biexciton binding. For typical QD
parameters Tcross is of the order of 10 K or even below [276].

Since the essence of photon-pair entanglement is to maintain a quantum
mechanical superposition of different two-photon states with well defined
phases between these states and phonons are known to be a major source of
decoherence, it was widely believed that phonons can only reduce the
entanglement. Surprisingly, a recent study [277] revealed that this is not
necessarily true. Under certain circumstances the photon-pair entanglement
has been found to be higher with phonons than in the corresponding
phonon-free case. In fact, this has been shown to apply to the special
situation of either finite exciton or cavity mode splitting and weakly
bound biexcitons (typically the biexciton binding energy has to be lower
than roughly half the splitting) and occurs for a finite range of QD-cavity
coupling strengths. The origin of this phonon-induced enhancement of
entanglement is that the loss of coherence caused by phonons can be over-
compensated by phonon-induced renormalizations of the QD-cavity cou-
pling that push the system into a regime of higher photon entanglement.

5.4. Photon statistics

Finally, we discuss the phonon impact on QD-cavity systems at elevated
mean photon numbers. We concentrate on the special case where the
cavity is in the strong coupling limit and the laser driving is comparable
with the QD-cavity coupling [37,278], i.e. a regime where there is no
obvious small parameter. It turns out that the number of photons in the
cavity depends crucially on the excitation conditions. Considering, e.g.
a cavity in resonance to the polaron shifted QD transition driven by
a cw laser the mean photon number has been determined by path-
integral calculations as a function of the laser detuning δ from the QD
transition [37]. While at low driving strength the highest photon numbers
in the cavity are obtained when the laser is tuned to one of the two cavity
split resonances in the linear absorption, there is practically no feature at
the corresponding detunings in the strong coupling and driving limit.
Instead, the cavity feeding is most efficient when the laser frequency
roughly matches transition frequencies between states on the Jaynes-
Cummings ladder with adjacent photon numbers near the mean photon
number in the cavity. Phonons reduce the peak feeding efficiency.
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However, without phonons the feeding efficiency would steeply decrease
when the laser is shifted away from the frequency of maximal feeding.
Most interestingly, when phonons are accounted for, instead of the steep
decrease a wide plateau is found where the feeding efficiency is almost
independent of the laser detuning and stays on a rather high value sig-
nificantly exceeding the phonon-free result [37].

Even more striking is the phonon impact on the stationary photon number
distribution reached at long times under strong coupling and driving condi-
tions. Without phonons [cf. Figure 8(a)] one obtains distributions that change
qualitatively when varying the laser detuning. Distributions resembling
a Poissonian, as expected for a driven empty cavity without an embedded
QD, are rarely found in this regime. For some values of δ the distribution
even exhibits two distinct maxima. Phonons have a strong qualitative impact
on the photon distributions as seen in Figure 8(b). There is still a strong
dependence on the detuning, but now the distribution always has a single
maximum at zero photon number. Comparing the photon distribution at
δ ¼ �18μeV, i.e. the detuning where the cavity feeding is maximal, with
Poissonian and thermal photon distributions of the samemean photon number
[cf. Figure 8(c)] reveals that the stationary photon distribution reached in
a QD-cavity coupled to phonons at T ¼ 4 K is close to a thermal distribution
with an effective photon temperature of T, 47,000 K while for a Poissonian
distribution themaximumwould occur at a finite photon number, which is not
observed. Clearly, the phonon impact on the photon statistics is strong and
both qualitative and quantitative. Finally, we note that recent advances in
measurement techniques made it possible to resolve photon number distribu-
tions experimentally by using transition edge sensors [279–282]. Such experi-
ments have already proved their ability to monitor non-classical light emitted
from a single QD [282], which justifies the expectation that a wealth of new
physical insights concerning the topics discussed in this review will become
accessible in the near future.

Figure 8. Cavity photon distribution at t = 3 ns for different detunings δ and a cavity coupling
�hg ¼ 0:1 meV equal to the laser driving strength. (a) without dot-phonon interaction and
(b) with phonons at temperature T = 4 K. (c) Photon distribution at detuning δ ¼ �18μeV
with phonons at T = 4 K compared with Poissonian and thermal distributions. Figure taken
from [37] © American Physical Society.

744 D. E. REITER ET AL.



6. Conclusions

In this paper, we have reviewed distinctive characteristics of the carrier-
phonon interaction in semiconductor quantum dots. Due to the nano-
structuring, the carrier-phonon coupling in semiconductor quantum dots
has unique features and we discussed their consequences on optical spectra,
optical state preparation and the properties of the photons emitted from
a quantum dot. Two properties of the carrier-phonon coupling in quantum
dots are particularly important: its resonant nature, manifesting itself by
a maximum at a finite frequency and a finite frequency range of the coupling,
and its super-Ohmic character, which results in pronounced non-Markovian
dynamics. A perfect understanding of the physics brought forth by the carrier-
phonon interaction will be crucial for their usage in quantum information
technology applications, thus, we expect that future research will focus on the
role of phonons in these devices. Furthermore, the control and manipulation
of the carrier-phonon interaction will become important. To control the
phonon properties, one can imagine the usage of phononic cavities [283–285].

Another interesting topic will be the active usage of phonons, which is also
referred to as phononics [286,287]. First examples where phonons coupled to
semiconductor quantum dots improve application relevant properties include
the here discussed phonon-assisted state preparation [23,25–27,218], the estab-
lishment of off-resonant QD-cavity couplings [28–36], the phonon mediated
brightness enhancement of dots detuned from an embedding cavity [260], the
possibility to enhance the photon purity with excitations spectrally separated
from the excitation [288], a high cavity-photon feeding efficiency that is robust
against variations of the driving frequency [37] as well as the possibility to
trigger simultaneous photon emission from remote quantum dots with differ-
ent transitions frequencies [218]. Further applications comprise lasingmanipu-
lated by phonon pulses [289–291], position sensing using phonon shifts [292]
or modulations of quantum dots via surface acoustic waves [293–296]. In view
of these developments future devices can be expected to benefit from phonons
rather than being limited in their functionality.
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