Chapter 5
The Mesoscopic Nature of Quantum
Dots in Photon Emission

P. Tighineanu, A.S. Sgrensen, S. Stobbe and P. Lodahl

Abstract Semiconductor quantum dots share many properties with atoms such as
discrete spectrum, which implies the ability to emit high purity single photons. How-
ever, they have unique features as well that are unknown to other emitters: they
embody tens of thousands of atoms attaining large mesoscopic sizes, and lack the
common atomic symmetries. Here we discuss two effects that are mediated by the
mesoscopic nature and render quantum dots fundamentally different than atoms. The
mesoscopic size and lack of parity symmetry causes the electric-dipole approxima-
tion to not be applicable to In(Ga)As quantum dots. As a consequence, the latter
do not fulfil the atomic selection rules and thus interact with the electric and mag-
netic components of light on the same electronic transition. The multi-atomic nature
also causes a collective mesoscopic effect in monolayer-fluctuation GaAs quantum
dots, namely single-photon superradiance, giving rise to a giant light-matter coupling
strength.

Semiconductor quantum dots (QDs) provide the essential link between light and
matter and can be integrated monolithically into photonic devices. These nanometer-
sized purposefully engineered impurities combine the atomic-like discrete spectra
and excellent single-photon purity with the large light-matter interaction strength
inherent to solid-state systems [1]. The ability to tailor the photonic environment
around QDs has resulted in tremendous progress in manipulating single QD excita-
tions. Strong coupling between a QD and a cavity [2-4] and near-unity coupling to
a photonic waveguide [5—-10] are a few out of many exciting realizations [1].

The atomic-like properties of QDs are supplemented by a range of new effects
owing to their solid-state nature. For instance, vibrations of the underlying crystal lat-
tice, known as phonons, may decohere the light-matter interaction [11-13] or couple
non-resonant QD excitations to an optical cavity [14—18]. Similarly, the mesoscopic
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ensemble of the nuclei composing the QD can be used to tailor the hyperfine inter-
action with the electron in spin-based quantum-information science [19]. Recently
it was found [20] that QDs may break the dipole approximation, which is often
assumed to be valid also in solid-state quantum optics. These realizations unveil the
complex nature of QDs, which embody tens to hundred thousand atoms attaining
“mesoscopic” sizes that interact relentlessly with the surrounding solid-state envi-
ronment. In this chapter we present a unified description of the mesoscopic nature of
QDs [20-23]. In particular, we discuss two mesoscopic effects that exist solely due to
the large physical size of QDs: the breakdown of the dipole theory of In(Ga)As QDs
and collective enhancement of light-matter interaction with monolayer-fluctuation
GaAs QDs.

The small size L of most quantum emitters compared to the wavelength of light
A has ensured the success of the dipole theory, which states that emitters interact with
light as dimensionless entities (point dipoles). Since QDs attain mesoscopic sizes of
10-30nm [24], the dipole approximation does not necessarily hold because the figure
of merit 2rnL /Ay =~ 0.5 is not negligible. Here, typical values for the wavelength
in vacuum Ay = 900 nm, refractive index n = 3.42 and L = 20nm have been used.
This figure of merit may be further enhanced in the vicinity of metal nanostructures,
where additional propagating modes (surface plasmons) beyond the light cone arise.
It has been observed that the spontaneous-emission dynamics from QDs placed near
a metal interface show pronounced deviations from the dipole theory [20]. A theory
of light-matter interaction beyond the dipole theory can explain these experimental
findings by introducing a single mesoscopic moment to be considered along with the
dipole moment in light-matter interactions [21]. Notably, this theory is more general
than previously developed models [25-32] because it considers the symmetry of the
full quantum-mechanical wavefunction and not only the slowly varying envelope. We
show that the discrete atomistic symmetry explains the microscopic origin of the large
mesoscopic moment observed experimentally. In particular, the developed theory
pinpoints that large structural inhomogeneities at the crystal-lattice level lead to a
violation of parity symmetry in In(Ga)As QDs [22]. Quantum dots therefore break the
atomic selection rules and probe electric and magnetic fields on the same electronic
transition [21]. Moreover, the mesoscopic size of QDs may ease the observation
of dipole-forbidden transitions in photonic nanostructures [33]. It has been shown
that, in the opposite limit of highest possible (spherical) symmetry present in, e.g.,
colloidal QDs, a shell theorem is valid, which states that the Purcell enhancement in
an arbitrary photonic environment is protected by symmetry and does not depend on
the QD size [32].

The second part of this chapter is devoted to presenting another mesoscopic prop-
erty of QDs, namely collective enhancement of light-matter interaction leading to
single-photon superradiance. Quantum dots benefit from their multi-body nature
with an enhanced coupling to light compared to atoms, which renders them promis-
ing candidates for improving the efficiency of single-photons sources, solar cells and
nano-lasers, to name a few important practical applications. Commonly employed
QDs have, however, an upper limit for the interaction strength with light, regardless
of their size and shape. It has therefore been a long-sought goal in quantum photonics
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to develop solid-state emitters beyond this upper limit [34-37]. We demonstrate that
the fundamental excitation of a monolayer-fluctuation QD [38] is analogous to the
phenomenon of single-photon superradiance defined by Dicke for a non-interacting
ensemble [39]. This effect leads to an enhanced coupling to light far beyond that of
conventional QDs, which may be of interest for fundamental science and technology
alike. In particular, such rapid radiative decays will likely exceed relevant dephasing
mechanisms resulting in highly coherent flying quantum bits. Furthermore, new and
so far largely unexplored solid-state quantum-electrodynamics regimes involving
energy non-conserving virtual processes, such as the ultra-strong coupling between
light and matter, may become within reach at optical frequencies [23].

5.1 Fundamentals of Light-Matter Interaction
with Quantum Dots

In this section we lay the fundamental as well as the experimentally relevant aspects
describing the interaction between QDs and light.

5.1.1 Effective-Mass Theory

The commonly employed bandstructure method for QDs is the effective-mass theory.
It assumes that the bands, which are exact solutions in the bulk semiconductor, are
weakly perturbed by the nanostructure. Formally, a quantized eigenstate within an
electronic band can be written as a product of a periodic Bloch function, u(r), which
captures the properties on the length scale of the crystal unit cell, and a slowly varying
envelope, 1/ (r), that inherits the size and symmetry of the mesoscopic QD potential

V() =9 ru; ), (5.1)

where j = {e, hh, Ih} labels either of the three relevant bands in zincblende semi-
conductors: electron, heavy hole, and light hole, respectively. It can be shown [40]
that 1; is subject to a Schrodinger-type equation

h2
Eji(r) = —TA%(F) + Vi, ), (5.2)

eff, j

where we assume that the effective mass is isotropic. The complicated unit-cell
potential is merged into the effective mass, m.¢f, a parameter that can be inferred from
experiments. The potential energy V; (r) contains the smooth mesoscopic potential of
the QD as illustrated in Fig. 5.1. This particle-in-a-box problem can be solved either
analytically or numerically using the standard techniques of quantum mechanics.
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Fig. 5.1 Physical interpretation of the effective-mass approximation. The complicated crystal
potential (left) is merged into an effective-mass parameter (right)

The effective-mass theory describes the properties of QDs remarkably well,
since the first valence-band eigenstate is usually heavy-hole-like with a negligi-
ble light-hole component. This is related to the presence of compressive strain in
In(Ga)As/GaAs QDs, which alters the symmetry of the unit cells and splits the
degeneracy of the bands [41]. In strain-free QDs, the ground state is still mostly
heavy-hole like due to the small aspect ratio of QDs [24, 36, 42-44].

5.1.2 Excitons

Electrons and holes possess charge and half-integer spin and therefore interact. The
electron-hole bound state constitutes a fundamental quasi-particle, the exciton, which
governs the optical properties of QDs. Being a two-body system, the exciton wave-
function Wx can be expanded in the single-particle electron and hole wavefunc-
tions [45]

Wx (e, ry) = ch,m\y;(re)\ysl(rh) = “e(re)uh(rh)d))((rev rh), (5.3)

n,m

where W, corresponds to the n-th eigenstate of the QD and vx (r., ry,) is the slowly
varying envelope of the exciton subject to the two-body effective-mass Schrédinger
equation

2

. P e
<+ = 4+ V(re) + Vi(ry) — ——— Jvx = Eyx. 5.4)
2m,  2my 47‘(’606’7‘3 — rh‘

Here, p is the momentum operator, ¢, is the dielectric constant and E the energy of
the exciton. In bulk, the electron and hole orbit each other within a distance known as
the exciton Bohr radius ay. Since the Coulomb energy E¢ scales inversely with the
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QD size, Ec o« L™!, the Coulomb and exchange interactions in a QD are enhanced
compared to bulk. On the other hand, the quantum-confinement energy scales as
L~2. As a consequence, the exciton motion can be found in two regimes:

(1) The strong-confinement regime, in which L < ag [46] and quantum confine-
ment dominates Coulomb confinement. The latter can be neglected and the electron
and hole therefore move independently as non-interacting particles ¥y (r., ry) =
Ve (r )Wy (ry). Most of the studied semiconductor QDs in the literature are in the
strong-confinement regime. The dipole moment of an x-polarized exciton is

H = i<\I”h|[;x|qje>e)c jad ipev(djhhbe)exa (55)
nmy my

where e, is the Cartesian unit vector, p., = VJC1 fUC d*ru’ pyu, is the interband
Bloch matrix element with V¢ being the unit-cell volume. In the above equation we
have exploited the slow variation of the envelopes ) over one unit cell. The dipole
moment of small QDs has therefore an upper limit of pn.x = (e/mo) pev-

(ii) The weak-confinement regime, in which L 2 ag and the electron-hole motion
is correlated. Here, (5.4) has to be solved as a two-body problem. Achieving this
regime has been a long-sought goal in quantum photonics because such QDs exhibit
a giant dipole moment beyond fimax, cf. Sect.5.3.

Excitonic effects have a prominent role in determining the QD energy structure.
Combining the electron contribution with a spin of £1/2 with the heavy-hole pro-
jected angular momentum of £3/2 yields four possible excitonic configurations:
two optically bright with j, = =£1 and two optically dark with j, = £2. Bright exci-
tons are higher in energy than dark excitons by several hundred pweV [47]. The
splitting between the two bright states is of the order of tens of peV [47] and is
mostly determined by the QD asymmetry [48]. The resulting dipole moments of
the bright excitons j, = %1 are orthogonally polarized along the x = [1, 1, 0] and
y = [1, —1, 0] crystallographic directions.

5.1.3 Spontaneous Emission

The light-matter interaction strength governs the temporal dynamics of the exciton-
to-photon conversion. In the Wigner—Weisskopf approximation, the QD exciton
decays exponentially with the rate I';,g determined by Fermi’s Golden Rule

rad—hQZ|f|Hlm D78 — wip), (5.6)

where Hy is the light-matter interaction Hamiltonian triggering a transition from
the initial ‘i) to the final ‘ f) state. In this work we consider the minimal-coupling
interaction Hamiltonian [49] between an electron with charge e and mass my,
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and the field described by the vector potential A

ﬁimz—i(A.AJrA.p—eA-A). (5.7)
21’}’l0
Another commonly used Hamiltonian is the multipolar Hamiltonian, which is
expressed in terms of electric and magnetic fields. It can be shown [49] that the
two Hamiltonians give the same result for energy conserving processes such as
spontaneous emission [50].

The nonlinear term A - A can be neglected for the weak fields studied here. We
employ the generalized Coulomb gauge, V - [e(r)ft )] = 0, yielding

N e ~ R
Hiyw >~ ——A(@r) - p, (5.8)
my

where the dielectric constant e(r) is assumed to vary over length scales larger than
the QD size [51]. The vector potential can be written in terms of the normal field

modes [52]
. [ h
An=> o a1y +ario]. (5.9)
!

where a; (&IT) is the annihilation (creation) operator for the / mode. The QD is
approximated as a two-level system with the initial state |i ) = |e) ® |0) with the
exciton in the excited state |e) and the field in the ground state |O), and | f)=
| ) ® |1 r) the final state with one excitation in the field mode f and the emitter in
the ground state |g). Plugging this into (5.6) yields

me? 1 o Al 12
[rag = m Zl: ;l|<9lf/ (r) - ple)| 6w — wy), (5.10)

which is the starting point for the research presented here. The expression is beyond
the dipole approximation because the variation of the field over the emitter is taken
into account.

5.1.4 The Dipole Approximation: Oscillator Strength
and Density of Optical States

The standard-textbook approach to evaluating (5.10) is to assume that the field does
not vary over the QD, f,(r) ~ f,(ro), where ry is the QD center. The resulting dipole
approximation is excellent for quantum emitters that are much smaller than the
wavelength of light. We thus obtain
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2
7|l

I =
rad € A

1
€p- |:Z ;lﬁ("o)fz(ro)fs(w - wz)] -€), (5.11)
b

where e, is the unit vector pointing along the direction of the dipole moment. The
term in square brackets is proportional to the imaginary part of the Green tensor [25,
52]

2 1
ImG(r, r') = %CO D SO0 =@, (5.12)
!

In the dipole approximation, the light-matter interaction strength is thus governed by
two quantities: the dipole moment g, which is an intrinsic property of the emitter,
and the imaginary part of the Green tensor, which is a property of the electromagnetic
environment.

It is often useful to recast the emitter and field properties in terms of the oscillator
strength f and the projected local density of optical states (LDOS) p(ro, w, €).
The oscillator strength is a dimensionless quantity defined as the ratio between the
radiative rate of the QD in a homogeneous environment and the emission rate of a
classical harmonic oscillator, and is related to the dipole moment via

mo 2

= . 5.13

f=—=lul (5.13)

The oscillator strength of atoms is of the order of 1 and about 10 for QDs [53]

because QDs are larger and interact stronger with light. Conventional QDs are in the
strong-confinement regime with a maximum oscillator strength of

E

fmax = %g, (5.14)

where E is the Kane energy, an experimentally accessible quantity. This upper limit
for f can be understood from (5.5), where the overlap between the envelopes cannot
exceed unity. The LDOS is defined as the number of electromagnetic modes per unit
energy and volume that the emitter can decay into

(r e,) 2w Im [e G(ro, ro) e*] (5.15)
, W, = — . 1) - . .
pro p ch p Yo, ro) - €,

Modern fabrication techniques enable accurate tailoring of the LDOS surrounding
the QDs in, e.g., photonic-crystal cavities [54] and waveguides [10], micropillar
cavities [55], nanowires [7] and plasmonic nano-antennas [56].

In a homogeneous medium, the Green tensor can be evaluated analytically [52]
yielding

rad 3rhco

hom _ O 2 (5.16)
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Fig.5.2 Level scheme describing the population transfer of the exciton in a QD. The bright exciton
|b) can decay either radiatively (I';4q) or nonradiatively (I'nraq) and can interact with its the dark

exciton |d) via the spin-flip rate (I'sr). Figure reproduced from [42]

Finally we note that only the imaginary part of the Green tensor contributes to
the decay rate because energy dissipation is described by the part of the response
function, whichis 7/2 out of phase with the driving field, as is known for the harmonic
oscillator. The real part is proportional to a self-energy term, the Lamb shift, which
shifts the frequency of the QD exciton [57].

5.1.5 Decay Dynamics of Quantum Dots

The internal structure of QDs is more complicated than a two-level system: there are 4
excited states comprising 2 bright and 2 dark excitons, which are coupled by spin-flip
processes. Furthermore, the omnipresent nonradiative processes, such as defect traps
in the vicinity of the QD [58], provide alternative pathways for the recombination
of the exciton. The experimentally measured decay rates of QDs therefore depend
on radiative, nonradiative, and spin-flip processes. Analyzing the dynamics provides
important information about the optical quality of QDs, namely the oscillator strength
and the quantum efficiency 7). The latter quantifies the probability that the QD exciton

recombines radiatively
r hom

rad
= =) 5.17
Fhom + l—1nrad ( )

rad

Ui

where ['jq 18 the nonradiative rate. In the following we present a method that can
unambiguously extract these quantities from measurements [23, 42, 53].

Spin-flip processes are inhibited in QDs because it is difficult to simultaneously
flip spin and fulfil energy conservation due to the discrete spectrum. The coupling
between bright-bright and dark-dark excitons can generally be neglected because
it is a second-order process. Only bright-dark excitons are coupled by I'y; and the
level scheme is reduced to the one depicted in Fig.5.2. Bright-dark and dark-bright
spin-flip rates are assumed to be the same because the thermal energy at 4—10K is
larger than the bright-dark energy splitting. Also, the nonradiative rates of bright and
dark excitons are the same due to their small energy splitting [59].
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The decay dynamics of the bright exciton is governed by the rate equations of the
coupled three-level system

/‘JB _Frad - 1_‘nrad - st st PB
= , 5.18
|:pD:| |: U —Dhaa — st | [ D ( )

where p denotes the occupation probability. Under the realistic assumption that spin
flip-processes are much slower than the radiative rate, i.e., I'sp << T'raq, (5.18) yields
for the decay of the bright state

_ st _
pB(f) — pB(O)e (Trad+Tnrad)? + F—pD(O)e (rnrz\d"‘rsf)f. (5.19)
rad

The bright exciton exhibits a biexponential decay with the fastrate 'y = I'iag + Tirad
and the slow rate I'g = I'yq + I'ss. Consequently, by fitting the measured decay
curves with f(7) = Ape ™17 4+ Age™"s™ + C, where 7 is the time delay with respect
to the start of the excitation pulse and C is the background level, which is determined
by the measured dark-count rate and after-pulsing probability of the detector, the
radiative and nonradiative rates can be unambiguously extracted via

l—‘rad =Ir— FS, (520)
As pp(0)
Firad = - — I'er—TYy), 5.21
ad ST A, PG Tr s) (5.21)
As pp(0)
o = — I'r—Ty%). 5.22
= o5©) Tr s) (5.22)

For non-resonant excitation, QDs trap carriers with random spin, i.e.,

pe(0) |

~ 5.23
pp(0) 62

Notably, the radiative rate I';,g does not coincide with the homogeneous-medium
quantity '™ because QDs are often located close to dielectric-dielectric or dielectric-

air interfaces, which may modify the LDOS.

5.2 Light-Matter Interaction Beyond the Dipole
Approximation with In(Ga)As Quantum Dots

The experimental observation of the dipole-theory breakdown was presented in [20],
where QDs placed near a metal interface were probed by time-resolved photolumines-
cence measurements, cf. Fig.5.3. In the experiment, the QD spontaneous-emission
rate was found to be inhibited relative to the dipole theory for the geometry in
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Fig. 5.3 Observation of deviations from the dipole theory for QDs near a metal interface [20]. The
decay rate of QDs close to a metal interface was measured for a direct and b inverted QDs relative
to the interface. The black dashed line denotes the dipole theory, the triangles the data points and
the colored solid lines the fit. Figure reproduced from [20]
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Fig. 5.4 Observation of deviations from the dipole theory for QDs near a dielectric interface.
a Measured decay rates versus distance z¢ to the GaAs-air interface (data points) at an energy of
1.27eV. The dipole (multipolar) theory is indicated by the black dashed (blue solid) line. A refractive
index n = 3.5 of GaAs was used. b Extracted mesoscopic strength A /4. over the emission spectrum
of QDs (red squares) along with the prediction of the theoretical model (blue dashed line). Figure
reproduced from [22] (color figure online)

Fig.5.3a. In contrast, the inverted structure in Fig.5.3b showed an increase in the
rate; the two structures would exhibit the same rates, if the QDs were dipoles. The
observed difference is thus a direct demonstration of the breakdown of the dipole
theory. The effects beyond the dipole approximation were merged into a phenom-
enological QD parameter, the mesoscopic moment A = (e/ mo)(0|x D | Wx).
Deviations from the dipole theory have also been observed in the vicinity of an
air interface [22, 53, 58], cf. Fig.5.4, at distances below ~75nm, which can again
be explained by the mesoscopic moment A. The extracted mesoscopic strength A /p
increases with emission energy and varies from 10 to 23nm over the inhomoge-
neously broadened emission spectrum, cf. Fig.5.4b, and is successfully explained
by our microscopic QD theory, which is presented later. The emission rate at the
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air interface is enhanced while at the metal interface it is suppressed (for the direct
structure) due to the phase shift gained upon reflection in the latter case, which flips
the sign of the field gradient.

The QD wavefunctions obtained from the effective-mass theory cannot explain the
large mesoscopic moment A observed experimentally. Sections 5.2.1-5.2.3 present
such a theory that is applied to describe the spontaneous-emission process from
QDs in Sect.5.2.5. It is shown that the inhomogeneous quantum-current distribution
makes QDs a probe of electric and magnetic fields.

5.2.1 Theory of Light-Matter Interaction Beyond
the Dipole Approximation

The starting point for the theory is to account for the variation of the electromagnetic
field over the size of the exciton wavefunction in (5.12). The decay rate of the emitter
becomes

2
Mw) = % / / &*rd®Im [j(r) .G r) - j*(r’)]. (5.24)
Here, we define the quantum-mechanical current density j(r) of the QD
. [N
J@r) = —p¥x(r,r). (5.25)
mo

Unlike the dipole theory, where the effect of the environment on the emitter can be
thought of as a self-interaction term at a single point r, here the self interaction occurs
between all possible pairwise points (r, r’) within Wx. We perform an expansion in
the field modes, f, (r), because the integral formulation offers limited physical insight
and is often computationally infeasible.

The transition moment from the ground to the excited state is defined as

Tox = - (0}f ) -p|W). (5.26)
Expanding the normal mode f, around the QD center ry yields
Tox = Toy + Toy + Tox + - (5.27)
The electric-dipole term neglects the variation of the field over the emitter
oY =T = f7 o) 0 [¥x) = £ o), (528)

where yi; = (0|i;|Wx), fi = (e/m,)p; is the electric-dipole operator, and implicit
summation over indices is used. The first-order contribution reads
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1
Tox = 0 £ (ro) A ji, (5.29)

where A;; = (e/ mo)(O}x,- p j|\IIX) is the first-order mesoscopic moment. To(,l() can
be written as a sum of the electric-quadrupole, TO(,?), and magnetic-dipole, TO(?;),

contributions
m 1 ES A * o~
Y =T2 + 1% = 50if; (ro)(0] Qi |¥x) + [V x f*(ro)] - (0| W), (5.30)

where Q;; = (e/mo) (xipj + pix;) is the electric-quadrupole and m = e/(2mo)r x
P the magnetic-dipole operator.
The second order correction to the transition moment is

Tox = 0;0c £ (ro) - (5.31)

where Q;jx = (e/2my) (O|x,~x J ﬁk|\IJX) is the second-order mesoscopic moment. To(}z()

can be rewritten in terms of electric-octupole, TO()? ), and magnetic-quadrupole, T(fff ),
contributions

Toy = Tox + Toy = %afkﬁ*(ro)<o|0i,k|wx> + %a, [V % f*(ro)], (O|M;; | Wx).
(5.32)
where éijk = (e/mo) (xxx; pi + xx p;jx; + prx;jx;)isthe electric-octupole and M,-j =
(e/3mo) [x; (r x p), + (r x p), x;] the magnetic-quadrupole operator.
All in all, the multipole expansion to second order results in five contributions

Tox =Tyw + Tk +Tog = To¥ + T2 + T + T + T +---, (5.33)

which are summarized in Table5.1 and sketched in Fig.5.5. The zeroth order has
only electric-dipole contributions, while higher orders include terms of both electric
and magnetic nature.

The multipolar expansion depends on the choice of the expansion point ry [60,
61], which leads to an ry-dependent decay rate. We find that by consistently collecting
the expansion orders in the decay rate rather than in the multipolar moments, the rate

Table 5.1 Overview of the different contributions to the multipole expansion of Tpx up to second
order

Order | Overall Electric Magnetic
O (L A

0 Toy = ui f; Tok = () £ —
0X Ji0i f; 0X 3(Qij)9; ox = (m)-[V xf*]

2 T = Qidion fF | T = 1000k £+ T = Li)9; [V x f*
ox = Suji0j Ok f; ox = 5(0ijx) 00k f; ox = 7(Mij) ][ xf ]i
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Fig. 5.5 Interpretation of the multipole expansion. The interaction between the current j(r) and
field E(r) is decomposed into a linear superposition of multipoles
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Fig. 5.6 Physical interpretation of the spontaneous-emission rate decomposed into the constituent
multipoles. The nonlocal interaction between the points r and r’ within the current density of the
emitter is converted into an interaction between the different multipoles of the emitter

is remarkably robust against changes in r(. For a detailed derivation the reader is
referred to [50]. This aspect is of important for the justification of the multipolar
expansion.

We expand I' up to the second order because the first-order term vanishes in
parity-symmetric environments

r~r®4r®re, (5.34)

The zeroth-order term stems from the dipole nature of the emitter (Fig.5.6),

ro=— Z $|Té§? 266w —w)

€0h
) (5.35)
112 <o
= Tlm [1:Gij(ro, ro) ] .
The first-order contribution reads
m_ 51 DOk s,
ro = hz 2ReTy Ty 10 (w — wy)
onTT @ (5.36)
210

= FZRG [Akluj] OIm [Gu (r, r())]|r—r ’
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and is proportional to the field gradient at the position of the emitter. ') can be
interpreted as an interference between the dipole and mesoscopic quantities. Impor-
tantly, 'V = 0 if either the QD and or environment are parity symmetric [21]. The
dipole approximation is therefore protected by parity symmetry to first order.

The second-order contribution to the radiative rate is

1
P = =3 — [ReT{To9" + T T3y | 6w —w)
0 7 wy l
210

= TIm {[2Reszlk,-ujaka, + A A;0:0]] Gij(r, r’)|,=,,=,0} , (5.37)

and couples to the second-order derivative of the field. Here the first term stems from
the interference between p and €2, which share contributions with the same parity. In
contrast, the second term vanishes for parity-symmetric emitters on dipole-allowed
transitions because g and A are orthogonal.

The first-order mesoscopic moment A contains 9 entries and the second-order
moment 2 27 entries. However, many vanish for symmetry reasons, and only a few
capture the essential physics. Motivated by the shape of In(Ga)As QDs [24] we
assume the QDs to be lens shaped with in-plane cylindrical symmetry but with no
parity symmetry in the growth direction. Notably, this analysis is not bound to this
particular QD shape and is also valid for pyramidal or elliptical QDs. The exciton
state is in the strong-confinement regime [53] and, using the effective-mass theory,
the electron W, and hole ¥, wavefunctions are modeled as

Yo (r) = ue(r)e(r), (5.38)
W, (r) = up (r)u(r),
where u, (uy) is the conduction- (valence-) band Bloch function, and 1 (r) is the
slowly varying envelope. For concreteness we consider the x-polarized exciton but
note that the properties of the y-polarized exciton are analogous.
In the following, we investigate the first-order mesoscopic moment

e ~ e N
Agi = — (0] (x — x0,0) Pi | Wx) = — (uxth | ek — Xo4) Pi |uethe).  (5.39)
my mg

The choice of xy and y, is provided naturally by the cylindrical symmetry of the
QD. We define zj as the z-component of the exciton center-of-mass coordinate [50].
The valence-band Bloch function uj, = u, inherits the odd symmetry (“—17) of
the p, orbital in the x-direction and even parity (“+41”) in y and z; u, inherits the
spherical symmetry of the s-orbital. The slowly varying envelopes ¢ inherit the
symmetry of the QD, cf. Table5.2. Thus, only A,, and A, contain non-zero entries.
A, = (e/mg) (Y |z ﬁxwe) can be neglected because it couples to the QD height,
which is much smaller than the in-plane size [24], yielding
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Table 5.2 Symmetries of the electron and hole wavefunctions for a lens-shaped QD. ‘1’ denotes
even parity, ‘—1’ odd parity and ‘0’ no parity

Ux i vy, Ue e v,
X -1 1 —1 1 1 1
1 1 1 1 1
Z 1 0 0 1 0 0
00A
A~lo000], (5.40)
o 000

where A = A,,. Large values of A/pu >~ 10—20nm were measured for In(Ga)As
QDs, cf. Fig.5.4. With similar arguments it can be shown [50] that all the entries in
£2 have negligible contributions such that
I
o [A]} . (54D
r=r'=rg

In conclusion, QDs have an additional optical degree of freedom, the mesoscopic
moment A, which, combined with the dipole moment y, describes light-matter inter-
action with QDs.

_ 2/140 * * Gx(ro, ro), axze(rv ro)
I' = Tlm[[/j‘ s A ] |:8;sz("09"/)7 5):5;(;&(’, I‘/)

5.2.2 Microscopic Model for Mesoscopic Quantum Dots

The mesoscopic moment A has been used as a phenomenological quantity so far
with no clear relation to the microscopic origin. The large A observed experimentally
cannot be reproduced by the effective-mass theory because the size of A is governed
by the gradient of the QD wavefunction, while, according to the effective-mass theory,
gradients can only originate from the envelope functions, and are negligibly small.
This can be shown by evaluating A with the rules employed for evaluating (., which is
to assume that ¢ varies slowly over a unit cell so that u = (e/mo) (Yputy| pxluethe) ~
(e/mg) pey (Unl1e), where p., = VI]CI fUC d 3ruj DxlU, is given by an integral over the
unit cell with Vyc being the unit-cell volume. A similar calculation yields for A

A = [0l e + G b s

+ (7ph|xﬁz|we><ux|ue)UC + <wh|ﬁz|we><”x|x|ue)UC] >

(5.42)

where ()uc = VU_C1 fUC d3r denotes integration over a unit cell. The first three con-
tributions vanish for symmetry reasons. The fourth contribution is vanishingly small
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Fig. 5.7 Microscopic model for QDs. a The atomic lattice inside the QD is assumed to change
periodicity at z = zr. b Sketch of the spatial dependence of u% ¢ [llustration of the matrix elements
(px) = (ux|Pxlue) and (p;) = (uy|p;|u.) for the three colored unit cells in a. The symmetry of
the integrand is broken in the transition region around z = z7 giving rise to mesoscopic effects.
Figure reproduced from [22]

and does not scale with the QD size: for Gaussian envelopes allowing for realistic
mutual displacements of 1-2nm between the electron and the hole in the growth
direction (note that the integral vanishes in the absence of such a displacement)
we estimate A/u ~ 10~* nm. In the following we develop a generalization of the
effective-mass theory, and find that the mesoscopic moment originates from lattice
inhomogeneities at the crystal-lattice level.

Using bulk-material Bloch functions works excellently for quantum wells and
lattice-matched QDs, where the structures are strain free and structurally homoge-
neous. In(Ga)As QDs, on the other hand, are grown by strain relaxation, a violent
process that unavoidably leads to the generation of structural gradients. In particular,
large lattice-constant shifts are observed in the growth direction of QDs [24, 62].
Motivated by this we assume that the lattice periodicity changes at a certain posi-
tion z = zy along the QD height by an amount Ag; = 110 pm at a central value
a; = 605 pm as measured in [62], see Fig. 5.7a. The Bloch functions change period-
icity as well, cf. Fig.5.7b, and to describe this we expand them in a Fourier series
with a position-dependent lattice wavevector k;(z)

we(r) =D an(y, 2) sin[mk (2)x],

(5.43)
ue(r) = D by(y, 2) coslnki(2)x].

This Ansatz ensures opposite parity of the conduction- and valence-band Bloch
functions along x. We assume the shape of the Bloch functions to be the same, and
only their periodicity to vary. This yields for the interband matrix element p., =

(ux|l3x|ue>UC

pev = 1 z / &ra (r)b, (ks (2) sin [nk; (2)x]. (5.44)

VUC



5 The Mesoscopic Nature of Quantum Dots in Photon Emission 181

We now evaluate the mesoscopic moment by separating the slowly and rapidly
varying contributions

e N A
A= o ;wZ(Rq)que(Rq)/UC &Eru* (r) pou,(r), (5.45)

where R, denotes the position of the g-th unit cell and N is the number of unit
cells. In a homogeneous region of the QD (the blue unit cell in Fig.5.7a) the unit-
cell integrand of (5.45) is odd in x- and z-directions, cf. Fig.5.7c, which leads to a
vanishing integral. However, in the transition region around z = z7 strong gradients
are present, which destroy the parity of the integrand (see the pink and green unit
cells in Fig.5.7a, c) and generate a contribution to A. The z-polarized Bloch matrix
element (u, ’ Dz |ue) is evaluated as

(x| Pz |ue) ~ ihz /U . d*ra’, (r)b, (r) akaliZ) sin[mk; (z)x]nx sin[nk; (z)x],

(5.46)

yielding

N
A= ; (R Xqve(Ry) Z ( /U . d3ra ()b, (r)aa—kzl sin[mk;xIn(x + Xg) sin[nk;x].

m,n

We assume that d.k; is slowly varying over an unit cell and pull it in front of the
unit-cell integral. The term containing x vanishes because the integral is odd and we

are left with 5
A _ 1 @@ [0k @] [ver) (5.47)
Lk (W () [ (r))

This expression shows that the mesoscopic strength scales quadratically with the in-
plane size of the QD, A/p ~ L2, because the term (1) |x [0.k;(z) ] |1b.) contains the
variance of the exciton wavefunction in the x-direction. Moreover, it increases with
decreasing QD height, A/p ~ L;1 , since in shallow QDs the relative importance of
the lattice-constant transition region is increased.

For in-plane rotationally symmetric Gaussian envelopes analytic expressions are
obtained [22]

A Aa; [1+¢, o?

— = —, (5.48)
I a 4 o,

where o is the height (HWHM) of the electron envelope, o, the QD radius, Aa;/a;
the relative lattice-constant shift and £, & 5 the ratio between the hole and electron
effective masses. The largest mesoscopic strengths are achieved in shallow and wide
(disk-shaped) QDs, cf. Fig.5.8.
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5.2.3 The Quantum Current Density of Quantum Dots

To illustrate the physics responsible for the mesoscopic moment we now calculate
the quantum-mechanical current density resulting from the above model. The current
density jop (r) flowing through the QD is defined in (5.25) and leads to

Jop(r) = mio RAGIA AGIER NG A RGIAR (5.49)

The current density jop () = Job () p(r) is modulated by the Bloch element p(r) =
uy (r) pyu.(r). In the following we discuss the slowly varying component Jop (),
which can be written as

1 Ok,
Jop () = miowh(r)we(r) (ex + xk—la—;ez) : (5.50)

We assume that most of the transition happens over two lattice constants as shown
in [24]. In QDs with a homogeneous crystal lattice Ok;/0z = 0 and thus A = 0, the
current density flows only along the direction of the dipole moment (see Fig.5.9a).
The presence of lattice inhomogeneities changes the flow due to transverse gradients.
The current density flows along a curved path as illustrated in Fig. 5.9b—d. The wider
the QD is, the sharper the transverse oscillations of the current are, and the larger
A/ is.

We now have the ingredients to provide an intuitive understanding of the exper-
imental data in Fig.5.3. In the direct (inverted) structure, Fig.5.3a (Fig.5.3b), the
QD current and the plasmonic field flow along opposite (parallel) curvatures, which
leads to enhanced (suppressed) light-matter interaction. We exemplify this for a silver
nanowire with a radius of 20nm and refractive index na, = 0.2 + 7i, see Fig.5.10.
The coupling efficiency to plasmons, 3,1, is defined as the coupling rate to plasmons
over the coupling rate to all excitations, which include photons, plasmons and ohmic
losses. The configuration in Fig. 5.10a exhibits a larger coupling to surface plasmons
relative to a dipole (from 75% to 90%), cf. Fig.5.10c. In contrast, the interaction is
diminished if the QD orientation is flipped, cf. Fig.5.10b, because the QD current
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Fig. 5.9 Spatial distribution of the current density Jop (r) in QDs. a Homogeneous crystal lattice
where the flow is uniform and points along the dipole moment. b Inhomogeneous lattice for a QD
radius of 5 nm giving rise to a non-uniform flow along a curved path. The QD height is 20, = 4nm.
¢, d Same as b but for QD radii of 10 and 20 nm, respectively. Both the length of the arrows and the
color scale indicate the magnitude of the flow and the direction of the arrows indicates the pointwise
direction of the flow. Figure reproduced from [22]

Fig. 5.10 QDs coupled to surface plasmons of a silver nanowire. a The field matches the curvature
of the QD current and the coupling efficiency to surface plasmons, Bpl, is enhanced, red curve in ¢,
relative to a dipole, dashed curve in c. b If the QD orientation is flipped, the interaction is diminished
as shown in ¢ by the blue line

and of the field oscillate in opposite directions. In other words, i+ and A interfere
constructively in (a) and destructively in (b).

5.2.4 Lattice-Distortion Effects Beyond the Multipolar
Theory

Knowing the full current distribution according to the microscopic model allows to
calculate the decay rate without relying on the multipolar expansion. Inserting (5.50)
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into (5.24) leads to

2uo|pcv ey ) Gl )] [ 120
r= im [ @ o 2ol (G0 G|

(5.51)

where J, (r) = (e/mo)n (). (r) and J,(r) = xk; Y(0k;/0z)J. The zeroth order

expansion of G, contains the electric-dipole contribution I'”’. The other terms are

generated by the transverse oscillations of the current density and contain the first

') and second I'® order contributions. Equation (5.51) should be preferred over the

multipolar theory when the figure of merit £ x A/u > 1, i.e., when the multipolar

expansion diverges.

5.2.5 Quantum Dots as Probes for the Magnetic
Field of Light

Electric and magnetic fields play an equally important role in the formation of the
light field but interact fundamentally different with matter. The magnetic force acting
on a charged particle with velocity v is v/c times smaller than the electric force.
Magnetic light-matter interaction is therefore weak. Nevertheless, magnetic-dipole
transitions are well known in atomic physics and can be accessed with light despite
being weak [63-65], since they have different selection rules than electric-dipole
transitions because atoms have parity symmetry [26, 27, 66]. The lack of parity
symmetry implies that QDs may be exploited as a probe of electric and magnetic
fields on a single electronic transition. We exemplify this by considering again the
spontaneous emission of a QD in front of a metal interface [21]. The QD decays
into propagating photons with the rate ['rap, propagating surface plasmons (I'pr),
or ohmic-lossy modes in the metal (I'Ls) [67]. I'rap is negligibly affected by the
mesoscopic moment since the radiative modes oscillate weakly, i.e., ['rap & Fl(&D.
In contrast, the plasmon field varies strongly in space and A plays a major role in
the excitation rate of plasmons. The coupling to ohmic losses [68, 69] is normally
negligible at distances larger than ~20nm from the metal and are not discussed
further. The three light-matter interaction channels are

2
ro _ %uzlmcm (0,0) = Trap + T,

2
ro— %21\# DIMG . (1, 0)],_y ~ TV, (5.52)

2

Ho 2
re = TAZ 8x8)/cImGzz(rv r/)‘ ’ Ff(’l‘)’

r=r'=0

where we assume the QD wavefunctions to be real. Each order has a clear physical
meaning as explained in Sect.5.2.1 and can be visualized in Fig.5.11.
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Fig. 5.11 Decay dynamics of QDs near a silver interface. All the rates are normalized to the decay
rate in homogeneous GaAs. a Decay rate for the direct (inverted) QD orientation marked by blue
(orange) lines. The black dashed line denotes the dipole theory. b Decomposition of the decay rates
according to the expansion order. The ohmic losses are indicated by the dotted black line. ¢ The
ED-MD and ED-EQ Green tensor probed by mesoscopic QDs and normalized to ImG, (0, 0) in
homogeneous GaAs. Figure reproduced from [21]

In the following we show that ') probes the magnetic field of light. The meso-
scopic moment A can be decomposed into multipolar contributions

szaxel,z(o) = iwmybl,y(o) + sz [axel,z(o) + 8261,)6(0)] 5 (553)

where m, = A /2isthe magnetic dipole, Q.. = A the electric quadrupole of the QD,
and e and b are the electric- and magnetic-field modes, respectively. Consequently,
') intertwines the electric dipole, magnetic dipole and electric quadrupole of the
QD. The multipolar contribution to I'V is

2h
rd = m [wmypuReBy (ro, o) + AQx:pdm Q.. (ro, ro) ] . (5.54)
0

where By (ro, 7o) = —iw™" [0, G« (r, 19) — .G (r, r0)], _,, s the magneto-electric
Green tensor, and Q. (ro,ro) = [0:G.x(r,ro) + 9.G . (r, ro)] the electric
dipole-quadrupole Green tensor. The probed fields are plotted in Flg 5.11c for an
emitter close to a silver interface, where the two components of the Green tensor
vary over length scales of tens of nanometers, which is comparable to the QD size.

The mesoscopic moment can also be used to probe the parity symmetry of
nanophotonic environments [21]. If placed in an unknown nanophotonic structure,
the spontaneous-emission rate of the QD is generally given by I', =~ F(AO) + F(Al). By
flipping the QD orientation, the dipole contribution is unchanged but the first-order
term has opposite symmetry and changes sign, i.e., 'y ~ F(O) + l"(1> F(o) F(Al).
As a consequence, both the projected Green tensor Im{G,, (0, 0)} and the spatial
gradient 9, Im{G_, (0, 0)} can be extracted using (5.52).
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5.3 Single-Photon Superradiance from a
Monolayer-Fluctuation Quantum Dot

We address another mesoscopic property of QDs, the collective coupling to light
in terms of superradiance. We show that the fundamental optical excitation of a
weakly confining QD is a generalization of single-photon superradiance (SPS) [23].
The superradiant state is prepared deterministically with a laser pulse and reaches a
five-fold collective light-matter enhancement.

5.3.1 Extending the Concept of Superradiance from Atomic
Physics to Solid-State Emitters

In the following we make a formal connection between the proposal of Dicke regard-
ing SPS in an ensemble of atoms [39] and collective light-matter enhancement in a
semiconductor QD. We show that the giant oscillator strength of QDs and SPS are
two equivalent phenomena.

If N emitters are placed closer than one wavelength apart, the emission dynamics
of a shared electronic excitation is strongly enhanced in the symmetric SPS state [39]

1
W) = —= > "[ghlg)..-|e); ... [gn. (5.55)
N J

where the j-th emitter is in the excited state \e) and all others in the ground state
|9). Remarkably, the state |W,) decays N times faster to the ground state than a
single emitter. This state describes a non-interacting ensemble, where the excitation
is bound to either of the emitters, cf. Fig.5.12a. Harvesting such effects in prac-
tice is challenging due to the large size and harmonic spectrum of many ensembles,
which decreases the collective enhancement and prohibits deterministic preparation,
respectively. These limitations do not apply to QDs, which are small and anharmonic.
However, another challenge emerges: in a system of interacting particles the wave-
functions of the underlying atoms overlap leading to delocalized excitations. This
causes conventional QDs to be in the strong-confinement regime and thus to have
relatively small oscillator strengths of about 10, despite that they consist of tens of
thousands of atoms, cf. Fig.5.12b.

The size of delocalized excitations is a fundamental property of semiconductors
and is given by the size of an exciton. Enhancement of light-matter interaction can
therefore be achieved only in QDs that confine excitons weakly [70], i.e., that are
larger than the exciton radius. We study single GaAs monolayer-fluctuations QDs as
sketched in Fig. 5.12c. Bound excitonic states are created by intentionally engineered
monolayer fluctuations in a quantum well [38]. Exciton enhancement is achieved
only in the plane, where the QD wavefunction is extended beyond the exciton radius.
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Fig. 5.12 Superradiance with single QDs. a SPS is defined in an ensemble of non-interacting
emitters as a symmetric superposition of different excitations. b In small QDs, such as In(Ga)As
QDs, the electrons and holes are strongly confined and uncorrelated, which destroys collective
effects. ¢ A QD defined by intentional monolayer fluctuations weakly confine electrons (e) and
holes (h), which are mutually bound by electrostatic attraction. d The excitonic enhancement of
light-matter interaction may be regarded as a generalization of SPS: the exciton is in a symmetric
superposition of excitations. Figure reproduced from [23]
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We assume the QD wavefunctions to be separable into in-plane ¥x and out-of-
plane ¢ components. Due to strong confinement in the z-direction, ¢ is separable as
?(2) = ¢.(2)P1(z). We therefore obtain the exciton wavefunction in the effective-
mass approximation

Wx (R, 1, 1o, 1) = VxR, )P (2n) Pe (2t (rn)ute (re), (5.56)

where R = (m.r, + myry,)/(m, + my) and r = r, — rj, are the center-of-mass and
relative in-plane excitonic coordinates. The superradiant enhancement is therefore
governed by the in-plane envelope 1x (R, r). We consider a symmetric parabolic
in-plane confining potential, in which case the excitonic envelope separates into
center-of-mass and relative dynamics ¥x (R, r) = xcm(R) X, (r) with [25]

XcM(R) = \/zle_w 7, (5.57)
w3

2 1
o @ = | 2 e lrliaa, (5.58)
T agw

where aqw is the quantum-well exciton radius with agw =~ ao/ /2 ~ 8nm, and 1)
is the in-plane radius of the exciton wavefunction. The center-of-mass motion can
be written as a convolution between a function c,(R) capturing the dynamics on
the (uncorrelated) scale agw and a function ¢, (R) responsible for the superradiant
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enhancement

XeM(R) = ca(R) * ¢ (R) ~ ZC(RH)C(J (R —R,). (5.59)

n

Consequently, the slowly varying envelope reads

xR, 1) =D c(R)Gx[R — Ry, 1), (5.60)

n

where n runs over the unit cells of the QD. The internal exciton dynamics is governed
by ¢x, which has a spatial extent of the order of the Bohr radius (~8 nm) and is smaller
than the QD. The exciton in (5.60) is therefore in a spatial superposition of excitations
corresponding to different positions of ¢x as illustrated in Fig.5.12d.

The following expression for the oscillator strength is obtained (compare with
(5.14))

2
’

E 2
= 2% OO0 xem @) [ (¥ ()| (D)) (5.61)
where the first (second) inner product on the right-hand side of the equation denotes
a two-dimensional (one-dimensional) integration over R (z). We define the radius of
the QD L = /23 and, with the help of (5.57) and (5.58), arrive at the superradiant
enhancement of the oscillator strength

2
s=-L —(ﬁL) (o) | (5.62)

B fmax B agw

We calculate }(whwe) |2 ~ 0.96 and plot the resulting superradiant enhancement
in Fig.5.13. It scales with the QD area and is a dramatic effect; for realistic QD
diameters of 35 nm, the light-matter interaction strength exceeds the upper limit of

strongly confined excitons by an order of magnitude.

Fig. 5.13 Superradiant
enhancement of the
oscillator strength, S, for a
monolayer-fluctuation QD
relative to the
strong-confinement limit
Jfmax = 17.4. Figure
reproduced from [23]
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5.3.2 Deterministic Preparation and Impact of Nonradiative
Processes

In the experimental demonstration of SPS, the energy-level structure of the QDs is
first probed by photoluminescence-excitation spectroscopy as displayed in Fig. 5.14a,
which shows a quasi-continuum band of QD states hybridized with quantum-well
resonances followed by the exciton manifold. We identify the 1s, 2s and 3s excitonic
states that are denoted according to the two-dimensional hydrogen atom. Note, the
recombination of excitons with different symmetry is forbidden. Key features of
the spectrum are summarized in Fig.5.14b. The measurement was carried out using
continuous-wave excitation below the saturation power of the 1s exciton.
Deterministic preparation is achieved by exciting the 2s state with a laser pulse
having sufficient optical power to saturate the 1s transition. The preparation is deter-
ministic because the decay cascade from 2s to 1s is spin-conserving [71] and spin-
dark states are therefore not populated. However, the latter prohibits measurements
of the oscillator strength due to the single-exponential character of the exciton decay.
We therefore use another excitation scheme (the wavelength labeled “C” in Fig. 5.14)
to prepare bright and dark states with equal probability and extract the impact of non-
radiative processes using the biexponential model presented in Sect.5.1.5.
Significantly below the exciton saturation, P ~ 0.1 Py, only the exciton is pre-
pared, cf. Fig.5.15a. At saturation, the biexciton line becomes discernible. Above
saturation, both the exciton and the biexciton lines are saturated and the spectrum
features spectrally continuous multibody emissions. The nature of the exciton and
biexciton lines is confirmed by power series measurements as shown in Fig.5.15c.
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Fig. 5.14 Deterministic preparation of superradiant excitons. a Photoluminescence-excitation
spectrum obtained by integrating the emission of the 1s transition while scanning the excitation
wavelength. It features a quasi-continuum band of states followed by a sequence of QD states. b
Two excitation schemes are employed. Pumping in the quasi-continuum band at the wavelength
“C” results in preparation of carriers with random spin, which is important for extracting the
nonradiative processes. For 2s-excitation, the spin is preserved and the bright exciton is prepared
deterministically. Figure reproduced from [23]
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Fig. 5.15 Spectral measurements for “C”-excitation. a Measured spectrum at 10% of the exciton
saturation power Py = 20nW. Only the exciton is observed. b At saturation of the exciton, the
biexciton is visible as a small peak. ¢ Significantly above the exciton saturation (7.5 Psy), the
spectrum acquires further narrow peaks on fop of a continuous background. d The exciton is
distinguished from biexcitons by their power-law dependence on excitation power P: the fits yield
P08 and P21 for the exciton and biexciton, respectively

The spectral broadening of the biexciton line is related to multibody effects between
the exciton and the free carriers populating the quantum well [35, 42].

The decay dynamics is recorded by sending the exciton line from Fig.5.15a to an
avalanche photo-diode. The acquired data are fitted by the biexponential model yield-
ing the fast rate FS = Frcad + Iurad + T and the extracted parameters are outlined
in Fig.5.16. We obtain a nonradiative rate [, = 0.19ns—1, and a spin-flip rate
Iy = 0.31ns™!, which are used to extract the oscillator strength in the following.

5.3.3 Demonstration of Single-Photon Superradiance

The experimental signature of SPS is spontaneous emission of single photons with a
radiative rate beyond the upper limit for uncorrelated excitons. The 1s bright state is
excited deterministically through the 2s shell and a clean emission spectrum below
and at saturation is found. The time-resolved measurement is performed at P =
0.1 P to ensure that no multi-exciton states are prepared, and the decay is found
to be close to single exponential. The radiative rate of the exciton is ['jg = I'r —
Corad — Dsr = 8.4ns~!, where I'f is the fast rate extracted from Fig.5.17a. The QDs
are positioned near an air interface [23] and we calculate an LDOS contribution of
0.95, which is normalized to the LDOS in homogeneous AlysGag,As, resulting in
an oscillator strength of f = 72.7 &= 0.8. The latter is enhanced far beyond the upper
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Fig. 5.16 Time-resolved decay of the exciton (black dots) under “C”-excitation. The fine-structure
model yields an excellent biexponential fit (yellow line) with the extracted parameters indicated
accordingly. The instrument response of the detector is indicated by the green line. Figure reproduced
from [23] (color figure online)

limit of f = 17.4 for an uncorrelated exciton, cf. Fig. 5.17a. This is a direct signature
of exciton superradiance.

To confirm the single-photon nature of the emission, we measure the second-order
correlation function ¢ (1) o (@t (t)aT(t + T)a(t + T)a(r)) [72], which determines
the probability of detecting a photon at time ¢ = 7 given that a photon was detected
at t = 0. An ideal single-photon source exhibits g (0) = 0 but any value below
0.5 is direct evidence of single photons. Figure 5.17b shows the correlation function
obtained in an HBT experiment. The data are fitted by a sum of exponentially decay-
ing functions, and g (0) is defined by the ratio between the energy contained in the
central peak around 7 = 0 and in the adjacent peaks. We find a zero-time correlation
of ¢@(0) = 0.13, demonstrating the single-photon nature of the emitted light. In
conjunction with the measured enhanced oscillator strength for a spatially confined
exciton, this is the unequivocal demonstration of SPS in a QD.

Solid-state quantum light sources often suffer from blinking of the emission,
in which the QD randomly switches to a dark state and does not emit light [73].
This may happen, if a charge defect in the vicinity of the QD traps the electron or
hole composing the exciton, thereby preventing the radiative recombination. This
decreases the radiative efficiency of the single-photon source. Blinking normally
occurs within nanosecond-to-microsecond time scales with a corresponding bunch-
ing in the QD second-order correlation function ¢ (1) over such time scales. By
numerically integrating each peak in the HBT correlation data we obtain the long-
time-scale plot shown in Fig.5.17c. No bunching effects are observed, which shows
that this single-photon source is free from blinking on a time scale of at least 10 s.
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Fig.5.17 Experimental demonstration of single-photon superradiance from a QD. a Time-resolved
decay (black points) of the 1s exciton obtained under 2s-resonant excitation. The fit to the theoretical
model is indicated by the yellow line. We take into account the impact of nonradiative processes
presented in the previous section and extract a radiative decay rate of 8.4ns~! (red line), which is
deeply in the superradiant regime (green area). b HBT measurement of the emitted photons showing
g@(0) = 0.13, which demonstrates the single-photon character of the emission. ¢ Long-time-scale
HBT measurement where each coincidence peak has been numerically integrated. No blinking of
the emission is observed. Figure reproduced from [23]

We have measured the oscillator strength of 9 different QDs and found them all to
be superradiant with an average oscillator strength of f = 76 4 11 [23]. Remarkably,
an oscillator strength up to f = 96 &= 2 is observed corresponding to an intrinsic
radiative rate beyond 10 GHz. Such a highly superradiant QD can deliver a radiative
flux of single photons equivalent to more than five conventional QDs.

While the microscopic structure of the out-of-plane wavefunction can be accu-
rately computed because the quantum-well thickness is known with monolayer pre-
cision, the in-plane geometry is generally unknown. The information is then inferred
from the superradiant enhancement S via (cf. Sect.5.3.1)

aQW \/§
L=—"r—r—.
From the measured value S ~~ 4.3 an in-plane diameter 2L =~ 24 nm is obtained. The

exciton wavefunction is spread over 90 thousand atoms in a collective superradiant
quantum state sharing a single excitation.

(5.63)

5.3.4 Impact of Thermal Effects on Single-Photon
Superradiance

The quantization energy A Eqp scales inversely proportional to the QD size squared,
AEgp L72 and, thus, decreases dramatically for large QDs. If AEqp is
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Fig. 5.18 Decomposition of the in-plane exciton dynamics into a a center-of-mass and b a relative
motion. a The former describes the motion of the exciton center of mass in a two-dimensional
harmonic potential, cf. (5.64). b The electron-hole electrostatic attraction is captured by the relative
motion. Figure reproduced from [23]

comparable to the thermal energy, kg T', excited states of the exciton manifold become
populated and the large 1s oscillator strength is redistributed thus decreasing light-
matter interaction. In the following we show that the temperature limits the maximum
oscillator strength that can be harvested. In particular, the temperature of the current
experiment of 7K leads to a maximum oscillator strength of ~100.

Since the exciton dynamics can be decomposed into a center-of-mass (CM) and a
relative (r) motion, cf. (5.57) and (5.58), the ground state is denoted as | ls)CM‘ 1s);.
The relative motion is equivalent to the two-dimensional Hydrogen problem [29, 74]
and is governed by the mutual electron-hole attraction, see Fig. 5.18. In this subspace,
the relevant energy difference A E; between the ground |ls)r and first excited |25)r
states equals roughly twice the excitonic Rydberg energy and amounts to about § meV.
At cryogenic temperatures, thermal energies are much smaller (below 1 meV) and
thermal population of the relative-motion subspace can be neglected.

The center-of-mass motion is described by a particle in a two-dimensional har-
monic potential Vem(R) = (1/2)M Q2R?,cf. Fig.5.18a, where M is the exciton mass
and the spring constant 2 is related to the quantum-dot size L via [25] Q = 4h/M L>.
The resulting energy eigenstates are given by [29]

Ey = @2n—|l] - DhQ, (5.64)
wheren =1,2,3,...and/ =0, £1, ..., £(n — 1). The dipole selection rules dic-

tate that states with / = 0 are bright (superradiant) and all others are dark (sub-
radiant). For thermal energies kg7 comparable to A Ecy = AS2, the excited states
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Fig. 5.19 The normalized
transition strength N\ versus
normalized thermal energy
ks T /hS2 for different
numbers of bound states N in
a monolayer-fluctuation QD.
Figure reproduced from [23]
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become populated and the relevant figure of merit for light-matter interaction is the
transition strength F(T) = N (T) x f, which is related to the oscillator strength via
a temperature-dependent factor N'(T). The latter describes the distribution of the

population within the center-of-mass subspace. For a sir 1gle excited state, €>, N is
gi‘e“ by
= — .

where B(T) = exp (—AEcwm/kgT) is the Boltzmann factor and f, is the oscillator
strength of the excited state. If |e) is dark and the temperature is high, the transition
strength is half of f (M = 1/2). We generalize (5.65) with the help of (5.64) for an
arbitrarily large subspace

radiative contributions Zf:’: , B>=D

all contributions TN n—1 2(n—1)—|1
> st B

N(T) =

, (5.66)

where N denotes the number of center-of-mass states. This expression can be eval-
uated analytically giving

hQ hQ
N(T) = coth (ZkBT N) tanh (szT) , (5.67)

and is plotted in Fig.5.19. At small temperatures 4kgT < hS2, excited states play a
negligible role and F = f. This is the regime in which the oscillator strength can be
reliably measured. We employ this criterion 22 = 4kgT to estimate the maximum

oscillator strength fy'™  that can be resolved at a temperature 7 and obtain (we
|2

consider the out-of-plane overlap |(1/1h |1/)e) ~ 1 for simplicity)

om _ 4REp 1

= ——, 5.68
fmax,th Mwag kBT ( )
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which leads to an oscillator strength of 170 at 7K. We generalize this expression
for a more realistic asymmetric QD with an aspect ratio of 1:£ with £ > 1 and
find that the maximum oscillator strength is decreased by &. We therefore conclude
that oscillator strengths larger than about 100 are unlikely to be resolved at the
experimental conditions of the present work. Remarkably, oscillator strengths of
1500 are predicted in monolayer-fluctuation QDs with a radius of about 60nm.
Temperatures below 0.8 K would, however, be required to resolve this effect.

The oscillator strength scales with the QD area S oc L? but the normalized tran-
sition strength A scales as L~2, cf. (5.67). Thermal effects therefore saturate the
transition strength F, which can be expressed using (5.62)

2
2L 2h%
F = fo (V2 tanh(_),
agw MkBTL2

(5.69)
which is plotted in Fig. 5.20. The transition strength saturates at
) 8hEp 1
lim F = 5 (5.70)
L—o0 Mwag kT
which is independent of L and, interestingly, happens to equal 2 fl;y,‘;m. Note that for

very large L 2 100nm, deviations from the electric-dipole approximation, which
are not accounted for in this study, further reduce the transition strength [25].

5.4 Conclusion and Outlook

In this chapter we discussed two mesoscopic properties of QDs: the breakdown of
the dipole theory and single-photon superradiance. Aside from the dipole moment,
In(Ga)As QDs have a large mesoscopic moment that contains magnetic-dipole and
electric-quadrupole contributions. The impact of the mesoscopic moment is espe-
cially pronounced in electromagnetic environments that are not parity symmetric.
The developed microscopic theory shows that the mesoscopic moment originates
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from distortions of the underlying crystal lattice. The resulting current density is
curved leading to interaction of both electric and magnetic character. This opens
the prospect for designing photonic nanostructures that match the shape of the QD
current and thus enhance light-matter interaction efficiency. The simultaneous elec-
tric and magnetic nature of the QD current may lead to the vision of designing
optical quantum metamaterials made from QDs for tailoring the interaction at the
single-electron and single-photon level.

Single-photon superradiance was observed in monolayer-fluctuation QDs by
recording the temporal decay dynamics in conjunction with second-order corre-
lation measurements and a theoretical model. This enhanced light-matter coupling
is known as the giant oscillator strength and was shown to be equivalent to super-
radiance. We argued that there is ample room for improving the oscillator strength
at lower temperatures with prospects for generating highly coherent photons by out-
speeding the noise sources, and for approaching the ultra-strong-coupling regime of
cavity quantum electrodynamics with optical photons.
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