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Abstract

The pathway to advanced quantum technological applications of-
ten includes hybrid quantum systems of matter mediated by quantum-
states of light. While the quantum-states of light are well suited as
mediators of quantum information to remote nodes, hybrid systems
are envisioned to fuse the in general complementary strength of indi-
vidual ones to fulfill the promise of practical quantum technologies.
Despite this clear advantage, combining together two different quan-
tum systems is very challenging because of the inherent differences
between the constituting components. Understanding the physics
that underlines the hybrid system is crucial for carefully designing
the experimental conditions.

This thesis examines a particular hybrid system formed by a sin-
gle semiconductor quantum dot (QD) and cesium (Cs) atoms in a
hot vapor. The interface is realized by Fock-states of light as media-
tors. While the QD is known to be, among other things, an efficient
single-photon emitter, alkali vapors are established as storage media
for classical light pulses. Achieving slow-light for Fock-states rep-
resents the first step in the implementation of a quantum memory,
which is an important building block in photonic quantum techno-
logical applications. Furthermore, the capability of interfering single
photons after they interacted with the vapor is of utmost importance
to prove the validity of these hybrid systems in several branches of
quantum technology.
To be beneficial for advanced quantum implementations, ultra pure
and highly indistinguishable photons have to be generated on-demand.
We utilize pulsed resonant excitation of single InGaAs QDs, which are
engineered to emit at a wavelength matching the Cs-D1 transitions,
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to realize precisely timed emission of pure single and indistinguish-
able photons. This enables detailed studies of the interaction of one-
and two-photon Fock-states with a hot atomic Cs vapor within the
framework of the slow-light effect. Thanks to time-resolved measure-
ments of the optical and quantum-optical properties of photons, a
clear understanding of the photon-vapor interaction is gained, which
is key knowledge for the implementation of complex quantum tech-
nology tasks. By exploiting the slow-light effect, a delay line for
both aforementioned Fock-states is realized achieving high fractional
delays, while the photon statistics of the transmitted light is investi-
gated after the vapor. Moreover, the impact of the slow-light effect
on photon wavepacket coherence is studied.
A major aspect of the present studies is related to the pulse distortion
that is induced by the dispersion of the slow-light medium. On the
one hand, via Hong-Ou-Mandel (HOM) measurements, we investi-
gate the implications of pulse distortion for future quantum networks
that rely on two-photon interference. On the other hand, we exploit
the essential connection between dispersion and unique pulse distor-
tion for time-domain high-resolution spectroscopy. In particular, a
novel method based on slow-light photon-correlation is established:
it allows to tackle the open problem of characterizing and under-
standing spectral diffusion dynamics of on-demand operated quan-
tum emitters. With this method, assessing their performances for
quantum optical applications by straightforward photon-correlation
is achieved.

By using this method, the full extent of the dynamics of spec-
tral diffusion is measured by probing the emitted photons of charged
exciton states of single QDs under pulsed resonant excitation. Un-
derstanding the temporal evolution of emission line broadening will
allow to tailor QD-based light sources for future realizations of multi-
photon quantum implementations with even higher performances.
This achievement will have an important impact on several fields
of photonic quantum technology.
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Chapter 1

Introduction

Since the turn of the millennium, the development of advanced
quantum technologies points to much more practical applications.
Famously described as the second quantum revolution [1], quantum
effects have been continuously exploited for much sought-after prac-
tical applications.
To this end, various quantum systems are being studied, including
quantum states of light [2–4], natural atoms and ions [5, 6], defects
in solid-state like color centers in diamond [7] and semiconductor
quantum dots [8], as well as quantizations in mesoscopic supercon-
ductors [9] and nanomechanical structures [10].

Within the scope of quantum technologies, quantum states of light
are well suited as mediators of quantum information between remote
nodes using optical fibers or free space links to satellites in order to
form a global quantum network [11]. Using single-photon quantum
bits, it is expected that photonic technologies provide advantages
for secure communication [12–14], advances in information process-
ing and computation [15, 16], and sensing with precision beyond the
standard quantum limit [17–19].

Quantum memories play a central role in the synchronization of
the temporal modes of photonic quantum bits. These memories are
generally realized in long-lived ground level spin states [20], which
is challenging to realize in the systems used for photon generation
at high rates [2–4]. An appealing approach to circumvent this issue
is based on hybrid quantum systems [21–23], which are envisioned
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1. Introduction

to fuse their complementary strengths withdrawing their limitations.
The realization of a quantum memory capable of storing an retrieving
information carried by non-classical light states will have an enormous
impact on several fields of photonic quantum technologies.

Semiconductor quantum dots (QDs) brought impressive pro-
gresses as sources of single and entangled photons [8,24–27] due to the
strong emission of a single transition into the zero-phonon line as well
as their compatibility with photonic resonator structures. The high-
est reported rates of single photons to date (40MHz out of 76MHz
excitation rate) [28] operate the QD in an open micro-cavity, while
multi-photon interferometry with up to 20 input photons [16] was
recently realized with a QD embedded in a micropillar structure.
Remarkably, both of these emitters are single InGaAs quantum dots,
revealing the strength of this technology for the generation and col-
lection of highly coherent single-photons.

Storing photons in order to introduce a waiting time for parallel
quantum operations increases the efficiency of quantum gates with
multi-photon inputs. Regarding this task, atomic alkali vapors of-
fer deterministic coherent storage and retrieval [29–31]. However, an
interface realizing a quantum memory for QD emission in an alkali
vapor is still an open issue due to decoherence and noise in both sys-
tems. Within the vapor, the strong control pulses needed for storing
single photons induce residual signals via processes like Raman scat-
tering and four-wave-mixing, which eventually corrupt the quantum
state of the retrieved photons [30,32]. Filtering and discrimination of
signals become even more challenging in connection with the broaden-
ing of QD emission spectra. The relatively large natural broadening
of its emission line width, which is further increased due to inhomo-
geneous broadening processes, reduces the spectral matching to the
atomic transitions [23, 33]. For these reasons, a working memory for
QD photons remains elusive.
Nevertheless, preliminary steps have been taken to create a practical
QD-alkali vapor interface. Up to now, the efforts focused on
achieving efficient absorption of QD photons by alkali vapors [34,35],
slowing down light via chromatic dispersion of the Doppler-
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broadened D-transitions [23, 36, 37], and narrow-band filtering in
cesium (Cs)-vapor by Faraday-anomalous dispersion [38]. In these
studies, however, non-resonant pumping or resonant continuous-wave
excitation of the QD was used, which lacks the ability to create
precisely timed emission, that is important for efficient multi-photon
quantum implementations.

In this thesis, we realize an interface of a hot Cs vapor and
on-demand generated QD photons, which expands existing efforts
in the following aspects: First, this study operates with resonantly
generated photons (under the π-pulse excitation), in order to
minimize the impact of excitation on both the line broadening and
timing jitter. Secondly, the interaction of Fock-states of light with
the vapor is investigated in various experiments with regard to their
optical and quantum-optical properties. Thirdly, the interface is
utilized as a novel spectroscopic apparatus that enables insights to
the QD’s environmental coupling. This is made possible by the
strong dispersion in the vapor which imprints the frequency domain
of photons onto the time domain by unique temporal shapes. By this
spectroscopic method, the outstanding problem of characterization
of spectral diffusion dynamics of QDs is addressed, by probing the
on-demand emitted photons after the vapor. Finally, the influence of
pulse distortion on quantum interference is investigated to evaluate
the potential of this interface for realistic applications. This thesis is
divided as follows:

Chapter 2 first introduces the basic properties of semiconductor
quantum dots and their transitions from which the single-photon
emission results. Next, the linear response of the cesium vapor is
discussed as it is responsible for the slow-light effect. The emphasis
of this introductory chapter is on the comprehensive description of
time-resolved two-photon interference for exponentially decaying
photon wavepackets and the related correlation functions. All
fundamentals required to describe the following experimental studies
are introduced.
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1. Introduction

Chapter 3 describes the overall experimental setup and methods
required for the characterization of basic quantum dot properties in
both frequency and time domain.

Chapter 4 is dedicated to the experimental characterization
of the building blocks of the presented hybrid interface. In par-
ticular, the distinct optical and quantum optical features of single
quantum dots are exemplarily demonstrated for the investigated
heterostructure. The important on-demand generation of single
and indistinguishable photons is investigated and the formation of
two-photon Fock-states is demonstrated.

Chapter 5 gives a comprehensive study on optical and quantum
optical properties of quantum-states of light after their slowing down
upon interaction with the Cs vapor.
The first section is devoted to an introduction and benchmarking of
the concepts of time-domain spectroscopy by the slow-light medium,
which relies on the medium’s strong dispersion. Mapping the fre-
quency domain of QD emission spectrum onto the time domain after
propagation through the vapor is demonstrated. Based on this, in
the next section, a novel photon-correlation technique is established,
which allows the investigation of the spectral diffusion dynamics of
on-demand operated QDs.
In the third section, the quantum-states of light are investigated while
using the medium as a variable delay line. The propagation of single
and two-photon Fock-states in the dispersive medium is experimen-
tally observed and validated. In the final section, we explore the influ-
ence of pulse distortion, that arises from the Cs vapor - single-photon
interaction, on the quantum interference of transmitted photons.
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Chapter 2

Theoretical background

In the following sections, first the fundamentals are briefly intro-
duced that determine the electronic structure and photoluminescence
of the semiconductor quantum dots (QDs) this work deals with. This
is followed by the description of the role of alkali vapors for the hybrid
interface. Finally, the basics of a single-photon wavepacket propaga-
tion and quantum interference is derived in a time-resolved manner.

2.1 Semiconductor quantum dots

Electronic configuration

Epitaxially grown semiconductor quantum dots being considered in
this work are lense shaped heterostructures that confine electronic
motion in all directions giving rise to an electron-photon interaction
similar to natural atoms [8, 39, 40]. Using metalorganic vapor-phase
epitaxy in the Stransky-Krastanow mode [41], the growth is con-
ducted by the subsequent deposition of semiconductor materials. In
the present case, the substrate is GaAs and the QD layer is InAs
which possess a lattice constant mismatch of ∼ 7 % [42]. This forms
a strained InAs quantum well, usually referred to as the wetting layer
(WL), which eventually foster the self-assembled formation of InAs
islands. Finally the substrate material is used to overgrow the sam-
ple giving rise to InGaAs QDs due to material diffusion in a GaAs
barrier matrix. Typically the QD’s height (∼ 5nm) is much less than
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2. Theoretical background
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Figure 2.1. Schematic energy level diagram of an InGaAs QD under non-
resonant optical excitation, resonant excitation of a charged exciton and
its recombination via photon emission.

the diameter (∼ 20nm) resulting in almost an order of magnitude
larger confinement energies along the growth direction. Thus, the of-
ten non-uniform lateral potential has a chief role in determining the
QD’s transitions. In contrast to the alternative growth with molec-
ular beam epitaxy, the vapor phase deposition operates at higher
chamber pressures and temperatures that allow higher growth rates
facilitating fabrication at industrial dimensions [43]. However, the
benefits are accompanied by unwanted crystal defects that impover-
ish the photonic properties of these QDs compared to those grown
by molecular beam epitaxy.

The QDs lateral confinement potential can be approximated by
a two-dimensional harmonic oscillator. However, the inherent strain
and generally present anisotropy results in peculiarities. Being the
quantization axis along the growth direction, the ground state elec-
tron (e) states are s-like and two fold degenerate, whose spin projec-
tions in the angular momentum basis is denoted as (↑ and ↓). The
ground state of the valence-band hole (h) states are p-like, while the
highest energy states are governed by the so called heavy holes with
the projection Jz = ±3/2 denoted as (⇑ and ⇓) [44]. The light hole
states with Jz = ±1/2 are energetically tens of meV lower and the
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2.1 Semiconductor quantum dots

split-off states with J = 1/2 even hundreds of meV, which is why
they are generally disregarded. However, mixing of heavy hole-light
hole states can have in particular significant impact on the spin and
optical properties of a QD’s transition [42]. As for the generation
of single photons, an optically active e-h pair is constituted by the
so called bright excitons (⇑↓ or ↑⇓) and charged excitons (positive:
⇑⇓↑ or ⇑⇓↓, negative: ⇑↓↑ or ⇓↓↑) which posses an excessive resident
charge carrier in the QD. However, in general the present anisotropy
lifts the degeneracy of the exciton states due to an effect by the
electron-hole Coulomb exchange interaction leading to two linearly
polarized transitions [45]. In contrast, a charged exciton does ex-
hibit degeneracy (in the absence of a magnetic field [46]) due to the
Kramers theorem resulting in a single emission line that renders it
interesting for photonic links. The charge state of the QD can be
set by (often unintentional, in MOVPE due to carbon and hydrogen)
doping with impurities or be deterministically initialized by coupling
to heavily doped layers through a tunnel barrier in voltage controlled
diode devices [47].

Optical excitation

Figure 2.1a depicts a schematic energy level diagram of the QD along
the growth direction. The discrete states of the QD can be popu-
lated by charge carriers using electrical diode structures or by means
of optical excitation with a laser energy above the GaAs band-gap.
Mediated by non-radiative relaxation processes, the charge carriers
are captured within tens of picoseconds into the states of the WL and
the discrete levels of the QD, but also in impurities which especially
occur at layer interfaces [48]. The density of states and to a cer-
tain extent transition strength are revealed in the photoluminescence
spectrum, which contains the continuous spectrum of the WL and
several discrete (cascaded) transitions of the randomly and multiply
occupied ground and excited states of the QD conduction and va-
lence states. The charge fluctuations which necessarily occur in this
non-resonant excitation scheme leads to decoherence and substantial
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2. Theoretical background

inhomogeneous broadening of transitions, limiting quantum optical
properties [49].
In recent years, resonant excitation schemes for selective population
of transitions in the levels of a single QD have established [27, 50].
Under ultra-fast pumping near-unity state preparation fidelity can
be reached, rendering QDs nowadays as the best on-demand single-
photon sources emitting at a single transition [16, 51]. However, de-
coherence still occurs as a result of the QD’s coupling to its fluc-
tuating environment. Major contributions stem from coupling of
exciton-acoustic phonon bands, the Stark-effect of fluctuating charges
trapped in the vicinity of the QD and hyperfine coupling of the charge
carrier spins to fluctuating nuclear spins of the atoms constituting the
QD [33,42,52–56].

2.2 Absorption and dispersion in alkali
vapor

An atomic vapor contained in a glass cell allows a very robust and
comfortable investigation of basic atom-light interactions and can be
designed to reach important goals in quantum technologies [31, 57].
Alkali metals, the elements of the first main group possess a sin-
gle electron in their outermost shells which simplifies optical inves-
tigations and theoretical description. Besides spectroscopy, alkali
vapors have found numerous applications in combination with non-
classical light states, relevant ones with regard to QDs are Faraday-
filtering [38] and broad-bandwidth quantum memories [30, 58]. The
focus in our work is on the dispersive properties of a hot vapor, as it
can give rise to the so called fast- and slow-light effects [59,60]. The
latter one significantly reduces the group velocity vg of an electromag-
netic pulse with respect to free space propagation. The transitions of
rubidium and cesium are most suitable as they match the emission
wavelengths of high performance GaAs/AlGaAs and InGaAs/GaAs
QDs [23,61], respectively, while the atomic hyperfine splittings nicely
fit to QDs line widths. This facilitates them as single photon de-
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2.2 Absorption and dispersion in alkali vapor

lay lines without the need for complex manipulation of the storage
medium.

With this regard, the knowledge of the linear response of a va-
por to a single photon or more general, to a weak-probe is of ma-
jor interest. This demand has been satisfied for the main transi-
tions D1 and D2 of alkali vapors by a publicly accessible program
named ElecSus [62]. It calculates the electric susceptibility X of
an atomic ensemble which is used to derive the complex refrac-
tive index nc =

√
1 + X ≈ 1 + Xre/2 + iXim/2. The real part de-

scribes the dispersion of the atomic ensemble via the refractive index
n(ω) = 1 +Xre/2 over the angular frequency ω, while the imaginary
part delivers its absorption coefficient via α(ω)/2k = Xim/2, where
k is the wavenumber.
ElecSus assumes Lorentzian line shapes for the transitions origi-
nated in natural lifetime broadening and a dipole-dipole induced self-
broadening at higher temperatures. Moreover, as the main broaden-
ing mechanism is given by the Doppler effect, the line shapes are con-
voluted with the corresponding Gaussian yielding inhomogeneously
broadened lines. The susceptibility depends besides on the transi-
tion strength, that is calculated using a matrix representation of the
atomic Hamiltonian in the completely uncoupled basis, linearly on the
number density, which is determined strongly by the temperature de-
pendence of the vapor pressure. This is why, the vapor temperature
TV is a tuning knob for its linear response.

Figure 2.2a depicts exemplary absorption and refractive index
profiles of the cesium D1 (62S1/2 → 62P1/2 at ∼ 894.5nm) hyperfine-
split transitions (∆F ′ ∼ 1GHz and ∆F ∼ 9GHz, where F ′ and F
denote the total angular momentum of the first excited and ground
states, respectively) for a vapor temperature of 25 ◦C and 125 ◦C,
respectively. Comparing the linear response an almost unchanged
line shape over the frequency is found (thick curve represents 25 ◦C
and the thin one 125 ◦C). There are four absorption peaks with Voigt-
profiles arising from the Doppler-broadening with amplitudes coming
from their respective transition strength (see appendix and [63, 64]),
however with an increase of absorption strength by a factor of thou-
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2. Theoretical background
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2.2 Absorption and dispersion in alkali vapor

sand for the higher temperature. The refractive index compares in
exact analogy as both are connected via the Kramers-Kronig rela-
tion [65]. The regime of anomalous dispersion at the resonances and
the regime of normal dispersion in between preserve their shape but
with a factor of thousand increase in absolute magnitude for the real
part of the susceptibility. In consequence, the temperature change
has a huge impact on both the speed vg of a propagating light pulse
and its transmission.

The group velocity of a light pulse within the medium can be
estimated by vg = c/ng, where the group index is defined as
ng(ω) = n(ω) + ω ∂n∂ω . Figure 2.2b shows ng and the transmission
profile exp(−αLV ) of a vapor with length LV = 10 cm. Increasing
the vapor temperature turns the transmission profile, where all four
absorption peaks are distinctly present, to a complete merging of
neighboring resonances. The transmission now is reduced over tens
of GHz reaching zero at the resonances and leaving a bell shaped
transmission window between the two further apart (ground-state)
transitions.

At the transmitted frequencies, the initial group velocity can be re-
duced by more than an order of magnitude. The transmission window
in the center of the transitions surviving at high temperatures is par-
ticularly appealing. As the group index has a local extremum there,
the group velocity dispersion possesses a zero crossing which falls to-
gether with the maximum of the bell shaped transmission window
at ω0. Consequently a broad bandwidth pulse with this carrier fre-
quency will experience both the least distortion and absorption when
propagating through the vapor.

Although anomalous dispersion at the resonances allows fast light
propagation, it will play no role for our experiments since strong
absorption at these frequencies prevents any detected signal.
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2. Theoretical background

2.3 Quantum optics of the single-photon
wavepacket

2.3.1 The single-photon wavepacket

We consider single photons generated as a result of spontaneous emis-
sion from a two-level system after its excitation by a short inversion
pulse. The photon wavepacket created in this way is in the time do-
main very closely described by an exponentially decaying oscillation
at the transition frequency [64] which corresponds to a Lorentzian
spectrum in the frequency domain. For such a photon wavepacket
the narrow bandwidth approximation holds, that is the spectral line
width is much narrower than the carrier frequency. Assuming a single
polarization and transversal mode profile, the quantum state of the
single-photon wavepacket can be defined as [66]:

|1χ〉 = Â†(χ)|0〉 =
∫
R
dω χ(ω)â†(ω)|0〉 . (2.1)

Hereby, the creation operator â†(ω) of a monochromatic single photon
mode at angular frequency ω obeys the usual bosonic commutation
relations: [

âi(ω), â†j(ω
′)
]

= δijδ(ω − ω′) (2.2)

where i, j indicate polarization or spatial modes. The normaliza-
tion of the wavepacket states hence require

∫
dω|χ(ω)|2 = 1. Single-

photon wavepackets have the intriguing property to resemble classi-
cal electromagnetic fields in many aspects [67] while showing non-
classical features, too. To interpret the coefficients χ(ω) of the states
|1ω〉 = â†(ω)|0〉, we calculate the probability to find the photon at a

24



2.3 Quantum optics of the single-photon wavepacket

given frequency:

|〈1ω|1χ〉|2 = |〈0|â(ω)
∫
dω′ χ(ω′)â†(ω′)|0〉|2

= |〈0|
∫
dω′ χ(ω′)

(
â†(ω′)â(ω) + δ(ω − ω′)

)
|0〉|2

= |χ(ω)|2 = χ(ω)χ∗(ω) ,

(2.3)

where â(ω)|0〉 = 0 was used. Thus, χ(ω) is the amplitude spectrum
of the photon wavepacket. Using the Fourier transformation FT :

χ(t) = FT {χ(ω)} =
∫
R

dω√
2π
e−iωtχ(ω) , (2.4)

and defining
â(t) =

∫
R

dω√
2π
e−iωtâ(ω) , (2.5)

it follows |1χ〉 =
∫
dω χ(ω)â†(ω)|0〉 =

∫
dt χ(t)â†(t)|0〉. The proba-

bility to detect the photon wavepacket at a given time instant t is
|χ(t)|2 = |〈1t|1χ〉|2, thus â†(t) is identified as the creation operator of
a photon at time t. The relations (2.2) apply also for this operator.

Propagation of the photon in a linear medium

The propagation of a single photon wavepacket in free space or a
linear dispersive medium is a fundamental part of this thesis. It is
described by the unitary transformation [68]:

â(ω) 7→ e−iω
Ln(ω)
c â(ω) , (2.6)

where L is the propagation distance, c the speed of light and n(ω)
the refractive index of the medium. Please note, that in the final step
of calculations, the absorption α(ω) according to the Beer-Lambert’s
law is taken into account by transforming to the complex refractive
index n(ω) 7→ n(ω) + i

2ω/cα(ω), where absorption appears in analogy
to a frequency dependent detection efficiency [67].
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Figure 2.3. (a), Exponentially decaying time domain of the considered
wavepackets in units of the decay constant τ while hitting the detector with
its sharp front. For a single-photon only a time-correlated measurement on
an ensemble will deliver the whole curve, while it constitutes the probability
distribution for a single one. The reel part of the temporal amplitude
(orange) is illustrated with a 10−5 slower oscillation frequency than typical
in the experiments. (b), Lorentzian frequency domain of the wavepackets
in units of the Fourier-limited line width ∆ωF L = τ−1.

The general amplitude spectrum we consider takes the form:

χL0 (ω) =
√

2τ
π

eiωt0

1− 2iτ(ω − ω0)e
iω

Ln(ω)
c , (2.7)

where t0 is the time of photon generation, τ the decay constant and
ω0 the carrier frequency of the wavepacket which will be indicated by
the subscript. The power spectrum |χL0 |2 thus is a Lorentzian with
a Fourier-limited line width of ∆ωFL = τ−1 regardless the propaga-
tion in a (non-absorbing) linear medium. In free space the temporal
amplitude after FT has the form:

χL0 (t) =
√

1
τ

Θ(t− t0 −
L

c
)e
−(t−t0−Lc )

2τ e−iω0(t−t0−Lc ) , (2.8)

where Θ is the Heaviside step function (Fig. 2.3). In this case, as
expected, the propagation induces only a delay of δt = L

c in detec-
tion time while the photonic temporal shape remains the same expo-
nential decay |χL0 (t)|2 = |χ0

0(t− L
c )|2. In contrast, the time domain
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2.3 Quantum optics of the single-photon wavepacket

is strongly affected by a present chromatic dispersion, as each fre-
quency component in Eq. (2.7) propagates a different effective length
L · n(ω). This results in an interference effect of the various frequency
components of the wavepacket, which is as intriguing as the interfer-
ence of a photon after the two spatial modes of a double-slit or an
interferometer. It expresses itself as a shift in detection time due to a
fast-/slow-light effect and accompanied pulse distortion, where group
velocity dispersion is a famous subset of this effect [65].

2.3.2 Mach-Zehnder interferometer and quantum
coherence

The famous Mach-Zehnder interferometer (MZI) consists of two beam
splitters, where the first one splits each of the two independent in-
coming modes and combines them in two outgoing modes. After a
certain path length, the second beam splitter superposes each splittet
mode in its outgoing modes. Depending on the input modes and the
path length difference, it can serve as a tool to study classical and/or
quantum interference.

The lossless beam splitter connects input modes â1, â2 to output
modes â3, â4 [66] via the transformation:(

â3(ω)
â4(ω)

)
=
(
t′ r
r′ t

)(
â1(ω)
â2(ω)

)
, (2.9)

where the reflection and transmission amplitudes of the output modes
(r, t) and (r′, t′) are constants due to the narrow bandwidth frame-
work. Requiring relations (2.2) to hold and conservation of energy∑
i â
†
i (ω)âi(ω) = const. before and after the beam splitter yields the

following constrains:

|r′| = |r|, |t′| = |t|, |r|2 + |t|2 = 1
r∗t′ + r′t∗ = 0 = r∗t+ r′t′∗ ,

(2.10)

which can be fulfilled by the choice r = r′ = i sin(θ), where θ = π/4
results in the symmetric beam splitter. The choice used in this the-
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2. Theoretical background

ses introduces the phase −i to the reflected mode of the creation
operator: â†1(ω) 7→ 1√

2 (â†3(ω)− iâ†4(ω)).

Traditionally, the detection of one output of a MZI is referred to
as first-order coherence which is defined as:

G
(1)
i (∆L) = 〈Ê−i (t)Ê+

i (t+ ∆L
c

)〉 , (2.11)

with the continuous-mode quantized electric field operator in a single
spatial and polarization mode within the narrow bandwidth approx-
imation [69]: Ê+

i (L, t) ∝
∫
dω âi(ω) e−iω(t−n(ω)L

c ).

Exemplarily, a single photon wavepacket input at t0 = 0 shall be
considered which is transformed threefold by the first beam splitter
(BS), by propagation of path lengths L and L′ = L+∆L ≥ L in each
output mode (Ph), respectively, and a second beam splitter (BS):

|1χ〉in = |1χ0;1
0 〉 =

∫
dω χ0

0(ω)â†1(ω)|0〉

BS7→ 1√
2

∫
dω χ0

0(ω)
(
â†3(ω)− i â†4(ω)

)
|0〉

Ph7→ 1√
2

∫
dω χ0

0(ω)
(
â†3(ω)eiω Lc − iâ†4(ω)eiω L

′
c

)
|0〉

BS7→ 1
2

∫
dω
(
χL0 (ω)− χL

′

0 (ω)
)
â†5 (ω)−

(
χL0 (ω) + χL

′

0 (ω)
)
iâ†6 (ω) |0〉

|1χ〉out = 1
2

(
|1χL;5

0 〉 − |1χ
L′;5
0 〉 − i

(
|1χL;6

0 〉+ |1χL
′;6

0

))
(2.12)

The probability to detect the photon for instance at output 5 is then
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2.3 Quantum optics of the single-photon wavepacket

given by:

|〈0|â5(t)|1χ〉out|2 = 1
4 |χ

L
0 (t)− χL

′

0 (t)|2

=1
4

(
|χL0 (t)|2 + |χL

′

0 (t)|2 − χL0 (t)χ∗L
′

0 (t)− χ∗L0 (t)χL
′

0 (t)
)

= 1
4τ {Θ(t− L

c
)e−(t−Lc )/τ + Θ(t− L+ ∆L

c
)e−(t−L+∆L

c )/τ

− 2Θ(t− L

c
)Θ(t− L+ ∆L

c
)e−(t−L+∆L

c )/τe−∆L
2cτ cos

(
ω0

∆L
c

)
}

(2.13)

The first two detection terms in Eq. (2.13) appear as if the photon
took the mode of path length L or L′, while the last term appears
as a damped oscillation over the path length difference hitting the
detector only when the time for the longer path has elapsed. For
equal paths (∆L = 0) nothing can be detected at this output, i.e.
incoming photons are guided always to the other port. For increasing
∆L one would observe oscillation of detection rates showing classical
interference of the photon [49, 65]. Remarkably, any detection event
tD within ∆tL = L

c ≤ tD < ∆tL+∆L signifies a photon that has taken
the short path of length L without interference. In the same way, too
late detection events are signified as a photon that has taken the
long path. For a path length difference well exceeding the coherence
length 2τc of the photon, classical interference does not show up any
more in the now unbalanced MZI, since the photonic path can be
identified with certainty based on the detection time.

In our experiments a stream of consecutively generated photons
is fed into a MZI from one input port as depicted in Figure 2.4a,
followed by photon correlation measurements at the outputs, which
is traditionally [66] referred to as the second-order coherence:

G
(2)
i,j (t, δt) = 〈Ê−i (t)Ê−j (t+ δt)Ê+

j (t+ δt)Ê+
i (t)〉 (2.14)

Each wavepacket of the initial state |1χ1, 1χ2〉in = |1χ0;1
1 , 1χL0;1

2 〉
(the subscript i of χj;ki indicates the carrier frequency, the superscript
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Figure 2.4. (a), Mach-Zehnder interferometer (MZI) consisting of two
beam splitters (BS), spatial modes âi, path lengths L and L′. (b), For
pairs of consecutive photons the unbalanced MZI with ∆L = L0 yields
two-photon interference in the central peak of the second-order coherence
for the case that photons have taken different paths to coincide at the
output beam splitter; depicted for δω = 3∆ωF L. Combinations of photon
paths that yield no temporal coincidence display cross-correlation peaks.

j before the semicolon indicates the propagation length and k marks
the spatial mode; see Eq. (2.7) and Eq. (2.12)) transforms through the
MZI to deliver the following correlation pattern at different output
modes:

|〈0|â5(t1)â6(t2)|1χ1, 1χ2〉out|2 (2.15a)

= 1
4 |χ

L
1 (t1)χL+L0

2 (t2) + χL1 (t2)χL+L0
2 (t1) (2.15b)

−χL
′

1 (t1)χL
′+L0

2 (t2)− χL
′

1 (t2)χL
′+L0

2 (t1) (2.15c)

+χL1 (t1)χL
′+L0

2 (t2)− χL1 (t2)χL
′+L0

2 (t1) (2.15d)

+χL
′

1 (t2)χL+L0
2 (t1)− χL

′

1 (t1)χL+L0
2 (t2)|2 (2.15e)

Hereby, t2 = t1 +δt shall account for different detection times and de-
tector locations that are generally not at equal distance to the beam
splitter. The absolute square in Eq. (2.15a) leads to multiplication
of intensities and amplitudes similar to Eq. (2.13), which could give
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2.3 Quantum optics of the single-photon wavepacket

rise to interference phenomena. In deed, even new interference fea-
tures arise as a consequence of the multi-photon state. First of all, the
outcome has no phase sensitivity to L0 as expected for an interferom-
eter and classical interference. Furthermore, the (complex conjugate)
multiplication of the terms as in (2.15b, 2.15c) where both photons
have taken the same path of the interferometer do not neither show
a path length dependent interference. In contrast, the multiplication
of terms where one of the photons has taken a different path show up
the usual path length difference dependent oscillation, however now
for the coincidence detection.
More remarkably, the terms where both photons have taken both of
the paths yields a phase dependence which is doubled with regard
to the usual phase dependency. This is due to the detection of two
photons where each contribute with the factor for the single-photon
interference described above. Also as a result of the two photon
detection, damping over the path length difference is not e−∆L

2cτ as in
the single-photon interference, but e−∆L

cτ since each photon contribute
with the damping factor.
Yet, the most interesting feature arises from the term (2.15e), where
the first photon takes the longer interferometer path while the second
one takes the short arm. If they temporally overlap at the second
beam splitter, a correlation pattern arises showing up interference
over the detection time difference δt which depends on the carrier
frequency difference δω of the photons. The most striking prop-
erty here is the absence of a true coincidence (i.e. coalescence at
δt = 0). Figure 2.4b shows the correlation histogram that arises
when an unbalanced MZI is fed by two successive photons with a
carrier frequency difference that amounts to three times their band-
width ∆ωFL. In the unbalanced interferometer classical interference
is not present showing only the quantum interference in the central
coincidence peak and at the sides the cross-correlation peaks of pho-
tons that do not coincide temporally at the output beam splitter.
In the following, this quantum effect, which is often referred to as
two-photon interference at the beam splitter, is discussed in more
detail.
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2. Theoretical background

2.3.3 Time-resolved two-photon interference

An unbalanced MZI eliminates path length dependent classical in-
terference and yields at the output beam splitter probabilistically
the state |1χ1, 1χ2〉in = |1χ0;3

1 , 1χ0;4
2 〉, which displays quantum inter-

ference. This effect is also known as the Hong-Ou-Mandel (HOM)
interference [70,71] and results in bunching of photons in the output
modes. It can be studied by correlation measurements at different
outputs G(2)

5,6(δt) or at one output G(2)
6,6(δt) in a time-resolved man-

ner [72].

G
(2)
5,6(t, δt) = in〈1χ1, 1χ2|â†5(t)â†6(t+ δt)â6(t+ δt)â5(t)|1χ1, 1χ2〉in

≡|〈0|â5(t)â6(t+ δt)|1χ1, 1χ2〉out|2

=1
4 |χ

0
1(t+ δt)χ0

2(t)− χ0
1(t)χ0

2(t+ δt)|2

(2.16)

G
(2)
6,6(t, δt) = in〈1χ1, 1χ2|â†6(t)â†6(t+ δt)â6(t+ δt)â6(t)|1χ1, 1χ2〉in

≡|〈0|â6(t)â6(t+ δt)|1χ1, 1χ2〉out|2

=1
4 |χ

0
1(t+ δt)χ0

2(t) + χ0
1(t)χ0

2(t+ δt)|2

(2.17)

If both photons have the same carrier frequency, G(2)
5,6(t, δt) vanishes

for all times giving rise to bunching into one output mode. It is worth
to mention, that the state of the bunched photons is a superposition
of two-photon Fock-states in the output modes 5 and 6 that estab-
lishes a path-entangled state [19]. If the photons possess orthogonal
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2.3 Quantum optics of the single-photon wavepacket

polarization H and V :

G
(2)
5,6(t, δt)

=in 〈1χ1H , 1χ2V |
∑
i,j

â†5i(t)â
†
6j(t+ δt)â6j(t+ δt)â5i(t)|1χ1H , 1χ2V 〉in

≡ | (〈0|â5H(t)â6V (t+ δt) + 〈0|â5V (t)â6H(t+ δt)) |1χ1H , 1χ2V 〉out|2

= 1
4 |χ

0
1(t+ δt)χ0

2(t)|2 + 1
4 |χ

0
1(t)χ0

2(t+ δt)|2 ,

(2.18)

thus the correlation displays intensities only and as expected no in-
terference occurs.

An experiment usually integrates over a long time and samples
over a large number of photons which results in the histogram pat-
terns as:

G
(2)
i,j (δt) =

∫
R
dtG

(2)
i,j (t, δt) (2.19a)

G
(2)
5,6(δt) = 1

4τ e
−|δt|/τ (1− cos(δω · δt)) (2.19b)

G
(2)
6,6(δt) = 1

4τ e
−|δt|/τ (1 + cos(δω · δt)) , (2.19c)

where δω denotes the carrier frequency difference of the photons.

Influence of broadening

A quantum emitter is often influenced in its emission frequency. Gen-
eral cases are Gaussian or Lorentzian emission frequency distributions
arising from slow or fast fluctuations (here assumed to be far from
leading to motional narrowing effects [49,73]), respectively.
Assuming a Gaussian normal distribution N (ω, σ2) with mean ω and
variance σ2 as frequency jitter results in N (0, 2σ2) for the distribu-
tion of the frequency difference δω, while a normalized Lorentzian
L(ω,∆ω) with mean ω and full width at half maximum (FWHM)
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∆ω results in L(0, 2∆ω) (see appendix for the definitions). For the
ensemble averages of the integrated histograms one obtains:

〈G(2)
i,j (δt)〉N (0,2σ2) = 1

4τ e
−|δt|/τ

(
1∓ e−σ

2δt2
)

(2.20a)

〈G(2)
i,j (δt)〉L(0,2∆ω) = 1

4τ e
−|δt|/τ

(
1∓ e−∆ω|δt|

)
, (2.20b)

where 〈G(2)
i,j (δt)〉f =

∫
d(δω)f(δω)G(2)

i,j (δt) and the minus (plus) in
the brackets is to be taken for the case of different (same) output
modes. Despite broadening of the emission spectrum, one can no-
tice that coincidence at different outputs still completely vanishes for
δt = 0, and hence bunching in one output mode is present. However,
the oscillation pattern is averaged out to a dip in the coincidence
peak. The Gaussian distribution leads to a Gaussian dip, while the
Lorentzian yields an exponential dip. It is worth noting that the
structure of the dip is equivalent to the damping of classical inter-
ference due to broadening when applied to Eq. (2.13) as a result of
the integration over the cosine. Hence, the classical interference ex-
presses itself in the quantum interference and allows in principle the
deduction of broadened spectrum and coherence time of the emitter.
However, this is challenged by detector resolution, but in particular
by the Gaussian broadening which exhibits noise correlation arising
from slow spectral diffusion rendering quantum interference variable
over the temporal distance of the photon generation times [33, 56].
This issue is comprehensively discussed in chapter 5.

Figure 2.5a shows the different output coincidence pattern for var-
ious discrete frequency differences δω in units of the Fourier-limited
line width ∆ωFL (to appear as the central peak of a histogram as
in Fig. 2.4). For increasing δω the coalescence dip gets narrower
as a result of higher oscillation frequency. Similarly, for a coinci-
dence pattern at the same output port (Figure 2.5b), the bunching
(compared to non-interfering orthogonal polarized photons) becomes
increasingly narrower. Figure 2.5d shows the incorporation of broad-
ening for the discussed cases. The coalescence and bunching features
still survive and may, for a very high time resolution, allow to distin-
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Figure 2.5. (a), Correlation of different output ports for various frequency
differences δω (in units ∆ωF L = τ−1, the Fourier-limited line width) be-
tween the photons. Black curve is for the case of non-interfering orthogonal
polarized photons. (b), Correlation at the same output port. (c), HOM
visibility VHOM over the FWHM (over standard deviation σ, dashed curve)
for a Lorentzian and Gaussian frequency jitter. (d), Correlations for the
ensemble of a broadened emission with VHOM = 0.5.
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guish the underlying broadening mechanism.
In practice however, detector time resolution will limit the deduc-
tion of the interference profile in the time-resolved histogram pat-
tern. In this case, integration over the area of coincidence and com-
parison to the non-interfering case of orthogonal photon polarization
can be used to infer information on the emitter. Considering coinci-
dences at different outputs, the HOM interference visibility defined
as VHOM,f = 1− 2

∫
R d(δt)〈G(2)

5,6(δt)〉f yields:

VHOM,N (0,2σ2) =
√
π

2στ e
(2στ)−2

erfc
(
(2στ)−1) (2.21a)

VHOM,L(0,2∆ω) = 1
1 + ∆ωτ = 1

1 + ∆ω
∆ωFL

, (2.21b)

which allows to quantify the line width of the underlying frequency
distribution.
Note also, that the HOM visibility corresponds not only to the
wavepacket overlap of two photons but also to the fidelity F of the
two-photon state in one arm of the beam splitter to the two-photon
Fock-state |2χ〉:

VHOM(δω) = 1
1 + δω2τ2 = |〈1χ1|1χ2〉|2

F = |〈2χ1|1χ2, 1χ1〉|2 = |〈2χ2|1χ2, 1χ1〉|2 = |〈1χ1|1χ2〉|2 .
(2.22)

The integration of Eq.(2.22) over the broadened distributions yield
Eq.(2.21a) & (2.21b), respectively, thus they constitute the mean
photon wavepacket overlap and the mean fidelity of the two-photon
state in one output arm.

Figure 2.5c compares HOM visibilities for an emitter under the
two cases of broadening. With increasing line width of the jitter
∆ω (=2

√
2 ln(2)σ for the Gaussian case), the visibility drops rapidly

while keeping significantly higher for the Gaussian broadening at
the same jitter FWHM. This is a result of the infinite variance of
a Lorentzian distribution. It can be kept in mind that both curves
overlap well, if the dependency over the FWHM of the Lorentzian
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2.3 Quantum optics of the single-photon wavepacket

jitter is compared to the dependency over the standard deviation σ
of the Gaussian broadening. This analogy is directly evident when
coherence times (T2) are compared.

For the simple case of a time-invariant pure dephasing process [74],
its rate is 1/T ∗2 = ∆ω/2 and thus determines the line width of the
homogeneously broadened Lorentzian jitter distribution. This results
in a spectrum with total line width of ∆ωQD = ∆ωFL + ∆ω where
the coherence time is given through T2 = 2/∆ωQD. Assuming purely
radiative recombination of a QD transition, the decay constant of
the photon is equal to the relaxation time of the two-level system,
τ = T1. Thus Eq. (2.21b) leads to a connection between coherence
time T2 and HOM visibility: VHOM,L(0,2∆ω) = T2

2T1
.

For a dominantly Gaussian broadened spectrum far from being
Fourier-limited, the coherence time is given through T2 =

√
π
σ [40].

This is comparable with the coherence time given for a Lorentzian
broadening when the denominator is switched from standard devia-
tion σ to the FWHM, and constitutes the explanation for the simi-
larity of curves (red & dashed blue) in Fig. 2.5c.
The HOM visibility can again be expressed in terms of T1 and T2:
VHOM,N (0,2σ2) = T2

2T1
e

( T2√
π2T1

)2

erfc
(

T2√
π2T1

)
.
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Chapter 3

Experimental methods

The following sections introduce the experimental methods to ad-
dress single QDs and to characterize basic properties of their emission.

3.1 Photoluminescence spectroscopy of
single QDs

3.1.1 Micro-photoluminescence
In this work, InGaAs QDs are excited by optical means. The subse-
quent emission of photons from their discrete transitions are collected
and investigated in both spectral and temporal domains. The overall
experimental setup is sketched in Figure 3.1.
The sample containing the QDs is glued on a piezoelectric transducer
that delivers wavelength fine-tuning via the application of uniaxial
strain. Both are attached with silver paste to a cold finger inside a
liquid helium flow cryostat delivering & 4K at the sample while kept
in vacuum at ∼ 10−6 mbar. The optical excitation of QDs is realized
through a confocal dark-field microscopy setup. The Nikon micro-
scope objective with a numerical aperture of 0.7 and 100 x magnifica-
tion is mounted on a piezoelectric transducer to allow fine tuning of
the focal plane with sub-micron resolution. The in-plane positioning
is realized via translation stages that move the whole cryostat and
thus the sample. The excitation light of the pulsed resonant (Ti:Sa
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3. Experimental methods

Coherent Mira 900, operated @ 894nm) or non-resonant (Thorlabs
laser diode @ 808nm) continuous-wave (cw) lasers are directed in re-
flection through a polarization beam splitter (PBS) which serves as
a suppression setup for the reflected laser light from the sample. The
emitted photons of the QD take the path of excitation, but partly
transmit the PBS in contrast to the laser and are coupled into a single
mode polarization maintaining fiber, which serves both as a spatial
filter to suppress scattered laser light and to ease the guidance of
photons for following investigations at different setups. Fine tuning
of polarization suppression is aided by a quarter wave plate (QWP)
which shall compensate polarization changes induced by optical com-
ponents or the sample. An optional half wave plate (HWP) serves to
rotate the optically addressed and probed axis.

3.1.2 Spectroscopy of single QDs
For the direct investigation of the QDs in the spectral domain, the
aforementioned fiber is connected to a spectrometer (Figure 3.1b). A
commercial PI Acton grating spectrometer with 1800 lines/mm and
∼ 10GHz resolution @ 894nm at the CCD camera is used for ac-
quiring spectra and basic investigations of the sample. A half-wave
plate (HWP) in front of the entrance slit is used to maximize the
polarization sensitive diffraction. Once a certain QD is chosen for
experiments, its emission is guided through a home-built transmis-
sion spectrometer. It provides high transmission (∼ 80%), negligible
polarization and spatial mode distortion and with its ∼ 20GHz trans-
mission bandwidth, serves to eliminate residual scattered laser light,
unwanted transitions and phonon side bands.
Such a selected transition can further be investigated in the frequency
domain. A commercial polarization insensitive scanning Fabry-Pérot
interferometer (FPI) [75], which consists of two plane mirrors pro-
viding a finesse of F ≈ 150 (@ 894 nm) and a free spectral range
of 15GHz, is used to capture a high-resolution photoluminescence
spectrum and to resolve the line shape of the zero-phonon line of the
QD emission. The histogram of transmitted and detected photons
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Figure 3.1. Sketch of the overall setup: (a), QDs are excited optically and
their photons are collected into a polarization maintaining single-mode
fiber. (b) QDs emission is investigated in the frequency domain with a
grating spectrometer for coarse spectrum and a scanning Fabry-Pérot in-
terferometer is used for high resolution photoluminescence (HRPL). For
further experiments, the emission is guided through a transmission spec-
trometer that serves as a monochromator. (c) Photons propagate through
further experimental setup and are detected via APDs. Electronic signals
are correlated via TAC or TTM delivering time resolved measurements.

(at a silicon-based Perkin Elmer avalanche photo diode (APD)) is
evaluated with a multi-channel buffer over the position of the mirror
displacement, which is triggered by the piezoelectric transducer ramp
to provide the frequency information. For that, in the following, this
measurement will be referred to as frequency-correlated single-photon
counting (FCSPC).
Furthermore, this setup is used to fine tune the QDs emission wave-
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length to the Cs-D1 transitions. For that, its spectrum is referenced
and compared to the spectrum of a single mode cw laser resonant to
the Cs transition. It shall be noted, that a calibration of the absolute
frequency reference of the scanning FPI must be updated over time
due to a slow drift. Figure 3.2c shows such a spectrum of a DL Pro
cw laser which constitutes the instrumental response of the FPI and
references the target frequency.

3.2 Time-correlated photon detection
For the time-correlated detection of single QD photons, two fiber cou-
pled APDs are used, which signal the detection of a photon via an
electric pulse. For these measurements, the resonance florescence is
first filtered via the aforementioned transmission spectrometer. The
time correlation is triggered by the electrical pulse of a fast internal
diode of the excitation laser, as depicted in Figure 3.1. A histogram
of APD clicks over their detection time difference to the laser trigger
is referred to as time-correlated single-photon counting (TCSPC).
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Figure 3.2. Measured instrumental system responses and FWHMs ∆t. (a),
TCSPC of the attenuated pulsed laser (∼ 3 ps) at the two APDs utilized
in the time correlated measurements. (b), Correlation of the pulsed laser
after the different outputs of a beam splitter. (c), FCSPC of a single-mode
cw laser at a scanning Fabry-Pérot interferometer of finesse F .
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3.2 Time-correlated photon detection

It delivers the time resolved intensity profile |χ(t)|2 of photons. A
histogram of APD1 clicks triggered by APD2 clicks at different out-
puts of a beam splitter over their detection time difference delivers
the second-order coherence G(2). Depending on the setup prior to
the beam splitter, it can serve various purposes. For instance, when
the emission is just directed on a beam splitter, the correlation is
used to investigate the photon statistics; in our case to proof the
single-photon nature of the emission via absence of coincidence. Al-
ternatively, using the beam splitter as part of an unbalanced MZI (see
section 2.3.2), the G(2) serves to investigate HOM interference and as
a novel method, following a dispersive medium the G(2) is exploited
to investigate the dynamics of spectral diffusion (see chapter 5).
The time difference between APD detections is determined using a
time-to-amplitude converter (TAC) which starts a voltage ramp with
the electronic pulse of an APD click to stop the ramp with the click of
the other APD or laser trigger, depending on the measurement. The
final value of the voltage is sorted by a multi-channel analyzer that
delivers the time difference after being calibrated by the known laser
repetition rate. In parts of the measurements a time-tagging mod-
ule (TTM) was available (Pico Quant and Swabian Instruments),
which marks time stamps for the electronic triggers of all detectors
simultaneously to allow post-processed correlations among all detec-
tion signals. In particular, in this way time-correlated single-photon
counting under postselection (TCSPCp) can be realized, which cor-
relates laser trigger to an APD signal only if a coincidence of APD
clicks occurred in a certain time window. TCSPCp probes photon
pairs in contrast to single photons in TCSPC.

Figure 3.2a and b show TCSPC and G(2) for attenuated, close to
Gaussian laser pulses of ∼ 3 ps duration. These measurements probe
the total timing jitter of the correlation electronics, thus represent the
system response. TCSPC displays an asymmetric response fitting to
a split-Voigt profile of 330ps (400ps) FWHM due to after pulsing,
while the jitter of the G(2) is a single Voigt profile with 560 ps FWHM.
Note, that all theoretical curves in this thesis that are drawn on top
of data incorporate these measured responses.
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Chapter 4

Building blocks of the
QD-Cs vapor interface

4.1 The single-photon source: Single
InGaAs QDs

Single semiconductor QDs have been established as quantum emit-
ters with the potential to fulfill the portfolio of requirements posed on
a perfect source for quantum technological applications [8]. For on-
demand operation, the deterministic inversion of a two-level system
is crucial as well as the subsequent emission of light into a single tem-
poral, polarization and spatial mode. To benefit from the quantum
aspect, the emission needs to be purely in the one-photon Fock-state
|1〉 in both the photon number basis and its spectral composition.

In the following, basic optical and quantum optical properties of
the emission of single InGaAs QDs of the considered sample are inves-
tigated and compared to the aforementioned portfolio. In particular,
the identification of the desired charged exciton state is shown, and
its emission is investigated with regard to on-demand operation and
quantum-state purity.
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4. Building blocks of the QD-Cs vapor interface

4.1.1 Identification of CX in the spectrum of a
QD

The investigated sample consists of a single layer of self-assembled
In(Ga)As quantum dots grown by MOVPE. The quantum dot layer
is sandwiched between GaAs/AlAs distributed Bragg reflector lay-
ers at the center of a GaAs λ-cavity. This planar sample structure
already accelerates optical transitions by a factor of two compared
to a bare sample (∼ 1ns) and supports directional emission. Based
on detection rate and a rough estimate of overall setup transmission,
∼ 1−10% efficiency for a single spatial mode into the collection path
is indicated. While this design cannot claim to satisfy high collec-
tion efficiency demands, the ease of its fabrication is advantageous
for basic research.

It was already argued, that among basic QD transitions, the
charged exciton (CX) transition of a QD recombines at a single en-
ergy due to absence of line splitting, which is why it is suitable for
interconnecting hybrid quantum systems. This work therefore fo-
cuses on charged excitons; as a first step its identification by specific
characteristics is presented.
A micro-photoluminescence spectroscopy setup allows to investigate
the basic emission properties of QDs. A typical florescence spectrum
of a single QD (which will be referred to as QD B) is depicted in
Fig. 4.1a. Under non-resonant pumping well below saturation, the
QD spectrum mainly contains discrete lines from electron-hole re-
combination of its lowest states (s−shell). These transitions are the
exciton (X) which is a recombination that occurs when the QD con-
fines one electron and one hole, the CX transition where an additional
charge carrier resides in the QD and the biexciton (XX) transition
where the recombination occurs while two electron and two holes oc-
cupy the lowest state, respectively. Due to occupation probabilities,
typically the X line appears to be the brightest, while the XX line
is the dimmest. However, in general a (unintentional) background
doping can influence the occupation probabilities, thus power and po-
larization dependent measurements are necessary to unambiguously
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4.1 The single-photon source: Single InGaAs QDs
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Figure 4.1. (a), The emission spectrum of QD B under non-resonant exci-
tation well below saturation. Lines are assigned to charged exciton (CX),
exciton (X) and biexciton (XX). The same color code for all graphs. (b),
Non-resonant excitation power (P) dependence of emission lines. (c), Time-
correlated single photon counting of CX under resonant excitation. The
decay constant τ is obtained by an exponential fit. (d), Polarization de-
pendence of the detuning of respective emission line centers.

assign the lines of the spectrum to specific states of the QD.
Fig. 4.1b shows the intensity of the lines as the non-resonant laser

power is increased. The QD transitions that result from a single
pair of charge carriers, X and CX, are expected to scale linearly
with the excitation power, while the state XX which relies on two
pairs is expected to scale quadratically. Indeed, below saturation an
approximately linear dependence of emission rates on the power P0.8

is observed for X and CX, while XX scales exactly quadratically to
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4. Building blocks of the QD-Cs vapor interface

the single pair states with P1.6. This leads at higher powers to XX
count rates well above the CX rates. While the recombination of CX
leaves a single charge carrier in the QD, the recombination of XX
most likely leads to the cascaded emission of an X transition, which
is why X saturates at higher intensities than XX.

In general, multiple QDs can be located within the spot size of
the microscope objective. To lift any ambiguity that may occur as a
result of overlapping lines of different QDs, the special polarization
dependence of X in contrast to CX can be used. For elliptically
shaped QDs, the two linearly polarized transitions (parallel to the
spatial QD axes) of X are non-degenerate and can be identified in
polarization dependent spectra. For that, the angle of the half wave
plate (HWP) in front of the PBS in the collection path is rotated,
while the center of the emission lines are recorded. Fig. 4.1d shows
the detuning of the respective transitions with the angle of rotation
of the HWP and allows final assignment of the lines. CX shows no
dependence of its line center to the analyzed linear polarization as a
result of its circularly polarized emission. In contrast, X and XX show
a sinusoidal dependence but with a phase shift of 45◦, i.e. maxima
are reached for orthogonal polarization of analysis. This behavior is
related to the fine-structure splitting due to the in-plane anisotropy
of the QD [76] and amounts to ∆EFSS ∼ 5µeV.
Alternatively, time-correlated single photon counting (TCSPC) af-
ter pulsed resonant excitation can be performed to distinguish be-
tween X and CX lines. In case of X with a fine-structure splitting,
the coherent excitation of both lines yields a sinusoidal oscillation
in TCSPC when analyzed in linear polarization. Its absence proves
CX as the addressed transition. Fig. 4.1c shows TCSPC of the CX
which reveals once again the absence of a polarization dependent line-
splitting. Notably, the detected photons show a sharp rising edge and
a mono-exponential decay (after accounting for the APD after puls-
ing) as expected from the spontaneous emission of a two-level system.
Besides the absence of a line-splitting, this precise timing of the pho-
ton emission in resonant excitation makes the CX most attractive for
interfacing with another two-level system and on-demand operation.
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4.1 The single-photon source: Single InGaAs QDs

4.1.2 On-demand single-photon generation
Although non-resonant excitation constitutes a comfortable way for
basic QD characterization, it is obvious that uncontrolled QD state
preparation can not yield high photon generation rates of a single
transition. Moreover it comes along with various dephasing mecha-
nisms, most significantly timing jitter and enhanced line broadening
which diminish quantum optical properties [49,77]. Fortunately, QDs
allow excitation into higher states, phonon-assisted and resonant exci-
tation of their transitions. The latter approach is used here which is a
promising scheme to push QD emission to its best performance [8,25].

On-demand operation

Ideal inversion of a two-level system can theoretically be achieved
by driving with a resonant laser field. Depending on the product
of the dipole moment µ, driving field amplitude ε(t) and interaction
time, a superposition of ground and excited state is created. The
sinusoidal evolution of excited state population is referred to as Rabi
oscillations [64]. When the pulse area Θ = µ/~

∫
ε(t)dt = π, an un-

damped system would result in unity occupation probability of the
excited state. To estimate the inversion fidelity of the CX transi-
tion of a QD, the coherence of the two-level system is probed by
increasing the power of a resonant pulsed laser where the pulse du-
ration (∼ 3ps) is fixed. Fig. 4.2c shows the pulse area dependent
resonance florescence which is proportional to the excited state pop-
ulation probability. With increasing pulse area the intensity of CX
emission increases linearly to continue a damped oscillation after the
maximum at Θ = π. The adjustment of excitation power to the
value which delivers the maximum of resonance florescence intensity
is referred to as π-pulse excitation (∼ 250nW/µm2).
To extract the maximum excited state preparation probability, op-
tical Bloch equations of a two-level system with a power dependent
dephasing term are numerically solved according to the model in [78].
For the present data, the CX preparation fidelity of ∼ 0.75 is found at
the π-pulse. The damping of Rabi oscillations reveals a strong impact
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Figure 4.2. (a), Logarithmic plot of the emission spectrum of QD A under
resonant cw or the π-pulse excitation of its charged exciton. The maximum
strain tuning is applied in the latter case. Zero-phonon line (ZPL) and
phonon side bands (PSB) are indicated. (b), High-resolution spectrum
of the filtered ZPL under π-pulse excitation. Gaussian fit yields a QD
line width of ∆ωQD/2π = 3.5GHz. (c), Rabi rotations of the ZPL. Pulse
area Θ ∝

√
P is increased by increasing excitation power P of the pulsed

resonant laser. A simulation of excited state population is fitted to the
data. (d), Second-order coherence of the ZPL under the π-pulse excitation.

of phonon-induced dephasing which is known to be the main cause
of damping and reduction of excited state preparation probability in
QDs [79,80].

Recently, pulse area dependent studies showed a rich dynamics
of QD emission [51, 81]. One interesting regime is the emission of a
QD excited below the π-pulse. Here, the coherent preparation of a
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4.1 The single-photon source: Single InGaAs QDs

superposition of ground and excited state of the CX is mapped on to
an emitted superposition of vacuum and one-photon Fock-state. Sur-
prisingly, at the various minima of the Rabi oscillations, multi-photon
emission dominates the photon statistics while the time domain de-
viates strongly from a mono-exponential decay. The studies further
suggest a finite but negligible probability for multi-photon emission
at the π-pulse. Nevertheless, the latter case constitutes the opera-
tion point for yielding highest photon rates and has been favored for
QD-based quantum implementations [16,19,27].

For on-demand operation of a quantum emitter, besides deter-
ministic excitation, the spectral mode of emission is a crucial figure
of merit. Solid-state quantum emitters couple strongly to the crystal
lattice of the host material. For that reason, their emission contains
not only the transition of the two-level system, the zero-phonon line
(ZPL), but also the so called phonon side bands (PSB). In QDs, the
PSB amounts to less than 10% of the total emission in resonance flo-
rescence and is independent of the resonant excitation power [82,83].
This fraction is significantly lower than for other quantum emitter like
nitrogen vacancy centers [84], but still poses a fundamental limitation
to the useful photons. However, by coupling (weak coupling regime)
the relevant QD transition to a narrow bandwidth micro-cavity, the
fraction emitted into the PSB can further be decreased [85].
To evaluate the PSB for the QDs of the present sample, Fig. 4.2a
depicts exemplarily the total CX emission spectrum of QD A under
π-pulse excitation in comparison to its resonant cw excitation. The
ZPL appears as a bright discrete line, while the PSB ranges over a
few nm. The PSB is asymmetric which reflects the higher probability
to release energy via phonon interaction at cryogenic temperatures.
The area under the broad feature of the spectrum amounts to ∼ 38%
of the total emission when the π-pulse excitation is utilized. In con-
trast, cw excitation yields ∼ 22% for the broad feature. While in
the latter case, the broad bands reflect the actual PSB, the appar-
ent higher fraction in the pulsed excitation is most likely a result of
imperfect laser suppression. The short broad bandwidth excitation
pulse covers a similar spectrum as the PSB prohibiting a clear assign-
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4. Building blocks of the QD-Cs vapor interface

ment. However, even when the lower value is taken as the PSB, the
fraction is much higher than reported for high performance samples
in literature, suggesting that the temperature at the sample may be
higher than the anticipated 4K due to attachment of the sample to
the cold finger via a piezo transducer. This would also explain the
relatively strong reduction of CX state preparation fidelity due to
coupling to acoustic phonons.
Conclusively, the on-demand operation by driving a CX at the π-
pulse achieves an efficiency of 0.75× 0.78 ≈ 0.59 into the ZPL, when
the polarization suppression setup is not accounted for. Indeed, alter-
native schemes, e.g. coherent dichromatic excitation can circumvent
the polarization suppression thereby approaching the fundamental
limits imposed only by the driving and emission properties of the
QD transition [86].

Other aspects that may be specific to the present sample have
to be mentioned with regard to on-demand operation. It should be
noted, that while the fraction emitted into the PSB under resonant
π-pulse pumping appears reproducible from dot-to-dot, the visibility
of Rabi oscillations varies significantly not only from dot-to-dot, but
also on daily basis on the very same QD. The actual dynamics of a
QD is much more complex than a simple two-level system and specific
to the QD and its environment, which may reconfigure at the daily
cooling cycles.
Furthermore, despite the resonant pumping of the CX line, many
QDs show in addition unwanted X recombination that most likely is
a result of an Auger process or tunneling [87,88] that further quenches
CX emission rate. The small fraction of these excitons ∼ 1− 10% is
generally also subjected to daily changes and show a strong depen-
dence on an additional weak (< 10nW/µm2) cw non-resonant laser.
The extracted maximum occupation probability of the CX therefore
has to be understood rather as an estimation.
However, it should be pointed out, that the high-resolution spectrum
of the ZPL, its photon statistics and quantum interference visibility,
which are studied in the following, are stable properties of a QD that
are preserved over any number of cooling cycles of the sample.
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4.1 The single-photon source: Single InGaAs QDs

Photon statistics of a QD emission

Photon statistics of the QD emission is performed by directing it onto
a beam splitter and the measurement of the second-order coherence
G

(2)
1,2 at the output ports (1 & 2) [39]. Depending on the value of the

central coincidence peak, the emission can be classified. In case of
pure single quanta, a coincidence detection will never occur.
Fig. 4.2d shows the correlation histogram for the ZPL of QD A
(see Fig. 4.2c). Correlations are present at the repetition times
of the excitation pulse (trep = 13.1 ns), while simultaneous coinci-
dences are strongly suppressed. The normalized value amounts to
g

(2)
1,2(0) = 0.015 ± 0.005 proving excellent fidelity to the one-photon
Fock-state of the emission under π-pulse excitation. The finite value
contains contributions of emission and re-excitation during the exci-
tation pulse, but can mainly be considered as the result of imperfect
laser suppression (∼ 104 laser photons are needed for the excitation
of a single QD transition). Having proven excellent purity in the
photon number basis, in the next step purity in the wavepacket basis
is investigated.

4.1.3 Two-photon interference
Two-photon interference at a beam splitter is a basic building block
of many quantum technological applications. For example, the Bell-
state measurement in a quantum repeater [13] and in linear opti-
cal quantum computing [15] or N00N-state generation for quantum
enhanced sensing [89] rely on this effect. In case of bosonic single
photon inputs, it is also referred to as Hong-Ou-Mandel (HOM) in-
terference [70] which results in both bunching of photons into the
same output mode and entanglement of outputs. Traditionally this
is measured by the absence of coincidence detection. This effect is
not limited to optical wavepackets but can also be observed with i.e.
phonons [90] and even atoms [91] by suitable mode splitting oper-
ations on initial modes that induce an overlap of the two following
trajectories.
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4. Building blocks of the QD-Cs vapor interface

Using single photon emitters, HOM interference visibility is a
measure of mode overlap between the two interfering photons. In
our case of resonantly excited CX transitions, the temporal mode is
exactly determined, such that an unbalanced Mach-Zehnder interfer-
ometer can be used to bring successively emitted photons to overlap
at the output beam splitter. The classical interference of a laser can
be used to align spatial modes perfectly. When the photons are fur-
thermore prepared in identical polarization mode, the interference
visibility and temporal dependence of correlations after the beam
splitter are only determined by the spectral properties of the photons
(see chapter 2 and [72,92]). Thus, HOM interference constitutes not
only a method for entangling operations but also to probe broaden-
ing of the emission line. As such, it is the basic tool to characterize
quantum emitters for their performances in multi-photon quantum
implementations, as it crucially determines the fidelity of quantum
gates that rely on quantum interference at a beam splitter.
However, since the first realization of HOM with QD photons [71], a
discrepancy of HOM visibility and the independently measured coher-
ence time via Fourier spectroscopy is known. The presence of a slow
spectral diffusion process of the QD has been suggested which is not
probed by the interference of successively emitted photons that are
typically apart by a few nanoseconds. Indeed, HOM interference has
been shown to reduce with the distance of emission time difference
of interfered photons [93–95]. However, synchronization of photons
at the beam splitter by delaying the preceding one has been limited
to 15µs, thus the independently measured coherence time or station-
ary spectrum of the emitter could not be reproduced. Noise spec-
troscopy in fact suggests spectral diffusion ranging to milliseconds
and beyond [52,53]. A solution to this issue is provided in this work,
being addressed in the next chapter [56]. While active and passive
schemes to control spectral diffusion can be exploited to reduce the
dephasing [33], alongside with high quality sample growth, high Pur-
cell enhanced acceleration of radiative recombination in micro-cavity
structures under resonant excitation turns out to be most effective to
achieve near unity HOM interference visibility [28,77,96].
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Figure 4.3. Experimental setup to perform HOM interference of successive
photons at BS1. The time difference given by the excitation laser repetition
period trep is compensated for in the unbalanced MZI. The HWP serves
to align the photon polarization parallel or perpendicular to each other.
Successful interference directs both photons into one output. This is mea-
sured by second-order coherence at ports (5 & 6) or through correlations
after BS2 at output ports (7 & 8).

Here, the HOM interference of QD A is studied under resonant
π-pulse excitation of the CX state, while both anti-correlation at the
outputs and bunching into one output port are investigated.

HOM interference of successive QD photons

The experimental setup to realize HOM two-photon interference
of successively emitted QD photons is shown in Fig. 4.3. The ZPL
of the emission of a QD under resonant π-pulse excitation is di-
rected into a HOM setup with the doubled laser repetition period
of trep = 6.5 ns. The unbalanced MZI compensates for the time dif-
ference, so that successively emitted photons can impinge on BS1
simultaneously to interfere. Successful interference of indistinguish-
able single photon wavepackets |1χ0;3〉 (see Eq. (2.12)) from port 3
and |1χL;4〉 from port 4 results in 1√

2 (|2χ0;5, 0χ0;6〉 + |0χ0;5, 2χ0;6〉).

This section is reproduced in parts from:
H. Vural et al., PRB 103, 195304 (2021) ©2021 American Physical Society
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This state exhibits path-entanglement and the conversion of one-
photon Fock-states into two-photon Fock-states, and is referred to as
a N00N-state (here for N=2). In contrast to completely distinguish-
able photons which exhibit 1/4 probability to create the classically
possible output formations, the N00N-state will show no coincidences
G

(2)
5,6(0) when measured at output ports (5 & 6). The deviation un-

der the consideration of line broadening is discussed in chapter 2.
Alternatively, directing one output port to an additional beam split-
ter BS2, 2002-state formation is testified by doubled coincidences for
correlation G

(2)
7,8, which serves as a pseudo-photon number resolv-

ing detector. While indistinguishable photons generate a two-photon
Fock-state |2χ0;5〉 in the output mode 5 in half of the cases, distin-
guishable photons propagate as a pair only in a quarter of cases. The
exact temporally resolved behavior under line broadening is discussed
in chapter 2.

Fig. 4.4a shows the HOM interference as traditionally measured
after BS1 for both parallel and perpendicular polarized inputs. Due
to the possible paths consecutive photons can take in the HOM setup,
a peak pattern arises where only the central coincidence peak con-
sists of the photons entering at the beam splitter simultaneously
from different ports (3 & 4). When perpendicularly polarized, i.e.
non-interfering photons are considered (orange curves), the central
coincidence peak amounts to half of the outermost peaks which re-
late to the Poissonian level. For the parallel polarized case (blue
curves), a strong reduction of coincidences is found. Moreover, a
dip is indicated, which in case of a jitter-free detector would reach
zero. The coalescence reveals indistinguishability of successive pho-
tons [71], while the still present modulated peak reveals broaden-
ing of the emission line [72, 92]. By a fit to the data, the areas
under the coincidence peaks deliver the HOM interference visibil-
ity VHOM = 1 − G

(2)
5,6‖/G

(2)
5,6⊥ = 0.53 ± 0.03. Moreover, a coher-

ence time T2 ≈ T1 = 0.43ns and a corresponding line broadening
of ∆ω = 0.9GHz is revealed when the frequency jitter is assumed
to be a Gaussian distribution. This assumption is motivated by the
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4. Building blocks of the QD-Cs vapor interface

Gaussian broadening of the ZPL, as shown in Fig. 4.2b. However ∆ω
appears much narrower than the main emission line of the QD with
its ∆ωQD = 3.5GHz FWHM. This is a clear indication of the pres-
ence of a spectral diffusion process that is significantly slower than
the probed timescale (6.5 ns). On the other hand, the only moderate
HOM visibility points towards a strong influence of phonon dephas-
ing and a higher temperature than the expected 4K [54], as was also
indicated in the relatively large fraction of the QD’s PSB (Fig. 4.2a).

To study the possible impact of excitation pulse power on the visi-
bility, the HOM experiment was repeated at Θ = π/2 and the two
other maxima of the Rabi oscillations at Θ ≈ 3π and Θ ≈ 5π (see
Fig. 4.2c). The HOM visibility is found to be preserved, indicating
that excitation power does not add any notable dephasing upon the
already existing one.

The observed coalescence in the HOM experiment implies both
preparation of the two photon N00N-state with a fidelity of 53% [19]
and consequent bunching of photons in one output port which is now
inspected in the central coincidence peak of the correlation G(2)

7,8 (see
Fig. 4.4b). The case of perpendicular polarized photons reproduces
the previous pattern with the central peak reaching half the Pois-
sonian level. Note that the signal-to-noise ratio decreases due to
reduction of detected rates as photons in output 6 do not contribute
anymore. For parallel polarized photons the central peak displays
a strong increase of coincidences as opposed to the previously ob-
served reduction. Notably, the visibility reproduces the value of the
previous HOM measurement proving the equivalence of both detec-
tion schemes. Moreover, this demonstrates the successful propagation
of two-photon Fock-states between the two beam splitters of spatial
mode 5 again with a fidelity of 53% (see Eq.(2.22)). This scheme
does not only constitute a complementary measurement to the HOM
experiment, moreover, it will serve to study the interaction of two-
photon states with atoms in the next chapter.
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4.1 The single-photon source: Single InGaAs QDs

4.1.4 Peculiarities of the sample

Although there is room for improvement to fulfill the portfolio of
requirements posed on a perfect quantum emitter, the QDs of the in-
vestigated sample possess firm quantum optical properties that make
them suitable for basic research. In particular, the purity of single-
photon emission under resonant π-pulse excitation is excellent for all
studied QDs, qualifying them for instance to realize secure quantum
key distribution [97]. However, HOM interference visibility, which re-
flects the indistinguishability of successively emitted photons, shows
moderate values that range randomly from 0.35 to 0.53. Especially,
there is no correlation of visibility to neither the brightness of QD
emission nor the line width of its ZPL. The measured HOM visibili-
ties correspond to frequency jitter that amount to only a fraction of
the total emission spectra, strongly indicating line broadening mech-
anisms beyond the nanosecond timescale.
It should be noted, that the ZPL often consists of more than a single
line, with randomly varying detuning to each other and respective
amplitudes, although the spectra of CX should not display a line-
splitting. Indeed, the occurrence of complex spectra consisting of
multiple lines has been attributed to quantum confined Stark-shifts
of charge carriers trapped in the QD’s vicinity [48].

The majority of QDs necessitate the assistance of a weak non-
resonant laser to be resonantly addressable in their CX states. De-
pending on the wavelength [98] and power [99] of the non-resonant
laser, the QDs charge state can be manipulated and set properly to
realize resonant excitation. Although clear Rabi oscillations can be
observed for all the majority of QDs, due to the non-deterministic
charge state preparation as well as emission of X instead of CX, the
extracted fidelities of excited state populations often remain ques-
tionable. In particular, due to daily changes of the coherent excita-
tion, QD Rabi oscillations can show a drastic reduction of visibility
pointing towards a complicated interaction with its environment. Re-
markably, the HOM visibility remains unaffected by these changes,
indicating the origin of Rabi dephasing not to be connected to the
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4. Building blocks of the QD-Cs vapor interface

photonic coherence of the two-level system but in Auger or tunneling
processes.

The investigated QDs have been chosen to emit their CX lines
very close to the Cs-D1 transition. In an area of the sample with a
QD density below ∼ 1/µm2, to find a suitable candidate necessitated
a scan over an area of 50 × 50µm2. This subset of QDs of the sam-
ple showed often very similar spectra with ∆ECX-X ≈ 0.9meV and
∆EX-XX ≈ 2.2meV, such that a few spectra were not distinguishable
even in non-resonant excitation, which is known as the fingerprint of
a QD. Identification had to rely in these cases on neighboring QDs
or the high-resolution spectrum of the ZPL.

The strain-field applied to the sample allows a tuning range of
∆E/h ≈ 20GHz which covers the total range of the hyperfine-split
Cs-D1 lines, thus being helpful to fine-tune the CX wavelengths. For
the investigated QDs, the uniaxial strain field resulted only in a red
tuning, which is a result of several dependencies like QD material
composition, its shape, potential and strength of applied stress [100].
In principle, the tuning range can reach over a THz [101], when stress
is effectively translated to the QD’s location.

Most crucially, strain-tuning preserves the emission quality, as is
validated for the investigated QDs by unchanged HOM visibilities.
In contrast, a similar tuning range provided by heating the sample to
a nominal temperature of ∼ 20K results in a drop of visibility from
∼ 0.5 to ∼ 0.15. This underlines the clear benefit of the strain-tuning
mechanism despite the present small tuning range.

4.2 Dispersive medium: hot Cs vapor
The counterpart of QDs are Cs atoms in vapor phase. The emitted
photons of CX transitions will be interacting with the Cs vapor in a
glass cell of length LV = 10 cm or LV = 25 cm. As the interaction is
linear, the transmission spectrum of the vapor contains all relevant
information, since the absorption can be used to deduce the dispersive
properties via the Kramers-Kronig relation.
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Figure 4.5. (a), Experimental setup to perform transmission spectroscopy
of hot Cs vapor. Detectors are photo diodes (PD). Fabry-Pérot interfer-
ometer (FPI) serves for linearization of frequency axis.(b) Transmission
spectra of a Cs vapor of length LV at the temperatures TV = 75.8 ◦C,
96.3 ◦C, 115.2 ◦C and 132.7 ◦C. Dots represent data and solid lines are the-
ory curves. Color code applies for the whole figure. (c) Logarithmic plot
of vapor absorption at two particular detunings. (d) Logarithmic plot of
group index. Legend applies also to (c).

Fig. 4.5a depicts the experimental setup to perform transmission
spectroscopy of Cs vapor at various vapor temperatures TV . The
linearly polarized scanning cw laser is split in three parts. One part
is used to calibrate the frequency axis of the scanning laser by the
transmission profile of a Fabry-Pérot interferometer, one part is used
to acquire the continuously changing laser intensity over the scan
frequency for calibration, and a last part is send through the vapor
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4. Building blocks of the QD-Cs vapor interface

to detect its transmission profile.
Fig. 4.5b shows the transmission spectrum at various temperatures
which have been nominally set to TV,set = 80 ◦C, 100 ◦C, 120 ◦C and
140 ◦C. Even at the lowest investigated temperature, the transmis-
sion profile of neighboring (excited state hyperfine-splitted) transi-
tions tend to merge due to strong Doppler-broadening of the various
velocity classes of atoms within the vapor. With increasing tem-
perature its impact strengthen to form a bell-shaped transmission
window between the fully absorbing broadened lines. From the com-
parison to the theoretical fits of ElecSus [62] the actual vapor temper-
ature, which lie slightly below the set temperatures, can be deduced
to TV = 75.8 ◦C, 96.3 ◦C, 115.2 ◦C and 132.7 ◦C. Note that, due to
strong linear increase of laser intensity over the scan frequency, the
weak probe limit (laser intensityIL � Isat = 25µW/mm2, the sat-
uration intensity of Cs D1 line [64]) of the theoretical framework is
not fulfilled over the full scan range. This is reflected in slight de-
viation of theory and data. In case of single photons however, the
weak probe limit is fully valid, such that theory curves of the vapor
response from ElecSus can be used for simulations.

For two particular detunings which play a role in the next chapter,
the dependencies of absorption and group index over the vapor tem-
perature is investigated. At detuning ω/2π = 0.8GHz, the maximum
of the transmission window as well as at its wing ω/2π = 9.8GHz,
the absorption has an exponential increase up to close to total ab-
sorption (Fig. 4.5c). This is a consequence of the strong temperature
dependence of the atomic density in the vapor phase, as well as the
strength of atom-light interaction cross section which is influenced by
the Doppler width [102].
For the group index ng, which constitutes an important figure of
merit of the slow-light effect, again an exponential dependence at
both detunings is found in the experimentally investigated tempera-
ture range, since it depends approximately linearly to the absorption
coefficient [103]. The higher absorption at detuning ω/2π = 0.8GHz
in comparison to ω/2π = 9.8GHz results in significantly higher group
index. Note, that ng is independent of the vapor cell length. The
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4.2 Dispersive medium: hot Cs vapor

following experiments will be mainly performed at group indices be-
tween 10 to 50 to reach a significant delay for the QD photons within
the vapor cells.
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Chapter 5

QD-Cs vapor interface

In the following, the first section introduces the concept of time
domain spectroscopy enabled by the slow-light medium, which is
based on the mapping of frequency domain onto time domain. After
a theoretical investigation which takes line broadening into account,
the technique is demonstrated for the emission of QDs under the
on-demand operation at the π-pulse.

Based on this working principle, a novel photon-correlation technique
is established in the next section, that allows the study of spectral
diffusion dynamics of on-demand operated QDs. The theoretical de-
scription of a suitable model is followed by experimental results and
quantification of line broadening for the investigated QDs.

In the third section, quantum states of light are investigated while
using the medium as a variable delay line. The propagation of one and
two-photon Fock-states in the dispersive medium are experimentally
validated.

Finally, we explore the impact of Cs vapor-single photon interaction
and resulting pulse distortion on the quantum optical properties of
transmitted photons via HOM two-photon interference measurements
in two vapor constellations, which allow to outline the potential of
this interface for real-world applications.
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5. QD-Cs vapor interface

5.1 High-resolution spectroscopy
enabled by the slow-light effect

The obvious benefit of the slow-light effect is to induce a temporal
delay for optical pulses [60, 104–106]. In this case, the signal at the
output of the delay line is desired to be identical with the input. How-
ever, using the slow-light effect is not restricted to a delay line. Quite
contrary, various applications make use of it [60], even benefit from
the unwanted pulse distortion. For instance, the pulse length com-
pression [107] within the slow-light medium increases energy density
and enhances light-matter interaction [108]. Besides that, utilizing
a slow-light medium in phase measurements and interferometry of-
fers enhancement due to the spectral phase sensitivity dΦ/dω being
proportional to the group index ng(ω) [109–111].

In this section, we will focus on gathering spectral information
upon time correlated detection using the strong dependence of ng(ω)
on the frequency ω. Indeed, in a strongly dispersive slow-light
medium different spectral components map to different arrival times
which are used to stretch ultra fast laser pulses and to capture their
frequency spectra [112]. Due to mutual dependence of dispersion and
pulse delay or distortion, the temporal information has even been
used for km-long optical fibers to infer information about the mate-
rial dispersion or spectrum of the transmitted pulses [113, 114]. The
pulse duration in these cases were in the picosecond regime which
can be delayed and distorted even in micron sized photonic crystals
due to the much higher dispersion in these structures [105]. Elabo-
rate techniques e.g. by inducing stimulated Brillouin scattering reso-
nances in m-long fibers have shown high and tunable group velocity
dispersion eventually allowing an impact for propagating nanosec-
ond pulses [115]. Moreover, using a dispersion compensating fiber
that offers strong group velocity dispersion, the joint spectrum of en-

This section is reproduced in parts from:
H. Vural et al., PRB 101, 161401 (2020) ©2020 American Physical Society
H. Vural et al., Optica 5, 367-373 (2018) ©2018 Optical Society of America
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5.1 High-resolution spectroscopy enabled by the slow-light effect

tangled photons from a parametric down-conversion source has been
measured [114]. However, the THz bandwidths probed so far lies
within the resolution limit of grating spectrometers and in particular
is orders of magnitude larger than typical QD spectra.

Here, we explore at the example of a hot Cs vapor and QD pho-
tons the GHz bandwidth regime of slow-light spectroscopy, which is
below the resolution limit of grating spectrometers. By benefiting
from single-photon detector technology that allows temporal resolu-
tion in the sub-nanosecond regime, the deduction of high-resolution
spectra from time domain measurements will be demonstrated. This
shall serve to benchmark the spectroscopic capabilities of this spe-
cific interface and strengthen the subsequent important study on the
spectral diffusion dynamics.

5.1.1 Dispersive mapping into time domain
To illustrate the concept of mapping frequency domain of single pho-
tons onto the time domain, we theoretically examine the propagation
of exponentially decaying wavepackets (Lorentzian in the frequency
domain χLi (ω)) in a single spatial mode via TCSPC and FCSPC (the
subscript i of χLi (ω) indicates the carrier frequency, the superscript
L the propagation length, see Eq. (2.7)). The parameters are chosen
similar to the upcoming experimental conditions with a decay con-
stant of τ = 0.5 ns and the vapor cell length L = LV = 10 cm that
is kept at a temperature of TV = 125 ◦C which delivers a group
index of ng = 22 at ω/2π = 0.8GHz detuning and ng = 13 at
ω/2π = 9.8GHz.

The medium’s linear response, given by n(ω)+ i
2ω/cα(ω), performs

the following mapping on the wavepacket χ(ω) of finite bandwidth:

χ0
i (ω) 7−→ χLi (ω) = χ0

i (ω)e−L2 α(ω)ei
Ln(ω)
c ω . (5.1)

The absorption α(ω) reduces the amplitude, while the refractive index
n(ω) introduces an effective propagation length L·n(ω). This changes
the relative phase between the frequency modes of a wavepacket caus-
ing an interference and modification of the temporal shape of single
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initial decay constant τi = 0.5. For comparison, the black curve, which
corresponds to free space propagation, is shown.

68



5.1 High-resolution spectroscopy enabled by the slow-light effect

photon pulses |χLi (t)|2 = |FT
{
χLi (ω)

}
|2, since the Fourier-transform

FT operation is preceding the absolute square. Given the finite width
of a Lorentzian and the strongly frequency dependent group index
(see Fig. 2.2b) a pulse distortion is already expected.

In Fig. 5.1a, the initial spectrum is compared to its transmit-
ted counterpart for selected carrier frequencies ωi around the Cs-D1
lines. A measurement of the photons in the frequency domain de-
livers |χLVi (ω)|2 = |χ0

i (ω)|2e−LV α(ω), which reflects only the impact
of absorption on the photons. The transmitted spectra are mostly
still close to Lorentzian while the acquired phase of each frequency
component is lost. This is contrary to the respective time domain
which discloses the effect of dispersion, as shown in Fig. 5.1b.

A measurement of the intensity of a photon does not disclose any
information on the phase and its spectral properties when propa-
gated in free space |χLVi (t)|2 = 1

τ e
−(t−t0)/τΘ(t− t0) (black curve for

all carrier frequencies), yielding the decay constant τ as the only iden-
tifiable parameter. However, upon propagation through the strongly
dispersive Cs vapor, distinct temporal profiles occur for photons at
different carrier frequencies. The very particular interference pat-
tern of the transmitted photons allow assignment to their respective
frequency domain. Hence, the usually undesired pulse distortion IS
exploited for spectroscopic purposes, mapping frequency onto time
domain.

Impact of line broadening

To gain an intuition on this type of spectroscopy with rather un-
common temporal profiles, we consider the impact of typical line
broadening onto the time domain after the Cs vapor. Firstly,
Lorentzian broadening under two different mechanisms is simulated
(see Fig. 5.2a). One spectrum shall consist of an ensemble of Fourier-
limited photons where broadening results upon a Lorentzian distribu-
tion of jittering carrier frequencies (blue curves). In the other case, a
pure dephasing process is considered, where each photonic spectrum
displays random sidebands such that the resulting total spectrum
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(orange). (b) Time domain signal of the spectra in (a). (c) & (d), Time
domain signal of Gaussian broadened spectra with the center of emission
at ω̄ and FWHM of Gaussian jitter distribution ∆ω. Legend applies to
both plots.

is again Lorentzian broadened (see [74] and section 2.3.3). A mea-
surement of the spectra via FCSPC would display the overlapping
broadened Lorentzians. Because single photons deliver just a "click"
at a certain frequency, the acquisition of the spectrum must integrate
over many photons. For that reason, their is no way to distinguish
the origin of broadening in this case, in particular a decision whether
each photon is Fourier-limited or not cannot be made.
Fig. 5.2b shows the TCSPC signal when the Lorentzian broadened
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5.1 High-resolution spectroscopy enabled by the slow-light effect

emission spectra are propagated through the Cs vapor. The tempo-
ral profile of the broadened ensembles are delayed by about 8 ns and
stretched due to dispersion. The temporal profiles of the total spec-
trum overlap as they do in the frequency domain. This suggests that
the acquisition of an emission spectrum via slow-light spectroscopy
is equivalent to a FCSPC measurement, reflecting the broadened sta-
tionary emission spectra only but hiding the cause of broadening.
Moreover, this indicates that a jitter distribution of Fourier-limited
photons can be used to describe broadened emission spectra under
either mechanism.

In general, QD spectra are dominantly Gaussian broadened. For
that, Fig. 5.2c and d shows simulations of the time domain signal of
Gaussian broadened emission after the vapor. The spectra are inves-
tigated for two choices of emission center ω̄ and several widths ∆ω
of the jitter distribution consisting of Fourier-limited photons. At
ω̄/2π = 0.8GHz detuning to Cs-D1 the photons are homogeneously
delayed owing to more uniform group velocity within the transmis-
sion window of the vapor (see Fig. 2.2b). The increase of Gaussian
line width is reflected as temporal broadening and distinct decays.
Despite the ensemble of various carrier frequency, the signatures of
interference are present as oscillatory slopes.

In contrast, the emission centered at ω̄/2π = 9.8GHz displays largely
distributed profiles due to a more dispersed group velocity distri-
bution (see Fig 2.2b). This increases the sensitivity of slow-light
spectroscopy while revealing that the edge of even a single Doppler-
broadened vapor response would be exploitable for spectroscopic pur-
poses. However, to realize a low distortion delay line, the center of
two neighboring absorption lines is more suitable. In any case, given
the usual high signal-to-noise ratio in TCSPC, the distinct temporal
profiles are expected to allow the determination of the underlying
Gaussian distributions. In the following experimental studies, the
center of vapor transmission is chosen to be at ω̄/2π = 0.8GHz in
order to keep temporal overlap of consecutively emitted photons min-
imal.
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Figure 5.3. Experimental setup of the slow-light spectroscopy. Two options
of laser repetition time trep and vapor cell length LV are utilized.

5.1.2 Slow-light spectroscopy of the emission of
QDs

The experimental setup to perform slow-light spectroscopy via TC-
SPC measurements is shown in Fig. 5.3. The emission of the QD
under resonant π-pulse excitation is directed in a single spatial mode
through a Cs vapor cell that is nominally kept at TV = 125 ◦C. To
avoid temporal overlap of successively emitted photons for the stan-
dard laser repetition of trep = 13 ns, a cell of length LV = 10 cm
is utilized. Alternatively a cell of length LV = 25 cm is used which
however necessitates the operation of a pulse picker to reduce the
repetition rate to trep = 65ns. The spectroscopy is performed at the
center of Cs-D1 lines’ transmission window to keep stretching of the
signals below the repetition. Suitable QD candidates on the sample
are selected and their wavelength fine-tuned to the target frequency
via the application of strain (see chapter 4).

Fig. 5.4a shows TCSPC for QD C, where the longer cell length and
repetition are used. Compared to free space propagation the photonic
wavepackets arrive at the detector with a huge vapor-induced delay
of around ∆tV = 17 ns, further displaying the anticipated pulse dis-
tortion. To extract spectroscopic information from the time domain,
a theory curve is simulated to fit the data under the assumption of
a Gaussian broadened emission spectrum which consists of Fourier-
limited single photons. For that, the measured initial decay constant
of τ = 0.46ns is fixed and a fit routine that evaluates 〈|χLVi (t)|2〉N
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is performed, while vapor temperature, center ω̄ and FWHM ∆ω of
the Normal distribution N are varied.
The rising edge of the signal tightly determines the vapor temper-
ature being TV = 123.9 ± 0.1 ◦C in this case. The FWHM of the
stationary Gaussian jitter is revealed to be ∆ω/2π = 3.0 ± 0.1GHz
with the center of emission at ω̄/2π = 0±0.1GHz detuning. Owing to
high signal-to-noise ratio and excellent matching of theory with data,
the uncertainty in frequency domain is comparable to high resolution
spectra measured by a scanning FPI. Straightforward significant sen-
sitivity improvements can be gained by increasing vapor temperature
or tuning the center of emission to the wings of vapor transmission.
In Fig. 5.4b the independent FCSPC measurement of the emission
spectrum of the QD is compared to the one that is revealed by slow-
light spectroscopy. The accurate matching demonstrates the suitabil-
ity of the method. Note, that the transmitted QD emission through
the vapor amounts for 25% of the total emission spectrum. This is
more than an order of magnitude higher than the mean transmission
of a scanning FPI, which is why the introduced method comes with
high signal-to-noise ratio.

In the theoretical introduction, it was pointed out that the mea-
surements of spectrum with either method does not reveal any dy-
namics of the emission spectrum due to slow integration, but can
only capture its stationary limit. To indicate the cumulative cre-
ation of the measured temporal profile, both complementary domains
of single Fourier-limited photons are plotted for selected carrier fre-
quencies. Remarkably, despite the inclusion of detector jitter that
smoothes out fast modulations in the temporal shapes, the data still
possesses a clear undulation. Supported by a perfect overlap of data
and theory, two implications can be drawn out of it with regard to
the quantum mechanical nature of the single photons.
First, given the interference-induced beats in the time domain data,
any single photon must be in a superposition of its frequency compo-
nents which proofs the validity of single photon wavepacket descrip-
tion according to Eq. (2.1). The interference of a single photon with
itself after splitting and recombination into spatial modes is a famous
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5.1 High-resolution spectroscopy enabled by the slow-light effect

example to reveal its quantum nature [65]. Here, an analogy with re-
gard to the frequency modes of a single quantum is demonstrated
while the interference is resolved in the time domain.
The second implication is that the stationary spectrum can indeed
be described as consisting of Fourier-limited wavepackets where the
carrier frequencies are distributed according to the total spectrum.
This is in analogy to a description of the emission spectrum via a
density matrix of a mixed state that consists of pure states given by
the single-photon wavepackets at certain carrier frequencies.

Conclusively, pulse distortion of single photon wavepackets in time
domain reveals the spectrum and allows thereby to validate basic
principles of the quantum mechanical description.

Slow-light spectroscopy of QD A and QD B

Fig. 5.5 shows slow-light spectroscopy of two further QDs using the
shorter vapor cell of length LV = 10 cm. To operate at the group
indices ng(ω) & 20 as before, the vapor temperature is set simi-
lar amounting to TV = 123.7 ◦C for QD A and TV = 124.9 ◦C for
QD B. The delayed signal of ∆tV ≈ 7 ns after the vapor is shifted to
compare the pulse distortion with the exponential decay without the
vapor in path. Once again, theory curves are fitted to the data in the
time domain to reveal the emission spectra of the QDs. This time
however, the spectra are not only Gaussian broadened but consist of
two separated lines, denoted as L and R. Despite the more complex
spectra, the fit procedure yield results well matching the measured
spectra. However, the fit to converge needs initialization with two
Gaussian distributions. For complex line shapes that consists of sev-
eral lines of various strengths [48, 116] this may cause an issue with
convergence. In those cases, tuning the emission center from the bell
shaped transmission window to its wings where vapor response is
strongly asymmetric and more sensitive to detuning, could lift those
difficulties.

All measured emission lineshapes display a line width of the
stationary spectrum almost an order of magnitude larger than the
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Figure 5.5. (a), Left panel: time domain of photons from QD A with
and without the propagation through the Cs vapor. The data with vapor
are shifted by ∆tV ≈ 7 ns for sake of comparison. Right panel: Inferred
emission spectrum and data measured by a scanning FPI. (b), The same
as in (a) for QD B.

Fourier-limit ∆ωFL = 0.35-0.4GHz. This reveals a strong environ-
mental influence on the two-level systems. The inhomogeneous Gaus-
sian broadening marks a quasi-static environmental noise with regard
to the radiative decay time [49, 73], yet with a large fluctuation am-
plitude.
The two distinct lines present in the spectra of the charged excitons
of QD A & QD B has been reported to arise from the Stark-shift of an
occupied charge trap in the vicinity to the QD’s strain field [48,116].
Since here no external magnetic field is applied and dynamic nuclear
spin polarization is avoided by pumping the QD under linear polariza-
tion, a distinct Zeeman-splitting of the transitions can be excluded.
Hence, based on the 5.8GHz frequency difference between the lines
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5.1 High-resolution spectroscopy enabled by the slow-light effect

L and R of QD A, its distance to the charge trap is estimated to be
∼ 25nm, while the 2.5GHz for QD B yields ∼ 40nm [116]. Note,
that the lines L & R of the QDs do not share the same width, which
shows altered environmental influences on the same QD depending
on the filling of the charge trap. Comparing the QDs, the lines of
QD A are broader which is consistent with a stronger impact of the
closer charge trap.

Discussion
Slow-light spectroscopy, as demonstrated using a hot Cs vapor, con-
vinces with faithful mapping of spectral information onto the time do-
main thereby competing in precision with interferometric techniques
to measure emission spectra. It comes with a restriction to a narrow
wavelength range but with the benefit to avoid moving parts as is
the case for a scanning FPI or Fourier spectroscopy. However, this
method can be realized in any slow light media [60] and extended to
arbitrary wavelength regimes by tailoring dispersive waveguide struc-
tures [117]. Its particular strength lies in the perspective of on-chip
integration and miniaturization [118, 119], which could play an im-
portant role for the future of integrated quantum technologies [120].
When a length constrain is dismissed, the presented method is appli-
cable to any medium with finite non-linear refractive index curve over
the bandwidth of a photon and broadening, respectively. If at least
group velocity dispersion (GVD) is present, the interaction length L
for observing a significant temporal pulse distortion and broadening
after the propagation in the dispersive medium is given by:

L ≈ GVD−1(ω) · τ2 (5.2)

where τ is the pulse length. Hence, a small GVD does not disqualify
the medium’s use but necessitates an increased length of the interac-
tion to reveal spectral properties out of temporal detection.

It is worth to mention that the observed stationary limit of the
spectrum determines the maximally achievable two-photon interfer-
ence with independent emitters, which is a key figure of merit for
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lots of quantum technologies. So far unity interference visibility
of independent remote emitters remain elusive due to non Fourier-
limited stationary spectra of solid-state emitters under non-resonant
or resonant pulsed excitation [92, 121–123]. Despite a modest inter-
ference visibility achieved in interfering remote QD emitters, near-
unity visibility could be demonstrated for photons emitted by the
same source [124]. For that, it is important to unveil the temporal
dynamics of spectral diffusion, thus the cross over from high to low
coherence. In the following section, the extension of slow-light spec-
troscopy to correlation measurements is performed that enables to
reveal the QD’s spectral diffusion.
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5.2 Studying the spectral diffusion dynamics in QDs

5.2 Studying the spectral diffusion
dynamics in QDs

The Gaussian inhomogeneous broadening encountered in the station-
ary QD spectra is arguably dominated by a slow (with regard to the
radiative decay) change of the emission frequency. A QD transition
is subject to decoherence because of coupling to it’s mesoscopic envi-
ronment. As schematized in Figure 5.6, in general, three interaction
mechanisms play a dominant role.

(i) The influence of linear phonon coupling causes largely dis-
tributed side bands, and under quadratic coupling broaden the zero-
phonon line [54] eventually degrading coherence of the emission.
Cooling to 4K and embedding the QD into a photonic cavity struc-
ture renders phonon decoherence to a marginal level [85]. (ii) The
hyperfine interaction of charge carrier spins with ∼ 105 nuclear spins
of the atoms that form the QD is intrinsic to InGaAs QDs [42], being
enhanced when an unpaired spin is localized in the QD [125]. Causing
diverse effects that translate into the QD’s spectrum, the hyperfine

Figure 5.6. Illustration of the environmental coupling to QD-confined
charge carriers.
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interaction can be a limiting factor in the photon indistinguishabil-
ity due to diffusion and fluctuation of the nuclear spins. Optical
dynamic nuclear spin polarization and application of external fields
have proven to reduce fluctuations [125, 126]. (iii) Charge noise is
the main obstacle for many sample structures [55]. Charges trapped
in the vicinity of a QD shift its transitions via the Stark-effect, while
their fluctuations induce spectral diffusion and inhomogeneous broad-
ening over time [48, 52, 116]. High quality growth [127] can reduce
crystal defects which are generally located at layer interfaces, while
passivation techniques neutralize effectively surface states [128] yield-
ing state-of-the-art photonic structures and cavity systems [129].

To predict performances in quantum applications, famously HOM
interference of consecutively emitted photons, the information gained
in the measured stationary spectra is insufficient. This limitation
applies also to standard Fourier spectroscopy [71], since the funda-
mental Wiener-Khinchin theorem relates to the stationary spectrum
only [49,130]. Nevertheless, the dynamics of fluctuations in the emis-
sion frequency can be investigated by various means.
The majority of techniques to characterize spectral diffusion on the
single emitter level probe the resonant scattering of the two-level sys-
tem with a weak laser. The methods applied to date on QDs are
spin noise spectroscopy [131] that probes laser polarization rotation,
counting the photon statistics of florescence [132] and autocorrelation
of the intensity time trace [52,53], as any line shift of the QD transi-
tion translates into altered intensity. Applying the latter method, the
different detuning-dependence of the sensitivity to spin and charge
noise and disparity of their timescales have been used to identify the
origin of fluctuations. For charged excitons, spin noise show a corre-
lation time constant of tens to 100 microseconds while charge noise
happens on milliseconds and beyond in charge coupled devices in-
vestigated by weak laser probe [52, 53]. However, excitation power
influences both timescale and fluctuation amplitudes indicating that

This section is reproduced in parts from:
H. Vural et al., PRB 101, 161401 (2020) ©2020 American Physical Society
H. Vural et al., Appl. Phys. Lett. 117, 030501 (2020) ©2020 AIP Publishing
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the quantification of spectral diffusion and HOM interference visibil-
ities needs to be studied under the realistic pumping conditions.
Photon-correlation experiments after a narrow band filter can be per-
formed under any excitation condition, however it is only indicat-
ing time scales of spectral diffusion [133, 134]. Another possibility
is given by the direct study of HOM interference over the time dif-
ference of consecutive photons. This is often anyhow the desired
information and can itself be used to reveal spectral properties of the
emitter [72, 92]. The interference visibilities showed decays over var-
ious timescales of a few nanoseconds [93, 135], hundreds of nanosec-
onds [94] or microseconds [92,96], demonstrating that decoherence is
characteristic to the sample structure. However, the HOM visibili-
ties corresponding to the stationary spectra were not reached in the
range of investigations up to 15µs, showing the insufficiency of these
studies to cover the whole interesting range as delaying for photon
synchronization at the beam splitter is an issue. Moreover fiber dis-
persion tend to dominate the wavepacket overlap reduction even for
telecommunication wavelength at 1550 nm [92].
A method that probes the photons after their emission and with-
out limitations on the investigated timescales is given by photon-
correlation Fourier spectroscopy [136], recently used to resolve the
temporal evolution of line broadening in biexciton-exciton cas-
cades [137]. It utilizes a Michelson interferometer with displaced in-
put and output paths to probe the coherence of consecutive photons
via intensity correlation measurements over the path length differ-
ence.

Here, we introduce and demonstrate an alternative method based
on the present hybrid interface: slow-light photon-correlation spec-
troscopy. This method exploits frequency dependent pulse distortion
in the slow-light medium which is combined with photon-correlation
to reveal the temporal dependency of emission frequency fluctuations.
Significantly, it necessitates only a single correlation measurement to
quantify the spectral diffusion over all time scales. In the following,
first a model of QD spectral diffusion is described and its relation to
time-dependent two-photon interference visibility is derived. This is
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followed by the experimental investigation of QDs A & B which com-
plements on the stationary emission spectrum presented in Fig. 5.5.

5.2.1 Classical diffusion model of the QD’s
spectral diffusion

The processes which cause spectral diffusion vary for the different ma-
terial systems. However, in many cases, the stationary distribution
of spectral diffusion happens to be a Gaussian, often a consequence
of the central limit theorem [138]. A statistical description of the
dynamics of spectral diffusion appears therefore mandatory [139].
Assuming the QD’s transition frequency shifts caused by n inde-
pendent two-state jump processes, the limit n 7→ ∞ converges to
the Ornstein–Uhlenbeck (OU) stochastic process, the only stationary
Markovian Gaussian noise process [140]. The validity of this limit in
the case of a QD can be expected just from the Gaussian stationary
spectrum that is indicative for hyperfine coupling of the charge car-
rier spin to ∼ 105 fluctuating nuclear spins and a large number of
Stark-shifts of trapped and released charges further apart from the
QD [42,55].
Based on the Gaussian stationary spectrum, the spectral diffusion
is moreover identified as a classical diffusion process rather than a
quantum walk [141]. Indeed, the OU process which will be applied to
effectively describe the spectral diffusion of the emission frequency,
arises from the classical diffusion of a particle which undergoes a
Brownian motion in a harmonic potential. In contrast to standard
Brownian motion, the inclusion of a harmonic potential leads to the
desired stationary and localized Gaussian distribution. The Smolu-
chowski equation in the form of a Fokker-Planck equation can be con-
sulted to describe the evolution of the probability distribution func-
tion p (x2, t2|x1, t1) of the particle’s position x2 at time t2 conditioned
on initial position x1 at time t1. Here, the well known treatment of
this problem and it’s solution which is referred to as the Ornstein-
Uhlenbeck process [142] is adapted. Replacing the position xi with
the emission carrier frequency ωi and adjusting the constants yield
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5.2 Studying the spectral diffusion dynamics in QDs

the solution pω,σc (ω2, δt|ω1) which predicts the probability of carrier
frequency ω2 of a photon emitted with time-difference δt following
the emission of a first photon with carrier frequency ω1:

pω,σc (ω2, δt|ω1)

= 1√
2πσ2Sc(δt)

exp


(
ω2 − ω − (ω1 − ω)

√
1− Sc(δt)

)2

2σ2Sc(δt)


where Sc(δt) = 1− exp

[
− δt

τc/2

]
. (5.3)

The physical mechanism c inducing the spectral diffusion is indicated
with the subscript, while τc and σ are the important characteristic
parameters of the process.
The probability of the first emission frequency follows the stationary
Gaussian distribution N (ω, σ2) = pω,σc (ω1,∞|·) with center ω and
variance σ2 (FWHM is ∆c = 2

√
2 ln(2)σ). Note, that this implies a

sampling rate of first photons well below the time constant of spectral
diffusion, which is fulfilled within the frame of our experiments.
Fig. 5.7a shows the time dependent probability distribution for a
photon’s carrier frequency ω2, conditioned on a former emission at
the frequency ω1. For a short time difference δt 7→ 0, the condi-
tional probability pω,σc (ω2, δt|ω1) 7→ δ(ω2 − ω1) and hence the pho-
tons have likely identical frequencies. With increasing time differ-
ence between the photons, the distribution gets broader and it’s cen-
ter shifts towards the mean of the stationary Gaussian distribution.
For long time differences δt 7→ ∞, the second photon will be dis-
tributed according to the stationary Gaussian pω,σc (ω2,∞|·) indepen-
dent of the initial frequency. This broadening mechanism produces
a time-difference dependent line width leading to a characteristic ex-
ponential decay of the correlation function of emission frequencies:
〈ω1(0)ω2(δt)〉 ∝ exp (−δt/τc), where τc can be defined as the emis-
sion frequency correlation time constant.
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Figure 5.7. (a), Evolution of the probability distribution for the carrier
frequency ω2 of the emission conditioned on the initial emission at ω1 .
Green shaded Gaussian is the stationary distribution, orange area is a dis-
tribution after a short time difference δt and the gray curves are all in
between. (b), Illustration of spectral diffusion composed of two indepen-
dent OU processes c (blue) and s (red), with distinct time constants τi

and widths ∆i. (c) & (d), Simulations of photon correlation according to
Eq. (5.7) for a diffusive emission of total line width of ∆c = 3GHz cen-
tered at ω̄ for various times parameterized by Sc(δt). Legend applies to
both plots.

In order to account for the known spectral diffusion mechanisms
[52], the combination of two independent OU processes and a static
Gaussian distribution is taken as an ansatz. The motivation behind
this assumption is that each process is linked to independent noise
processes of disparate timescales. The particular state of a noise
source within the ensemble of possible states will determine the en-
ergy (and thus emission frequency) corresponding with this process
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5.2 Studying the spectral diffusion dynamics in QDs

(see Fig. 5.7b). Diffusing independently to this, the second noise
source will lead to a certain state and a corresponding energy shift.
The cumulative energy-shifts will in the end determine the final car-
rier frequency of emission. Taking further a static distribution into
account, the total spectral diffusion process P (ω2, δt|ω1) is given by
the following integral:

P (ω2, δt|ω1) =
∫
dc1dc2ds1ds2 pω,ζc (c1,∞|·) pω,ζc (c2, δt|c1)×

pc1,σs (s1,∞|·) pc2,σs (s2, δt|s1 + c2 − c1) ps1,κph (ω1,∞|·) ps2,κph (ω2,∞|·)
(5.4)

As argued above, the initial emission frequency ω1 stems from the
respective stationary distributions of the processes. The first Gaus-
sian distribution pω,ζc (c1,∞|·) describes the probability to emit the
carrier frequency c1 due to the charge noise. The state of spin dif-
fusion shifts c1 to s1 with the probability pc1,σs (s1,∞|·). The static
distribution of mainly phononic origin, indicated by ph, comes on top
shifting s1 to the final emission frequency ω1. Its probability is given
by the product of ps1,κph (ω1,∞|·) with the first two distributions.
After the time difference δt elapses, the diffusion induced by charge
noise is at a state which would lead to the emission of carrier fre-
quency c2 with the probability pω,ζc (c2, δt|c1). Once again, the in-
dependent spin diffusion shifts c2 to s2 which on account of shifted
charge noise is given by the probability pc2,σs (s2, δt|s1 + c2 − c1). The
final emission frequency is ω2 which comes from the static distribu-
tion ps2,κph (ω2,∞|·) centered at s2.

The integral accounts for all possibilities where initial emission
occurs at ω1 and final frequency after the time difference δt is ω2.
The compact solution to the integral in Eq. (5.4) is given by:

P (ω2, δt|ω1) = 1

2π
√

Σ2(δt)Σ̃2(δt)
× exp (5.5)

 Σ2(δt)+Σ̃2(δt)
2

(
(ω1 − ω)2 + (ω2 − ω)2)+ 2(ω1 − ω)(ω2 − ω)Σ2(δt)−Σ̃2(δt)

2

−2Σ2(δt)Σ̃2(δt)
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where Σ2(δt) = ζ2
(

1−
√

1− Sc(δt)
)

+ σ2
(

1−
√

1− Ss(δt)
)

+ κ2

and Σ̃2(δt) = ζ2
(

1 +
√

1− Sc(δt)
)

+ σ2
(

1 +
√

1− Ss(δt)
)

+ κ2

Please note that additional independent OU processes could be in-
cluded in a straightforward way into Eq.(5.5), just by the obvious
scheme in Σ2(δt) and Σ̃2(δt).

5.2.2 Mapping spectral diffusion into time
domain

In the previous section, the slow-light induced mapping of a certain
carrier frequency into time domain was discussed, which manifests
itself as a distinct delay and pulse distortion. In particular, a narrow
distribution of the emission spectrum implies a shorter signal in the
time domain (see Fig. 5.2c & d), as photons closer in frequency end
up similar in time. This feature can be used to assess the time-
dependent line width of the QD’s emission spectrum which results
from the presence of spectral diffusion.
To do so, photon-correlation after the slow-light medium is consid-
ered, which delivers the time difference between the detected photons
and the temporal shape of their cross-correlation. Given a first pho-
ton with carrier frequency ω1 and a consecutive one emitted after the
time difference δt with ω2, the (classical) correlation after a slow-light
medium of length L is described by:

G
(2)
1,2(δt) ∝

∫
dt |χL1 (t)|2 |χL;cδt

2 (t+ δt)|2 = |χL1 (t)|2 ? |χL;cδt
2 (t)|2.

(5.6)
In the course of a measurement, the spectral diffusion process
P (ω2, δt|ω1) will imprint the time-difference dependent shapes of all
possible emission frequency combinations onto the correlation peaks:
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〈G(2)
1,2(δt)〉P (ω2,δt|ω1) ∝ 〈|χL1 (t)|2 ? |χL;cδt

2 (t)|2〉P (ω2,δt|ω1) , (5.7)

where, 〈.〉P (ω2,δt|ω1) =
∫
dν1dν2 P (ω2, δt|ω1) |χL1 (t)|2 ? |χL;cδt

2 (t)|2.
To gain an intuition for the mapping of spectral diffusion onto the

time domain, in Fig. 5.7c & d we consider a simulation of photon-
correlation G(2)

1,2(δt) after the Cs vapor for a QD’s emission following
a single OU process c. With increasing time difference δt described
in terms of Sc(δt), which parameterize the overall evolution of the
diffusion process (see eq. (5.3)), a pronounced broadening in the cor-
relation peaks can be seen. Accompanied by this, a strong decrease
of the peak amplitudes is visible, reflecting the broadening in the
frequency distribution of emission. Once again, access to spectral
properties of the emission in time domain after a slow-light medium
is gained, however revealing this time its dynamics.

5.2.3 Temporal evolution of two-photon
interference

The HOM interference visibility is an important figure of merit for
a quantum emitter. The presence of spectral diffusion renders the
wavepacket overlap of consecutive photons a time dependent prop-
erty. By means of time-difference dependent HOM measurements,
the spectral diffusion could be probed. However due to the need
of photon synchronization at the beam splitter, this method is very
laborious and has been limited to 15 microseconds of fiber delay [95].
In contrast, slow-light photon-correlation spectroscopy neither neces-
sitate any photon synchronization nor displays the exponential en-
hancement of absorption with the probed time difference. And vice
versa, the measured spectral diffusion process allows to calculate the
time dependence of the HOM interference visibility for the quantum
emitter.

Using the two photon interference visibility
(

1 + (ω2−ω1)2

∆ω2
FL

)−1
for

Fourier-limited photons of carrier frequencies ω1 and ω2, we incor-
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porate the spectral diffusion process given in Eq. (5.5) to yield an
analytic expression of HOM interference visibility VHOM over the
time difference of emission δt of the spectrally diffusing single-photon
source:

VHOM,P (δt) = 〈
(

1 + (ω2 − ω1)2

∆ω2
FL

)−1

〉P (ω2,δt|ω1) (5.8)

=
√
π

∆ωFL
2Σ(δt)exp

[(
∆ωFL
2Σ(δt)

)2
]
erfc

[
∆ωFL
2Σ(δt)

]
(5.9)

Thus, the knowledge of the spectral diffusion process is crucial
to quantify the persistence of quantum effects while utilizing a sin-
gle emitter. This is of particular interest for determining the useful
number of photons in multi-photon quantum implementations [95]
and the crossover from high to low coherence.

5.2.4 Characterization of spectral diffusion
dynamics in QDs by slow-light
photon-correlation spectroscopy

The experimental setup to perform slow-light photon-correlation
spectroscopy is shown in Fig. 5.8a. The emission of a QD under reso-
nant π-pulse excitation is directed in a single spatial mode through a
Cs vapor cell that is nominally kept at TV = 125 ◦C. To avoid tempo-
ral overlap of successively emitted photons upon pulse distortion in
the dispersive medium, we again utilize the cell of length LV = 10 cm
for the standard laser repetition of trep = 13ns. The operation is
performed at the center of the Cs-D1 lines’ transmission window to
minimize overlap of neighboring correlation peaks.

Fig. 5.8b shows the normalized photon-correlation histograms of
QD A & QD B comparing the results with and without the vapor in
the path. As for the case without the vapor, the histograms display
a suppression of the central peak due to the single photon nature of
the emission. The narrow correlation peaks as given by the decay
constants are separated by the laser repetition trep. Over several
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Figure 5.8. (a), Experimental setup of the slow-light photon-correlation
spectroscopy. Laser repetition time is trep and vapor cell length LV . (b),
Normalized photon-correlation histograms over time difference δt for QD
A & QD B without (olive and gray) and with (orange and blue) Cs vapor .
Panels (i) and (iii) depict a short time window. Panels (ii) and (iv) depict
selected correlation peaks over several timescales. Hereby, the peaks in the
negative time differences axes are folded on top of the related positive ones
to increase signal-to-noise ratio. The peaks without the vapor are shifted
for the sake of clarity. Theory curves (light orange and light blue) are on
top of the data.
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timescales (see panels on the right hand side) the peak amplitudes
and widths are as expected almost unchanged.
In contrast, the histograms using the vapor display strongly mod-
ified shapes. As expected, the anti-correlation in the central coin-
cidence peaks is preserved, while the correlation peaks at multiples
of the laser repetition are strongly broadened. More importantly,
the temporal profiles of the correlation peaks, depicted over several
timescales, show a significant reshaping. For increasing time differ-
ence between the detected photons, the peaks are strongly reduced
in their amplitudes and noticeably broadened.

The observable reshaping of the peaks after the vapor testifies an
evolving spectral diffusion over several timescales, since more distant
carrier frequencies of photons result in broader correlation peaks. To
reveal the parameters of the spectral diffusion dynamics, simulation
curves as given by Eq. (5.7) are fitted for each of the lines L and R
of the QDs (see Fig. 5.5). The cumulated theory curves excellently
reproduce the correlation peak shapes, which evolve over time with
rather uncommon profiles even not fitting to Voigt-profiles. Tab. 5.1
summarizes the inferred time constants and contributions of the dif-
ferent processes to the total spectrum.

For QD A two noise components with the time constants τAc =
62 ± 3µs and τAs = 7 ± 1µs are disclosed. This reveals that here
charge (c) and spin (s) noise are both relevant contributions to the
observed spectral diffusion. Moreover, a pronounced broadening be-
low the laser repetition is revealed. At the sample temperature & 8K
this can mainly be associated to virtual phonon (ph) transitions that
broaden the zero-phonon line [54]. Since the sample is glued on a
piezo-transducer with poor thermal conductivity, the real tempera-
ture may lie even a few degrees higher, as already discussed in chap-
ter 4. In addition, the observed static broadening may have contribu-
tions from undiscovered mechanisms originated in the growth mode,
as MOVPE grown samples barely show very high indistinguishability
of successively emitted photons.
As for QD B, charge noise is found to dominate the spectral diffusion
dynamics and only one time constant τBc = 22 ± 1µs is sufficient to
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Table 5.1. Parameters extracted by the simulations: timescales of fre-
quency correlation for the OU processes are τc and τs and corresponding
linewidths are ∆c and ∆s; the width of the static Gaussian is ∆ph; condi-
tions of excitation, resonant π-pulse excitation (res.), or with the addition
of weak cw non-resonant laser (res+nr). L and R are the two lines in the
spectra of Fig. 5.5. τLR is the decay constant of jumps.

unit QD A QD B origin of
line L R L R spectral
exc. res res+nr diffusion

∆c/2π GHz 5.4 2.6 1.8 2.8 charge
τc µs 62± 3 22± 1 noise

∆s/2π GHz 1.85± 0.1 − spin
τs µs 7± 1 − noise

∆ph/2π GHz 0.9± 0.1 1.4± 0.1 phonon
τLR ms 7.6± 0.1 6.8± 0.1 line jumps

describe the data. This different behavior is most likely connected to
the preparation of the charged exciton state. While the charge state
of QD A is by default given, most probably due to unintentional dop-
ing at its location, QD B necessitates a weak non-resonant laser for
initialization of its charge state. The additional non-resonant laser
with an energy above the bandgap continuously generates charge car-
riers dominating the noise coupled to the QD transitions even for very
weak powers, in particular accelerating the fluctuations. This obser-
vation has been reported for studies under resonance fluorescence [52]
and two-photon excitation [137], too.

Fig. 5.9a shows the peak amplitudes and areas for both QDs up
to 250 µs, where the frequency correlations of the individual lines (R
and L) become stationary. The growing discrepancy between peak
area and amplitude over time difference signifies the broadening of
peaks, however the peak shapes do change, too. The accurate match-
ing of data and theory proofs the effectiveness of the utilized model
consisting of OU processes. Notably, the composition of two OU
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Figure 5.9. (a), Normalized correlation peak amplitude and area over the
time difference. The curves on top of the data (light) represent simulation
results. (b), Inferred HOM visibilities over time difference with color code
matching (a). Circles represent independent HOM measurements.

processes for QD A is reflected in an earlier but flatter decay of cor-
relations (in terms of correlation peak amplitudes) in comparison to
the curves of QD B. The quantified diffusive and static broadening
contributions to the spectrum can further be used to depict quantum
optical properties of the non-classical light source, as the inferred
broadening in each correlation peak is equivalent to a HOM mea-
surement for photons with corresponding time difference δt. While
the direct measurement of the HOM visibilities is demanding, the in-
troduced method probes all time-differences simultaneously utilizing
all detected photons without any need for further photon synchro-
nization.
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5.2 Studying the spectral diffusion dynamics in QDs

In Fig. 5.9b the time dependence of HOM visibility VHOM(δt) in-
ferred from the measured spectral diffusion is depicted. Independent
HOM two-photon interference measurements for typical free space
delays of 4, 6.5 and 30ns fit exactly to the curve, underpinning the
reliability of the slow-light photon-correlation measurements. QD A
starts at a higher visibility due to the narrower static broadening but
falls below the value of QD B at tens of µs as a result of the larger
total broadening. Note that the long time differences accessed and
quantified here cannot be reached by standard HOM measurements
due to eventually dominant fiber absorption at the necessary length
(e.g. a delay of 200µs in 40 km fiber corresponds to > 130 dB loss at
850 nm) ruling out the acquisition of correlation measurements in a
reasonable time.

So far, the considered timescales contain the individual diffusive
broadening of the lines L and R. Beyond that, a local charge trap in-
duces a jump between the lines for both QDs. This dynamics can be
identified in the long-term correlations, which is shown in Fig. 5.10a
using a coarse binning due to computation limitation. After the in-
dividual lines have lost their correlations completely (the time scales
considered in Fig. 5.9), a second decay with time constant τLR ∼ 7ms
is apparent (see Fig. 5.10a), fitting well to exponential decays and
thereby revealing a telegraph noise behavior [143]. The stronger re-
duction of the correlations in the jump regime for QD A is originated
in the larger intensity disparity between L and R (1:9) when com-
pared to QD B (1:1.5) [144].
The present two-fold composition of timescale for the broadening dy-
namics has recently been observed for a biexciton-exciton cascade
in an InGaAs QD under resonant two-photon excitation, too [137].
However, thanks to the dispersive mapping which provides the spec-
tral information with absolute frequency reference, we are able to
identify the regime of diffusion of a single line and its full expan-
sion prior to the jump dynamics (indicated by the dashed line in
Fig. 5.10a).
It is worth noting that both line jumps and spectral diffusion related
to charge carrier noise, possess additional signatures in the intensity
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Figure 5.10. (a), Normalized photon-correlation after the vapor with a
binning of 100ns and smoothing for the peak repetition. Red curves are
exponential fits with two decay constants. The two regimes of correla-
tion reduction are indicated with a dashed line. (b), Normalized photon-
correlation without the vapor.

correlation measurements without the vapor (Fig. 5.10b). This is
observed as blinking at comparable timescales (80±5µs & 7.1±0.1ms
for QD A and 20 ± 5µs for QD B) that arise due to charging or
discharging of the QD inhibiting its re-excitation. We thus reveal
the common origin of fluorescence intermittancy [145] and emission
frequency diffusion under resonant π-pulse excitation. This implies
that the reduction of charge traps during the sample growth is of key
importance for both continuous emission and a narrow spectrum that
eventually enables scalable quantum information technologies.
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5.2 Studying the spectral diffusion dynamics in QDs

Discussion

Slow-light photon-correlation spectroscopy has been established as
a method to reveal dynamics of emission line broadening by probing
the photons of the charged exciton recombination in single QDs. The
broadening is unveiled to consist of a static part that reflects phonon-
induced broadening of the ZPL, a diffusive part that reflects charge
and spin noise, and a part of Stark-shift induced discrete line jumps
which reflects the occupation state of a local charge trap. The method
is most useful for on-demand emitters, as it allows to investigate the
photons under realistic conditions of excitation, in stark contrast to
laser probes [52, 131]. Using this method, we have been enabled to
identify the Ornstein-Uhlenbeck process as a suitable model to de-
scribe QD’s spectral diffusion. The often utilized non-resonant laser
initialization of a QD state [98, 146] turns out to accelerate fluctua-
tions which can be related to charge noise of continuously generated
charge carriers. The timescales disclosed for the different fluctuations
in the micro- and milliseconds bring together the reports revealed
by direct HOM visibility measurements [94, 96] and weak resonant
probes [52, 53], showing their shortcomings but advancement of the
present study.
While both the interferometric photon-correlation Fourier spec-
troscopy [136] and the presented method allow access to dynamics
from, in principle, excitation state’s lifetime to the stationary limit,
the former poses less stringency on the probed wavelength while the
latter necessitates only one correlation measurement. This can fa-
cilitate a tremendous ease for quantum emitters since count rates
are often still an issue. Furthermore, the perspective of on-chip in-
tegration and miniaturization [105, 118, 119] is promising for future
sustainability of the slow-light based method.

Assessing performances for quantum optical applications by
rather straightforward photon correlation is a major achievement,
such that the presented characterization of two-photon interference
up to the stationary limit of diffusion at 250µs extends the probed
time scales by an order of magnitude compared to literature [95,96].
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5. QD-Cs vapor interface

However, this reveals also the need for controlling line broadening
mechanisms to keep indistinguishability of photons high.
With this regard, successful shielding of nuclear spin fluctuations have
been demonstrated by application of external magnetic field [125]
in Faraday configuration. Additional optical control such as coher-
ent population trapping can induce nuclear spin cooling [147], while
QD’s locking to a laser can be reached simply by dynamic nuclear
spin polarization [126] induced by continuous resonant excitation.
As for charge noise, high quality growth appears to be the major
prerequisite. In addition, charge coupled devices have shown active
stabilization of QD transitions by feedback on Rayleigh scattering or
phonon side bands [148,149]. Finally, coupling QDs to micro-cavities
in the regime of Purcell enhancement helps to keep indistinguisha-
bility high [85]. The lifetime reduction implies a natural broadening
that often reaches more than an order of magnitude which diminishes
the relative impact of frequency fluctuations [79].
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5.3 Cs-vapor delay line for one- and two-photon Fock-states

5.3 Cs-vapor delay line for one- and
two-photon Fock-states

A straightforward scheme to delay light is given in an optical cavity
by multiples of the round trip time. Via polarization switching at a
polarization beam splitter, light is released in and out of the cavity.
Using this scheme delays of about a microsecond for one and two-
photon Fock-states have been realized with corresponding 100 round
trips [150]. While the photon number state fidelity shrinks with each
round trip (vacuum component increases), the wavepacket distortion
is ideally negligible. However, number of round trips for a significant
delay increases with cavity miniaturization posing tight requirements
for device losses.
Alkali vapors allow mapping of a light state into a long-lived collective
state of the atomic ensemble [20], from where the stored light can be
retrieved, for specific configurations, after the enormous waiting time
of a second [31]. The majority of attempts utilize electromagnetically-
induced transparency [151], where writing and reading are controlled
via pulses. This allows a continuous on-demand variation of the de-
lay for retrieving back the stored light state. However, the strength
of control pulses induce noise photons via four-wave mixing and Ra-
man transitions degrading the stored quantum state, while the small
detuning of transitions further challenge filtering.
Despite attempts to make this scheme suitable for broadband QD
photons [30], a realization remains so far elusive. An alternative
scheme was introduced by a Raman memory with off resonant control
and signal fields accepting GHz bandwidth photon storage, as suc-
cessfully demonstrated for a parametric down conversion source [152].
However, this scheme encounters similar challenges due to an even
stronger control field.
The aforementioned troubles can be circumvented by storing light

This section is reproduced in parts from:
H. Vural et al., PRB 103, 195304 (2021) ©2021 American Physical Society
H. Vural et al., Optica 5, 367-373 (2018) ©2018 Optical Society of America
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5. QD-Cs vapor interface

in the excited state via a ladder scheme, as has been realized in ru-
bidium [153] and cesium vapor [154]. Being noise free, this scheme
however is ultimately limited by the much shorter coherences of the
excited states. For the chosen orbital transitions in Rb the experi-
mental and theoretical study yields about 100ns of efficient storage
time, while this was about 5 ns for the chosen Cs transitions.
Another approach that can accept large bandwidth storage is realized
by a photon-echo based scheme in ion-doped rare-earth crystals [155].
For that, the inhomogeneously broadened absorption profile of an en-
semble of ions is tailored to an atomic frequency comb. An absorbed
signal is than released as an echo after a storage time determined
by the inverse of the comb spacing. This scheme allows multi-mode
storage in the time-bin which has also been demonstrated with QD
photons [156]. Having shown high fidelity storage of time-bin en-
tangled photons [157], this scheme lacks the on-demand operation
capability.

The attempt to use the slow-light effect in a medium for realizing a
delay line is obvious. Among other slow light media [60,104,105], the
hyperfine-splitted D transitions of alkali vapor present an attractive
choice for this purpose, especially with the restriction to GHz band-
width. As already indicated, the presence of absorption line pairs
render the refractive index profile between them almost to a linear
function. This results in close to constant group velocity allowing
to realize a ’low distortion’ delay line. So far, laser pulses [158] or
non-resonantly generated QD photons [36, 37] have been delayed in
Cs vapor. Here, we use the pure single-photon emission of a QD to
perform a delay line for one- and two-photon Fock-states, while mon-
itoring the fidelity of the transmitted quantum states in the photon
number basis.

5.3.1 Delaying one-photon Fock-states
The experimental setup to measure simultaneously the slow-light in-
duced delay of the emission of a QD and the photon statistics of
the transmitted emission is shown in Fig. 5.11. The single-photon
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Figure 5.11. Single-photon delay line and setup to probe second-order
coherence of delayed photons. TCSPC and G(2)

1,2 are measured simultane-
ously. Laser repetition time trep and vapor cell length LV are fixed, vapor
temperature TV is variable.

emission under resonant π-pulse excitation is directed through the
vapor cell of length LV = 25 cm where a variable vapor tempera-
ture TV provides a tuning knob for the vapor response and hence the
group index. Since we aim at maximizing achievable vapor-induced
delays ∆tV , the laser repetition period is increased above expected
delays to trep = 65ns by exploiting a pulse picker. The operation
is performed at the center of the Cs-D1 lines where pulse distortion
is minimal (see Fig. 2.2, Fig. 5.1 and Fig. 5.2). Measuring TCSPC
allows to investigate the temporal domain and acquired the delay as
in the previous sections. By simultaneous acquisition of the corre-
lation G(2)

1,2, any affect of vapor interaction on the purity of emitted
one-photon Fock-states |1〉-state is probed.

Fig. 5.12 shows the experimental results obtained for QD C. From
top to bottom, the vapor temperature is increased (see inset) which
leads to a temporal delay ∆tV of detection times due to reduced veloc-
ity in the vapor. Following the theoretical description in section 5.1,
the experimental data are excellently reproduced. The acquired de-
lays at TV = 76.2 ◦C, 114.44 ◦C, 123.9 ◦C and 133.42 ◦C are closely
described by the expected exponential behavior, reaching a group in-
dex ng(ω) ≥ 33 and large fractional delays with ∆tV /τ > 50 for the
highest temperature. Significantly, delaying is achieved for almost all
transmitted photons, with less than 1% of undelayed fraction stem-
ming from photons at the wings of the Gaussian emission spectrum.
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Figure 5.12. (a), TCSPC measurements at various vapor temperatures
TV = 76.2 ◦C, 114.44 ◦C, 123.9 ◦C and 133.42 ◦C for QD C (lines) and the-
oretical predictions (dashed yellow). Inset: achieved vapor-induced delays
∆tV and corresponding vapor transmission. (b), Second-order coherence
of delayed photons at various TV . The color code corresponds with (a).
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5.3 Cs-vapor delay line for one- and two-photon Fock-states

Accompanied with increasing delays ∆tV , the stronger dispersion in
the vapor induces drastic pulse distortion, which we made useful for
slow-light spectroscopy in the previous sections. However, as far as
synchronization of signals by the vapor delay is concerned, this will
lead to a reduction of maximal operation rates.

Fig. 5.12b depicts the simultaneously acquired photon statistics,
except for the highest vapor temperature where tremendous absorp-
tion (see inset) prevents the acquisition of a correlation measurement
in a reasonable integration time. The present peaks are separated by
the excitation repetition period and display the increased temporal
broadening with the temperature and a reduced signal-to-noise ra-
tio due to the reduction in the rate of transmitted photons. For all
temperatures and acquired delays, the single-photon nature is found
to be preserved, as signified by the absence of coincidences amount-
ing to a normalized value of g(2)

1,2(0) = 0.013 ± 0.007. In contrast to
optical-controlled delay lines, this scheme inherently avoids any ex-
citation in the vapor, thus any source of noise that may corrupt the
photon statistics is absent. While this result may be rather obvious,
it is of greater interest to study the effect of vapor-light interaction
on a multi-photon state, as is performed in the following.

5.3.2 Slow-light of two-photon Fock-states
Higher number (N>1) path-entangled N00N-states have attracted
attention in recent years, owing to the possibility of interferometry
with superresolution [17,19,89]. Of particular importance is the pos-
sibility to overcome the shot-noise limit, referred to as supersensitiv-
ity and thereby to approach the Heisenberg-limit of interferometric
phase estimation [18]. Utilizing HOM interference, single and indis-
tinguishable photons can be used to prepare a 2002-state as has been
demonstrated with QD photons [19].

So far, the delay of the two-photon Fock-state |2〉 was realized only
in an optical cavity [150], while a 2002-state of narrow-bandwidth
photons has been stored in cold atoms [159]. Here, we investigate
the impact of the slow-light effect on the two-photon Fock-state by
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5. QD-Cs vapor interface

probing the acquired delay and second-order coherence after interac-
tion with the vapor. The generation and investigation of the |2〉-state
follows the framework that was introduced in section 4.1.3.

Experimental setup

The experimental setup to delay two-photon Fock-states |2〉 is shown
in Fig. 5.13. The operation is performed at the center of the Cs-
D1 lines with the vapor cell of length LV = 10 cm that is kept at
TV = 105 ◦C. At these conditions, the speed of light is reduced by
about an order of magnitude ng(ω) ≥ 7.8 with simultaneous vapor
transmission exceeding 90%. The emission of QD A under resonant
π-pulse excitation is directed into a HOM setup with the doubled
laser repetition period of trep = 6.5 ns. As discussed in section 4.1.3
a path-entangled 2002-state is generated upon successful HOM inter-
ference. The isolated consideration of path 5 projects out a |2〉-state,
which is propagated through the Cs vapor and validated by a corre-
lation measurement after BS2. By means of the correlation G(2)

7,8, the
fidelity of the transmitted state |1χLV ;5

1 , 1χLV ;5
2 〉out to the |2〉-state is

investigated. In section 4.1.3, we have seen that the fidelity without
any vapor interaction is given by the HOM interference visibility as
observed through increased coincidences.

To investigate the acquired vapor-induced delay ∆tV and im-
pact of the slow-light effect on the temporal domain, time-correlated
single-photon counting postselected on a coincidence (TCSPCp)
event after BS2 is performed. An event within the central coinci-
dence peak heralds the arrival of a photon pair, upon this, one APD
click is correlated to the excitation laser pulse.

Theoretical basics of TCSPCp

To gain an insight into the postselected TCSPCp at the output ports
(7 & 8) of BS2, we consider two parallelly polarized photons that
have hit BS1 simultaneously from different ports and subsequently
propagated through the vapor. The state |1χLV ;5

1 , 1χLV ;5
2 〉out after
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Figure 5.13. Experimental setup to generate two-photon Fock-states, in-
vestigate their fidelity by second-order coherence and to verify their delay
by postselected TCSPC.

the vapor transforms at BS2 to take the (unnormalized) form:
|1χLV ;7

1 , 1χLV ;8
2 〉 + |1χLV ;8

1 , 1χLV ;7
2 〉 + i|1χLV ;7

1 , 1χLV ;7
2 〉 −

i|1χLV ;8
1 , 1χLV ;8

2 〉. The subscript i of χj;ki indicates the carrier
frequency, the superscript j before the semicolon indicates the
propagation length in the Cs vapor and k marks the spatial mode
(see Eq. (2.7) and Eq. (2.12)). TCSPCp detects the intensity of a
photon e.g. at port 7 only for a coincidence event, i.e. under the
consideration of the first two terms only, disregarding the last two.
This leads to:

|〈0|â7(t)
(
|1χLV ;7

1 , 1χLV ;8
2 〉+ |1χLV ;8

1 , 1χLV ;7
2 〉

)
|2

=|χLV1 (t)|2〈1χLV ;8
2 |1χLV ;8

2 〉+ |χLV2 (t)|2〈1χLV ;8
1 |1χLV ;8

1 〉

+χ∗LV1 (t)χLV2 (t)〈1χLV ;8
2 |1χLV ;8

1 〉+ χ∗LV2 (t)χLV1 (t)〈1χLV ;8
1 |1χLV ;8

2 〉.
(5.10)

Eq. (5.10) displays intensities that are weighted by the other photon
respectively, and an interference term in the second line. To gain an
intuition for this result, the analytic expression is examined, where
the vapor is disregarded and a free space propagation is considered.
Note, that the photonic states are normalized in this case but are not
orthogonal for different carrier frequencies.

103



5. QD-Cs vapor interface

In fact 〈1χ0;8
2 |1χ

0;8
1 〉 = i

i+τδω , where δω = ω2 − ω1.
With χ∗01 (t)χ0

2(t) = 1
τΘ(t)e−t/τe−iδωt, the interference part yields:

2 1
τ

Θ(t)e−t/τ
(

1
1 + τ2δω2 cos(δω · t) + τδω

1 + τ2δω2 sin(δω · t)
)

=2 1
τ

Θ(t)e−t/τ
(

1√
1 + δω2/∆ω2

FL

sin(δω · t+ arctan(∆ωFL/δω))
)
,

(5.11)

where the Fourier-limited line width ∆ωFL = τ−1 was used. The in-
terference part is an exponentially damped (due to the photon shape)
sinusoidal oscillation, where the beat note follows the dependency
given for the second-order coherence (see Eq. (2.19a)). Here how-
ever, with increasing carrier frequency difference of the two photons
not only the beat frequency is increased but also the oscillation am-
plitude is decreased and the phase is shifted, as depicted in Fig. 5.14b.

The total result of TCSPCp is shown in Fig. 5.14a. The inter-
ference part adds up to the photonic wavepackets’ temporal profiles,
while δω determines the overall area of TCSPCp. This is not unex-
pected since a higher photon wavepacket overlap given by the HOM
visibility VHOM(δω) = 1 + δω2/∆ω2

FL increases the number of coin-
cidence detection upon which the postselection is based. The inset
in Fig. 5.14a compares all the TCSPCp normalized on their respec-
tive maxima, that reveals only slight deviation of signals from the
exponential decay, which is exactly reproduced when two identical
photons are considered.

In Fig. 5.14c, the impact of Gaussian line broadening on the TC-
SPCp signal is simulated and compared to the exponential decay of
the standard TCSPC (dashed lines). Indeed, the overall TCSPCp is
very close to the exponential decay when normalized to their maxima
respectively, only indicating the interference by a slightly surpassing
of the signal in earlier times and fall down in the later times.
In Fig. 5.14d, the simulation is performed with the Cs vapor in the
path for parameters as was used for Fig. 5.2. This time, the TCSPCp
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Figure 5.14. (a), Simulation of time-correlated single-photon counting
postselected on a coincidence event (TCSPCp) after BS2, depicted for var-
ious carrier frequency differences δω of the two photons in units of the
Fourier-limited line width ∆ωF L. Inset compares the time domains nor-
malized on their respective maxima. Legend and color code as in (b). (b)
The interference part as in Eq. (5.11) which is the origin of the beats.
(c), Comparison of standard TCSPC (dashed line) to TCSPCp (solid line)
signal for various Gaussian broadened emission with FWHM ∆ω. Shaded
areas highlight the difference between both signals. Curves are stacked for
comparison. TCSPCp starts always above the TCSPC signal but evolves
to lie below it. (d), Simulation of TCSPC and TCSPCp signals of Gaussian
broadened spectra with the center of emission at ω̄ with the Cs vapor in
path. Simulation parameters as for Fig.5.2. TCSPCp after the vapor lies
below the TCSPC curve, highlighted by the shaded areas.
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signals clearly lie lower than the TCSPC signals. Note, although the
interference induces a narrower temporal profile for TCSPCp com-
pared to TCSPC for the same broadening, the impact of spectral
diffusion dynamics is almost not apparent (therefore not depicted).
Thus, TCPSCp is not suitable to study the spectral diffusion as has
been the case with the slow-light photon-correlation spectroscopy in
the previous section, however it may at least be indicative for the
propagation and transmission of two-photon Fock-states with reduced
fidelity through the Cs vapor.

Delaying the two-photon Fock-states

Fig. 5.15a shows the correlation histogram of QD A after directing
one output of the HOM interferometer through the Cs vapor. The
qualitative pattern follows the correlations without the vapor (see
Fig. 4.4). For perpendicular polarized photons at BS1, the central
coincidence peak amounts to half the value of the outermost peaks,
as expected for non-interfering photons. In the parallel polarized
case, two-photon interference at BS1 bunches photon pairs in the
outputs such that the coincidence rate rises. The visibility, calculated
by comparing the central coincidence areas, amounts to the same
value 0.53± 0.05 as for the experiment without the vapor in path 5.
This shows that the fidelity of the two-photon state is not affected
by the interaction with the vapor, despite the induced absorption
and temporal broadening. The broadening helps to reduce the effect
of detector jitter on the data such that the narrower profile of the
coincidence peak and its theoretical maximum are closer resolved
compared to the case without the vapor (see Fig. 2.5 and Fig. 4.4).
Having the conformation that the central coincidence peak indeed
includes the generated |2〉-state, we study now its temporal delay.

Fig. 5.15b depicts TCSPC* (the asterisk shall indicate that TC-
SPC is not performed in the standard way, but after the HOM in-
terferometer and an additional beam splitter) and TCSPCp which is
heralded upon an event in the highlighted central coincidence peak
in Fig. 5.15a. The upper panel shows both signals in the absence
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Figure 5.15. (a), Second-order coherence at the output ports of BS2 follow-
ing HOM interferometer output port 5 and interaction with the Cs vapor
for parallel (‖) and perpendicular (⊥) photon inputs. Light solid lines on
top of data are theory curves. The events within the highlighted central
coincidence peak are used for heralding TCSPCp. (b) Time domain sig-
nals of single detections at port 7, TCSPC*, compared to postselection on
a coincidence event, TCSPCp. Dashed curves are simulations on account
of the known spectral diffusion.
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of a vapor. They overlap in the time domain, while the anticipated
modulated temporal profile of TCSPCp remains unresolved due to
statistical uncertainty in each bin of 100 ps width, as the heralding
on a coincidence event causes a severe limitation of acquired data.
The lower panel compares the case with Cs vapor placed into the
path. Both signals are now delayed by about ∆tV ≈ 3 ns, while the
narrower TCSPCp is resolved thanks to the additional dispersion of
the vapor. The delay amounts to more than 5 times the decay con-
stant and is large enough to shift the time domain almost completely
out of overlap to the undelayed signals. Theory curves for TCSPC
of one-photon Fock-states and TCSPCp of photons after HOM inter-
ference and vapor interaction describe the data faithfully, although
TCSPC* integrates all signals with contribution of interfering pho-
tons, too. The previously characterized spectral diffusion process is
also accounted for in the simulations. Note, that the narrow time
domain for photon pairs on which basis a distinction of photonic
states can be made, fails when a Fourier-limited emission is consid-
ered. In this case, the correlation measurements at a beam splitter
are a mandatory tool to distinguish between the Fock-states.

Discussion

We have demonstrated that the slow-light effect in a Cs vapor is
suitable to realize a delay line for basic Fock-states. The acquired
vapor-induced delays ∆tV amount to multiples of the initial pulse
length allowing the vapor to be a tool for synchronization of signals
among different time bin slots. In particular, this would enable slow-
light Fourier-spectroscopy [110] with vapor transmission around 90%.
Significantly, the quantum state in the photon number basis is com-
pletely preserved upon the interaction with the vapor, as experimen-
tally verified for N=1 and 2. The combination of slow-light medium
and higher number Fock-state (N=2) can open new perspectives in
interferometry, reinforcing the enhancement in spectral phase sensi-
tivity provided by the slow-light effect [109–111] with the enabling
feature of the two-photon Fock-state for phase measurements with
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5.3 Cs-vapor delay line for one- and two-photon Fock-states

superresolution and supersensitivity [19,160].
The maximum fractional delay of above 50 (∆tV ≈ 27ns) based
on the slow-light effect marks a record value for a wide-bandwidth
one-photon Fock-state. However, reaching delays beyond that is not
possible with the present scheme, as its strength is paid in terms
of absorption. This limitation together with the strong dispersion-
induced pulse distortion can potentially be circumvented by the other
delay and storage techniques mentioned in the introduction of this
section.

Note, that all the GHz bandwidth storage schemes of the present
day have shown storage times well below a microsecond, often below
the fractional delay achieved in this work. Most significantly, the
impact of pulse distortion on indistinguishability of wavepackets is an
outstanding question that has not been tackled yet. In the following
section, this question is addressed for the present Cs-vapor delay line.
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5. QD-Cs vapor interface

5.4 Two-photon interference in the
hybrid system

In section 5.2, we have determined that the HOM interference vis-
ibility for short time differences of successively emitted photons is
given by a static Gaussian broadening. In section 5.1 photon-vapor
interaction showed strong differences in temporal shapes for distinct
carrier frequencies. This suggests an additional impact on photon
indistinguishability, despite the preserved fidelity in the photon num-
ber basis. To shed light on this, in the following, two complementary
experiments of two-photon interference are studied. In the first one,
both photons are first delayed upon interaction with the Cs vapor,
such that a subsequent quantum interference experiment sheds light
on any decoherence arising from the interaction with the vapor. In
the second experiment, only one photon is interacted with the vapor
and synchronized to the other bare photon by the slow-light induced
delay. In this case, the impact of pulse distortion on the indistin-
guishability is probed and feasibility of possible networking scenarios
with vapor synchronization is evaluated.

5.4.1 Interference of photons after interaction
with the Cs vapor

Fig. 5.16 shows the experimental setup to probe the HOM interference
of single QD photons after their interaction with the vapor. The
utilized HOM interferometer has a fixed arm length difference that
amounts to ∆tL = 4.3 ns, for which a double pulse sequence is to
be used to bring successive photons at BS1 to interfere. All emitted
photons under resonant π-pulse excitation are directed through the
vapor of variable temperature, such that strength of dispersion and
thus vapor-induced delay can be varied. By means of the second-order

This section is reproduced in parts from:
H. Vural et al., Optica 5, 367-373 (2018) ©2018 Optical Society of America
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Figure 5.16. Experimental setup to interact the QD photons with the Cs
vapor prior to their HOM interference. A double-pulse sequence to generate
photons of 4.3 ns separation every repetition period trep is used. The vapor
temperature TV is variable to probe several vapor-induced delays ∆tV prior
to HOM experiment. Second-order coherence after HOM interference is
measured after beam splitter BS1.

coherence given by the correlations G(2)
5,6, the indistinguishability of

successive photons are investigated.
Fig. 5.17a shows the histogram of HOM interference for the pho-

tons of QD C when a prior vapor-induced delay of ∆tV = 2.5 ns is
introduced. The utilized double pulses imply a bit different pulse
pattern with regard to previous experiments, however the central co-
incidence peak still testifies the interference. For parallel polarized
photons the coincidences are strongly reduced while the dip in the
central peak indicates the presence of a static broadening. In a se-
ries of experiments, the vapor temperature is increased and thus the
acquired delays prior to the HOM interference. For all studied de-
lays an unchanged visibility of VHOM = 0.52± 0.04 is found, despite
increasing temporal broadening of peaks. This is further verified by
simulations that take the corresponding spectral diffusion into ac-
count (∆ωph/2π = 0.9GHz FWHM of the static Gaussian jitter and
∆ω/2π = 3.0GHz FWHM of the stationary Gaussian). From here,
one can conclude that the interaction of photons with the vapor does
not add any observable dephasing to the photon wavepackets.

Fig. 5.17b depicts the histogram for a vapor delay of ∆tV = 5.8ns
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Figure 5.17. (a), Second-order coherence at the output ports 5 & 6 of
the HOM interferometer after the vapor-induced delay ∆tV = 2.5 ns has
been acquired for all photons. Data are for the case of parallel ‖ polarized
photons. Theory curves for both parallel and perpendicular ⊥ polarization
account for the spectral diffusion process. Inset: Points are measured HOM
interference visibilities VHOM after various vapor delays ∆tV . Solid line is
the theoretical expected result based on the bare visibility of VHOM = 0.52
and a corresponding Gaussian jitter of ∆ωph/2π = 0.9GHz. (b) Second-
order coherence after a vapor-induced delay of ∆tV = 5.8 ns. Theory
curves for three cases: the proper diffusion process fitting the data and
hypothetical limiting cases for a very slow and very fast spectral diffusion.
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5.4 Two-photon interference in the hybrid system

prior to the HOM interference. Alongside with the data, theory
curves are presented, that compare the proper spectral diffusion to
hypothetical cases where the inhomogeneous broadening of the QD
is assumed to evolve immediately to its full extend (τc 7→ 0, fast dif-
fusion limit) or where the emission contains no static broadening and
successively emitted photons are indistinguishable (τc � trep, slow
diffusion limit). The former limit leads to much stronger broadened
peaks in the histogram and strongly deviate from the data. More-
over, the HOM visibility is 0.2 in this case. In the latter limit, HOM
visibility approaches unity, while the peaks are clearly narrower than
the data. Hence, the interconnection of spectral diffusion, HOM vis-
ibility and unique temporal broadening of correlation peaks after the
slow-light medium is once again revealed. Especially, this provides
another proof of the validity of slow-light photon-correlation experi-
ments of section 5.2, demonstrating the interconnection this time in
a single measurement for a photon emission time difference of 4.3 ns.

A last comment shall address the rather surprising outcome, that
HOM visibility remains unchanged upon interaction with the vapor,
although the probed emission spectrum is broadened which should
imply an additional distinguishability in time domain for two photons
of different carrier frequencies (see Fig. 5.1 and Fig. 5.4). With this
regard, one should keep in mind that the presented experiments probe
an emission time difference of only 4.3ns, which implies a probed line
width of ∆ωph/2π = 0.9GHz corresponding to the static Gaussian
broadening. However, the main reason for the conserved interference
can be seen in the strong dependence of HOM visibility on the car-
rier frequency difference of interfering photons, but a rather weak
dependence on the temporal domain. For example, two photons with
the same decay constants that differ in carrier frequencies by one
Fourier-limited line width yield only a low visibility of VHOM = 0.5.
In contrast, the interference visibility of two photons with the same
carrier frequencies but a decay constant difference of factor two (i.e.
doubled line width) reduces only weakly to about VHOM ≈ 0.9 [161].
The temporal domain of two photons to differ strongly within the
frame of our Cs vapor dispersion is only given for photons that al-
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5. QD-Cs vapor interface

ready differ in their carrier frequencies by such an amount, that the
temporal distinguishability does not play a role anymore. In the
following therefore, bare exponentially decaying photons will be in-
terfered with vapor-delayed ones to investigate the direct impact of
pulse distortion on the indistinguishability.

5.4.2 Interference of interacted and
non-interacted photons

Fig. 5.18a shows the experimental setup to probe the HOM interfer-
ence of a photon after its interaction with the vapor with a photon
that has not interacted. The utilized HOM interferometer is chosen
to compensate the time difference of successive photons that amounts
to 4.3ns, in parts by a free space propagation ∆tL and in parts with
the vapor-induced delay ∆tV . The emitted photons under resonant
π-pulse excitation are directed on a half-wave plate (HWP) which in
combination with a polarization beam splitter (PBS) serves to adjust
equal photon rates at BS1. This helps to keep coincidence rate higher
since the variable vapor delay, tuned by its temperature, modifies the
transmission and reduces otherwise the coincidence probability. By
means of second-order coherence given by the correlations G(2)

5,6, the
indistinguishability of successive photons is investigated. In this case
however, the temporal domains at the inputs of BS1 strongly differ,
since photons of the upper path gets distorted, which pose the prob-
lem of temporal matching to maximize the interference visibility. By
simulations, it turns out, that for the present QD spectral diffusion
and vapor parameters in hand, overlapping the maxima of TCSPC
signals of the distorted upper path and the exponential decay of the
lower path is a reasonable choice.

Fig. 5.18b shows the histogram of HOM interference for the pho-
tons of QD C where vapor-induced delay amounts to ∆tV = 1.7 ns.
For parallel polarized photons the coincidences are clearly reduced,
however the visibility VHOM = 0.38 ± 0.06 amounts to a lower value
than before. For a higher vapor temperature and acquired vapor de-
lay, the visibility further decreases. Interference of distorted photons
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Figure 5.18. (a), Experimental setup of a HOM interferometer where
synchronization of photons at BS1 are partly induced by the vapor delay
∆tV and partly by free space propagation ∆tL. One of the interfering
photons at BS1 is affected by the slow-light medium, the other remains
unaffected. (b), Second-order coherence at the output ports 5 & 6 of the
HOM interferometer after the slow-light induced delay ∆tV = 1.7 ns has
been acquired for synchronization. Data are for the case of parallel ‖
polarized photons. Theory curves for both parallel and perpendicular ⊥
polarization account for the spectral diffusion process. Inset: Points are
measured HOM interference visibilities VHOM after various vapor delays
∆tV for this interferometer constellation. Solid line is the theoretically
expected curve under the present spectral diffusion process.
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5. QD-Cs vapor interface

with exponential decays show a continuous drop of HOM visibility
with increasing vapor delay. This is also verified by simulations that
take the known spectral diffusion into account. Thus, although the
interaction of photons with the vapor does not add any observable
dephasing to the photon wavepackets, the introduced pulse distortion
turns out to be a major obstacle, as the visibility reduces to half its
initial value within a fractional delay of about five.

As synchronization within quantum information processing tasks
is an important demand, in the following the potential of the present
Cs-vapor delay line is benchmarked for the ideal case of Fourier-
limited emitters. Note that, without the spectral broadening, the
highest HOM visibility of two photons is obtained when cross-
correlation of their wavepacket amplitudes are maximized. In the
following simulations this is taken into account. Fig. 5.19a shows
the HOM visibility and absorption over the acquired vapor delay
for various wavepacket decay constants τ of exponentially decay-
ing photons, which range from 1ns, typical lifetime of bare In-
GaAs QD transitions, to 100 ps which results e.g. from Purcell en-
hancement in a micro-cavity structure. State-of-the art QD emitter
widely exploit these structures to render inhomogeneous broadening
insignificant and thereby to approach unity photon indistinguishabil-
ity [16,77,96,162].
With increasing vapor-induced delay ∆tV for one of the photons,
the visibility drops for all curves rapidly within a few nanoseconds
of vapor delay and continue to reduce slowly, while the absorption
increases linearly up to 80% to approach slowly unity. For smaller
photon decay constants τ the drop of visibility is very strong and tend
to completely vanish at the highest vapor delays, while the visibility
remains high for the longer photon decay constants. In contrast,
the absorption over ∆tV differs only insignificant among the various
decay constants. A small τ corresponds with a large line width in the
frequency domain, for which the vapor dispersion implies a stronger
impact on pulse distortion. Thus, for the present delay line shortening
the photon decay constant τ turns out to be detrimental.
For many applications, often the fractional delay ∆tV /τ is the figure
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Figure 5.19. (a), Simulation of HOM visibilities VHOM carried out for var-
ious decay times τ (solid lines) when the vapor-induced delay ∆tV is used
for synchronization at the interfering beam splitter. The QD’s emission is
assumed to be Fourier-limited and the carrier frequency of the photons to
match the point of vanishing group velocity dispersion for the least induced
pulse distortion. Corresponding vapor absorption is shown in dashed lines.
(b), Same results as in (a) over the fractional delay. Color code as in (a).
(c), Simulation of HOM visibilities over the vapor absorption for various
cell lengths LV . Simulations are carried out for the decay constant of the
experimentally investigated QD, τ = 0.46ns. Color code as in (d). (d),
Acquired vapor delays over the vapor absorption for various cell lengths.

of merit rather than absolute delays [153]. Fig. 5.19b therefore depicts
visibilities over the fractional delay. It is expected that a small τ
reaches much higher fractional delays up to the point of complete
vapor absorption. However even with regard to fractional delays,
the visibility for smaller decay constants keep below the longer ones,
reinforcing the aforementioned problem.
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5. QD-Cs vapor interface

This issue poses not only a problem for slow-light based de-
lay lines, but also for light-controlled storage schemes that rely on
electromagnetically-induced transparency [151], as strong dispersion
is created during the storage and retrieval processes [30]. It becomes
clear that dispersion-based delay lines shall operate for fine tuning of
small delays as far as quantum interference is concerned. For that,
in Fig. 5.19c & d, we study up to a temperature of TV = 140 ◦C
whether the cell length of the Cs vapor can contribute to a signifi-
cant advance. Fig. 5.19c depicts the visibility over vapor absorption
for a fixed decay constant that matches to the one of QD C photons.
For shorter cell length LV , the absorption remains well below unity
while only a slight increase of visibility is expected for the same ab-
sorption. However, in Fig. 5.19d one can see that this increment is
connected to a lower vapor delay. Thus, the HOM visibility over the
acquired vapor delay shows no dependence on the utilized vapor cell
length (not shown, since all curves overlap). We can conclude, that
except the limitation of delay imposed by a cut off vapor temperature,
vapor cells of several centimeters show no advantage when compared
to each other. However, with regard to optically-controlled storage
schemes that incorporate dispersion, shorter cells are more suitable
to keep absorption and pulse distortion minimal.

Discussion
The need for synchronization of quantum optical signals triggered a
vast research field that is concerned about efficient storage of quan-
tum optical states [20]. While the demand for ever faster informa-
tion processing necessitates short pulses with corresponding larger
spectral bandwidth, there is room for improvements with regard to
sub-nanosecond and respective GHz bandwidth quantum memories.
Until now, the impact of pulse distortion on quantum interference
was not studied comprehensively for any storage scheme. The results
achieved in this study constitutes a first attempt in this direction for
a slow-light based alkali-vapor delay line. The experiments with all
vapor-delayed photons indicate cautiously positive results through
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5.4 Two-photon interference in the hybrid system

conserved quantum interference visibilities that reveal preservation
of photon wavepacket coherence in hot vapor for successive photons.
However, the strong visibility reduction in case of the more applica-
tion oriented scenario of the quantum interference of a single photon
with a vapor-delayed one rises serious concerns about its applicabil-
ity. This is particularly the case for applications where the tempo-
ral wavepacket plays a determining role after the storage, as is the
case for quantum interference at a beam splitter. The presence of
dispersion must be figured out for all other storage schemes and be
diminished as far as possible. Notably, it is calculated that dispersion
even in a telecommunication fiber can cause significant reduction of
wavepacket overlap and quantum interference [92].

Pulse distortion arising from material dispersion turns out to be
a weak spot especially within the frame of quantum optics, as classi-
cal pulse compensation methods are largely unsuitable for quantum
states of light. That is why quantum-state preserving temporal and
spectral shaping and compression techniques are being investigated,
especially due to the need for combining different quantum systems
of disparate bandwidth. Spectral and temporal pulse compression
for ultra short (laser) pulses can be achieved with dispersive opti-
cal elements, filters and nonlinear techniques [163]. Electro-optic
phase modulation has been successfully applied to create a time lens
for compressing wide-bandwidth heralded single photons [164]. THz
bandwidth photon wavepackets were compressed also via non-linear
effects with tailored control pulses [165]. Longer pulses of MHz band-
width can exploit the long coherence of trapped atoms and quantum
cavity electrodynamics to provide temporal pulse shaping [166]. How-
ever, the present regime of pulse length from 100ps to 1 ns of QD
transitions is unexplored and remains a blind spot of these attempts.
Eventually, it becomes clear that in addition to efficient wavelength
conversion [92] photon pulse shaping will be a central topic for engi-
neering future quantum technology solutions.
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Chapter 6

Summary

The pathway to advanced quantum technological applications
often includes hybrid quantum systems of matter mediated by
quantum-states of light. This thesis examined a particular interface
formed by a single semiconductor QD and Cs atoms in a hot vapor
which is mediated by Fock-states of light. While the QD serves as
an efficient single-photon emitter, alkali vapors are well known as
storage media for classical light pulses.
Prior works on realizing a QD-alkali vapor interface have documented
slowing down of the single-photon emission of QDs under incoher-
ent excitation schemes. However, those schemes limit the efficiency
of photon generation, generally display reduced single-photon purity
and induce excessive frequency and timing jitter on the emitted pho-
tons. To be beneficial for advanced quantum implementations, ultra-
pure and highly indistinguishable photons have to be generated on-
demand. By exploiting resonant excitation schemes numerous studies
reported such an achievement.

To take a significant step closer to real-world implementations, in
this work we utilized pulsed resonant excitation of single InGaAs QDs
and thereby realized precisely timed emission of pure single and in-
distinguishable photons. The sample was engineered to emit light at
a wavelength matching the Cs-D1 transitions. This enabled extensive
time-resolved studies of the optical and quantum-optical properties
of the one- and two-photon Fock-states after interaction with a Cs
vapor. By exploiting the slow-light effect, a delay line for both Fock-

121



6. Summary

states has been realized with high fractional delays, while the photon
statistics was proven to be unchanged after the vapor. Moreover, the
coherence preserving property of the slow-light effect has been proven
in HOM interference measurements.

A major aspect of the studies in this work was related to the
pulse distortion, that is induced on the photon wavepacket by the
dispersion of the slow-light medium. On the one hand, via HOM
measurements, the implications of pulse distortion for future quan-
tum networks that rely on two-photon interference were investigated.
On the other hand, we were able to exploit the essential connection
between dispersion and specific pulse distortion for high-resolution
time-domain spectroscopy. In particular, a novel technique based on
slow-light photon-correlation has been established that has allowed
to study the dynamics of spectral diffusion processes in QDs by in-
vestigating the emitted photons in the time domain.
In the following, the main results and conclusions are summarized.

On-demand pure single-photon generation
Pulsed resonant excitation is a promising excitation scheme to push
semiconductor QD emission to its best performance. Using this tech-
nique, probabilistic QD state population and excessive dephasing,
that results from non-resonant excitation of the surrounding matrix,
are suppressed. Under resonant π-pulse excitation, we have generated
pure single-photons on-demand from the charged exciton transition
of single InGaAs QDs for their utilization in the interface with Cs
atoms.
In power-dependent pulsed resonant excitation, the coherent excita-
tion of the charged exciton state of QDs was demonstrated by ob-
serving clear Rabi oscillations. The peak excited-state population
probability has been estimated to be ∼ 0.75 at the π-pulse, while
the emission into the zero-phonon line amounted to ∼ 0.78, such
that coherent photons have been generated with 60% efficiency. In
addition to the efficient photon generation, the very high purity of
the QD emission in the one-photon Fock-state has been confirmed
by second-order coherence measurements. At the π-pulse, the nor-
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malized intensity correlation yielded an effectively vanishing value of
g

(2)
1,2(0) = 0.014± 0.006 over all investigated QDs.
Alongside the high purity in the photon number basis, precisely timed
photon emission has been verified. Both constitute salient features
of the resonant excitation of QDs. Time-correlated single-photon
counting on the zero-phonon line of the CX transitions showed a
sharp wavepacket front and a mono-exponential decay, where a mean
decay constant of T1 = 0.43± 0.03ns over the investigated QDs was
extracted.
Besides these highly valuable properties of a two-level system,
the impact of environmental fluctuations that couple to the QD
transition has been identified. High-resolution spectra of the
zero-phonon line displayed inhomogeneous Gaussian broadening up
to one order of magnitude larger than the Fourier-limited line width
of ∆ωFL = 0.37 ± 0.05GHz. Moreover, a secondary line was often
present in the spectra. The processes of line broadening constitute
a major challenge for the usage of QD emitters in multi-photon
and multi-source quantum implementations. The first step of
improvements relies on the understanding of the processes behind
the broadening under the π-pulse pumping: this has been enabled
by the utilization of the present QD-Cs vapor interface.

Generation of the two-photon Fock-state using HOM inter-
ference
Both indistinguishability of the single-photons and successful gen-
eration of the two-photon Fock-state after interference at a beam
splitter have been confirmed by utilizing the HOM effect. To al-
low the propagation of the two-photon state in the Cs vapor and its
time-correlated detection, the usual HOM experiment has been ex-
tended. An additional beam splitter was placed at one output arm
of the beam splitter, where the HOM interference took place. This
allowed to verify the generation of two-photon Fock-states via the
observation of increased coincidences at zero-delay in a second-order
coherence measurement.

Before performing the actual experiment, the photon indistin-
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guishability was benchmarked via the usual HOM experiment. As
detected by a reduction of coincidences, the mean photon wavepacket
overlap of interfering photons, which is given by the HOM visibility,
has reached values up to VHOM = 0.53±0.03. In the extended experi-
mental configuration the same visibility has been reproduced through
increased coincidences at zero-delay and confirmed a fidelity of 53% of
the generated two-photon state to the two-photon Fock-state. From
the visibilities a coherence time of T2 ≈ T1 = 0.43ns and an underly-
ing Gaussian broadening of ∆ω = 0.9GHz FWHM is inferred. This
line width (coherence time) is a factor of 3−4 narrower (higher) than
the emission line width (coherence time) of the total stationary QD
spectrum. The unveiled discrepancy is usually encountered in solid-
state quantum emitters and is caused by a slow spectral diffusion
process.
In the literature, the high coherence of time-wise closely emitted
photons from a single source has been exploited for multi-photon
quantum implementations with fidelities close to unity. In contrast,
for implementations with independent sources the total extent of
broadening is a determining factor, for which high fidelity operation
remains elusive. Here, a method that exploits the strong dispersion
of the Cs vapor has been able to resolve the transition from high
HOM visibilities for successively emitted photons (few nanoseconds
apart) to the low visibilities expected from the broadened stationary
emission spectra.

Studying QD spectral diffusion by slow-light photon-
correlation spectroscopy
In this work a slow-light based spectroscopy technique has been in-
troduced, through which the successful characterization of spectral
diffusion dynamics of QDs has been demonstrated. In contrast to
other techniques, here the diffusion dynamics is investigated directly
on the emitted photons, enabling this type of study for a resonantly
excited QD at the π-pulse.

So far, the strong dispersion over the Cs-D1 lines has been used as
a means to achieve the slow-light on photons that propagate through
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the vapor. In addition to that, we have exploited the detuning-
dependent unique pulse distortion of transmitted photons for map-
ping frequency domain to time domain. By this, a time-domain spec-
troscopy has been realized that is suitable to investigate GHz band-
width broadening of QD spectra. In time-correlated single photon
counting measurements of transmitted photons, the emission spectra
of several QDs have been revealed. The excellent agreement to in-
dependently measured frequency-domain high-resolution spectra has
demonstrated the applicability of the measurement principle. More-
over, spectral correlations of the QD’s emission frequency has been
investigated by the extension to a photon-correlation measurement of
transmitted photons after the vapor interaction. The QDs’ spectral
diffusion yielded an incremental broadening of the correlation peaks
with unique shapes at respective timescales. This has allowed to re-
veal the dynamics of spectral diffusion and to determine the temporal
evolution of coherence and HOM visibility up to the stationary limit,
all with a single second-order coherence measurement.
The results gained by the introduced method have enabled to iden-
tify the Ornstein-Uhlenbeck process as a suitable model to describe
the spectral diffusion of QDs. The total line broadening has been
unveiled to consist of three contributions: a static part, that reflects
a phonon-induced broadening of the zero-phonon line and which is
responsible for the non-unity HOM visibility at shortest time scales;
a diffusive part that reflects spin and charge noise at 7µs and 62µs
respectively for a QD under purely resonant excitation; and a part of
Stark shift-induced discrete line jumps at 7.6ms, which reflects the
occupation state of a local charge trap. When utilizing non-resonant
laser initialization as for another QD’s charge state, a reduced sin-
gle correlation time of 22µs of the spectral diffusion is found which
is dominated by fluctuations of the continuously generated charge
carriers. The overall large noise amplitudes indicates that the QD
sample, which is glued on top of a piezo-transducer, has a higher
temperature than the anticipated 4K. Correspondingly, there is po-
tential for improvements in the sample growth to further reduce traps
and excessive defects in the vicinity of QDs.
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The timescales disclosed for the different fluctuations in the micro-
and milliseconds are bridging the gap between reported timescales
in direct HOM visibility measurements and weak resonant laser
probes. Thanks to this advancement, the overall performance of a
quantum emitter for quantum optical applications has been assessed
by straightforward photon-correlations. This has been achieved by
inferring the two-photon interference visibilities of consecutive pho-
tons up to the stationary limit of the diffusion processes. Knowing
the timescales and noise amplitudes is useful for tailoring active and
passive methods for controlling the line broadening that are intended
to keep indistinguishability of the photon stream high.

Cs-vapor delay line for quantum-states of light
Besides being exploited for spectroscopy, the strong dispersion of the
vapor at the Cs-D1 lines and corresponding high group index ng(ω)
have been used to form a delay line for one and two-photon Fock-
states. To achieve uniform photon delays, the QDs’ emission have
been tuned to the transmission window related to the ground-state
hyperfine-splitting, where group velocity dispersion is low. At high
fractional delays, the preservation of photon statistics after the vapor
has been proven for both quantum states of light .

For the QD’s emission of a one-photon Fock-state under the π-
pulse pumping, up to ∆t ≈ 27ns delay has been reached for the
highest investigated temperature of TV = 133.42 ◦C. With regard
to the pulse length of the photon, this corresponds to a fractional
delay of above 50, while ng(ω) ≥ 33 has been achieved. The acquired
delays showed the expected exponential dependence on the vapor
temperature, while the unchanged purity of the transmitted photons
has been confirmed via second-order coherence measurements after
the vapor. The fraction of undelayed photons has been found to be
less than 1% for all delays, which confirmed the faithful operation of
the realized delay line.

The interaction of the two-photon Fock-state, which was gener-
ated by exploiting the HOM effect, has also been studied. For a
vapor transmission above 90%, this light state has been delayed by
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∼ 3 ns which corresponds to a fractional delay of about 5. The study
of time-correlated single-photon counting of the two-photon state has
been performed by postselection of coincidence events. The imperfect
two-photon Fock-state has been evidenced in the temporal shape of
the signal. Through correlation measurements after interaction with
the vapor, the preservation of the quantum-state has also been con-
firmed. With this, we have demonstrated that a two-photon state is
utilizable in a slow-light medium in the same way as a one-photon
Fock-state.

The achieved high fractional delays under the preservation of the
quantum-state have enabled first practical implementations of the
delay line.

Impact of pulse distortion on HOM interference
In two complementary configurations of the Cs vapor, we have studied
how the pulse distortion upon the delay in the vapor impacts HOM
experiments. The preservation of the coherence of photon wavepack-
ets after the vapor-induced delay has been proven via HOM mea-
surements. Moreover, a networking scenario has been experimentally
mimicked that includes photon synchronization prior to a two-photon
interference. In addition, achievable HOM interference visibilities for
the Cs vapor slow-light delay line have been determined.

In the first of the two vapor configurations, the impact of the
vapor on the coherence of the single photon wavepackets has been
studied. All photons have been first delayed in the vapor and then
fed into the HOM setup such that both interfering photons were
influenced by pulse distortion. The HOM interference visibility for
all vapor-interacted photons has been found to be identical with the
visibility of the bare QD emission for investigated delays of up to
∆tV = 5.8ns. This has allowed to conclude that the slow-light effect
preserves coherence and, despite the pulse distortion, does not induce
dephasing to the photons’ wavepacket.

In the second vapor configuration, the impact of pulse distortion
was studied. The delay within the long arm of the unbalanced Mach-
Zehnder interferometer of the HOM setup was partly induced by the
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Cs vapor, such that only one photon got distorted before the quantum
interference at the beam splitter. In this case, the HOM interference
visibility was found to rapidly reduce upon increased vapor-induced
delays. This has allowed to deduce the strong impact of tempo-
ral wavepacket mismatch for quantum interference upon propagation
through a dispersive medium, which constitutes a severe limitation
for real-world applications.

To assess the performance of synchronization by vapor-induced
delays for Fourier-limited photons, simulations were performed show-
ing a drastic impact of photon’s decay constant on the achievable
HOM interference visibilities. In particular, the shorter photons, as
being widely used in high-performance QD single-photon sources,
suffer from strong pulse distortion due to corresponding larger
bandwidth. This calls once again for a restriction of the propagation
in a dispersive medium to a minimum. In the case of deterministic
storage schemes that incorporate dispersion, keeping the cell length
as short as possible will be beneficial. In the end, research on pulse
compression methods that apply to GHz-bandwidth photons remains
a future task.

Status and prospects
The Cs-vapor delay line that has been investigated in this work rep-
resents a first step towards the realization of an on-demand oper-
ating storage medium. Indeed, a scheme for such a storage based
on electromagnetically-induced transparency has been proposed for
QD photons in alkali vapor [30]. Within the frame of the slow-light
effect, we demonstrated that the minimum requirement posed on a
quantum memory, namely, realization of state preserving delays, is
fulfilled. However, there is a trade-off between achievable delays in
the vapor and the absorption, which severely limits both the transmis-
sion of photons and maximum delays. Moreover, the pulse distortion
due to strong dispersion, although exploited here for spectroscopic
purposes, is a bottleneck for the important quantum interference at
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a beam splitter, demonstrating the need for storage mechanisms that
incorporate minimal dispersive propagation [20].

QD spectral diffusion, which has been studied here via the dis-
persive mapping provided by the slow-light medium, demonstrates
the need for active and passive stabilization of the QD’s environ-
ment [33]. The inhomogeneous broadening does not only reduce the
coherence of the emitter, but it also prevents the effective coupling
to atomic transitions for realizing quantum interfaces. To take the
next step forward and realize a quantum memory for QD photons
within quantum information processing, Fourier-limited emission is
fundamental. The realization of such an emission relies not only on
a proper excitation scheme, but also on high-quality sample growth
and passivation of residual defects [28,127].

A prevailing paradigm is the extension of QD emission to the
telecom C-band wavelength (∼ 1550 nm) by quantum frequency con-
version or suitable sample growth [92,168]. Wide-bandwidth storage
at these wavelengths has been realized in a rare-earth-ion doped pho-
tonic crystal resonator [169] and a rare-earth ion-doped cryogenically
cooled silica fiber [170]. In principle, higher excited transitions of al-
kali vapors may also be suitable to realize slow-light or more advanced
storage schemes for telecom wavelength photons. In particular, the
two-photon transition 5S1/2 → 5P3/2 → 4D5/2 in Rubidium is suit-
able for this purpose with the first transitions around 780.2 nm and
the second ones around 1529.3 nm.

As a first step towards this direction, we have acquired the linear
response of a Rb vapor for telecom photons by performing a two-
photon spectroscopy over the complete manifolds of the aforemen-
tioned transitions employing counter-propagating laser beams (see
Fig. 6.1). In contrast to the linear response of the D-transitions ac-
quired with a single laser, the incorporation of a second laser makes
this scheme selective to the velocity of atoms which results in Doppler-
free spectra. Still, the Doppler-effect manifests itself in the appear-
ance of absorption lines in the two-dimensional spectrum, while their
slope is determined by the ratio of the wavelengths of the counter-
propagating lasers ∼ −780.2/1529.3 = −0.51. The transmission of

129



6. Summary

−3 −2 −1 0 1 2 3 4 5

Detuning against Rb-D  line [GHz]85
2

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1

D
et

un
in

g 
of

 th
e 

15
29

.3
 n

m
 la

se
r 

[G
H

z]

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

Tr
an

sm
is

si
on

 o
f 1

52
9.

3 
nm

 la
se

r

(b)(a)

BS

PD

R
b 

va
po

r

L V
	=
	1
0	
cm

scanning
fast

FPI

1

2

5P3/2

5S1/2

~780 nm

1
4D5/2

85Rb

2
3
4

3
2
1
0

0.037
0.052
0.064

0.267
0.157
0.072

6.835

Δ [GHz]
F''

F'

F

1

2

2
3
4
5

3
2
1
0

0.018
0.021
0.021

0.121
0.063
0.029

3.036

Δ [GHz]

F'

F

F'' 0
1 0.007

0.013

~1529 nm

87Rb

scanning
slowly

(c)

F=2
85Rb 85Rb87Rb 87Rb
F=3 F=1F=2

F' F' F' F'

1

2

3

DM

~780 nm

~1529 nm

4
3
2

3
2
1 2

1
0

80°C

Figure 6.1. (a), Experimental setup of two-photon spectroscopy of Rubid-
ium vapor 5S1/2 → 5P3/2 → 4D5/2 transitions at 780.2 nm and 1529.3nm.
An FPI serves for frequency linearization, dichroic mirrors (DM) guide
the telecom wavelength laser on top of the red one. Photo diodes (PD)
are used for detection of their transmission profile. The beam diame-
ter of the red laser is four times larger than the telecom laser, while
the intensities of linearly polarized lasers are I780 = 15.4µW/mm2 and
I1529 = 4.4µW/mm2, respectively. (b), Energy-level diagram of the in-
vestigated two-photon transitions for both naturally occurring isotopes
according to [167]. (c), Two-dimensional response of 1529nm laser in
Doppler-free two-photon spectroscopy of the hot Rb vapor with counter
propagating beams. Ground-state hyperfine states appear column-wise.
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the 1529.3 nm weak probe shows parallel absorption lines that ex-
hibit a relative shift in the horizontal or vertical direction due to
the hyperfine-splitting of the transitions. The map displays the ma-
jority of allowed transitions and yields their detunings, as listed in
Fig. 6.1b. In contrast to a splitting of a few GHz of the ground-state
5S1/2, the splittings of 5P3/2 and 4D5/2 transitions are smaller by one
and two orders of magnitude, respectively. Thus, the bandwidth re-
striction posed on the telecom photons to spectrally fit between the
5P3/2 → 4D5/2-transitions for perceiving useful slow-light tightens
to ∼ 50MHz and smaller. The reason for that lies also in the sharp
absorption lines of widths of a few MHz, which according to Kramers-
Kronig relations induce a dispersion profile that is also restricted to
the same range. This calls once again for narrow bandwidth photons
from QDs.

QD telecom wavelength single-photons have been developed and
improved in recent years. However, the demonstrated emission is
still far from being Fourier-limited and amounts to more than one
GHz [171]. Embedding QDs in suitable cavities to reduce the impact
of inhomogeneous broadening, as successfully implemented for the
majority of QD sample structures in the ∼ 900nm range [25,85], will
keep the bandwidth broad due to a reduced lifetime and correspond-
ing increased broadening. Given the need for a narrow bandwidth
on the one hand to realize efficient photon storage in the vapor and
the contradictory necessity to increase lifetime-limited bandwidth on
the other hand, a new research field of spectral pulse compression
techniques from the GHz to the MHz range eventually will become
mandatory.
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Chapter 7

Zusammenfassung

Die plakativ auch als die zweite Quantenrevolution [1] bezeich-
nete Entwicklung fortschrittlicher Quantentechnologien nähert sich
seit der Jahrtausendwende immer mehr den begehrten praktischen
Anwendungen. Diesem Zweck dienend werden verschiedene Quan-
tensysteme untersucht, zu denen unter anderem Quantenzustände
des Lichts [2–4], natürliche Atome und Ionen [5, 6], Defekte im Fes-
tkörper wie Stickstoff-Fehlstellen im Diamant [7] und Halbleiter-
Quantenpunkte [8], sowie Quantisierungen in mesoskopischen
supraleitenden [9] und nanomechanischen Strukturen gehören [10].

Im Rahmen der photonischen Quantentechnologien eignen sich
Quantenzustände des Lichts besonders gut als Vermittler von Quan-
teninformation zwischen entfernten Knotenpunkten. Unter Verwen-
dung von optischen Fasern oder Freiraumverbindungen zu Satelliten
ist es vorgesehen, ein globales Quantennetzwerk [11] zu errichten.
Es wird erwartet, dass diese Technologien, unter Verwendung von
verschränkten Photonen und Quantenbits aus einzelnen Photonen,
Vorteile für eine sichere Kommunikation [12–14], Fortschritte in der
Informationsverarbeitung und Computing [15, 16], sowie Präzisions-
messung über die klassische Grenze hinaus ermöglichen [17–19].

Quantenspeicher werden in der Regel in langlebigen Spin-
Grundzuständen realisiert [20] und spielen eine zentrale Rolle bei
der Verarbeitung und Synchronisation von Quantenbits. Die Re-
alisierung eines Speichers in Quantensystemen, die sich zur Erzeu-
gung von Quantenzuständen des Licht mit hoher Repetition eignen,
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stellt sich aufgrund von kurzen Kohärenzzeiten als äußerst schwierig
dar [2–4]. Daher liegt der Schwerpunkt in jüngster Zeit auf hybri-
den Quantensystemen [21–23], welche die komplementären Stärken
der einzelnen Systeme zusammenführen sollen, um den Anforderun-
gen praktischer Quantentechnologien gerecht zu werden. Die Re-
alisierung eines Quantenspeichers, welches in der Lage ist, die von
nicht-klassischen Lichtzuständen getragene Information zu speichern
und abzurufen, wird einen enormen Einfluss auf verschiedene Bere-
iche der photonischen Quantentechnologien haben.

Als Emitter einzelner und verschränkter Photonen demonstri-
erten Halbleiter Quantenpunkte in den letzten Jahren beeindruck-
ende Fortschritte [8,24,25,27]. Maßgeblich dafür ist die starke Emis-
sion eines einzelnen Quantenpunkt-Übergangs in die Null-Phononen-
Linie und ihre Kombination mit Mikroresonatorstrukturen. Die
bisher berichteten höchsten Raten von detektierten Einzelphotonen
(40MHz bei 76MHz Anregungsrate) [28] betreiben den Quanten-
punkt in einem offenen Mikroresonator, während die beeindruckende
Multi-Photonen-Interferometrie mit bis zu 20 Eingangsphotonen [16]
kürzlich mit einem in Mikrosäulenresonator eingebetteten Quanten-
punkt realisiert wurde. Bemerkenswerterweise handelt es sich bei
beiden Emittern um einzelne InGaAs-Quantenpunkte, was die Stärke
dieser Halbleitertechnologie für die Erzeugung und Sammlung von
kohärenten Einzelphotonen offenbart.

Die Speicherung von Photonen zur Einführung einer Wartezeit
von parallel laufenden Operationen erhöht die Effizienz von Quan-
tengattern mit Mehrphotoneneingängen. Hinsichtlich der Synchro-
nisation von Photonen bieten atomare Alkalidämpfe eine deter-
ministische kohärente Speicherung und Wiedergewinnung [29–31].
Eine Schnittstelle, die einen Quantenspeicher für die Quantenpunkt-
Emission in einem Alkalidampf realisiert, lässt jedoch aufgrund der
Dekohärenz und des Rauschens in beiden Systemen immer noch auf
sich warten. Innerhalb des Dampfes induzieren die starken Kon-
trollpulse, welche zur Speicherung einzelner Photonen benötigt wer-
den, Rauschsignale über Prozesse wie Raman-Streuung und Vier-
Wellen-Mischung, die letztlich den Quantenzustand der abgerufe-
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nen Photonen verfälschen [30, 32]. Die Filterung und Unterschei-
dung von Signalen wird im Zusammenhang mit der Verbreiterung der
Quantenpunkt-Emissionsspektren zusätzlich erschwert. So reduziert
die relativ große natürliche Linienbreite ihrer kurzen strahlenden
Lebensdauer, welche aufgrund inhomogener Verbreiterungsprozesse
weiter erhöht wird, die spektrale Übereinstimmung an die atomaren
Übergänge [23, 33]. Aus diesen Gründen bleibt ein Quantenspeicher
für Quantenpunkt-Photonen zunächst schwer realisierbar.

Dennoch wurden erste Schritte zur Schaffung einer praktischen
Schnittstelle unternommen. Die Bemühungen konzentrierten sich da-
rauf, eine effiziente Absorption von Quantenpunkt-Photonen durch
Alkalidämpfe zu erreichen [34,35], Verlangsamung von Licht zu gener-
ieren, der auf die chromatischen Dispersion der Doppler-verbreiterten
D-Übergänge basiert [23,36,37], und schmalbandige Filterung im Cä-
sium (Cs)-Dampf , die durch Faraday-anomaler Dispersion [38] real-
isiert wird. In diesen Studien wurde jedoch nicht-resonantes Pumpen
oder resonante Dauerstrichanregung des Quantenpunkts verwendet,
wodurch die Möglichkeit zur genau getakteten Emission fehlte, die für
effiziente Mehrphotonen-Quantenimplementierungen so wichtig ist.

In dieser Arbeit realisieren wir eine Schnittstelle aus heißem Cs-
Dampf und auf Abruf generierten Quantenpunkt-Photonen, welche
die bestehende Forschung in den folgenden Aspekten erweitert. Er-
stens untersucht diese Studie Photonen unter resonanter π-Puls Anre-
gung, welche die Auswirkungen der Anregung sowohl auf die Linien-
verbreiterung als auch auf den zeitlichen Jitter minimiert. Zweitens
wird die Wechselwirkung von Fock-Zuständen des Lichts mit dem
Dampf in verschiedenen Experimenten im Hinblick auf ihre optis-
chen und quantenoptischen Eigenschaften untersucht. Drittens wird
die Schnittstelle als neuartige spektroskopische Apparatur verwendet,
die sehr aufschlussreiche Untersuchungen der internen Dynamik der
Quantenpunkte ermöglicht. Die starke Dispersion im Dampf prägt
den Frequenzbereich der Photonen durch eindeutige zeitliche For-
men in den Zeitbereich ein. Mit diesem spektroskopischen Mittel
wird das noch offene Problem der Charakterisierung der Dynamik
spektraler Diffusion von Quantenpunkten angegangen, indem die
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unter der π-Puls Anregung emittierten Photonen untersucht werden.
Schließlich wird der Einfluss der Pulsverzerrung auf die Quantenin-
terferenz untersucht, um das Potenzial dieser Schnittstelle für An-
wendungsszenarien zu bewerten.
Im Folgenden werden die wichtigsten Ergebnisse und Schlussfol-
gerungen zusammengefasst.

Erzeugung von Einzelphotonen auf Abruf
Gepulste resonante Anregung ist ein vielversprechendes Anregungss-
chema, um die Emissionsqualität der Halbleiter-Quantenpunkte zur
höchsten Güte zu befördern. Mit dieser Technik wird die zufäl-
lige Population der Quantenpunkt-Zustände und die exzessive De-
phasierung, die aus der nicht-resonanten Anregung der umgebenden
Matrix resultiert, unterdrückt. Unter resonanter π-Puls Anregung
haben wir aus dem geladenen Exzitonübergang einzelner InGaAs-
Quantenpunkte reine Einzelphotonen auf Abruf erzeugt, um sie in
Experimenten mit Cs Atomen zu nutzen.
Unter leistungsabhängiger, gepulster resonanter Anregung wurde die
kohärente Anregung des geladenen Exzitonzustandes von Quanten-
punkten durch deutliche Rabi-Oszillationen nachgewiesen. Die max-
imale Populationswahrscheinlichkeit des angeregten Zustands wurde
am π-Puls auf ∼ 0.75 geschätzt, während die Emission in die Null-
Phononen-Linie ∼ 0.78 betrug, so dass kohärente Photonen mit 60%
Effizienz erzeugt wurden. Zusätzlich zur effizienten Photonenerzeu-
gung wurde die sehr hohe Reinheit der Quantenpunkt-Emission im
Ein-Photonen Fock-Zustand durch Korrelationsmessungen bestätigt.
Unter der π-Puls Anregung ergab die normalisierte Intensitätskor-
relation über alle untersuchten Quantenpunkte einen verschwindend
geringen Wert von g(2)

1,2(0) = 0.014± 0.006.
Neben der hohen Reinheit an Einzelphotonen konnte auch eine
zeitlich präzise Photonenemission nachgewiesen werden. Beides
sind hervorstechende Merkmale der resonanten Anregung von Quan-
tenpunkten. Zeitkorrelierte Einzelphotonendetektion auf der Null-
Phononen-Linie des geladenen Exzitonübergangs zeigte eine scharfe
Front der Photonen Wellenpakete und einen monoexponentiellen Zer-
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fall, wobei eine mittlere Zerfallskonstante von T1 = 0.43±0.03ns über
alle untersuchten Quantenpunkte extrahiert wurde.
Neben diesen sehr wertvollen Eigenschaften eines Zwei-Niveau
Systems wurde der übliche starke Einfluss von Umgebungs-
fluktuationen, die an den Quantenpunkt-Übergang koppeln,
identifiziert. Hochaufgelöste Spektren der Null-Phononen-Linie
zeigten eine inhomogene Gaußsche-Verbreiterung, die bis zu einer
Größenordnung breiter war als die Fourier-limitierte Linienbreite
von ∆ωFL = 0.37 ± 0.05GHz. Außerdem war oft eine zweite
Emissionslinie in den Spektren vorhanden. Die Prozesse der Linien-
verbreiterung stellen eine große Herausforderung für die Verwendung
von Quantenpunkt-Emittern in Multi-Photonen- und Multi-Emitter
Quantenimplementierungen dar. Der erste Schritt zur Optimierung
ist das Verständnis der Prozesse hinter der Verbreiterung unter
π-Puls Anregung und konnte durch die vorliegende Quantenpunkt -
Cs-Dampf Schnittstelle untersucht werden.

Erzeugung des Zwei-Photonen Fock-Zustandes unter Ver-
wendung von HOM Interferenz
Durch Ausnutzung des HOM-Effekts wurden sowohl die Ununter-
scheidbarkeit der Einzelphotonen als auch die erfolgreiche Erzeu-
gung von Zwei-Photonen Fock-Zuständen nach Quanteninterferenz
an einem Strahlteiler bestätigt. Zur Realisierung der Propagation des
Zwei-Photonen Zustandes im Cs-Dampf und dessen zeitkorrelierten
Detektion wurde das übliche HOM Experiment erweitert. Ein zusät-
zlicher Strahlteiler, der nach der Interferenz in einem Ausgangsarm
platziert wurde, erlaubte in einer Korrelationsmessung, die Erzeu-
gung von Zwei-Photonen Fock-Zuständen über erhöhte Koinzidenzen
zu verifizieren.

Die mittlere Überlappung der Photonenwellenpakete inter-
ferierender Photonen ist durch die HOM Interferenzvisibilität
gegeben. Anhand von verminderten Koinzidenzen im üblichen HOM
Experiment konnten Visibilitäten von bis zu VHOM = 0.53 ± 0.03
bestimmt werden. In der erweiterten Versuchsanordnung wurde
durch das Messen erhöhter Koinzidenzen die gleiche Visibilität re-
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produziert, was eine Fidelität von 53% des erzeugten Zwei-Photonen
Zustands zum Zwei-Photonen Fock-Zustand bestätigte. Aus den Vis-
ibilitäteten konnte eine Kohärenzzeit von T2 ≈ T1 = 0.43ns und
eine zugrundeliegende Gaußsche-Verbreiterung von ∆ω = 0.9GHz
FWHM abgeleitet werden. Diese Linienbreite (Kohärenzzeit) ist um
einen Faktor 3 − 4 schmaler (höher) als die Emissionslinienbreite
(Kohärenzzeit) des gesamten stationären Quantenpunkt-Spektrums.
Diese Diskrepanz ist bei Festkörper Quantenemittern in der Regel
anzutreffen und wird durch einen langsamen spektralen Diffusion-
sprozess verursacht.
Die hohe Kohärenz von Photonen aus einer einzigen Quelle, welche
in kurzen Zeitabständen aufeinanderfolgend emittiert werden, konnte
in der Literatur für Multiphotonen-Quantenimplementierungen mit
hohen Fidelitäten ausgenutzt werden. Im Gegensatz dazu ist bei
Implementierungen mit unabhängigen Quellen das Gesamtausmaß
der Verbreiterung bestimmend, weshalb hohe Fidelitäten schwer
erreichbar bleiben. Hier konnte mit einer Methode, welche die starke
Dispersion des Cs-Dampfes ausnutzt, der Übergang von hohen
HOM Interferenzvisibilitäten für sukzessiv emittierte Photonen von
wenigen Nanosekunden Zeitunterschied zu den aus den verbreiterten
stationären Emissionsspektren erwarteten niedrigen Visibilitäten
aufgelöst werden.

Untersuchung der spektralen Diffusion von Quantenpunkten
durch Photonen-Korrelationsspektroskopie nach Lichtver-
langsamung im Cs-Dampf
In dieser Arbeit wurde eine Spektroskopiemethode eingeführt, welche
auf den Effekt der Lichtverlangsamung basiert. Mit ihrer Hilfe konnte
die Dynamik der spektralen Diffusion von Quantenpunkten anhand
der emittierten Photonen charakterisiert werden.

Bisher wurde die starke Dispersion über die Cs-D1-Linien als
Mittel zur Lichtverlangsamung der durch den Dampf propagieren-
den Photonen genutzt. Über dies hinausgehend haben wir die Ein-
deutigkeit der detuningabhängigen Pulsverzerrung transmittierter
Photonen ausgenutzt, um den Frequenzbereich auf den Zeitbereich
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abzubilden. Auf diese Weise wurde eine neuartige Zeitbereichsspek-
troskopie realisiert, die sich zur Untersuchung von GHz-Linienbreiten
der Quantenpunkt-Spektren eignet. Durch zeitkorrelierte Einzelpho-
tonendetektion von transmittierten Photonen wurden die Emission-
sspektren mehrerer Quantenpunkte bestimmt. Ihre exzellente Übere-
instimmung zu unabhängig gemessenen hochaufgelösten Spektren di-
rekt im Frequenzbereich demonstrierte die hervorragende Funktional-
ität des Messprinzips. Darüber hinaus wurde durch die Erweiterung
auf eine Photonen-Korrelationsmessung an transmittierten Photonen
nach der Wechselwirkung mit dem Dampf, die spektrale Korrelation
der Emission untersucht. Die spektrale Diffusion der Quantenpunkt-
Emissionslinie ergab eine zunehmende Verbreiterung der Korrelation-
speaks in den jeweiligen Zeitskalen. Dies hat es ermöglicht, die Dy-
namik der spektralen Diffusion aufzudecken und die zeitliche En-
twicklung der Kohärenz bzw. HOM Interferenzvisibilitäten bis zum
stationären Limit zu bestimmen.
Aus den Ergebnissen der eingeführten Methode konnten wir den
Ornstein-Uhlenbeck Prozess als ein geeignetes Modell zur Beschrei-
bung der spektralen Diffusion von Quantenpunkten identifizieren.
Die gesamte Linienverbreiterung ergab sich aus drei Anteilen: einem
quasi-statischen Anteil, der eine phononeninduzierte Verbreiterung
der Null-Phononen-Linie widerspiegelt, welche für die reduzierte
HOM-Visibilität bereits auf kürzesten Zeitskalen verantwortlich ist;
einem diffusiven Anteil, der Spin- und Ladungsfluktuationen auf 7µs-
bzw. 62µs für ein Quantenpunkt unter rein resonanter Anregung
widerspiegelt; und einem Anteil von Stark-Verschiebung induzierten
diskreten Liniensprüngen auf einer Zeitskala im Millisekunden-
Bereich, die den Besetzungszustand einer lokalen Ladungsfalle wider-
spiegelt. Bei Verwendung einer nicht-resonanten Laserinitialisierung
des Ladungszustandes, wie sie an einem anderen Quantenpunkt un-
tersucht wurde, konnte festgestellt werden, dass die einzige Korre-
lationszeit der spektralen Diffusion mit 22µs kleiner ausfällt und
von Fluktuationen der kontinuierlich erzeugten Ladungsträger do-
miniert wird. Die großen Rauschamplituden deuten darauf hin, dass
die Quantenpunkt-Probe, welche auf einen Piezo-Trancducer geklebt

139



Zusammenfassung in deutscher Sprache

ist, eine höhere Temperatur als die erwartete 4K besitzt. Zusätzlich
offenbart sich Potenzial für Verbesserungen bei dem Probenwachs-
tum, um Ladungsträgerfallen und übermäßige Defekte in der Nähe
von Quantenpunkten weiter zu reduzieren.
Die für die verschiedenen Fluktuationen aufgedeckten Zeitskalen
im Mikro- und Millisekundenbereich schließen die Lücke zwischen
den berichteten Zeitskalen bei direkten Messungen der HOM In-
terferenzvisibilität und Untersuchungen, welche auf die Streuung
eines schwachen resonanten Lasers im Dauerstrichbetrieb basieren.
Dank dieses Fortschritts konnte die gesamte Performance eines
Quantenemitters für quantenoptische Anwendungen durch eine
einfache Photonen-Korrelationsmessung erfasst werden. Diese
Bewertung wurde erreicht, indem die HOM Interferenzvisibilitäten
von aufeinanderfolgenden Photonen bis zur stationären Grenze der
Diffusionsprozesse abgeleitet wurden. Die Kenntnis der Zeitskalen
und der Rauschamplituden nützt zum maßschneidern der Methoden,
welche durch aktive und passive Kontrolle der Linienverbreiterung
die Ununterscheidbarkeit des Photonenstroms möglichst hoch halten
sollen.

Cs-Dampf Verzögerungsstrecke für Quantenzustände des
Lichts
Die starke Dispersion des Dampfes an den Cs-D1-Linien und
der entsprechend hohe Gruppenindex ng(ω) wurde nicht nur für
die Spektroskopie ausgenutzt, sondern auch zur Bildung einer
Verzögerungsstrecke für Ein- und Zwei-Photonen Fock-Zuständen.
Um eine möglichst gleichmäßige Verzögerung für alle Photonen der
verbreiterten Quantenpunkt Spektren zu erreichen, wurde die Emis-
sion der Quantenpunkte auf das „Transmissionsfenster” der Cs-D1-
Linien abgestimmt. Dieses rührt von der Hyperfeinaufspaltung des
Grundzustandes, und erlaubt an der maximalen Transmission mini-
male Dispersion der Gruppengeschwindigkeit. Für diese untersuchte
System wurde bei großen relativen Verzögerungen die Erhaltung der
Photonenstatistik nach dem Dampf für beide Quantenzustände des
Lichts erfolgreich nachgewiesen.

140



Für die Quantenpunkt-Emission eines Ein-Photonen Fock-
Zustandes unter der π-Puls Anregung wurden für die höchste un-
tersuchte Temperatur von TV = 133.42 ◦C bis zu ∆t ∼ 27ns
Verzögerung erreicht. Dies entspricht in Bezug auf die Photonen-
länge einer relativen Verzögerung von über 50, wobei ng(ω) ≥ 33 er-
reicht wurde. Die erreichten Verzögerungen zeigten die erwartete ex-
ponentielle Abhängigkeit von der Dampftemperatur, während die un-
veränderte Photonenstatik der transmittierten Einzelphotonen durch
Korrelationsmessungen nach dem Dampf bestätigt wurde. Der An-
teil der nicht verzögerten Photonen betrug für alle Verzögerun-
gen weniger als 1%, was den zuverlässigen Betrieb der realisierten
Verzögerungsstrecke bestätigte.

Die Wechselwirkung des durch Ausnutzung des HOM-Effekts
erzeugten Zwei-Photonen Fock-Zustands mit dem Dampf wurde
ebenfalls untersucht. Bei einer maximalen Dampftransmission
von über 90% wurde dieser Lichtzustand um ∼ 3ns verzögert,
was einer relativen Verzögerung von etwa 5 entspricht. Die Un-
tersuchung der zeitkorrelierten Einzelphotonendetektion des Zwei-
Photonen Zustandes wurde durch Selektion von Koinzidenzereignis-
sen durchgeführt. Dabei waren die Anzeichen eines unvollkomme-
nen Zwei-Photonen Fock-Zustands an der zeitlichen Form des Signals
erkennbar. Durch Korrelationsmessungen nach dem Dampf wurde
auch in diesem Fall die Erhaltung des Quantenzustands bestätigt.
Damit wurde gezeigt, dass ein Zwei-Photonen Zustand in gleicher
Weise zur Verlangsamung verwendbar ist wie ein Ein-Photonen Fock-
Zustand.

Die erreichten hohen Verzögerungen unter Erhaltung des
Quantenzustands haben erste praktische Implementierungen der
Verzögerungsstrecke ermöglicht.

Auswirkung der Pulsverzerrung auf die HOM-Interferenz
In zwei komplementären Konfigurationen des Cs-Dampfes haben wir
untersucht, wie sich die Pulsverzerrung nach der Verzögerung im
Dampf auf HOM Experimente auswirkt. Die Erhaltung der Kohärenz
von Photonenwellenpaketen nach der dampfinduzierten Verzögerung
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wurde durch HOM-Messungen nachgewiesen. Darüber hinaus wurde
experimentell ein Quantennetzwerk nachgeahmt, das eine Synchro-
nisation von Photonen vor einer Zwei-Photonen Interferenz vorsieht.
Schließlich wurden erreichbare HOM Interferenzvisibilitäten für die
Verzögerungsstrecke aus Cs-Dampf ermittelt.

In der ersten der beiden experimentellen Konfigurationen wurde
der Einfluss des Dampfes auf die Kohärenz der einzelnen Photonen-
wellenpakete untersucht. Alle Photonen wurden zuerst im Dampf
verzögert und anschließend in das HOM Interferometer eingespeist,
so dass beide interferierenden Photonen durch die Pulsverzerrung
beeinflusst waren. Es wurde festgestellt, dass die HOM Interferen-
zvisibilitäten für untersuchte Verzögerungen von bis zu ∆tV = 5.8 ns
identisch mit der Visibilität der reinen Quantenpunkt-Emission sind.
Dies lässt den Schluss zu, dass Lichtverlangsamung die Kohärenz er-
hält und trotz einer Pulsverzerrung keine Dephasierung der Photo-
nenwellenpakete induziert.

In der zweiten Konfiguration wurde der Einfluss der Pulsverz-
errung untersucht. Die Verzögerung im langen Arm des unsym-
metrischen HOM Interferometers wurde dabei teilweise durch den Cs-
Dampf induziert, sodass nur ein Photon vor der Quanteninterferenz
am Strahlteiler verzerrt wurde. In diesem Fall wurde festgestellt,
dass die HOM Interferenzvisibilität mit zunehmender dampfind-
uzierter Verzögerung schnell abnimmt. Daraus konnte die starke
Auswirkung der zeitlichen Wellenpaketverzerrung auf die Quanten-
interferenz abgeleitet werden. Dies stellt eine starke Einschränkung
für reale Anwendungen dar, bei denen Propagationen in dispersiven
Medien vorkommen.

Um die Performance der Synchronisation durch dampfinduzierte
Verzögerungen für Fourier-limitierte Photonen zu beurteilen, wur-
den Simulationen durchgeführt, die einen drastischen Einfluss der
strahlenden Lebensdauer des Quantenpunkts auf die erreichbaren
HOM Interferenzvisibilitäten zeigten. Insbesondere leiden die
kürzeren Photonen aufgrund der entsprechend größeren Bandbreite,
wie sie in den besten Quantenpunkt-Einzelphotonenquellen häu-
fig vorkommen, unter starken Pulsverzerrungen. Dies erfordert,
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nach Möglichkeit, eine Einschränkung der Propagation in einem
dispersiven Medium auf ein Minimum. Im Falle deterministisch
operierender Speicherschemata, die Dispersion beinhalten, sollte
daher die Zelllänge so kurz wie möglich gehalten werden. Ferner
bleibt die Erforschung von Pulskompressionsverfahren, die für
Photonen mit GHz-Bandbreite anwendbar sind, eine Aufgabe für die
Zukunft.

Status und Perspektiven
Die in dieser Arbeit untersuchte Verzögerunsstrecke aus Cs-Dampf
stellt einen ersten Schritt in Richtung der Realisierung eines auf
Abruf arbeitenden Speichermediums dar. Ein Schema für eine
solche Speicherung, das auf elektromagnetisch induzierter Trans-
parenz basiert, wurde für Quantenpunkt-Photonen in Alkalidampf
vorgeschlagen [30]. Im Rahmen der Lichtverlangsamung konnten
wir zeigen, dass die Minimalanforderung an einen Quantenspeicher,
nämlich die Realisierung zustandserhaltender Verzögerungen, erfüllt
ist. Allerdings muss ein Kompromiss zwischen den erreichbaren
Verzögerungen im Dampf und der Absorption eingegangen wer-
den, der sowohl die Transmission von Photonen als auch die max-
imalen Verzögerungen stark einschränkt. Darüber hinaus stellt sich
die Pulsverzerrung aufgrund der starken Dispersion kritisch für die
wichtige Quanteninterferenz an einem Strahlteiler dar, obwohl sie
hier für spektroskopische Zwecke ausgenutzt wurde. Dies zeigt die
Notwendigkeit von Speichermechanismen [20], welche die Propaga-
tion unter Dispersion minimieren.

Die spektrale Diffusion von Quantenpunkten, die hier umfassend
untersucht wurde, zeigt die Notwendigkeit einer aktiven und pas-
siven Stabilisierung der Umgebung des Quantenpunkts [33]. Die in-
homogene Verbreiterung reduziert nicht nur die Kohärenz des Emit-
ters, sondern verhindert auch die effektive Kopplung an atomare
Übergänge zur Realisierung von Quantenschnittstellen. Um den
nächsten Entwicklungsschritt zu machen und einen Quantenspe-
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icher für Quantenpunkt-Photonen im Rahmen der Quanteninforma-
tionsverarbeitung zu realisieren, ist eine Fourier-limitierte Emission
von grundlegender Bedeutung. Die Realisierung einer solchen Emis-
sion hängt nicht nur von einem geeigneten Anregungsschema ab, son-
dern auch von einem qualitativ hochwertigen Probenwachstum und
der Passivierung von Restdefekten [28,127].

Ein vorherrschendes Paradigma ist die Erweiterung der
Quantenpunkt-Emissionswellenlänge durch Quantenfrequenzkonver-
sion oder geeignetes Probenwachstum [92, 168] in das Telekom C-
Band (∼ 1550nm). Speicherung breitbandiger Photonen bei diesen
Wellenlängen wurde in einem mit Seltenen Erde-Ionen dotierten pho-
tonischen Kristallresonator [169] und einer mit Seltene Erde-Ionen
dotierten, kryogen gekühlten Silicafaser [170] realisiert. Prinzip-
iell können auch höher angeregte Übergänge des Alkalidampfes
geeignet sein, um Lichtverlangsamung oder Speicherschemata bei
Telekomwellenlängen zu realisieren. Insbesondere der Zwei-Photonen
Übergang 5S1/2 → 5P3/2 → 4D5/2 in Rubidium (Rb) mit den ersten
Übergängen um 780.2 nm und den zweiten Übergängen um 1529.3 nm
erscheint für diesen Zweck geeignet.

Als ersten Schritt in diese Richtung haben wir die lineare Antwort
eines Rb-Dampfes für Telekom Photonen erfasst, indem wir eine Zwei-
Photonen Spektroskopie über die kompletten Mannigfaltigkeiten der
oben genannten Übergänge mit gegenläufigen Laserstrahlen durchge-
führt haben (siehe Abb. 6.1). Im Gegensatz zum linearen Verhal-
ten der D-Übergänge, die mit einem einzelnen Laser aufgenommen
wurden, macht die Einbeziehung eines zweiten Lasers dieses Schema
selektiv für die Geschwindigkeit der Atome, was zu dopplerfreien
Spektren führt. Dennoch manifestiert sich der Doppler-Effekt im
Auftreten von Absorptionslinien im zweidimensionalen Spektrum,
wobei deren Steigung durch das Verhältnis der Wellenlängen der
gegenläufigen Laser ∼ −780.2/1529.3 = −0.51 bestimmt wird. Die
Transmission des schwachen 1529.3 nm Signals zeigt parallele Absorp-
tionslinien, die aufgrund der Hyperfeinaufspaltung der Übergänge
eine relative Verschiebung in horizontaler oder vertikaler Richtung
aufweisen. Die Karte zeigt die Mehrzahl der erlaubten Übergänge
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und liefert deren Verstimmungen, wie sie in Abb. 6.1b aufgeführt sind.
Im Gegensatz zu einer Aufspaltung von einigen GHz des Grundzus-
tands 5S1/2 sind die Aufspaltungen der Übergänge 5P3/2 und 4D5/2
um eine bzw. zwei Größenordnungen kleiner. Eine nützliche Lichtver-
langsamung der Telekom Photonen erfordert die spektrale Anpassung
zwischen die 5P3/2- und 4D5/2-Übergänge. Somit limitieren sich die
Bandbreiten auf ∼ 50MHz und kleiner. Der Grund dafür liegt auch
in den scharfen Absorptionslinien mit Breiten von wenigen MHz,
die nach den Kramers-Kronig-Beziehungen ein Dispersionsprofil in-
duzieren, das ebenfalls auf denselben Bereich beschränkt ist. Dies
erfordert wiederum schmalbandige Photonen aus Quantenpunkten.

Einzelphotonen von Quantenpunkten bei Telekomwellenlängen
wurden in den letzten Jahren entwickelt und verbessert. Die gezeigte
Emission ist jedoch noch weit davon entfernt, Fourier-limitiert zu
sein und liegt bei über einem GHz [92, 171]. Durch die Einbet-
tung der Quantenpunkte in geeignete Resonatoren, um den Ein-
fluss der inhomogenen Verbreiterung zu reduzieren, so wie es für die
meisten Quantenpunkt-Probenstrukturen im ∼ 900nm-Bereich er-
folgreich umgesetzt wurde [25, 85], bleibt die Bandbreite aufgrund
der reduzierten Lebensdauer entsprechend breit. Angesichts der
Forderung einer schmalen Linienbreite zur effizienten Realisierung
der Photonenspeicherung im atomaren Dampf und der widersprüch-
lichen Notwendigkeit, die lebensdauerbegrenzte Bandbreite zu er-
höhen, wird ein neues Forschungsfeld der spektralen Pulskompres-
sionstechniken vom GHz- auf den MHz-Bereich notwendig werden.
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Appendix A

Appendix

Derivation of the two-photon state in one
output arm after HOM interference

To experimentally acquire the photon-correlation after the HOM in-
terference inherent in an output arm of the beam splitter, an ad-
ditional beam splitter was introduced into this mode, see Fig. 4.3.
Starting with the interference of two single photon wavepackets
|1χ0;3

1 〉 =
∫
dω χ0

1(ω)â†3(ω)|0〉 = Â†3(χ1)|0〉 and Â†4(χ2)|0〉 at BS1, the
two-photon state after the first beam splitter is written as:

Â†3(χ1)Â†4(χ2)|0〉 BS17→ 1
2×

(-iÂ†5(χ1)Â†5(χ2)+Â†5(χ1)Â†6(χ2)-Â†6(χ1)Â†5(χ2)-iÂ†6(χ1)Â†6(χ2))|0〉
(A.1)

The experiments have considered the propagation of the photons in
the spatial mode 5 and a photon-correlation after an additional beam
splitter BS2. Therefore, only the part of the above state which in-
cludes two photons in mode 5 is relevant. This results in the following
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A. Appendix

state after the second beam splitter:

-iÂ†5(χ1)Â†5(χ2)|0〉 BS27→ −1
2×

(iÂ†7(χ1)Â†7(χ2)+Â†7(χ1)Â†8(χ2)+Â†8(χ1)Â†7(χ2)-iÂ†8(χ1)Â†8(χ2))|0〉
(A.2)

The correlations G(2)
5,5(t, δt) (see Eq. (2.17)) and G

(2)
7,8(t, δt) end up

to be proportional, which we have exploited for the experimental
realization.

Moreover, the state in Eq. (A.2) has been used to study the prop-
agation of the two-photon state Â†5(χ1)Â†5(χ2)|0〉 through a Cs vapor.
The state’s temporal shape and acquired delay has been studied via
TCSPCp as discussed in section 5.3.2.

Definition of the Normal and the Lorentz
distributions
The Gaussian normal distribution with mean ω and variance σ2 as a
function of x is given by N (ω, σ2) = 1√

2πσ2 exp(− (x−ω)2

2σ2 ).
The Lorentzian distribution with mean ω and full width at half

maximum ∆ω is defined as L(ω,∆ω) = 1
π

∆ω/2
(∆ω/2)2+(x−ω)2 .
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