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1 Introduction

1.1 Single photons
Photons, the elementary quantum particles of light, are truly fascinating objects. Some
studies even suggest that the human eye can register them individually, despite typically
being processed in much larger quantities [1]. The availability of sources of entangled pho-
tons has made photons the most popular platform to demonstrate quantum phenomena
such as quantum superposition, quantum non-locality [2], and quantum teleportation [3].
Since then, scientists fascinated by quantum theories have designed a variety of applica-
tions based on these properties. For example, many photons in linear optical networks
have recently achieved an important demonstration of the “quantum advantage” [4]. Also,
for universal quantum computation, photons have potential, either in the form of many
single photons [5–7] or using multi-photon entangled states such as cluster states [8–11]
as a resource. In the one-way quantum computing scheme [8], challenges from probabilis-
tic or deterministic two-photon gates are shifted to the engineering of large-scale cluster
states [12]. The weak interaction with the environment protects photons from decoher-
ence, but this also limits their interaction with matter or with other photons, therefore it
is in fact hard to generate both single photons and cluster states in the first place.

In this thesis, we follow one of the roadmaps of single and entangled photon generation
– using a III-V self-assembled InGaAs quantum dot (QD) embedded in an optical micro-
cavity. Electrons and holes in the QD have discrete energy levels similar to atoms. Under
resonant excitation, the QD can be considered a two-level system and transitions between
the states happen by the absorption or emission of a photon. Like for atoms, this interac-
tion is in homogeneous materials not efficient, and therefore, we embed the quantum dot
in a Fabry-Perot cavity formed by two highly reflective mirrors. This leads to an increased
interaction of light with the QD, and allows for deterministic photon-matter interaction.
Furthermore, inserting the QD into a cavity leads to acceleration of the emission into
the particular cavity mode, known as the Purcell effect, with two important effects on
single-photon generation. First, the single-photon collection benefits from this effect be-
cause the QD preferentially emits into the selected cavity mode. Second, the Purcell effect
shortens the recombination time of the QD electron-hole pair, leading to higher photon
indistinguishability due to a reduced influence of dephasing. Together with the fact that a
two-level system can only emit one photon at a time, the QD-cavity system is a near-ideal
source of single photons and allows for photon generation on demand [13–15].

Tremendous progress has been made in the last decade with QD-cavity–based single-
photon sources [16], where scientists carefully optimized every single device parame-
ter [17] and brought these sources close to perfection. The best single-photon sources now
show excellent single-photon purity (97.9 %), indistinguishability (97.5 %), and brightness
(57 %) [15]. The possibility to collect photons efficiently with an optical fiber directly
attached to the top of the single-photon-source semiconductor chip [18] and commercial-
ization thereof [19] makes these sources also very appealing for wide distribution and
application in a variety of quantum technologies. High-quality true single-photon sources
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would be a crucial advantage for optical quantum computing approaches.
For applications in quantum networks, key challenges are the indistinguishability of

photons produced by separate single-photon sources and the photon wavelength, which
should be compatible with telecom technologies. Because QD properties, including emis-
sion wavelength, can be tailored by the nanostructure composition, scientists are positive
about a bright telecom single-photon near-term future. Already now, the first telecom
single-photon sources have been reported, either based on InP technology [20, 21] or fre-
quency conversion [22]. Yet, the preparation of two (or more) identical single-photon emit-
ters necessary for large quantum networks is still an open problem, mostly due to limited
control of the atomic-scale composition of individual QDs during their self-assembly [23].
Only recently, advanced QD growth techniques such as droplet etching epitaxy [24, 25]
have allowed demonstration of two-photon interference with near-unity visibility (93.0 %)
using photons from two completely separate quantum dots [26].

1.2 From single to entangled photons
Having access to QD-cavity-based sources of high-quality and indistinguishable single
photons allows us to manipulate them and synthesize never-produced complex quantum
states of light. This simply requires an optical beam splitter: If two indistinguishable pho-
tons arrive simultaneously at the two inputs of a beam splitter, the photons will “bunch”
and exit the beam splitter always together through one exit port. This result is very dif-
ferent from the classical situation, where there is always a finite probability that photons
leave the beam splitter separately. This photon bunching is a purely quantum effect called
Hong-Ou-Mandel (HOM) interference [27] and allows, for example, a direct comparison
of two states of light. This state comparison is used to experimentally characterize the
photon indistinguishability of single-photon emitters [28] or for guaranteeing security in
quantum network protocols [29].

In quantum optics, by only using beam splitters and phase shifters, one can construct
arbitrary unitary operations on quantum states of light for quantum information pro-
cessing [30, 31], where the HOM effect plays an essential role. On the long way towards
the processing, there is a simpler interesting application of repeated HOM interference -
boson sampling [32], where several indistinguishable photons in Fock states are combined
in a large free-space or integrated-optics interferometer [4, 33–35]. This interferometer or
photonic circuit implements an unitary operation from the inputs to its outputs. The
outcome of this circuit is computationally hard to calculate on classical computers [36],
making boson sampling useful to demonstrate a “quantum advantage”. A few proof-
of-principle experiments with photons have been reported, including realizations with
de-multiplexed single photons from a QD-cavity system [34, 35]. The largest photonic
interferometer to date with true single photons was implemented in free space with 60
input and output ports and 20 single photons prepared by de-multiplexing of a QD-cavity
single-photon source [37]. Despite the enormous size of the Hilbert space accessible in the
experiment (3.7 × 1014), corresponding to 48 qubits, the interferometer was built only for
a specific unitary operation. Currently, scientists are developing large, scalable, and pro-
grammable photonic chips (or processors) [38], enabling the implementation of arbitrary
linear optical transformations necessary for universal photonic quantum computing.

Moreover, having these processors, we can engineer complicated photonic states, includ-
ing multi-photon entangled states such as cluster states [39], for other quantum applica-
tions. Sometimes, for a specific application, the interferometer can be strongly simplified.

2



For example, using time-bin photon encoding, boson sampling can be performed with
a single beam splitter, if photons from one exit mode are directed back to the same beam
splitter, forming an optical delay loop [40, 41]. Here, the delayed loop-photons interfere
with single photons from the source and develop complex photon statistics [41]. A similar
optical delay loop was used to entangle sequentially emitted single photons from a QD-
cavity device into a linear cluster state [42]. In general, entanglement of many photons
using linear optical interferometers is often not fully deterministic, this is where the QD
again provides solutions as we discuss now.

1.3 The QD as a spin-photon interface
Another remarkable property of quantum dots is to trap a charge carrier. This confined
extra electron or hole provides a spin to the originally empty ground state. This spin can
be used as a quantum memory with information encoded in the spin orientation [43]. The
extra charge changes the QD optical selection rules connecting the photon polarization
to the spin state, therefore the charge level of the QD can be confirmed by polarization
analysis of the single photons emitted by the QD [44].

The singly-charged QD has two ground states of opposite spin. These states are natu-
rally energy degenerate but can be split by the Zeeman effect in an external magnetic field.
This splitting enables spin initialization [45,46] and read-out [47] with optical fields, there-
fore entangling photons with the single spin. Due to the recent impressive improvement
of the spin coherence time up to T2 = 0.113 ms [48], the QD spin can be entangled with
many photons during the spin coherence time. This, in combination with entanglement
swapping [49] using the HOM effect at a beam splitter, is an essential tool to estab-
lish a quantum link between distant places. Integrating the charged QD into an optical
cavity to accelerate the spin-photon entangling rate would further increase the remote-
entanglement generation rate, but cavity-QD devices with both high Purcell-accelerated
emission and extra-long spin coherence still have to be optimized.

Moreover, spin-photon entanglement generation in combination with spin precession
in a weak magnetic field also allows for the deterministic generation of linear cluster
states [50]. Here, each emitted photon is entangled with the same spin, and the spin can
be “traced out” in the end to obtain a purely photonic entangled state. Despite being
deterministic in principle, this scheme has been experimentally limited by reduced photon
collection efficiency to less than 1% due to the absence of a cavity [51,52]. Only recently,
using a charged exciton in a Fabry-Perot cavity, the group of Pascale Senellart achieved
three-particle entanglement with fidelities up to 63% [53].

1.4 Resonant laser spectroscopy
Any successful quantum protocol starts with qubit initialization, often carried out by
excitation with a resonant laser. In singly-charged QDs, successful spin initialization can
be detected by observation of the QD resonant fluorescence because of the optical selection
rules. For this, the weak QD emission has to be separated from the stronger excitation
laser light. This laser filtering is typically done in the polarization degree of freedom using
cross-polarization where the excitation and detection polarizations are orthogonal, and
cross-polarization extinction ratios up to 108 [54] have been achieved. Surprisingly, these
ratios are more than one order of magnitude higher than expected from the specification
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of the polarizers. The physical origin of this has been an open question until recently [55],
and turns out to be a combination of residual ellipticities and spin-orbit coupling of light.
Since QD-cavity systems require cryogenic temperatures, it is essential to also achieve
high extinction ratios in a cryostat - which is complicated by several issues, from the
cavity birefringence to strained cryostat windows.

1.5 Thesis outline
In Chapter 2, we introduce and characterize our cavity device containing singly-charged
QDs. Further, we present a resonant spectroscopy toolbox used for QD spin-state identi-
fication and characterization.

In Chapter 3, we experimentally study cross-polarization extinction in several optical
setups, including firstly in a cryogenic confocal microscope. We find that using optical re-
flection with single-mode filtering detection leads to potential cross-polarization extinction
improvement above the limit given by bare polarizers. This improvement is associated
with Fresnel-reflection-induced effects, including the spin-orbit coupling of light, allowing
for small pre-compensation of the residual ellipticity of linear polarizers. We identify this
effect in confocal microscopy and use it to demonstrate improvement in single-photon
emission from a singly charged quantum dot in a birefringent optical microcavity.

In Chapter 4, we develop a cryogenic permanent (Voigt geometry) magnet assembly
and use it to split the electron spin states of a charged QD resonant with a micropillar
cavity. Then, using two-color resonant spectroscopy, we demonstrate spin population
manipulation by controlling the relative power of the excitation lasers, and we observe an
increase in single-photon emission.

Adding a single photon on a highly reflective beam splitter to a classical optical field
is a known but experimentally challenging technique to prepare complex multi-photon
quantum states. In Chapter 5, we theoretically study this scheme for the generation of
displaced Fock states with various single-photon sources. By analytical theory, we show
that photon-correlations of the produced states exhibit a global maximum as a function
of the strength of the single-photon state. Further, we discuss experimental realization
and the use of photon correlations to optimize the mode-matching between single-photon
and coherent states.

In Chapter 6, we use our QD-cavity device as a single-photon source, and by repeated
quantum interference we build from the single-photon stream complex photon-number su-
perposition states with tunable photon statistics, including approximately coherent states
of light. The engineered artificial coherent states are more complex than the conventional
coherent states, containing quantum entanglement of photons, making them a promising
resource of multi-photon entanglement.
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2 Cavity-QD device with an electron
blocking layer
For the research in this thesis, we use self-assembled quantum dots embedded
in optical microcavities with a cavity design originally developed for semicon-
ductor lasers [56–58] (and Ph.D. theses [59–61]). The cavity is formed by two
distributed Bragg reflectors (DBR) around a λ-thick active region of a p-i-n
junction containing semiconductor quantum dots (QDs) and a 3/4λ-thick ox-
ide aperture. For this research, the design was adopted with a small change
in the diode active region, allowing deterministic QD spin loading due to an
added electron-blocking layer. In this chapter, we discuss the optical proper-
ties of devices with this blocking layer and discuss experimental techniques we
use to determine the spin state and certify the single-photon emission of our
QDs.
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2.1 Cavity design
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Figure 2.1: Optical images of the sample. (a) A photograph of the sample glued on
the sample holder. (b) An optical microscope image of one-quarter of the
semiconductor chip containing over 200 micropillar cavities. (c) Top view
dark optical image of a cavity device after etching away the top DBR with
eight etched trenches forming an octagon shape oxide aperture.

Images of the sample used in this thesis are shown in Fig. 2.1. Figure 2.1(a) is an
optical image of the sample holder with the semiconductor chip glued on top and elec-
trically connected through gold wire bonds to electric contacts. Figure 2.1(b) shows an
optical-microscope image of one-quarter of the chip with over 200 micropillar cavities
with common electrical contacts. Panel (c) shows the top view on a cavity device with
eight holes etched in an octagon shape into the top cavity mirror. Due to refractive index
contrast, we easily distinguish the oxide aperture from the cavity center.

Figure 2.2(a) shows the cross-sectional plot of the micropillar design. The top DBR
mirror is composed of 26 pairs of λ/4-thick layers of GaAs and Al0.9Ga0.1As, while the
bottom mirror consists of 13 pairs of layers of GaAs and AlAs and 16 pairs of GaAs and
Al0.9Ga0.1As layers. The oxide aperture used to increase in-plane light confinement (due
to the reduction of refractive index from n ≈ 3 to n ≈ 1.5) to the center of the cavity is
prepared by wet oxidation of a 10-nm AlAs layer embedded in the p-rich layer [63, 64].
We use an octagon-shaped oxide aperture with eight holes which we also call trenches.
On the chip, the distance between the trenches varies cavity-to-cavity by design, allowing
the manufacture of oxide apertures of different diameters and ellipticities. Reduction
of the aperture diameter yields smaller cavity mode volumes due to stronger transverse
light confinement while varying ellipticity allows controlling the fundamental cavity mode
splitting [64]. The QD layer is grown in an intra-cavity electric-field anti-node in the
intrinsic region of the p-i-n junction at a position determined by transmission matrix
method (TMM) calculations.

In Fig. 2.2(b), we show a polarization-resolved spectrum of cavity modes recorded
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Figure 2.2: Micropillar cavity design and optical characterization. (a) TMM (transmis-
sion matrix method) cavity design with the calculated intra-cavity electric
field. The gray dashed area shows the intrinsic part of the p-i-n junction,
including the QD layer (dashed black line). (b) The spectrum of cavity modes
was measured in two orthogonal linear polarizations. (c) The temperature-
mediated shift of resonant wavelength λ00 (black) and Q factor (blue) of the
fundamental cavity mode. Symbols: experiment, solid line: TMM calculation,
dashed line: Q factor calculated assuming phonon broadening of the cavity
resonance [62].

with a spectrometer [65]. We intentionally did not optimize the spatial coupling of the
excitation laser to the micropillar cavity to also observe higher-order cavity modes. The
fundamental cavity mode presented in Fig. 2.2(b) is split by shape- and strain-induced
birefringence by ∼ 0.1 nm into two orthogonal linearly polarized modes (H and V ). The
cavity splitting was determined by a Lorentzian curve fit. Neglecting the mode-splitting,
the measured resonant wavelength of about 935.5 nm agrees well with simple TMM cal-
culation.

In Fig. 2.2(c), we confirm the device design by monitoring the fundamental mode
wavelength λ00 and quality factor Q as a function of sample temperature. The wavelength
λ00 shifts towards higher wavelengths due to material expansion at elevated temperatures
and band-gap changes influencing the refractive index. We reproduce this shift with a
simple temperature-dependent TMM simulation where the real part of the refractive index
is temperature dependent because of shifts of the band gaps [66] and cavity expansion
by lattice parameters [67]. We correct the modeled temperature dependence of λ00 in
Fig. 2.2(c) by subtraction of 1.07 nm. This correction is needed to account for other
effects, such as band-gap changes induced by mechanical stress [68] created by multi-layer
stacking or for a complex spatial profile of oxidation aperture. At 5 K, we measure a
Q factor of around 43 000, in good agreement with the simulations.

7



2.2 A QD in a micropillar cavity

2.2.1 Growth
We use self-assembled semiconductor QDs grown in Stranski-Krastanov growth mode
with molecular-beam epitaxy [69, 70]. After the deposition of 1.5 monolayers of indium
arsenide (InAs) on gallium arsenide (GaAs) buffer (at 500 ◦) [71], it becomes energetically
favorable to form small nanometer-scale islands and thus partially release accumulated
strain energy induced by material lattice mismatch. This self-organization simultaneously
occurs at random positions on the wafer and leads to the assembly of few-nanometers high
pyramid-shaped islands with high crystalline quality [72], the InGaAs quantum dots.

The GaAs matrix with a higher semiconductor band gap than InGaAs QDs serves as
a three-dimensional potential barrier for charge carriers in the InGaAs, leading to the
carrier localization within the In-rich region. The strong confinement of the carriers in
the QD results in electron and hole state energy quantization responsible for sharp optical
transitions between these discrete levels observed at cryogenic temperatures, similar to
atoms [73].

Unlike in atoms, electronic states and optical properties of QDs can be tailored by
the size, shape, and composition of the QDs and the surrounding material. We use this
tunability during the final phase of the QD growth. First, the GaAs capping layer is
deposited, limiting indium atom diffusion and ensuring both electron- and hole-carrier
localization in the QD [74, 75]. Then, the composition and emission energy of QDs are
adjusted by In-Ga atom intermixing driven by thermal annealing at 600 ◦ [76].

2.2.2 Electrical tuning of QD state
We embed a single layer of QDs in the active region of a p-i-n junction. Figure 2.3(a)
shows a sketch of the p-i-n junction band scheme, where the red dashed line indicates
the Fermi level. We can use the Fermi level adjustment by applying lateral bias voltage
VG to fine-tune the QD transition energy via the quantum-confined Stark effect. This
effect was identified by Miller et al. [77], and it became a popular tool in the quantum
dot community [78–82] to engineer the QD emission energy. The emission energy can be
described by E(F ) = E0 − pF − βF 2, where p is the permanent electric dipole, β the
polarizability of a QD with zero bias energy E0 [80, 83]. Our p-i-n diode has a build-
in voltage Vbi ≈ 0.95 V, resulting in an electric field F = (VG − Vbi)/d in the intrinsic
region of thickness d ≈ 142 nm [84]. Due to the build-in voltage, the flat-band condition
(F = 0 kVcm−1) is reached at VG = Vbi. Figure 2.3(b) presents the Stark-shift of a single
dot with p = 7 ± 1µeV kV−1cm , β = 0.16 ± 0.02µeV kV−2cm2, E0 = 1318.0 ± 0.1 meV -
values typical for InGaAs QDs [84]. This control of the electronic energy levels is essential
in cavity quantum electrodynamics for tuning the QD transition into resonance with the
optical cavity [18, 85] or for control of photon indistinguishability from remote quantum
emitters [26, 86,87].

Depending on the total spin number of the QD ground state, QDs host a variety of
excitonic states [88, 89]. Excitonic states of the main interest in this thesis are neutral
excitons X0 formed by a single excitation of initially empty QD and singly-charged exci-
tons X−, where the QD confines an extra electron before the excitation. Due to different
spin configurations, these excitonic complexes also have distinct optical selection rules
assisting the optical transitions: emission of a linearly polarized photon from X0 and a
photon of circular polarization from X−. We show sketches of the optical selection rules

8



@ 5K, excitation 852 nm
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𝑋−

Δ𝐸 = 1.9 𝑚𝑒𝑉 =
460 𝐺𝐻𝑧

QD GaAsAlGaAs
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n-doped

p-doped
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FSS

𝑌 𝑅 𝐿

Figure 2.3: Electric field tuning of a QD transition: (a) Sketch of the band alignment in
the p-i-n region of the micropillar cavity. Applying a bias voltage shifts the
QD levels and allows for fine band-gap tuning. (b,c) Sketches of energy levels
with optical selection rules of the neutral X0 and negatively charged exciton
X−. Excess electrons (full circles) in the conduction band and holes (empty
red circles) in the valence band are represented. (d) Voltage-induced tuning
of the photon energy of a single QD resolved using off-resonant (excitation
λ = 852 nm, 55µW) photoluminescence spectroscopy. Around VG = 1 V, we
observe single-electron charging of the QD.

in Fig. 2.3(b,c). In fact, due to QD geometry, there are two orthogonally polarized neu-
tral excitons (denoted as X, Y ) separated by the fine structure splitting (FSS) energy.
Previous studies of our QDs showed FSS energy between 2 GHz and 4 GHz [18,90].

During sample growth, we included a 21.8 nm thick Al0.45Ga0.55As layer 5 nm below the
QD layer [91,92]. The combination of the bias control and the extra blocking layer allows
for the deterministic trapping of an excess electron (a carrier in general) in the QD and
the formation of the negatively charged exciton X−. If the excess electron is trapped,
the QD excitonic complex changes, resulting in a sudden step in the emission energy of
the QD [93], while p and β defined dominantly by QD geometry are unchanged [94, 95].
Figure 2.3(d) shows a typical bias-resolved photoluminescence with parabolic dependence
given by p and β, and an energy step of ∆E = 1.9 meV(= 460 GHz) above VG = 1 V. This
energy step is a signature of single-electron charging of a neutral exciton ( VG < 1V ) and
formation of a negative trion (VG > 1V ). The binding energy ∆E is in good agreement
with trion binding energies reported in literature [88,93,96], supporting the identification
of trion formation. Above VG = 1 V (and below threshold voltage VG = 1.52 V of GaAs at
cryogenic temperature), the device works in the Coulomb blockade regime and provides
extra spin to access single-spin physics and to implement a spin quantum memory [43].
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2.3 Trion identification of QD spin-state configuration in
the presence of an optical cavity

Typically, the distinct optical selection rules allow mapping of the polarization of an
emitted photon to the QD spin-state configuration. Probably the simplest experiment to
learn about polarization is to perform polarized photoluminescence spectroscopy of the
QD. Here, the QD is excited non-resonantly with a laser, and the emission is analyzed as
a function of linear polarization with a spectrometer with high spectral resolution [44,97].
Unfortunately, being limited by the resolution of our spectrometer of around 6 GHz, this
simple technique is challenging for direct discrimination between a single emission line
of a trion and that of an exciton doublet with FSS, which is approximately two times
smaller than the resolution. Instead, we use resonant excitation spectroscopy, where the
spectral resolution is given by the continuous-wave narrow-linewidth laser, scanning across
the cavity fundamental modes. Combining this technique with the control of additional
parameters, we can identify the spin state and obtain other information about our system.
We discuss several examples below.

2.3.1 Resonant Stark spectroscopy under cross-polarization
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𝑋−

Neutral exciton Negative trion

@ 5K

Figure 2.4: QD spin state identification using the Stark spectroscopy with cross-
polarization technique. We show voltage scans of the neutral exciton (a,b)
and negatively charged trion (c,d) measured in cross-polarization with exci-
tation polarization aligned to V - (top panels) or H- (bottom) polarization of
the fundamental cavity mode. The vertical line in (c) shows the bias voltage
chosen later in the photon-correlation measurement, Fig. 2.7.
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The birefringent cavities that we use have their fundamental resonant mode split by
several GHz into two orthogonal linearly polarized modes. We typically associate the
used polarization frame with these cavity modes and label them as H- and V -polarized
cavity modes. Now, we focus on configurations where the excitation laser has polarization
identical to one of the cavity modes. Then, the reflected laser light can almost perfectly
be filtered out from the QD emission by cross-polarization filtering with detection polar-
ization orthogonal to excitation. This technique requires fine-tuning of the excitation and
detection polarizations which is discussed in detail in the next chapter. In this chapter,
we focus only on state identification using this technique. In Fig. 2.4, we compare reso-
nant Stark spectroscopy of neutral and charged excitons, presented in the left and right
columns, respectively.

First, we comment on the neutral exciton transition shown in panels (a,b). We typically
observe the neutral exciton transition at bias voltages VG < 1 V, in agreement with the
photoluminescence spectroscopy presented above. As expected for X0, the resonant flu-
orescence reveals two emission lines (X, Y) with identical Stark shift behavior separated
by the FSS energy (6.8 GHz for this QD). These two exciton transitions have orthogonal
linear polarizations, however, their orientation is typically not aligned with the polar-
ization of the cavity. Therefore, (i) we can study them both with the resonant Stark
spectroscopy, and (ii) they couple to both cavity modes. Importantly, the same transi-
tion lines are identified also if the excitation and detection polarizations are swapped, see
Fig. 2.4(a,b).

The optical selection rules of the negatively charged QD, on the other hand, allow in
the absence of the external magnetic field only energy-degenerate emission of a circu-
larly polarized photon with a helicity depending on the orientation of the spin in the
ground state. Thus, we expect to detect a single emission line independently of the exci-
tation polarization, in agreement with the observation in Stark spectroscopy presented in
Fig. 2.4(c,d).

2.3.2 Resonant spectroscopy in an in-plane magnetic field

1.2GHz

1.4GHz

1.2GHz

Ex:H, Det:V
Ex:V, Det:H

500 mT (Voigt)

B𝑥 = 0T
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| ↑↓⇑⟩

𝐿

| ↓⟩

| ↓↑⇓⟩

𝑅

(a)

| ↓⟩
| ↑⟩

| ↓↑⇓⟩
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𝑉 𝑉
𝐻 𝐻

B𝑥 = 500mT(b)

𝛿𝑒
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(c)
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| ↑⟩ → | ↓↑⇓⟩
| ↓⟩ → | ↓↑⇑⟩

Figure 2.5: Negative trion in an in-plane magnetic field. Energy levels with optical selec-
tion rules of negatively charged QD without (a) and with (b) in-plane magnetic
field. c) Resonant spectroscopy of negatively charged QD in 500 mT in-plane
magnetic field. We compare resonant fluorescence spectra measured in cross-
polarization for two orthogonal excitation laser polarizations: H (blue) and V
(red). The detected lines are labeled according to the optical selection rules.

Another technique we use to identify trion transitions is based on mapping its spin
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configuration in a weak (< 1 T) external in-plane (Voigt geometry) magnetic field. In
the magnetic field, initially energy degenerate X− transitions [Fig. 2.5(a)] are split into
two pairs of separated (by Zeeman splitting) lines with orthogonal linear polarization
[98], shown in Fig. 2.5(b). Experimentally, we again use Stark spectroscopy with cross-
polarization detection to block the reflected excitation laser and monitor the weak QD
emission as a function of bias voltage VG, shown in Fig. 2.3(c). In this figure, we see
superimposed two data sets measured with the polarization of the excitation laser aligned
to V - (H-) cavity mode. We observe two “red” lines surrounding two “blue” transitions,
where the color encoding represents the excitation polarization. This ordering and mutual
splitting of 1.4 GHz and 3.8 GHz between the lines is characteristic of a trion with electron
and hole g-factors |ge| = 0.18 and |gh| = 0.40. In contrast, the emission of X0 would show
only two bright lines separated already without a magnetic field by fine-structure splitting
(FSS) given by QD symmetry [98,99].

2.3.3 Semi-classical model

(a) (b) (c)
𝐻 𝑉

𝑓𝐻
cav

𝑓𝑉
cav𝜅𝑉

𝜅𝐻

𝐻 𝑉

Experiment
SCM: no QD
SCM: with QD

Experiment Semi-classical

Figure 2.6: Analysis of cavity reflection as a function of laser detuning and linear input
polarization. The two false-color plots show (a) experimental data and (b)
polarized semi-classical theory results based on [90]. The cross-section plot
in (c) compares measured data with excitation polarization direction along
the H cavity mode (blue symbols) with a semi-classical model fit with (red)
and without (black) QD in cavity resonance. Ellipses highlight the cavity
mode resonances: resonant frequencies are shown as horizontal lines, cavity
eigenpolarizations as vertical lines, and semi-minor axis is given by κ.

Another method we often use to identify the spin state of a QD coupled to a cavity
is based on careful analysis of the cavity reflection as a function of excitation linear
polarization direction. For the analysis, we use a semi-classical model derived in the weak
coupling “bad-cavity” regime (g ≪ κ) extended with the Jones formalism, allowing to
include polarization effects such as cavity birefringence and optical selection rules of the
QD transitions [90]. We focus on QD interaction with orthogonally polarized fundamental
cavity modes with resonant frequencies f cav

H , f cav
V and cavity loss rates κH , κV , where the

total transmission matrix of the QD-cavity system is given by

ttot = ηout

[(
1 − 2i∆H 0

0 1 − 2i∆V

)
+R−θQDXRθQD

]−1

. (2.1)

12



Here, the interaction between the laser light and cavity modes is described by the first
term using the normalized laser detuning ∆m = (fl − f cav

m )/κm, for m = H, V , where
fl is the laser frequency of the scanning laser across the cavity modes. The interaction
of the cavity and the QD is included in a transmission matrix X, which is diagonal
in the QD polarization basis and carries information about the QD transition optical
selection rules. In general, the QD-cavity interaction induces frequency-dependent phase
shift ϕ = 2C/(1 − i∆QD) on the light transmitted by the cavity [100]. Here, we define
the normalized laser detuning ∆QD = (fl − fQD)/γ⊥ with respect to the QD resonance
frequency fQD, dephasing rate γ⊥ = γ∥

2 + γ∗, and the cooperativity parameter C = g2

κγ⊥
describing QD-cavity interaction with coupling strength g. Using Jones vectors to describe
the QD polarization selection rules, the matrix for the doublet of the neutral exciton can

be represented as XX0 =
(
ϕH 0
0 ϕV

)
and XX− =

(
ϕσ 0
0 ϕσ

)
in case of negative trion.

Finally, because of possible misalignment of the dipole axes of the QD transitions and the
cavity polarization basis, X is rotated to the cavity polarization frame by the 2D rotation
matrix RθQD , where θQD is the angle between the cavity and QD linear polarization frames.
This frame rotation is essential for the correct description of X0 doublet, as discussed in
detail in Ref. [90]. ηout is the probability amplitude that a photon leaves the cavity
through one of the mirrors.

Experimentally, we usually measure the cavity reflection as a function of excitation
linear polarization orientation. Typical data are shown in Fig. 2.6. Here, we control
the linear polarization of the excitation laser by rotation of a half-wave plate, relative to
the initial laser polarization. For each half-wave plate angle θin/2, we measure with a
single-photon detector the reflection as a function of laser detuning, this time without the
polarizer in the detection path. Theoretically, the initial polarization can be described by
a Jones vector ein = (cos θin, sin θin)T and measured as R = 1 − |ttotein|2.

In Fig. 2.6(a), we recognize two elliptical reflection dips if the laser is on-resonance
with the fundamental cavity modes. As expected, the cavity modes have linear and
orthogonal polarization (H and V polarization) and show energy splitting by shape- and
strain-induced birefringence by f cav

H − f cav
V = 29.4 ± 0.1 GHz. Further, the H-polarized

cavity mode is intersected by a QD transition. Because we observe only a single line with
emission independent of the linear excitation polarization, we identify this transition as
negative trion X−.

Now, we fit the experimental data to the polarized semi-classical model [90] and de-
termine all relevant parameters of the cavity-QD device. First, from measurement with
the QD detuned from the cavity resonance (not shown), we determine decay rates of
both cavity modes: κV = 17.5 ± 0.3 GHz and κH = 13.0 ± 0.3 GHz. Keeping the cavity
decay rates fixed, we repeat the analysis with a trion transition on resonance with the
H-polarized cavity mode and find a QD relaxation rate of γ∥ = 1.4 ± 0.3 GHz, negligible
pure dephasing, and QD-cavity coupling constant g = 1.4 ± 0.1 GHz.

2.4 Single-photon emission
Finally, we show that our devices function as single-photon emitters. First, we set the
excitation polarization and operating bias voltage such that we resonantly excite a trion
transition, shown in Fig. 2.4(c). Second, we use a cross-polarization detection scheme
to separate the QD resonant fluorescence (RF) from the continuous-wave excitation laser
[101] and collect the RF photons in single-mode fiber. We measure the second-order
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Detector limit [𝑔 2 0 ≈ 0.3]
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(b)

Figure 2.7: Second-order correlation function measured by continuous-wave excitation of a
singly-charged QD. (a) Two-photon correlations g(2)(τ) measured as a function
of delay time τ between coincidence clicks. At low excitation power (3 nW) and
τ = 0, we observe anti-bunching dip with g(2)(0) = 0.34±0.2. (b) Dependency
of g(2)(0) on excitation power.

correlation function g(2)(τ) with Hanbury-Brown & Twiss (HBT) experiment, where RF
is split by a fiber splitter connected to two single-photon detectors registering photon
clicks with detection delay τ . Figure 2.7(a) shows the normalized g(2)(τ) measured with a
continuous stream of photons. The correlation function shows a dip at time delay τ = 0
with the raw value of g(2)(0) = 0.34 ± 0.02, a clear signature of a single-photon source.
However, because the two-detector jitter of 532 ps is of the same order as the Purcell-
enhanced QD emission, the measured dip does not reach g(2)(0) = 0 of perfect single-
photon source, but its minimum is limited to g(2)(0) ≈ 0.3. We compare the measured
photon correlations with the theoretical curve expected for a perfect single-photon source
convolved with the Gaussian instrument response function [18].

Figure 2.7(b) shows g(2)(0) extracted from the experiment as a function of excitation
power. In principle, if the detection polarizer could block all residual laser light, a perfectly
pure single-photon stream independent of the excitation power (if well below saturation)
is expected. However, in our experiments, we achieve polarization extinction around
4 × 106 and a single-photon contrast, i.e., the signal of QD compared to the background,
of only about 30. Therefore, with increasing excitation power, the fraction of unblocked
laser light contaminating our single photon stream is increasing. This results in lower
single-photon purity measured as 1 − g(2)(0).
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3 Cross-polarization extinction
enhancement and spin-orbit coupling
of light for quantum-dot cavity-QED
spectroscopy
Resonant laser spectroscopy is essential for the characterization, operation,
and manipulation of single quantum systems such as semiconductor quantum
dots. The separation of the weak resonance fluorescence from the excita-
tion laser is key for high-quality single- and entangled photon sources. This
is often achieved by cross-polarization laser extinction, which is limited by
the quality of the optical elements. Recently, it was discovered that Fresnel-
reflection birefringence in combination with single-mode filtering counteracting
spin-orbit coupling effects enables a three-order of magnitude improvement of
polarization extinction [PRX 11, 021007 (2021)]. Here, we demonstrate this
method for cross-polarization extinction enhancement in cryogenic confocal
microscopy of a resonantly excited semiconductor quantum dot in a birefrin-
gent optical micro cavity, and observe a 10× improvement of the single-photon
contrast.

This chapter is based on: P. Steindl, J.A. Frey, J. Norman, J.E. Bowers, D. Bouwmeester,
W. Löffler, Cross-polarization extinction enhancement and spin-orbit coupling of light for
quantum-dot cavity-QED spectroscopy, arXiv:2302.05359 (submitted) [101].
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3.1 Introduction
Highly pure and indistinguishable single-photon sources [13,15,18,28,57,102,103] and spin
manipulation [104] often rely on resonant excitation schemes and require a high degree of
polarization extinction of the excitation laser. Such experiments are typically carried out
in confocal microscope setups having the required high spatial resolution [105,106] to ad-
dress individual quantum emitters, where the excitation beam is directed onto the sample
using mirrors and beam splitters. Because all-dielectric (but also metallic) polarization-
preserving mirrors [107] do not exist, usually, linearly polarized light with s or p polariza-
tion is used, which, due to symmetry and in the plane-wave approximation, is preserved
under reflection. Therefore, the maximal polarization extinction ratios (PER) are limited
by the quality of available polarizers to typically 105 − 106. Now, experimentally, extinc-
tion ratios of up to 108 [54] have been observed, but the precise origin of this high ratio has
only recently been clearly identified. Benelajla et al. [55] found a 3-orders of magnitude
PER improvement by mirror-induced pre-compensation of the residual ellipticity of linear
polarizers, in combination with single-mode filtering that eliminates detrimental effects
caused by spin-orbit coupling at optical reflection [108–110].

Spin-orbit coupling of light leads to angular and spatial beam shift corrections to
specular reflection [111, 112], known as Goos–Hänchen [113] and Imbert–Fedorov shifts
[114, 115]. The latter effect is also referred to as the optical spin-Hall effect of light
[116,117]. Here, both of the elliptical eigenpolarizations [118] experience a small opposite
transverse shift which leads to a variation in the degree of the circular polarization over the
beam cross-section [119]. Measuring in linear cross-polarization, the unwanted (leaked)
polarization component of the beam adopts a Hermit-Gaussian profile [55, 120, 121] with
a nodal line in the center, caused by linear polarization projection of the two reflected
and shifted beams with opposite helicity. In combination with single-mode fiber detec-
tion, Benelajla et al. [55] demonstrated above three orders extinction enhancement after
a single optical reflection compared to the bare or conventional polarizer extinction ratio
with 90◦ between the polarizers. This shows a new - only used serendipitously before -
application of beam-shifts in addition to high-resolution sensing [122,123] and corrections
in astrophysical instruments [124], but the effect has not been clearly identified in confocal
microscopy.

Here, we first demonstrate that the elimination of residual scattering from a Glan-type
polarizer by propagation or single-mode fiber filtering already enables extinction ratios
beyond 107, then we investigate the effect of multiple in-plane reflections (under 45◦ angle
of incidence) on the PER. We find that a single Fresnel reflection is optimal, achieving
a PER of nearly 108. Finally, we demonstrate the PER enhancement effect by reflection
in a cryogenic confocal microscope. By careful characterization and optimization of the
polarizer rotation angles, we achieve extinction ratios up to 107, two orders above the bare
polarizer limit, and can clearly attribute this effect to ellipticity and spin-orbit coupling
compensation. With this, we demonstrate an improvement of a quantum-dot cavity-QED-
based single-photon source.
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3.2 Scattering elimination
We start with a simple optical setup shown in the insets of Fig. 3.1. A narrow-linewidth
continuous-wave laser with wavelength λ = 935.5 nm is attenuated with a calibrated set
of neutral density filters, mode-filtered with a polarization-maintaining single-mode fiber
(PMF) and collimated by an aspheric lens into a Gaussian beam with 0.75 mm beam waist.
It is sent to the two polarizers P1 (which is approximately aligned to the incident-light
polarization) and P2, which are here two anti-reflection coated calcite Glan-Thompson
polarizers, placed 15 cm from each other and mounted in motorized rotation stages with
10−2 and 10−3 degree resolution, respectively. To analyze the polarizer extinction, the light
transmitted through both polarizers is focussed with a lens onto a femtowatt photoreceiver
(FWR) that is placed at an adjustable distance d from the analyzer P2, see Fig. 3.1(c). To
subtract background light, we use laser modulation and a lock-in amplifier. We determine
the polarization extinction ratio PER = Icopol/Ixpol from the co- and cross-polarized
transmitted intensities Icopol and Ixpol. The front polarizer is kept at a fixed angle β
aligned roughly to the polarization of the laser source and Ixpol is minimized by rotation
of P2.

(a)

lock-in amplifier
synchronization

ND

FWR

P1 P2

d𝛼0𝛽

ND SPAPDP1 P2

SMF

𝛼0𝛽

(c)

PMF

PMF

(b)

1

𝑏2

Figure 3.1: The effect of scattered light on the cross-polarization extinction ratio. (a)
black symbols: free-space detected PER for increasing detector distance d
from the analyzing polarizer, the experimental configuration is sketched in
(b). blue: extinction measured using single-mode fiber filtering, (c) shows the
setup. The black curve is a model fit as described in the main text.

We measure PER for various distances d up to 8.5 m, collecting in all cases over 90 %
of the beam area. The data presented in Fig. 3.1(a) shows a gradual increase of the
measured PER with distance, ranging from 103 at few centimeter distances to 1.4 × 107

at 8.5 m. Our observed dependency on distance can be explained by scattering including
Rayleigh scattering [125]: We model the unwanted light in cross-polarization by (i) resid-
ual ellipticity of the polarizers [126] that is limiting the bare extinction ratio to 1/b2 [55],
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and (ii) (Rayleigh) scattered light, which is quadratically decreasing with distance [127],
resulting in Ixpol = b2 + b2

scat/d
2. We fit our data and obtain b = (2.1 ± 0.2) × 10−4 and

bscat = (12.6 ± 1.2) × 10−5 m−1, limiting the bare extinction measured after scattering
elimination to 2.1 × 107. This value is very close to the extinction of 1.4 × 107 that we
achieve by single-mode fiber (SMF) filtering shown in Fig. 3.1(c). We repeat the SMF-
filtered experiment at two distances from P2, including at d = 4.5 cm where scattering is
dominant without fiber filtering, and observe a constant PER. As expected, a single-mode
fiber efficiently removes scattered light.

We operate our photodetector close to the dark current limit, and the signal fluctuated
by 5% for the highest PERs. Therefore we repeated the experiments with fiber filtering
with a fiber-coupled single-photon avalanche photon detector (SPAPD, 25 % detection
efficiency, 200 s−1 dark count rate), where the measured PER is limited by dark counts
to 6 × 1011. We obtain a polarization extinction of 1.5 × 107, confirming our previous
results. This is more than two orders of magnitude higher than specified. We have also
repeated the same experiment with different pairs of the Glan-Thompson polarizers and
always found extinction ratios above 107. This agrees to earlier studies [125, 126], only
surpassed by dedicated studies using 10−4 degree resolution rotation stages, resulting in
extinction ratios up to ∼ 3 × 109 [128–130]. In the Appendix 3.6.1, we present additional
measurements for various analyzers, and show the effect of the anti-reflection coating
of Glan-Thompson polarizers, and compare Glan-Thompson polarizers with nanoparticle
polarizers.

3.3 Vector-beam effects upon multiple reflections
Now we investigate the influence of (multiple) in-plane reflections on the achievable po-
larization extinction ratio using experimental setups with 0, 1, and 2 reflections between
the polarizers, as shown schematically in panels (a)–(c) of Fig. 3.2. All mirrors are dielec-
tric thin-film mirrors placed approximately under 45◦ of incidence, and the last mirror in
combination with a translation of the fiber collimation lens is used to optimize coupling
into the single-mode fiber, where we achieve a coupling efficiency of 80 % in all cases.
The single-mode fiber removes scattered light as investigated in the previous section. The
initial beam is approximately s-polarized by P1, both P1 and P2 are Glan-Thompson
polarizers. We show similar results for p polarization in the Appendix, Sec. 3.6.2. For
each configuration, the polarizer angles α and β are fine-adjusted iteratively around the
conventional cross-polarization condition (|α0 − β| = π/2) to optimize the PER. Note
that even a small deviation of about 0.03◦ from the optimal settings of P1 leads to a
reduction of PER by one order of magnitude.

First, we discuss the single-reflection case as shown in Fig. 3.2(b), where we reliably
reach an extinction ratio of 6.2 × 107. This extinction ratio is by a factor 3 higher
compared to the zero-reflection configuration shown in Fig. 3.2(a). The enhancement is
due to compensation of the residual polarizer ellipticities by the small Fresnel-reflection
birefringence if the light incident on the mirror is not exactly s or p polarized; and possibly
a stress-induced birefringence of the mirror coating. In any case, this birefringence enables
for compensation of residual ellipticities of the used polarizers and thus improves the
PER [55] compared to the zero-reflection case. As mentioned by Benelajla et al. [55], this
can be explained in the plane-wave picture because vector-beam effects and spin-orbit
coupling results in higher-order modes, in our case mainly in the first-order Hermite-
Gaussian mode [55,121,131,132]. This mode has a nodal line in the center and is shown
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Figure 3.2: Polarization extinction and spin-orbit coupling upon multiple reflections. We
use a series of setups with a different number of optical reflections between
the polarizers (a-c), determine the maximum achievable polarization extinc-
tion (d), and also show the residual unwanted light pattern measured in cross-
polarization before coupling into the single-mode fiber (e-g, the dashed circle
shows the fiber mode before the collimation lens). In (d), the PER as a
function of the analyzing polarizer angle α relative to the conventional cross-
polarization angle α0 = β ± π/2 is shown. The maximal PER for each config-
uration with n reflections is indicated.

in Fig. 3.2(f), and it can largely be filtered out by the detection single-mode fiber and
does therefore not degrade much the PER.

To further investigate this argument, we have also tested two [Fig. 3.2(c)] and three
reflections, each time optimized the polarizer angles, and we observe a reduced PER
compared to a single reflection, 6 × 106 after two reflections and 1 × 106 after three
reflections. We also observe an increase of the intensity in the first-order Hermite-Gauss
mode as shown in Fig. 3.2(g), suggesting that imperfect single-mode filtering can explain
the reduction of the PER for multiple reflections.

3.4 Single emitter polarization extinction improvement
Now we investigate whether the method to improve the polarization extinction ratio can
also be applied in more complex experimental setups, for which we investigate resonant
optical spectroscopy of a single self-assembled InGaAs/GaAs quantum dot (QD) embed-
ded at the antinode of a high-quality micropillar cavity [18,85], using various setups shown
in the insets of Fig. 3.3. Instead of the mirror reflection and to independently vary the ex-
citation (P1) and detection polarization (P2), we use a non-polarizing beam splitter (BS)
with 90:10 (R:T) splitting ratio to separate excitation and detection paths. The polar-
ization of the excitation narrow-linewidth laser light (λ = 935.5 nm, FWHM = 200 kHz,
beam waist 0.75 mm) is controlled with a Glan-Thompson polarizer mounted in a rotation
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Figure 3.3: Polarization extinction improvement (blue symbols) by reflection in a non-
polarizing beam splitter in a cryogenic microscope. Shown is the PER as a
function of the angle of the analyzing polarizer α relative to the conventional
cross-polarization angle α0. First, the case is shown where the cryostat is re-
placed by a flat mirror, where beyond 108 improvement is obtained (a). Then
the beam is focussed into the cryostat and reflected there and we obtain be-
yond 107 contrast (b). Finally, the case is shown where a half-wave plate is
added before the objective in order to align the linearly polarized cavity modes
of the device in the cryostat to the polarization frame of the optical setup (c).

stage with an angular resolution of 0.01 deg. The detection polarization selection is done
with a nanoparticle polarizer which is less sensitive to alignment, mounted in a 0.001 deg
resolution motorized stage; this polarizer has a bare extinction of 1.9 × 105. The trans-
mitted light is coupled into a single-mode fiber (coupling efficiency ~85%) and detected
with a SPAPD.

First, we reflect the incident light from a plane dielectric mirror under normal incidence
placed below the beam splitter, as sketched in Fig. 3.3(a). We optimize the PER close to
s polarization (at the beam splitter) and obtain a PER of 1.6 × 108. This is nearly three
orders of magnitude higher compared to bare extinction measured with the nanoparticle
polarizer in conventional cross-polarization, reproducing our previous results.

Now, we use a long-working-distance plan apochromat objective (0.4 NA, infinity cor-
rected) focussing the light through two silica glass windows into a close-cycle cryostat
cooled to 4.8 K. The light is reflected from the top GaAs/AlAs thin-film Bragg mirror of
our quantum dot-cavity device. We repeat the optimization of the polarizer angles which
are different due to polarization changes caused by the objective and the two silica win-
dows. As shown in Fig. 3.3(b), even in this complex configuration, we reach an extinction
ratio of 2 × 107, a factor 100 above the bare polarization extinction ratio.

Now we perform single-emitter spectroscopy of a single quantum dot in a Fabry-Perot
microcavity at around 935.5 nm. The fundamental cavity mode is split by shape and strain
induced birefringence [90,133] by ∼ 28 GHz into two orthogonal linearly polarized modes
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(V and H). In order to align the polarization frame of reference of the confocal microscope
to the frame of the cavity, while avoiding the need to rotate either of them, we use an extra
half-waveplate (HWP) below the beam splitter as shown in Fig. 3.3(c). We again optimize
the angles of P1 and P2 and reach a PER of 4 × 106 away from the cavity resonances,
this is still more than one order of magnitude higher than the bare polarizer extinction
ratio. At the same time, as shown in Fig. 3.3(d), we observe in cross-polarization again
the typical Hermite-Gauss mode. This suggests that we have demonstrated polarization
extinction improvement in a complex cryogenic confocal microscope, despite detrimental
effects of the microscope objective and of the focused beam through two cryostat windows,
reaching similar extinction ratios as with in-cryostat focussing optics [106].

(a) (b)

𝑉 cavity mode: excitation 𝑉 cavity mode: excitation

𝐻 cavity mode 𝐻 cavity mode

Conventional cross-polarization Optimized case

other QD

𝑋− 𝑋−

Figure 3.4: Resonant cross-polarized single quantum dot spectroscopy for the conventional
cross-polarization configuration (a) and the optimized case (b). Shown is
the cross-polarized resonance fluorescence of a negatively charged trion tuned
through the cavity resonances by the quantum-confined Stark effect, as a
function of laser detuning ∆fl and gate voltage VG. The incident laser light is
polarized along the V cavity axis. Dashed lines indicate both cavity resonance
frequencies determined by fits of a semiclassical model [90].

Finally, we demonstrate that the method is also compatible with GHz-scale tuning of
the laser, we now show resonant spectroscopy of the negatively charged trion transition
X− of the quantum dot. The dot is embedded in the intrinsic region of a p-i-n diode that
allows Stark-shift tuning of the quantum dot resonance through the linearly polarized
cavity resonances, see Refs. [90, 133]. Under an in-plane (Voigt geometry) magnetic field
of 500 mT we observe in Fig. 3.4 the expected transition doublet [98]; each plot shows the
normalized single-photon detection rate acquired under an identical excitation configura-
tion. Compared to the conventional cross-polarization condition shown in Fig. 3.4(a) we
see a clear improvement by the optimization polarization condition in Fig. 3.4(b). The
ratio of the single photons emitted by the quantum dot to background laser light increases
from ~2 to ~25 - a significant improvement if used as a single-photon source. Note that
both the single-photon purity and also indistinguishability [28] benefit from this improved
laser extinction. Additionally, the presented technique can be combined with other meth-
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ods used for purity and indistinguishability optimization based on spectral filtering [134],
non-resonant excitation [17].

3.5 Conclusions
In conclusion, we have clearly identified the polarization extinction improvement effect by
optical reflection and spin-orbit coupling of Benelajla et al. [55] in a complex cryogenic
confocal microscope setup and obtained more than one order of magnitude improvement of
a quantum-dot based single-photon source. We have shown that single-mode fiber detec-
tion is important for the reduction of both unwanted scattered light as well as higher-order
modes that appear unavoidably by spin-orbit coupling at the mirror or beam splitter. Only
with this mode filtering, the polarization extinction ratio enhancement can be described
in a plane-wave picture as a reflection-induced birefringence compensation of the resid-
ual elliptical polarization of linear polarizers. We have demonstrated that this extinction
enhancement has a direct impact on the single-photon contrast in resonant quantum dot
spectroscopy, which we have demonstrated with a single quantum dot in a polarization
non-degenerate optical micro cavity. To obtain even higher polarization extinction ratios
than those reported here (4 × 106), one should rotate the cavity device and remove the
half-wave plate since this wave plate most likely also leads to spin-orbit coupling induced
modal changes [135] similar to multiple reflections that we have investigated here.
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3.6 Appendix

3.6.1 Scattering elimination with various analyzers

Single-mode fiber filtering

Figure 3.5: Maximum conventional (without mirror reflection) polarization extinction ra-
tio for various analyzer types and conditions: The dashed horizontal lines
show the PER using a single-mode fiber, the symbols show the PER using
a free-space photo detector at various distances d behind P2. As analyzing
polarizer, we used a nanoparticle polarizer (red), and a Glan-Thompson polar-
izer without (black) and with (gray) anti-reflection coating. Solid lines show
the model fit.

In Sec. 3.2 of the main text, we have discussed the importance of the elimination
of scattered light for maximal PER. Here we show results (Fig. 3.5) for a wider range
of analyzing polarizers P2. We compare Glan-Thompson analyzing polarizers with and
without anti-reflection (AR) coating, and a nanoparticle polarizer; the polarizer P1 is an
AR-coated Glan-type polarizer in all cases. As in the main text, we model the distance-

Analyzer type b (10−4) bscat (10−4 m−1) Bare extinction 1/b2 SMF measured PER

Glan Thompson polarizer (wo

AR coating)
1.35 ± 0.03 2.3 ± 0.1 (5.45 ± 0.2) × 107 7.50 × 107

Glan Thompson polarizer

(with AR coating)
2.1 ± 0.2 12.6 ± 1.2 (2.1 ± 0.3) × 107 1.38 × 107

Nanoparticle polarizer 23.0 ± 0.3 9.8 ± 0.3 (1.88 ± 0.04) × 105 1.76 × 105

Table 3.1: Fit parameters of the measurements shown in Fig. 3.5.

dependent PER and fit to the data, and we show the fit results of the cross-polarization
intensity Ixpol = b2 + b2

scat/d
2 in Table 3.1. As expected [126], our data shows that AR

coating leads to (i) additional scattering captured as an increase in bscat and (ii) extra
residual ellipticity of the polarizer reducing the maximal bare extinction. The maximal
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bare extinction ratio achieved with the nanoparticle polarizer is strongly reduced, most
likely due to residual birefringence of its glass support [126].

3.6.2 Maximal polarization extinction upon multiple reflections

(b)(a) 𝑠-pol

Nanoparticle 

analyzer

𝑝-pol

Glan-Thompson

analyzer

Figure 3.6: Polarization extinction ratio for a different number of reflections for s-polarized
(a) and p-polarized (b) incident light, for a Glan-Thompson analyzer (trian-
gles) and a nanoparticle analyzer (squares).

In this section we show additional data for multiple reflections for different polarizer
types, and also for s-polarization. As reported by Benelajla et al. [55] and shown in
Fig. 3.6, this PER improvement is achieved for both s- and p-polarized light. While the
observation of the enhancement is not polarizer-type specific, the absolute value of the
maximal PER is a function of the detrimental ellipticity of the polarizers, thus it can vary
between individual polarizers.
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4 Resonant two-laser spin-state
spectroscopy of a negatively charged
quantum dot-microcavity system
with a cold permanent magnet
A high-efficiency spin-photon interface is an essential piece of quantum hard-
ware necessary for various quantum technologies. Self-assembled InGaAs
quantum dots have excellent optical properties, if embedded into an opti-
cal micro-cavity they can show near-deterministic spin-photon entanglement
and spin readout. In order to address the individual spin states, an external
magnetic field is required, which usually is done using a superconducting mag-
net. Here, we show a compact cryogenically compatible SmCo magnet design
that delivers 475 mT in-plane Voigt geometry magnetic field at 5 K, which is
suitable to lift the energy degeneracy of the electron spin states and trion tran-
sitions of a single InGaAs quantum dot. This quantum dot is embedded in a
birefringent high-finesse optical micro-cavity which enables efficient collection
of single photons emitted by the quantum dot. We demonstrate spin-state
manipulation by addressing the trion transitions with a single and two laser
fields. The experimental data agrees well to our model which covers single-
and two-laser cross-polarized resonance fluorescence, Purcell enhancement in
a birefringent cavity, and variation of the laser powers.

This chapter is based on: P. Steindl, T. van der Ent, H. van der Meer, J.A. Frey, J.
Norman, J.E. Bowers, D. Bouwmeester, W. Löffler, Resonant two-laser spin-state spec-
troscopy of a negatively charged quantum dot-microcavity system with a cold permanent
magnet, under review, arXiv:2303.02763 (submitted) [136].
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4.1 Introduction
An efficient, tunable spin-photon interface that allows high fidelity entanglement of spin
qubits with flying qubits, photons, lies at the heart of many building blocks of distributed
quantum technologies [137] – ranging from quantum repeaters [138], photonic gates [139,
140], to the generation of photonic cluster states [50,51,53]. Further, to secure connectivity
within the quantum network, an ideal spin-photon interface requires near-unity collection
efficiency. Therefore an atom or semiconductor quantum dot (QD) carrying a single spin
as a quantum memory is integrated into photonic structures such as optical microcavities,
where recently 57 % in-fiber photon collection efficiency has been achieved [15].

Within the pool of promising systems, singly-charged excitonic complexes of optically
active QD devices in III-V materials [43] combine near-unity quantum efficiency, excel-
lent zero-phonon line emission at cryogenic temperatures [141] with nearly lifetime-limited
optical linewidth [142]. This, in combination with sub-nanosecond Purcell-enhanced life-
times, enabled GHz-scale generation rates of indistinguishable single-photons [13–15, 28,
102,103,143], robust polarization selection rules [98, 144], and simple on-chip integration
facilitating stable-long term operation and tuneability.

The singly-charged QD can be optically excited to the trion state. If this is done with
linearly polarized light, the spin state of the resident electron is transferred to the trion
hole spin by the optical selection rules. If the trion decays, it will emit a single circularly
polarized photon with a helicity depending on the hole spin state, Fig. 4.1(a). To achieve
selective spin addressability which is necessary for spin initialization and readout, the
QD is typically placed in an external in-plane (Voigt geometry) magnetic field [45, 46],
which induces Zeeman splitting of the spin states and trion transitions [98]. The mag-
netic field modifies the eigenstates of the system and the optical selection rules, and four
optical transitions are possible (see Fig. 4.1(b)), which are now linearly polarized. The
electron and trion spin, as well as the photon polarization, are now connected by the
modified optical selection rules. We obtain two intertwined Λ systems which can be used
with steady-state light fields for spin initialization [45, 46], arbitrary spin ground state
superposition generation [145], or dynamical spin decoupling from the nuclear bath [146].

Spin manipulation is more difficult if the QD dot is coupled to a polarization non-
degenerate birefringent microcavity [15,85,143], since the orientation of the in-plane mag-
netic field needs to be aligned with a cavity polarization axis, and the Purcell enhancement
of the QD transitions becomes polarization-dependent. Here we show two-laser resonant
spectroscopy [45,147] of a single spin in a single QD in such a birefringent cavity, and use
cross-polarized collection of single photons. We use a simple cryogenic permanent magnet
assembly to apply the magnetic field, and we are able to derive the spin dynamics by
comparison to a theoretical model.

4.2 Permanent magnet assembly
Magneto-optical quantum dot-based experiments usually rely on large and complex su-
perconducting magnets [53,99], which generate strong magnetic fields but require both a
stabilized current source and cryogenic temperatures. However, many experiments need
only a static magnetic field of around 500 mT, which can be achieved with compact strong
permanent magnets cooled down together with the QD device [148–150]. Unfortunately,
many rare-earth magnetic materials such as NdFeB [151] suffer at cryogenic temperatures
from spin reorientation [152] which lowers the effective magnetic field [153] and tilts the
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Figure 4.1: Energy level schemes of negatively charged QD and magnetic assembly. Op-
tical selection rules of trion transitions without (a) and with (b) an external
in-plane magnetic field. (c) Cut-away schematic of the permanent magnet
assembly.

easy axis of the magnetic assembly [151,154]. Especially, losing control over the magnetic
field direction is problematic with quantum dots since it affects mixing between dark and
bright states and thus changes both transition energies and optical selection rules [155].

To build our permanent magnet assembly, we have chosen from the strongest com-
mercially available magnetic materials [156,157] SmCo (grade 2:17) magnets with a room
temperature remanence of 1.03 T. This industrially used magnetic system is known for its
high Curie temperature (over 800 ◦C) and high magnetocrystalline anisotropy [158, 159]
excellent for high-temperature applications in several fields [160–162]. Especially it is used
above the Curie temperatures of NdFeB of 310 ◦C [159], where current NdFeB-based mag-
nets have relatively poor intrinsic magnetic properties. Moreover, due to low temperature-
dependence of remanence and coercivity [157, 163, 164], SmCo-based magnets also show
excellent thermal stability of the remanence with near-linear dependence [153,163] down
to 4.2 K. This is in contrast to other common rare-earth magnet compounds such as
NdFeB [151], where the remanence at temperatures below 135 K, depending on the spe-
cific material composition [153], decreases rapidly by several percent due to the spin-
reorientation transition [152].

Our permanent magnet assembly in Fig. 4.1(c) is designed to fit on top of a XY Z piezo
motor assembly in a standard closed-cycle cryostat with optical access via an ambient-
temperature long working distance objective, which restricts its physical dimensions to
approximately 1 cm in height. Thus, we built the assembly from two 9 × 9 mm commer-
cially available rod-shaped SmCo magnets separated by a 4.5 mm air gap embedded in
a 36 × 24 × 10.8 mm copper housing. Due to the large remanence (1.03 T) and small
air gap, the assembly in the center of the gap produces a homogeneous magnetic field
of about 500 mT, as discussed in Appendix 4.6.1. The assembly is rigidly attached by
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brass screws to the H-shaped copper sample mount, where the quantum dot device is
horizontally placed in the center of the air gap such that the magnetic field is in-plane
(Voigt geometry). The assembly contains electrical contacts to apply a bias voltage VG
to the device. It has a low weight of 69 g (including 4.8 g per magnet), compatible with
standard nanopositioners allowing for fine-tuning of the sample position with respect to
the optical axis.

The magnetic mount is then cooled down together with the sample to approximately
5 K. Since in SmCo, the spin reorientation transition was reported to be stable down to
10 K [153], we do not expect magnetization axis changes and assume only a small magnetic
field drop of 5 % between the room and cryogenic temperatures [151]. This makes SmCo
an ideal material choice for strong homogeneous cryogenic magnets, in our case delivering
about 475 mT at 5 K.

4.3 Spin-state determination
We study self-assembled InGaAs quantum dots emitting around λ = 935.5 nm, embedded
in ∼ λ thick GaAs planar cavity, surrounded by two distributed Bragg reflectors (DBR):
26 pairs of λ/4 thick GaAs/Al0.90Ga0.10As layers from the top and 13 pairs of GaAs/AlAs
layers and 16 pairs of GaAs/Al0.90Ga0.10As layers at the bottom [18, 85]. The single
QD layer is embedded in a p-i-n junction, separated from the electron reservoir by a
31.8 nm thick tunnel barrier including a 21.8 nm thick Al0.45Ga0.55As electron blocking
layer designed to allow single electron charging of the QD [91, 92]. A voltage bias VG
applied over the diode allows for charge-control of the ground state of the quantum dot
and also to fine-tune the QD transition energies into resonance with the optical cavity
mode. The optical in-plane cavity mode confinement is achieved by ion-etching of eight
circular trenches arranged in an octagon into the top DBR down to a 10 nm thick AlAs
layer. By oxidation of this layer, an intra-cavity lens or aperture is formed, which leads
to transverse mode confinement. Details about the device are discussed in Chapter 2.
We fabricate 216 cavities per device [61] and select a suitable one with (i) a quantum dot
well-coupled to the cavity mode and (ii) low birefringence of the fundamental mode. For
the device studied here, the two linearly-polarized modes cavity modes (H and V modes)
are split by ∆c = 28 GHz.

First, we cool down the device to 5 K without the SmCo magnet assembly in a closed-
cycle cryostat. For resonant laser spectroscopy, we use a cross-polarization laser extinction
method with laser rejection better than 106 [101]. Using a free-space polarizer and half-
waveplate, the polarization of the excitation laser is aligned along the V cavity polarization
axis, and the light reflected from the cavity is recorded with a single-photon detector
after passing again the half-wave plate and the crossed polarizer. In Fig. 4.2(a), we
show a fluorescence map of this device measured in the cross-polarization scheme as a
function of the laser frequency detuning from the V -polarized cavity mode resonance
∆fl and applied bias voltage VG. We observe a single emission line which is shifted by
the quantum-confined Stark effect. The line is in resonance with the V cavity mode at
around 1.25 V and with the H cavity mode at around 1.40 V. The same line is visible
also if the excitation and detection polarization are swapped, see the cross-sectional plot
in Fig. 4.2(c). The fact that we observe the same single line under both perpendicular
polarizations and that it is coupled to both fundamental cavity modes, suggests that the
emitted photons are circularly polarized and originate from the charged exciton X−.

Now we cool down the device with the SmCo magnet assembly, to lift the energy
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Figure 4.2: Resonant reflection as a function of laser frequency and gate voltage without
(a) and with (b) an in-plane external magnetic field, plotted with the same
color scale. The excitation laser is polarized along the V cavity axis and
reflected laser light is filtered out using a crossed H polarizer, to select photons
emitted by the QD trion. Insets show the corresponding optical selection
rules. Dashed lines indicate the cavity resonance frequencies, and the cavity
linewidth given by the decay rates κV , κH are shown highlighted; both are
determined by semi-classical model fits [90]. The data in the inset of panel
(a) are plotted on a logarithmic scale. Panels (c, d) show cross-sectional
plots without and with magnetic field for two excitation polarizations (blue:
excitation along V cavity mode, red: H) at voltages 1.37 V or 1.48 V, indicated
by the vertical lines in panels (a, b). The Zeeman splittings determined from
Lorentzian fits (black dashed lines) are given. The excitation power in front
of excitation objective is 2 nW, laser scanning speed 41 GHz/s.

degeneracy of the trion transitions. In this scenario, with the energy level scheme in
Fig. 4.2(b), the optical selection rules are modified by the in-plane magnetic field from
circular to linear polarization. Thus the scanning excitation laser polarized along the V
cavity mode can only resonantly address V -polarized transitions, i.e., |↓⟩ → |↓↑⇓⟩ and
|↑⟩ → |↑↓⇑⟩, therefore we expect to observe a pair of lines Zeeman-split by the energy
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EV
Z = δe + δh. Without cavity enhancement, each of the excited trion states radiatively

decays with equal probability (by cavity Purcell enhancement, however, this is modified)
into the single-spin ground state by emission of a single photon with either V or H
polarization depending on the excited and ground states, as depicted in Fig. 4.2(b).
Because we measure in cross-polarization, we filter out the emitted V -polarized single
photons and detect only photons emitted by the |↓↑⇓⟩ → |↑⟩ and |↑↓⇑⟩ → |↓⟩ transitions.
Thus, the total detected rate is reduced to half of that without magnetic field. Similarly,
the scanning laser polarized along the H cavity mode excites only |↑⟩ → |↓↑⇓⟩ and
|↓⟩ → |↑↓⇑⟩, and we observe again a pair of fluorescence lines, this time Zeeman split by
EH

Z = |δe − δh|. Note that in Fig. 4.2(b) we observe two pairs of emission lines which
originate from two different QDs. We focus only on the brighter QD, corresponding to
the clear transition in Fig. 4.2(a). In agreement with the trion energy level scheme, the
trion transitions exhibit a different Zeeman splitting of EV

Z = 3.5 ± 0.1 GHz under V - and
EH

Z = 1.9 ± 0.1 GHz H-polarization excitation. This Zeeman splitting was extracted by
Lorentizan fits (linewidth ∼ 1.5 GHz) to the laser frequency scans shown in Fig. 4.2(d),
which allows us to estimate [165] the electron and hole g-factors. We obtain |ge| = 0.39
and |gh| = 0.12; these values agree to literature values for small InGaAs QDs [166]. We
also observe a 25 GHz average energy shift of the QD emission caused by a combination of
the diamagnetic shift (around 0.5 GHz assuming a diamagnetic constant of −9.4µeV/T 2

[147]), and temperature/strain induced band-gap changes between consecutive cooldowns.
These changes are likely also responsible for the brightness change of the second QD, which
has been only hardly visible in Fig. 4.2(a). Note that we also observe a broad emission,
which is most likely due to non-resonant cavity-enhanced QD transitions [167, 168] in
combination with imperfect polarization alignment and/or filtering [101].

4.4 Two-color resonant laser excitation
Now, we demonstrate spin-state manipulation using two individually tunable narrow-
linewidth lasers. For a high-degree cross-polarization extinction ratio, we perform reso-
nance fluorescence spectroscopy in the vicinity of the H-cavity mode (VG = 1.49 V). We
use V polarization of both excitation lasers to solely address the transitions marked by
dots in Fig. 4.2(d). These transitions show Zeeman splitting larger than the QD linewidth
leading to frequency-labeling of the spin states, which we use to address the spin states.

In Fig. 4.3(d), we show a reflection map measured in cross-polarization as a function
of both laser frequencies fl (pump) and fr (repump). The horizontal and vertical lines
indicate the trion transition frequencies. Where these frequencies intersect interesting
dynamics occurs. First, the nodes oriented along the diagonal represent a condition where
both lasers are resonant with the same transition corresponding to the excitation scheme
depicted in Fig. 4.3(b). We will call this configuration two-laser resonant excitation
(2LRE). The system dynamics under this excitation is equivalent to single-laser excitation
(1LRE) with stronger emission due to the higher driving power of Pl + Pr. The anti-
diagonally oriented nodes correspond to emission under two-color excitation where each
laser pumps a distinct transition [Fig. 4.3(c)]; we refer to this scheme as two-color resonant
excitation (2CRE) [147]. For clarity, we further focus only on the situation where the
first laser of constant power Pl continuously pumps the |↓⟩ → |↓↑⇓⟩ transition. Due
to cross-polarization detection, we observe only H-polarized emission from the |↓↑⇓⟩ →
|↑⟩ transition, a signature of population shelving into the |↓⟩ spin state. This shelved
population is repumped, and thus, the total (detected) single-photon rate increased by
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re-pumping the |↑⟩ → |↑↓⇑⟩ transition with the second laser, and we observe a higher
photon rate at the anti-diagonal nodes in Fig. 4.3(d).
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Figure 4.3: Two-color laser trion spectroscopy with a magnetic field in Voigt geometry.
(a-c) Comparison of three different trion excitation conditions: single-laser
excitation (a), two same-frequency lasers (b), and (c) each laser addresses
different trion transitions. Experiment (d) and model (e) data for of two-color
experiments, for Pl = 2.1nW pump laser power and Pr = 2.0 nW repump laser
power, the black lines indicate the QD trion transition frequencies.

To gain a more precise knowledge of the magnitude of the spontaneous decay rates Γxy
as well as electron and hole spin-flip rates γe and γh involved in the system dynamics,
we compare our experiments to a model which is derived in the Appendix 4.6.4. For
a laser power below the saturation power Pc, the model is derived from the rate equa-
tions describing the steady-state two-scanning lasers pump of the trion energy scheme
in Fig. 4.3. The trion transitions are modeled as two coupled Λ systems with asym-
metric V and H-polarized radiative transition rates due to cavity enhancement of the
latter. A careful analysis of the model parameters and comparison to our experimental
results allows us to determine the electron spin-flip rates to be γe ≈ 2.5 MHz, while the
hole spin-flip rate cannot be determined because of the short lifetime of the excited trion
states, as expected. Further we obtain lifetimes of Γ21 = 2.1 GHz,Γ43 = 2.7 GHz, and
Γ23 = Γ41 = 0.8 GHz. Similar spin-flip rates were reported in earlier resonant two-color
trion spectroscopy without cavity [147]; the cavity-enhanced radiative rates Γ21, Γ43 agree
with our power-broadening analysis where we expect a relaxation rate of about 3 GHz
for a spectral width of 1.5 GHz, see Appendix 4.6.3. Note, the cavity-enhanced rates Γ21
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and Γ43 are different due to different Purcell enhancement of the transitions, while the
non-enhanced rates Γ23,Γ41 are identical, as expected [98,147].
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Figure 4.4: Steady-state trion states (a, b) and electron ground-state spin (c, d) occupa-
tion probability as a function of electron spin-flip rate, with (blue) and without
(blue) repump laser. The dashed lines show the determined spin-flip rate of
γe ≈ 2.5 MHz.

Figure 4.4 shows spin-flip rate dependency of the steady state occupation of the trion
and electron spin states predicted by our theory. In the simulation with varied γe, we used
system parameters found above together with laser powers Pl = 2.1 nW and Pr = 2.0 nW
to demonstrate spin pumping. First, if the electron spin-flip rate is small (below 1 kHz),
the weak pump laser pumping the transition |↓⟩ → |↓↑⇓⟩ initializes the spin state |↑⟩. By
optical repumping with the second laser on resonance with |↑⟩ → |↑↓⇑⟩, the shelved spin
population can be largely transferred from |↑⟩ into |↓⟩ as demonstrated in Fig. 4.4(c,d).
Due to the optical repumping, the resonant absorption on spin |↑⟩ becomes again pos-
sible, leading experimentally in the recovery of transmission signal at the resonant fre-
quency with |↓⟩ → |↓↑⇓⟩ [147, 169]. Our simulation for the determined spin-flip rate of
γe ≈ 2.5 MHz shows that the electron spin-flip leads to a comparable spin population
of both ground states even without repumping laser field, making conclusive absorption
measurements difficult because of the small change between ground state populations with
and without optical repumping. However, the spin repumping from |↑⟩ is accompanied by
the population of |↑↓⇑⟩ resulting in extra emission from this spin state. Importantly, the
presence of this extra emission is independent of the ground state spin-flip rate and can
be thus used as a signature of optical spin repumping. Moreover, at low γe, the emission
following the spin repumping benefits also from the extra excited state population of the
state |↓↑⇓⟩, see Fig. 4.4(a).

Finally, we test our model against a series of excitation-power-dependent experiments
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Figure 4.5: Power dependency of the trion resonant fluorescence under different excitation
schemes, comparing experimental photon count rates (symbols) to our model
(lines) with γe = 2.5 MHz: Only pump laser for both trion transition (1LRE,
black and red) and with repump laser (2CRE, blue). The gray dashed lines
indicate the standard two-level system saturation behaviour.

shown in Fig. 4.5. Both observed trion transitions under 1LRE (black and red sym-
bols corresponding to lines in Fig. 4.2(d)) show saturation with power described by
180 kHz/(1 + Pc/P ) [18, 170] with a reasonable saturation power of Pc = 22 ± 2 nW, in
agreement to our model.

In contrast to these single-frequency measurements, the 2CRE scheme shown by the
blue symbols in Fig. 4.5 shows clear signs of spin repumping: Due to the continuous
repumping of the spin population of both ground states with the two lasers (at a constant
Pr = 2.0 nW), we control the individual steady-state spin populations by altering the
relative power of the lasers. Because higher repumping power leads to stronger repumping
and thus to higher excited-state occupation, we experimentally observe increased photon
rates, following our model predictions. This increase varies with relative powers between
pump and repump laser beam from a factor higher than 10 at Pl = 0.44 nW to factor 1.3
above Pc.

4.5 Conclusions
We developed a compact cryogenic SmCo permanent magnet assembly delivering an in-
plane magnetic field of 475 mT. In contrast to superconducting solenoids, this solution
does not need any active control and works from cryogenic to ambient temperatures.
Therefore, we believe it could become a preferable, economical, and scalable architecture
for spin-photon interfaces where the magnetic field is used in “set-and-forget” mode.

Using this magnetic assembly in Voigt geometry, we have shown Zeeman splitting and
spin addressability of the electron and trion states of a negatively charged quantum dot
embedded in a birefringent optical microcavity. We demonstrate spin-state manipula-
tion using continuous-wave resonant two-laser spectroscopy, which in combination with a
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high-extinction ratio cross-polarization technique enables background-free single-photon
readout. This two-laser excitation scheme, similar to earlier schemes [45,145,147] without
a cavity, will allow for spin-state initialization and manipulation.
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4.6 Appendix
4.6.1 Permanent magnet assembly simulations

Figure 4.6: Magnetic field simulation of the magnetic assembly with a 4.5 mm air gap at
room temperature. The magnitude of the magnetic field strength |By| along
an xy-cross-section of the assembly (grey regions), with the location of the
sample taken to be the origin (outlined by the dashed line). (Inset) Zoom-in
|By| to the sample region with cross-sections along the x (top) and y (left)
direction through the center of the sample.

The magnetic assembly was simulated using Magpylib – a Python package for magnetic
field computation [171]. Given the large and thermally stable coercivity of SmCo magnets
at cryogenic temperatures [157,164], we model the permanent magnets as 9 × 9 mm large
rods insensitive to any external magnetic field with a residual magnetization of 1.03 T.
The copper housing of the magnet was not included in the simulations, because copper
is a weak magnetic metal with low magnetic susceptibility [172]. The room temperature
simulation of our magnetic mount with a 4.5 mm air gap between the magnetic rods is
presented in Fig. 4.6. From the simulation, we see that the assembly produces a strong
magnetic field (beyond 500 mT) confined between the poles of the magnets. Due to
the simple assembly design, the magnetic field is inhomogeneous over the entire sample
footprint of several square millimeters. However, over the few nanometer-size quantum
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dot used later in the experiments, the magnetic field can be assumed homogenous. In
our experiments, we use QD close to the coordinate origin in Fig. 4.6, where the external
magnetic field reaches a strength of 500 mT.

Figure 4.7: Air gap length dependence of magnetic field strength |By|. The experimental
Hall probe data points taken before (black) and after (blue) fixing SmCo
magnets into copper mount are compared to at the sample center simulated
|By| (curve).

The external field can be tuned by the air gap length, as shown in Fig. 4.7. First,
before mounting the magnets into the copper housing, we fix a Hall probe to the center
of the air gap and vary the gap length. The measured field strengths excellently agree
with our simulations for various air gaps. Finally, the rods are glued at the distance of
4.5 mm into the copper housing, and a field of 500 mT in the air gap center is confirmed
by Hall probe measurements.

4.6.2 Experimental setup and characterization
For all our resonant fluorescence experiments, we use a confocal microscope [101] sketched
in Fig. 4.8. Here, two continuous-wave narrow-linewidth (200 kHz) scanning lasers
are fiber coupled to polarization-maintaining fibers (PMF), combined on polarization-
maintaining fiber splitter, and launched into the vertical confocal microscope. The laser
light is directed on a free space non-polarizing beam splitter (BS, splitting ratio 90:10
with transmission ηBS,T = 0.1) and focused through two silica windows into closed-cycle
cryostat with a long-distance working ambient-temperature objective with a total trans-
mission of ηobj = 0.62. The excitation polarization is controlled and aligned along the V
cavity mode with a Glan-Thompson polarizer (P1) and zero-order half-waveplate (HWP;
@935 nm, quartz, transmission > 0.99), both mounted in finely tunable motorized rota-
tion stages with a resolution of 10 mdeg. The last transmission we need to consider is
the fraction of the light transmitted through the top mirror of the cavity. We estimated

36



this transmission from the distributed Bragg reflector design as Tcav = 3.4 × 10−4 [58].
Then, the measured 21 nW optical excitation power in front of the BS corresponds to an
excitation power of 0.44 pW at the location of the QD.

HWP

QD sample

Objective

BS (90:10)

P2

P1

PMF SMF

cryostat 

(5 K)

Fiber splitter Fiber splitter

SmCo

magnet

Cw lasers

Figure 4.8: Experimental setup.

The photons emitted by the quantum dot and the reflected laser are reflected at the
BS with reflectivity ηBS,R = 0.9. The QD resonant fluorescence is separated from the
excitation laser using a cross-polarization scheme, where the excitation laser is rejected
by a factor 4 × 106 by using a nanoparticle polarizer (P2; transmission ηP = 0.9) in a
motorized rotation stage with 1 mdeg resolution. Due to the alignment of the magnetic
field, we assume that the linearly polarized trion transitions are perfectly aligned with
the cavity polarization axes. Thus, the emission from the two transitions with the same
polarization as the excitation laser is perfectly filtered out, while emission from the two
orthogonal transitions is fully transmitted. The separated emission from the QD is then
fiber coupled in a single-mode fiber (SMF; coupling efficiency 0.85, including collimation-
lens transmission) and sent through a fiber splitter on a single-photon detector (APD;
η = 0.25). Due to loss in the fiber-splitter, the total free space-to-detector collection
efficiency is 0.32. The total transmission through the optical detection system is ηdet =
0.32ηobjηBS,RηPη = 0.04.

4.6.3 Single-laser resonance fluorescence
The in-plane magnetic field of 475 mT splits the studied trion transition via the Zeeman
effect into two pairs of linearly polarized emission lines with mutually orthogonal polar-
ization. We observe a splitting of 3.4 ± 0.1 GHz and 1.8 ± 0.1 GHz between V -polarized
and H-polarized transitions, respectively, corresponding to electron and hole g-factors of
|ge| = 0.39 and |gh| = 0.12.
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𝑃c 𝑃c

Figure 4.9: Single-laser power dependent characterization. Panel (a) shows how the de-
tected rate of photons from the two trion transitions (black, red) and laser
leakage (grey) depends on laser power. Panel (b) shows the power dependence
of the full width at half maximum of these two Lorentzian transitions (black,
red), and the Zeeman splitting (blue). Error bars show the statistical error of
the fit parameters and solid lines show the model fits.

In the main text, we mainly focus on V -polarized resonant excitation with varied ex-
citation power. We observe a constant Zeeman splitting over a bias range of more than
200 mV, therefore we characterize the excitation power properties only for a bias voltage
of 1.49 V, a voltage where the transitions are in resonance with the H-polarized cavity
mode. The pair of trion emission lines is detected in cross-polarization under V -polarized
excitation of varied optical power Pl over three orders in magnitude. We fit the measured
resonance fluorescence spectrum with double Lorentzian function with a constant term
characterizing an excitation laser leakage due to finite cross-polarization extinction ratio,
and present the power dependency of the individual fit parameters in Fig. 4.9. We observe
near-identical behavior for the emission lines in both photon rate and line broadening.
Figure 4.9(a) shows the detected photon rate, which is well fit by 180 kHz/(1+Pc/Pl) [170],
characterizing the two-level system saturation at power Pc = 22 ± 2 nW. Similarly to our
previous work [18], we observe a power-linear background (gray), most likely due to imper-
fect polarization extinction. In Fig. 4.9(b), we analyze excitation-power induced linewidth
(FWHM) broadening. The experimental data show a linewidth of Γ = 1.55 ± 0.1 GHz
at low excitation power, with a significant broadening above Pc. This broadening is
well described with a simple power-law model Γ + βP

2/3
l [173, 174], using a parameter

β = (77 ± 10) × 103 GHz3/2W−3/2, and can be caused by an increase in the dephasing
rate induced by nuclei polarization. The variation of the polarization of the nuclear-spin
bath will also affect the eigenenergies, leading to significant changes in Zeeman splitting,
as observed in Fig. 4.9(b).
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4.6.4 Rate-equation model of resonant two-color spectroscopy of a
negatively charged exciton

In this section, we describe our theoretical model used for comparison and understand-
ing of the two-color resonance fluorescence experiments. Limiting the description to
continuous-wave (cw) resonant excitation of the trion states in Voigt configuration, we
model the trion energy levels as two coupled Λ systems. Figure 4.10 shows a sketch of the
interaction, where in total 4 optical transitions in a linear basis are possible: two emitting
V -polarized (blue) and two emitting H-polarized photons (red), respectively. In addition
to these optical transitions, there are also two spin-flip transitions, one for electron spin
γe and one for hole spin γh.

In the experiment, a strong laser power was used, therefore we can neglect quantization
of the excitation light together with stimulated emission, but it was kept at least factor
3 below saturation intensity Pc. Within this limit, we can separate the problem into two
steps: (i) setting up and solving rate equations characteristic to individual energy level
configurations, and (ii) expression of emitted photon rates based on state populations
found from (i).
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Figure 4.10: Resonant excitation schemes of trion: (a) a single excitation laser is resonant
with a trion transition, (b) two lasers of identical polarization are resonant
with the same transition, (c) two lasers are resonant with distinct trion tran-
sitions.

4.6.4.1 Spin population rate equations

The modeling of the scanning two-color resonant excitation of two coupled Λ systems can
be split into three scenarios, depicted in Fig. 4.10, distinguished by which transitions are
addressed with the excitation lasers. Additionally, in correspondence to our experiment,
the model is developed only for V -polarization, reducing the complexity.
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We start with a situation when only a single laser is resonant with the trion energy
levels, as depicted in Fig. 4.10(a). For simplicity, we discuss here only resonant excitation
of the | ↓⟩ → | ↓↑⇓⟩ transition, | ↑⟩ → | ↑↓⇑⟩ can be derived easily. Here, the population
is brought from the ground state | ↓⟩ to the excited state with a single resonant laser
of excitation rate vl. The excited state relaxes back to the | ↓⟩ or | ↑⟩ spin state by
spontaneous emission of a V (emission rate Γ21) and H (emission rate Γ23) polarized single
photon, or via a hole spin-flip transition to | ↑↓⇑⟩. We use the steady-state condition to
solve the trion-state population described by the interaction matrix

Mpump =


−(vl + γe) Γ21 γe Γ41

vl −(Γ2 + γh) 0 γh
γe Γ23 −γe Γ43
0 γh 0 −(Γ4 + γh)


and analytically find the state population P|x⟩ for each trion state involved in trion dy-
namics:

P|↓⟩ = γeΓ2Γ4 + γeγh(Γ2 + Γ4)
α(vl)

, (4.1)

P|↓↑⇓⟩ = γe(Γ4 + γh)
α(vl)

vl, (4.2)

P|↑⟩ = P|↓⟩ + Γ23

γe
P|↓↑⇓⟩ + Γ43γh

α(vl)
vl, (4.3)

P|↑↓⇑⟩ = γeγh

α(vl)
vl. (4.4)

Here, we use the total emission rates Γ2 = Γ21 + Γ23 and Γ4 = Γ41 + Γ43 from excited
states | ↓↑⇓⟩ and | ↑↓⇑⟩, together with α(x) = [Γ43γh + Γ23(Γ4 + γh) + γeΓ4(2Γ2 + 1) +
2γeγh(Γ4 + Γ2 + 1)]x to simplify the notation.

Now, we focus on two-laser excitation of the same transition, Fig. 4.10(b). Here, the two
lasers have identical frequency and polarization and differ only in optical power, therefore
we can model them as a single laser of optical power corresponding to vl + vr, where vl
and vr are the excitation rates of pump and repump lasers. Then the state occupations
have again form of Eqs. (4.1-4.4), with the only change in the excitation rate vl → vl + vr.

For the two-color excitation scheme, where each laser is in resonance with a distinct
trion transition, as sketched in Fig. 4.10(c). Because the interaction matrix

Mpump&repump = Mpump +


0 0 0 0
0 0 0 0
0 0 −vr 0
0 0 vr 0


does not have a steady-state analytical solution, we obtain the state occupations P|x⟩

numerically.

4.6.4.2 2D two-color resonant excitation model

Now we formulate a simple model interconnecting our two-color resonance fluorescence
experiment with the steady-state trion occupations derived from the system rate equa-
tions. First, we assume that the emitted resonance fluorescence rate is proportional to
excited state occupations and the radiative transition rates as

I = (fV Γ21 + fHΓ23)P|↓↑⇓⟩ + (fV Γ43 + fHΓ41)P|↑↓⇑⟩.
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Here we use a parameter fx where the subscript indicates the emitted photon polarization
allowing later implementation of the cross-polarization scheme by setting fV = 0 and
fH = 1. We assume that the pair of the observed emission lines is resonantly excited with a
laser of frequency fQD

1 and fQD
2 , and each of the lines has a Lorentzian shape characterized

by an identical full width at half maximum Γ, in agreement with our previous experiments
in Sec. 4.6.3. Using Γ, fQD

1 , and fQD
2 from single-laser resonance fluorescence experiments,

we model the emission as 2D Lorentzian functions L(x, x0, y, y0,Γ) = 2
πΓ [(x− x0)2 + (y −

y0)2 + (Γ/2)2]−1 multiplied with photon rate I calculated from the rate equations. As
discussed above, the rate equations and thus also the state occupations and I varies with
specific resonant excitation configuration. The different conditions we label by I(i,j), where
i, j indicate with which transitions the lasers are resonant with (fQD

x ) or 0 if the laser is
not resonant with any trion transition. The final two-laser model is given by

Itotal =
∑

i∈{1,2}
I(i,0)L(fr, fQD

i , 0, 0,Γ) +
∑

i∈{1,2}
I(0,i)L(0, 0, fl, fQD

i ,Γ)

−
∑

i,j∈{1,2}
(I(i,0) + I(0,j))L(fr, fQD

i , fl, f
QD
j ,Γ) (4.5)

+
∑

i∈{1,2}
I(i,i)L(fr, fQD

i , fl, f
QD
i ,Γ) +

∑
i,j∈{1,2},i ̸=j

I(i,j)L(fr, fQD
i , fl, f

QD
j ,Γ) .

Here, the first two terms describe emission under single-laser excitation with separate
lasers, the third term removes contributions of the individual lasers that would be counted
twice otherwise. The fourth term accounts for emission by simultaneous two-resonant laser
excitation of the identical transition, and the fifth term for concurrent two-color excitation
of two distinct transitions.

4.6.4.3 Estimate of excitation and detection rates

To connect the theoretical model with our experiment, we need to estimate the trion
driving power from optical power measured in the setup. It requires conversion of an
optical power measured with a power meter to the individual laser excitation rates vl
and vr. First, we determine the setup throughput as described in Sec. 4.6.2. As an
example, the optical power is P = 21 nW, measured in our setup in front of BS. Using
the measured transmission of the excitation path of our setup (ηex = TcavηobjηBS,T), and
assuming unity QD quantum efficiency, we estimate that the QD is excited with an optical
power corresponding to ηexP = 0.44 pW. The excitation rate is then calculated from this
power by multiplication with an experimentally determined conversion factor between
power-meter readings and the single-photon rate measured with a single-photon detector.

Similarly, we correct the theoretical emission for the detection system optical through-
put simply by its multiplication with experimentally determined throughput ηdet.

4.6.4.4 Model rates estimation

We start the discussion with the radiative rates of our trion-cavity system. An isolated
trion in Voigt geometry typically has all four radiative transitions of an identical rate
around Γ0 = 1 GHz [98]. The situation is different if a trion is coupled into a linearly
polarized cavity mode leading to Purcell enhancement. Neglecting pure dephasing, we
estimate the cavity-enhanced rates from the QD emission line width Γ of 1.5 GHz, giving
Γ21 = Γ43 = 3 GHz. Assuming that the second pair of rates correspond to an isolated
trion, we estimate these rates to be Γ23 = Γ41 = 1 GHz. Since these rates are very
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sensitive to the specific condition, we keep them as free fit parameters for the two-color
experiments show in the main text and below.

Now we discuss how we estimate the electron and hole-spin flip rates based on compar-
ison of the power dependence of the single laser resonance fluorescence with our model
for single laser excitation, i.e., using only the first term in Eq. (4.5). We model the trion
level system with the radiative rates estimated above and vary only γe and γh.

Γ23 = Γ41 = Γ0 = 1 GHz
Γ21 = Γ43 = 3Γ0
𝛾h = 0 GHz

Γ23 = Γ41 = Γ0 = 1 GHz
Γ21 = Γ43 = 3Γ0
𝛾e = 2.5 MHz

𝛾e

𝛾h
Fit of 
experiment 
(points)

Fit of 
experiment 
(points)

(a) (b)

Figure 4.11: Spin-flip rate estimate from excitation power dependent trion emission under
single resonant excitation. Lorentzian fits of experimental data (data points)
are compared to our model with (a) varied γe and fixed γh = 0 to estimate
γe value, and in (b) with varied γh and fixed γe = 2.5 MHz.

First, we estimate the electron spin-flip rate. Typically γh ≪ γe ≪ Γ0 , therefore we can
neglect the hole spin-flip transition and set in our model γh = 0. Then, we determine the
most likely value of γe by comparing a simulated power dependence of the detected rate
for various γe with the experimentally observed rates, as shown in Fig. 4.11(a). In good
agreement with γe = 1.2 MHz reported in [147], we achieved the best agreement between
the model and experimental data for γe = 2.5 MHz. In Fig. 4.11(b), we present a similar
simulation, now with fixed γe = 2.5 MHz and varied γh to reveal the model dependency
on γh. In contrast to Fig. 4.11(a), we observe only weak dependence of the model on γh,
so we set in all our simulations for simplicity γh = 0. This agrees with the fact that we
can only observe hole-spin flips during the very short trion lifetime.

4.6.4.5 Excitation-power dependent two-color resonant excitation

Here we study the excitation power dependency of trion state occupations under different
resonant excitation schemes and compare the model with the measured two-laser excita-
tion resonance fluorescence. The parameters to model the trion steady-state population
are estimated from a least-square fit (discussed below) of the experimental data with
an optical power of Pr = 2.0 and Pl = 2.1 nW, and the best agreement is achieved for
parameters Γ21 = 2.1 GHz,Γ43 = 2.7 GHz, Γ23 = Γ41 = 0.8 GHz, γe = 2.5 MHz, and
γh = 0 Hz.

Assuming only minor power-induced rate changes for excitation below Pc, in Fig. 4.12
we study the state population of the individual trion levels as a function of the opti-
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Figure 4.12: Simulation of the two-laser power dependency of trion state occupations.
Three different excitation schemes are compared: single-laser excitation
(1LRE, black solid line), two-laser excitation of an identical line (2LRE, col-
ored solid lines), and two-color excitation of two distinct transitions (2CRE,
colored dashed lines). The power of the second laser is encoded in the color
scale. Two regions of ground state occupation are highlighted (c,d): the
orange region is accessible only with two-laser excitation of an identical tran-
sition, and the blue one only if two distinct transitions are resonantly excited.
Purple diamonds (filled if two lasers address the same transition, empty if
different ones) correspond to experimental conditions.

cal power of both lasers. Under weak single-laser excitation where the excitation rate
is much slower than the radiative rate of the transition, the radiative relaxation of the
excited state into both ground states is much faster than the excitation. Therefore the
dynamics is dominated by spontaneous emission. Since the radiative rates of the tran-
sitions are approximately equal, we observe in (c) and (d) an expected balanced ground
state population of ∼ 0.5 [147]. With increasing excitation power, repumping of the | ↓⟩
population into the excited state becomes relevant, leading to a ground state population
imbalance together with a rise of the excited state population, which saturates at high
powers, see Fig. 4.12(a). As discussed also in the main text, the dynamics under two-
laser excitation of a single transition is equivalent to single-laser excitation with higher
excitation power. However, the dynamics changes under the two-color excitation of two
distinct transitions shown as dashed lines in Fig. 4.12, where the second laser repumps
the population from |↑⟩ to | ↑↓⇑⟩. As our model predicts, this repumping is higher with
a stronger repumping laser.

Since emission is a measure of the population of the excited states, we can gain insight
about expected detected photon rates in different resonant excitation schemes from the
total occupation of excited states, shown in Fig. 4.13. Interestingly, the total excited
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Figure 4.13: Simulated power dependency of the total excited states population. Color
and line style encoding is identical to that in Fig. 4.12.

state population is always higher in the two-color excitation scheme. That is because
the second laser populates the second excited state which was (due to negligible γh) not
involved in dynamics if only a single transition was resonantly pumped. This shows that
a repump laser can enhance the single-photon rate.

Finally, we discuss additional two-color experiments. In Fig. 4.14, we observe again
a ’number sign’ like structure, where horizontal and vertical lines represent the trion
transitions probed with probe and pump laser, and at the intersections two-laser dynamics
appears. Again, spin repumping is clearly visible. We fit the model with an extra term
describing the background caused by imperfect cross-polarization filtering on three sets
of experimental data measured with fixed pump laser power of Pr = 2.0 nW and we have
varied optical power of probe laser Pl. We use the following steps to achieve the best
agreement between the model and our experiment: First, we fit the experiment using
the initial estimate of radiative and spin-flip rates, and QD linewidth and energies, as
discussed above. We optimize Zeeman splitting together with the linewidths, therefore
we keep all parameters (except γh = 0 Hz) free. In the next step, we fix the parameter
describing the background, and QD’s fQD

1 , fQD
2 , Γ, and optimize only radiative rates and

γe. The best fits of the model are compared to the experiment in Fig. 4.14. Examination
of the power-dependence of the parameters shows a power broadening (FWHM) from
1.52 GHz to 1.89 GHz and a small increase of the Zeeman splitting from 3.40 GHz to
3.65 GHz, as also shown in Fig. 4.9. The determined electron and hole spin-flip rates are
γe = 2.5 MHz and γh = 0 Hz; radiative rates are increasing with excitation power and are
Γ21 = 1.1 − 4.9 GHz,Γ43 = 2.1 − 4.5 GHz, Γ23 = Γ41 = 0.7 − 0.8 GHz, probably due to the
Rabi effect.
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(a)

Experiment Model

(b)

(c)

𝑃𝑙 = 0.44 nW
𝑃𝑟 = 2.0 nW

𝑃𝑙 = 2.1 nW
𝑃𝑟 = 2.0 nW

𝑃𝑙 = 5.0 nW
𝑃𝑟 = 2.0 nW

Figure 4.14: False-color plots of the resonant two-color laser scans and model results.
Experimental data is shown in the left column, the model in the right column.
The repump laser power is kept constant at Pr = 2.0 nW, while the pumplaser
power Pl is varied: (a) Pl = 0.44 nW, (b) Pl = 2.1 nW, and (c) Pl = 5.0 nW.
The transition frequencies of the QD are shown by solid black lines.
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5 Single-photon addition and photon
correlations
Non-Gaussian multi-photon states of light including displaced Fock states and
single-photon-added coherent states are key for continuous-variable quantum
information processing. Traditionally, these states are produced using her-
alded single-photon sources based on nonlinear optics, which relatively easily
allows matching of the temporal-spectral properties of the single photon and
the coherent state; but this method is intrinsically non-deterministic. Here
we theoretically study single-photon addition using different sources of single
photons including near-deterministic sources based on quantum dots, and in-
vestigate the influence of single-photon purity, brightness, and indistinguisha-
bility. We derive analytical results and find that the two-photon correlation
function of the generated quantum light can be used to robustly characterize
and optimize the fidelity of the generated states.

This chapter contributes to: P. Steindl, V. Tubío, W. Löffler, Single-photon addition and
photon correlations (in preparation).
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5.1 Introduction
In order to implement classically hard-to-simulate continuous variable (CV) photonic
quantum circuits [175], Wigner negative [176, 177] resources such as non-Gaussian input
states are necessary. These states are also interesting in other fields, for instance they
promise improved security in quantum key distribution [178–181], and might find use
in quantum metrology [62]. Despite several classes of non-Gaussian states have been
identified over the past two decades [182–184], they remain notoriously challenging to
produce [185]. The manipulation of light fields on the single-photon level using photon
subtraction [186] or addition [187–189] allows for flexible engineering of the photon number
statistics [85,190–192], these operations are the experimental analogues of the application
of the annihilation and creation operators a and a† on a well-defined optical mode [193].

Single-photon addition can be realized by emission of one photon of a photon pair
into the classical input light field in a nonlinear crystal [187–189], using a three-level
quantum system in an optical cavity [194, 195] or by interference of the input light (e.g.
coherent light) with a single photon on an (unbalanced) beam splitter [196–199]. In
all cases, the addition of the single photon alters the photon statistics of the input light
dramatically [200] resulting in genuinely non-classical states of light [201] for both coherent
light [202] or thermal light [203] used as the input.

In contrast to single-photon addition, the related process of single-photon subtraction
produces non-classical non-Gaussian states only if performed on a non-classical input
state [184, 204]. Single-photon subtraction can be realized in the simplest case using
post-selection on single-photon detection at a beam splitter [186,205].

To date, photon addition was realized mostly using heralded single-photon sources
[206, 207] based on spontaneous parametric down-conversion (SPDC). Because the num-
ber of photon pairs produced by SPDC follows a thermal distribution [208,209], heralded
production of single photons suffers from a trade-off between single-photon brightness and
purity, only recently extensive efforts have improved this to some extend [209,210]. At the
same time, there is fast progress with true single-photon sources (SPSs) [211] based on
III-V semiconductor quantum dots in optical microcavities that would in-principle enable
fully deterministic and pure single-photon production [13, 15, 17, 18, 28, 57, 102, 103], and
with this also deterministic single-photon addition. Here, we investigate and compare
single-photon addition for different photon sources including the effect of brightness, pu-
rity and indistinguishability. We calculate the second-order correlation function of the
resulting quantum light, and find that photon correlation measurement of displaced Fock
states is a robust method to optimize wave-function overlap such as mode-matching on
the beam splitter.

5.2 Displaced Fock states from quantum interference
A non-polarizing beam splitter (BS) enables quantum interference of two incident optical
fields. Based on the beam splitter input-output relations [208,212], more complex photonic
states can be synthesized, the prime example is the Hong-Ou-Mandel (HOM) effect, where
two identical single photons “bunch” at the beam splitter [27]. This effect is used for
the characterization of the photon indistinguishability of single-photon sources [28], to
entangle photons [5, 213], prepare photon-number superposition [85, 214], and in boson
sampling [215]. A beam splitter also enables implementing the displacement operator by
mixing the input state with a strong coherent state [216]. This effect lies at the heart of
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homodyne detection and also allows for state Wigner function tomography [185]. All these
effects originate from quantum-state manipulation by interference at the beam splitter.

|𝜓⟩

|𝛼⟩

Output 
ො𝜌3

Figure 5.1: General scheme: In a possibly unbalanced beam splitter, the input state |ψ⟩,
e.g. a single-photon state, and a classical state of light, for instance the
coherent state |α⟩, undergo quantum interference, resulting in possibly non-
Gaussian output light.

We assume a loss-less low-reflectivity beam splitter (R ≪ 1) sketched in Fig. 5.1 and
study quantum interference of a coherent state |α⟩ and a state of the form |ψ⟩ = √

p0|0⟩+√
p1|1⟩ + √

p2|2⟩ by observing output mode 3, ignoring output mode 2. This situation
is closely related but different from the conditional generation of single-photon added
coherent states using heralding on zero [196, 197] or single-photon detection [217, 218] in
mode 2. Our protocol does not rely on heralding and our form of |ψ⟩ allows investigation
of the relevant single-photon source properties, the single-photon brightness p1 and purity
1 − p2. The structure of |ψ⟩ has been chosen with the ambition to be able to compare
SPDC-based sources (where p1 ≪ 1, p0 ≈ 1 − p1, and p2 = p2

1 in the low-gain limit) and
true single-photon sources with p1 ≈ 1 and p0, p2 ≈ 0 [219].

Assuming for now that |α⟩ and |ψ⟩ are perfectly indistinguishable in all degrees of
freedom, we can calculate the quantum state emerging from the beam splitter in the
low-reflection approximation and obtain [199,216,220]

|ψout⟩ ≈√
p0|γ⟩2|β⟩3 + √

p1
(
irD̂2(γ)|1⟩2|β⟩3 + tD̂3(β)|γ⟩2|1⟩3

)
+ √

p2
(√

2irtD̂2(γ)D̂3(β)|1⟩2|1⟩3 + t2D̂3(β)|γ⟩2|2⟩3 − r2D̂2(γ)|2⟩2|β⟩3
)
.

Here, D̂x(γ) = eγx
†−γ∗x is the displacement operator operating on mode x, and α = γ/t =

−iβ/r.
We are only interested in the output mode 3, therefore we trace out mode 2 leading to

(from now on, the subscript 3 is dropped)

ρ̂3 = D̂(β) [A0|0⟩⟨0| + A1|1⟩⟨1| + A2|2⟩⟨2|] D̂(β) . (5.1)

The result is a mixture of displaced vacuum, single- and two-photon states, with the
mixing probabilities A0 = p0 + p1R + p2R

2, A1 = Tp1 + 2RTp2, and A2 = T 2p2. The
mixing probabilities and displacement depend on the beam splitter reflectivity R and
transmissivity T , which can be used to control the final state, next to changing the input
state |ψ⟩. Eq. (5.1) reduces to results of Windhager et al. [221] in the weak single-photon
limit, p2 = 0.
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5.2.1 Influence of loss
To give a fair comparison between heralded and true single-photon sources, we implement
photon loss in the optical channels. Because coherent states |α⟩, eigenstates of the anni-
hilation operator, do not change their character under loss [222,223], we model loss only
in the |ψ⟩ channel by an additional beam splitter of transmission η. Similar to above, we
calculate the final state in mode 3 including photon loss. As expected, the structure of
the state in Eq. (5.1) is not altered, only the mixing probabilities Ai are changed and
now scale with p̃i instead of pi: p̃0 = ∑2

j=0 [(1 − η)j−1pj], p̃1 = η(p1 + 2p2 − 2ηp2), and
p̃2 = η2p2.

5.3 Photon correlations
In experiments, the 2nd-order intensity or photon correlation function g(2)(τ) is easily
accessible because the required Hanbury-Brown & Twiss (HBT) setup [224] is simple,
and since it is insensitive to detection efficiencies and loss; further it can be extended
to higher-order photon correlations [225]. We can calculate the zero-delay correlation

4/3

Coherent state

𝜓 source

Ideal |1⟩
Heralded SPDC, [A]
Multiplexed SPDC, [B]
QD in cavity, [C]

𝑇 = 0.9

Single-photon-added 
coherent states, [D]

𝐷(𝛽)|1⟩, [E]

Figure 5.2: Comparison of g(2)(0) as a function of the reflected coherent state |β|2 for
photon addition at a beam splitter with transmission T = 0.9 by quantum
interference of |α⟩ with |ψ⟩ for different sources for |ψ⟩: Heralded SPDC single-
photon source (orange, A [207]), multiplexed SPDC source (green, B [209]),
QD-based true single-photon source (red, C [15]) and an ideal single-photon
Fock state (black). We also show g(2)(0) for the single-photon added coherent
state (blue, D [187]) and for a displaced single photon state (purple, E [226]).
Symbols represent experimentally reported g(2)(0).

function g(2)(0) from the state ρ̂3 using commutation relations between displacement and
ladder operators [208,227], after some steps shown in Appendix 5.7.1 we obtain

g(2)(0) = |β|4 + 4|β|2Tη(p1 + 2p2) + 2T 2η2p2

[|β|2 + Tη(p1 + 2p2)]2
. (5.2)
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This expression is directly dependent on the photon statistics of |ψ⟩ and allows easy
comparison of g(2)(0) for various photon emitters as shown in Fig. 5.2, as a function
of the strength of the reflected coherent state |β|2 = R|α|2. In general, we observe a
gradual transition from the correlation function of the input state |ψ⟩ [g(2)

|ψ⟩(0)] to that of
the coherent state [g(2)

|α⟩(0) = 1] with increasing coherent state strength.
First, we assume a negligible multi-photon contribution in |ψ⟩, which is a good approx-

imation of current QD-based and weak heralded SPSs with purity exceeding 0.98. Under
this condition, g(2)(0) reduces to the expression reported and experimentally confirmed
by Shen et al. [228] with the (detected) single-photon brightness p̃1 = ηp1:

g(2)(0) = |β|4 + 4|β|2T p̃1

[|β|2 + T p̃1]2
. (5.3)

Interestingly, this function has a global maximum of 4/3 in the parameter space of
{T, p̃1, |α|2} connecting all experimental parameters defining the problem, i.e., the split-
ting ratio of the BS, the strength of the coherent state given by its mean photon number
|α|2, and the single-photon source brightness p̃1 by R|α|2 = 2p̃1T .

Now, we focus on the evolution of the quantum state ρ̂3 prepared with an ideal single-
photon state (|ψ⟩ = |1⟩) while the coherent state strength gradually increases from zero.
On top of the naturally expected quantum-to-classical state transition from the initially
purely quantum state (the single-photon Fock state with g

(2)
|1⟩ (0) = 0) into a classical

coherent state (with g
(2)
|α⟩(0) = 1), the theory also predicts a regime of photon bunching

with g(2)(0) > 1 with a maximal g(2)(0) of 4/3. As expected, the photon correlation
function converges to g

(2)
D̂(β)|1⟩(0) for T → 1 and p̃1 = 1 as theoretically predicted for a

pure displaced Fock state g(2)
D̂(β)|1⟩(0) = |β|2(4+|β|2)

(1+|β|2)2 [226].
In Fig. 5.2, we compare g(2)(0) achieved with several experimentally available single-

photon sources, and in Table 5.1, we show the relevant characteristics of these sources. For
example, heralded SPDC sources with a high single-photon purity g(2)

|ψ⟩(0) ≈ 2p̃2/p̃
2
1 ≈ 0.01

are typically operated in low photon number regime (mean photon number ∼ 0.05) to
minimize multi-photon contributions; which also results in the limited brightness p̃1 ≈ 0.05
[207]. As expected from Eq. (5.3), we observe the reduction in p̃1 as a shift towards weaker
coherent state strength for which g(2)(0) becomes maximal. The brightness p̃1 of a heralded
SPDC source can be artificially increased beyond the thermal statistics limit by time or
spatial-bin multiplexing [229]. For example, Kaneda et al. [209] achieved p̃1 = 0.667 by
multiplexing 40 time bins at the cost of worsen single-photon purity to g(2)

|ψ⟩(0) ≈ 0.269.
For the parameters reported in Ref. [209] we find (i) a shift of the bunching regime towards
higher |β|2 due to higher p̃1, and (ii) g(2)(0) exceeding slightly 4/3 (by ≈ 0.03) due to
non-negligible multi-photon contributions in |ψ⟩.

In contrast to SPDC sources, the single-photon purity of QD-based single-photon
sources is, in principle, independent of the brightness. However, the purity can be compro-
mised by QD re-excitation [230, 231] and/or non-ideal excitation-laser filtering [54, 101],
contaminating the single photons with multi-photon components. Nevertheless, the pu-
rity often exceeds 0.98. Therefore, it is not surprising to expect with the best available
QD-based sources [15] similar behavior of g(2)(0) as obtained for an ideal single-photon
Fock state, again with its maximal value of 4/3, at |β|2 = 2T p̃1 = 1.026.

Finally, we compare the photon correlations of ρ̂3 with correlations expected for the-
oretical single-photon-added coherent states Ca†|β⟩ with C = 1/

√
1 + |β|2 [187], which
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Heralded SPDC [207] Multiplexed SPDC [209] Quantum dot [15]

Purity g(2)
|ψ⟩(0) 0.01 0.269 0.021

Brightness p̃1 0.045 0.667 0.566

p̃0 0.953 0.231 0.43

p̃2 0.002 0.102 0.003

Table 5.1: Single-photon purity, brightness (and p̃0 and p̃2) of several single photon sources
used for the evaluation of g(2)(0) in Fig. 5.2.

can be easily calculated: g(2)
Ca†|β⟩(0) = 4|β|2+5|β|4+|β|6

|1+3|β|2+|β|4|2 (1 + |β|2). Notably, g(2)
Ca†|β⟩(0) shows a

monotonous transition from single-photon to coherent-state correlations without a region
of photon bunching. This absence can be used for discriminating single-photon added
coherent states from displaced Fock states, which are hard to distinguish otherwise [232].

5.4 Effect of photon indistinguishability
Up to now, we have assumed perfect indistinguishability, or wave-function overlap, of the
interfering light fields, now we discuss fields with reduced overlap. First, we introduce an
extra degree of freedom enabling us to define indistinguishability - we choose polarization
for simplicity, where for linearly polarized input fields, the indistinguishability can easily
be modified by polarization rotation with a half-waveplate (HWP). We introduce a HWP
in the beam splitter input channel 0 and vary its polarization by adjusting the HWP
angle θ/2, as sketched in the inset of Fig. 5.3. For example, an incident H-polarized
coherent state |α, 0⟩ is transformed by the HWP to |α cos θ, α sin θ⟩; we use the two-entry
ket notation representing H and V polarization, which allows full control over the mutual
indistinguishability M between the input fields. The beam splitter transformation and
final states are shown in Appendix 5.7.1, we obtain

g
(2)
θ (0) = |β|4 + 2|β|2Tη(1 +M)(p1 + 2p2) + 2T 2η2p2

[|β|2 + Tη(p1 + 2p2)]2
.

In Fig. 5.3, these photon correlations are shown for varied indistinguishability. If the
photons are maximally indistinguishable (M = cos2 θ = 1), the model reduces to Eq. (5.2)
and a prominent bunching region appears, which is absent for the fully distinguishable
case with M = 0.

The strong dependency of the correlation function caused by the high sensitivity of
multi-photon interference on the indistinguishability [233] is a remarkable quality en-
abling fidelity optimization of the prepared state. Moreover, the correlation measurement
performed in the HBT interferometer is loss and imperfect-detection tolerant, in contrast
to homodyne Wigner tomography requiring above 50% detection efficiency to successfully
reconstruct Wigner negativity [234] and another phase-stabilized coherent state acting
as the local oscillator. The combination of these facts makes the correlation-function
method experimentally feasible for optimizing indistinguishability and mode-matching at
the beam splitter.
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Figure 5.3: The effect of photon indistinguishability on displaced Fock states. The plot
shows g(2)

θ (0) as a function of the coherent-state brightness for different indis-
tinguishability M between the coherent state and single photons produced by
a quantum dot - cavity single photon source [15]. M is changed by rotating
the polarization of one of the beam splitter inputs with a half-wave plate.

Despite the simplicity of the technique, achieving true indistinguishability and thus
observation of a 4/3 photon bunching requires fine optimization. To date, the maximal
experimentally reported value is ∼ 1.26 of Shen et al. [228], where the indistinguishability
is limited to 0.86 by a non-ideal spectral-temporal overlap of the coherent state from
attenuated laser pulses and heralded single photons.

5.5 Single-photon addition with quantum dot sources
Figure 5.4 shows an experimental setup for single-photon addition on a beam splitter:
the coherent states are made by an attenuated laser, and a QD integrated into an optical
microcavity operated at cryogenic temperatures is used as a single-photon source (SPS).
For the generation of displaced Fock states, a single-mode fiber splitter is used instead of
a free-space beam splitter. The fiber optic splitter (ration R:T=10:90) enables (i) long-
term stable spatial mode overlap between the input fields and (ii) flexible connectivity to
fiber-based optical networks for possible applications.

First, we concentrate on the generation of single photons. The QD on-resonance with
the optical cavity is excited with a few-10 picosecond long laser pulse. The pulse duration
needs to be optimized to minimize QD re-excitation [230,231] either by fast electro-optic
modulation (EOM) of narrow-bandwidth continuous-wave laser (cw laser 1) [235] or us-
ing ultra-short duration pulsed laser together with grating-based pulse shaping [236]. The
excitation polarization and laser power are chosen to reach the maximal QD population
inversion, leading to maximal single-photon brightness p1 [237]. Then, the emitted single
photons are separated from the excitation laser and collected in a single-mode fiber at-
tached to the fiber splitter. Depending on the excitation scheme, the reflected resonant
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(non-resonant) laser light is filtered out using cross-polarization [54,101], or spectral [17]
filtering.

QD

SPS

Pulse shaper

SP addition

Photon correlation

Laser pulse

𝜃/2𝛼 2Control:

cw laser 2

cw laser 1

0

1

3

10:90

4 K

50:50
𝑔 2 (0)

EOM

EOM

Single photon

SPD

SPD

Figure 5.4: Experimental setup for single-photon addition with a QD-based single-photon
source. A few-picosecond long laser pulse excites the QD-cavity device, spon-
taneously emitting a single photon upon relaxation. The single photon is
separated from reflected laser light, collected in a polarization-maintaining
fiber, and interfered with a coherent state from another laser source with con-
trol over all degrees of freedom on a polarization-maintaining fiber splitter.

Now, we discuss the preparation of coherent states |α⟩. Laser 2 is tuned to be resonant
with the QD emission and the strength |α|2 of the coherent state can be tuned with by a
half-wave plate (HWP) in combination with a linear polarizer before being coupled into
a single-mode fiber connected to the fiber splitter (input port 0). To achieve maximal
state overlap on the fiber splitter, we prepare the coherent states in the form of optical
pulses. This, in contrast to the continuous-wave regime, enables us to control all degrees
of freedom of the coherent state and engineer them for maximal interference with the
single photons: (i) the spatial degrees are matched using a single-mode fiber splitter,
(ii) the polarization of the coherent state is controlled by adjusting the angle θ/2 of an
extra half-wave plate placed in front of the fiber coupler, and finally (iii), the arrival time
synchronization and spectral-temporal overlap can be optimized by pulse shaping of the
coherent laser pulses. For example, perfect matching to the lifetime-limited trion emission
with mono-exponential decay described by the trion lifetime T1 [238] requires exponential
coherent state pulses with duration T1.

This wave-function overlap optimization, requiring iterative fine-tuning of all modes of
the light fields, becomes very challenging experimentally in the presence of photon loss and
limited detection efficiencies. However, as also discussed above, the wave-function overlap
can be maximized based on the photon-correlation g(2)(0) signal, which is insensitive to
experimental imperfections.

Finally, we comment on the displaced Fock state generation rates achievable with cur-
rent QD-based single-photon source technology. The rate is, in principle, limited only by
the emission properties of the QD, i.e., its in-fiber brightness defining single-photon gain
per pulse and T1 limiting the excitation rate. In-fiber single-photon rates up to 1 GHz
with an in-fiber brightness of p̃1 = 0.57 at a lifetime of T1 ∼ 50 ps has been obtained [15].
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In comparison, all currently available SPDC-based sources have more than one order of
magnitude smaller single-photon rates due to heralding and necessary low p̃1, or limited
multiplexing rates, a comparison is given in Ref. [209].

5.6 Conclusions
In conclusion, we have theoretically studied the second-order photon correlation func-
tion g(2)(0) of displaced Fock states generated by quantum interference of coherent and
single-photon states. We have modelled the single photons to account for experimentally
unavoidable imperfections, limited brightness and reduced purity, and have derived for-
mulas directly connecting the resulting photon correlations to the single-photon source
properties. We have shown that for the case of true single-photon sources, the correla-
tions show universal photon bunching with g(2)(0) reaching 4/3. This bunching is very
sensitive to the indistinguishability of the single photons and the coherent state at the
beam splitter, which can therefore be used for optimization of indistinguishability at the
beam splitter including mode-matching and single-photon properties, and allows discrim-
ination of single-photon added coherent states and displaced Fock states. Finally, we have
evaluated an experiment with a realistic quantum-dot based true single-photon source,
which will allows production of GHz-rate displaced Fock states that might be useful for
quantum key distribution [178–181] and photon boson sampling [232,239].
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5.7 Appendix

5.7.1 Derivation of g(2)
θ (0)

Here we discuss essential steps in the derivation of g(2)
θ (0) presented in the main text. As

shows in Fig. 5.3, the HWP enables continuous variation of the polarization by adjusting
its angle θ/2. We use two-component ket notation to represent the HWP transformation;
the initially H-polarized coherent state is transformed as |α, 0⟩ HWP(θ/2)−−−−−−→ |α cos θ, α sin θ⟩.
Under this transformation in the low-reflection approximation, the state emerging from
the BS in mode 3 after a partial trace over mode 2 is

ρ̂3 = D̂V (βV )D̂H(βH) [A0|0, 0⟩⟨0, 0| + A1|1, 0⟩⟨0, 1| + A2|2, 0⟩⟨0, 2|] D̂†
H(βH)D̂†

V (βV ) .

This state is a two-mode mixture of displaced Fock states with displacement βV = β sin θ,
βH = β cos θ. The second-order photon correlation function can be calculated from
g

(2)
θ (0) = Tr(ρ̂3a†a†aa)

|Tr(ρ̂3a†a)|2 . In the following derivation, we have used: (i) the cyclic proper-
ties of the trace, (ii) the commutation relations between ladder and displacement opera-
tors [227], (iii) unitarity of the displacement operator, and (iv) the relation n̂ = n̂H + n̂V
connecting the polarization modes to non-polarized detection. For simplification, we de-
fine ρ̂3,H = A0|0⟩⟨0| + A1|1⟩⟨1| + A2|2⟩⟨2|, and evaluate the numerator and denominator
separately.

The numerator:

TrV,H[ρ̂3a
†
HaH ] = TrH[(a†

H + β∗
H)(aH + βH)ρ̂3,H ] = A1 + 2A2 + |βH |2

TrV,H[ρ̂3a
†
V aV ] = TrH,V[(a†

V + β∗
V )(aV + βV )ρ̂3,H ] = |βV |2

TrV,H(ρ̂3a
†a) = TrV,H[ρ̂3(a†

HaH + a†
V aV )] = A1 + 2A2 + |β|2

The denominator:

TrV,H[ρ̂3n̂
2
H ] = TrH{[(a†

H + β∗
H)(aH + βH)]2ρ̂3,H} = TrH{[(a†

H + β∗
H)(aH + βH)]2ρ̂3,H}

= TrH[(n̂2
H + 4|βH |2n̂H + |βH |2 + |βH |4)ρ̂3,H ]

= A1 + 4A2 + 4|βH |2(A1 + 2A2) + |βH |2 + |βH |4

TrV,H[ρ̂3n̂
2
V ] = TrH{[(a†

V + β∗
V )(aV + βV )]2ρ̂3,H} = |βV |2 + |βV |4

TrV,H[ρ̂3n̂H n̂V ] = |βV |2TrH{(a†
H + β∗

H)(aH + βH)ρ̂3,H} = |βV |2(A1 + 2A2 + |βH |2)
TrV,H(ρ̂3a

†a†aa) = TrV,H[ρ̂3(n̂2
H + 2n̂H n̂V + n̂2

V − n̂H − n̂V )]
= |β|4 + 2|β|2[1 + cos2 θ](A1 + 2A2) + 2A2

With this, the photon correlations can be expressed as

g
(2)
θ (0) = |β|4 + 2|β|2[1 + cos2 θ](A1 + 2A2) + 2A2

[|β|2 + A1 + 2A2]2

= |β|4 + 2|β|2Tη(1 + cos2 θ)(p1 + 2p2) + 2T 2η2p2

[|β|2 + Tη(p1 + 2p2)]2
(5.4)

where the correlations in the last step are represented directly in terms of the photon
number probabilities of the single-photon source. For the case of fully indistinguishable
photonic fields, this reduces to

g(2)(0) = |β|4 + |β|2Tη(p1 + 2p2) + 2T 2η2p2

[|β|2 + Tη(p1 + 2p2)]2
. (5.5)
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This function is maximized for |β|2 = 2Tη[p1 + 2p2 − p2/(p1 + 2p2)]. Assuming negligible
multi-photon contributions (simply by setting p2 = 0) which is a good approximation of
state of the art single-photon sources, the expression in Eq. (5.5) can be further simplified
to

g(2)(0) = |β|4 + 4|β|2T p̃1

[|β|2 + T p̃1]2

where we used the definition of detected single-photon brightness p̃1 = ηp1. Interestingly,
this function has a global maximum of 4/3.

5.7.2 Photon correlations: single-photon-added coherent states vs
displaced Fock states

Shen et al. [228] studied photon correlations before, in a notation consistent with our
work they have obtained

g(2)(0) = |β|4 + 4|β|2T p̃1 + 4p̃1T |β|4 + p̃1T |β|6

[p̃1T + |β|2 + 2p̃1T |β|2 + p̃1T |β|4]2 (1 + p̃1T |β|2).

This formula, appearing also in other works [240], is based on a somewhat unconventional
ordering of non-commuting operators after the beam splitter transformation, which is
inconsistent with literature (e.g. [199,217,241,242]). Nevertheless, for a weak attenuated
laser with |β|2 ≪ 1 and a weak heralded single-photon source (p̃1 ≪ 1) results in the
approximate expression

g(2)(0) = |β|4 + 4|β|2T p̃1

[p̃1T + |β|2]2 ,

which described well experimental data. Our formalism results in the same result for
p2 = 0 and the same approximations. This agreement is not surprising, since the difference
arises only from the commutation relation [â, D̂(β)] = βD̂(β) [227] which vanishes for
weak coherent states.
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6 Artificial coherent states of light by
multi-photon interference in a
single-photon stream
Coherent optical states consist of a quantum superposition of different pho-
ton number (Fock) states, but because they do not form an orthogonal basis,
no photon number states can be obtained from it by linear optics. Here we
demonstrate the reverse, by manipulating a random continuous single-photon
stream using quantum interference in an optical Sagnac loop, we create engi-
neered quantum states of light with tunable photon statistics, including ap-
proximate weak coherent states. We demonstrate this experimentally using a
true single-photon stream produced by a semiconductor quantum dot in an
optical microcavity, and show that we can obtain light with g(2)(0) → 1 in
agreement with our theory, which can only be explained by quantum interfer-
ence of at least 3 photons. The produced artificial light states are, however,
much more complex than coherent states, containing quantum entanglement
of photons, making them a resource for multi-photon entanglement.

This chapter has been published: P. Steindl, H. Snijders, G. Westra, E. Hissink, K.
Iakovlev, S. Polla, J.A. Frey, J. Norman, A.C. Gossard, J.E. Bowers, D. Bouwmeester,
W. Löffler, Artificial coherent states of light by multi-photon interference in a single-photon
stream, Phys. Rev. Lett. 126, 143601 (2021) [85].
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6.1 Introduction
Coherent states of light are considered to be the most classical form of light, but expressed
in photon number (Fock) space, they consist of a complex superposition of a number
of photon number (Fock) states. Because coherent states are non-orthogonal, it is not
possible with linear-optical manipulation and superposition of coherent states to obtain
pure photon number (Fock) states. The opposite is possible in principle, for instance by
attenuating high-N photon number states one could synthesize coherent states. However,
high-N Fock states are not readily available, but recently high-quality sources of single-
photon (N = 1) states became accessible based on optical nonlinearities on the single-
photon level. In particular, by using semiconductor quantum dots in optical microcavities
[28], single-photon sources with high brightness, purity, and photon indistinguishability
were realized [13, 18, 102, 103]. Under loss, in contrast to higher-N Fock states, single-
photon streams never loose their quantum character since single photons cannot be split,
loss reduces only the brightness. Single photons are an important resource for quantum
information applications [5].

In order to synthesize more complex quantum states of light, multiple identical single-
photon streams can be combined using beam splitters, where unavoidably quantum in-
terference appears, the well-known Hong-Ou-Mandel (HOM) effect [27]. This effect leads
to photon bunching if the incident photons are indistinguishable, therefore enables the
production of higher photon number states but only probabilistically. HOM interfer-
ence is also used for characterization of the photon indistinguishability of single-photon
sources [28], which is done mostly in the pulsed regime where detector time resolution is
not an issue. The regime of a continuous but random stream of single photons has been
explored much less in this aspect, HOM interference with continuous random stream of
true single photons has been observed in Refs. [243] and [244]. The HOM effect can also be
used to entangle photons; in combination with single-photon detection and post-selection,
it also can act as a probabilistic CNOT gate [5, 213,245].

Here we make use of HOM interference in a Sagnac-type delay loop with a polariz-
ing beam splitter (Fig. 6.1), where HOM interference happens at a half-wave plate in
polarization space1. Similar setups are proposed for boson sampling [41, 246] and used
for producing linear photonic cluster states [40, 42, 247], an emerging resource for uni-
versal quantum computation [5, 8, 10]. Since we operate with a random but continuous
single-photon stream, the repeated quantum interference and enlargement of the spatio-
temporal superposition leads to an infinitely long quantum superposition. By tuning the
photon indistinguishability we observe, in agreement with our theoretical model, photon
correlations approaching that of coherent light (g(2)(0) → 1), and from our theoretical
model, we deduce that the photon number distribution indeed corresponds to coherent
light, more precisely weak coherent light with a mean photon number n̄ ≈ 0.2.

6.2 Single-photon source
Experimentally, as an efficient single-photon source, we use a self-assembled InGaAs/GaAs
quantum dot (QD) embedded in polarization-split micropillar cavity grown by molecular
beam epitaxy [18, 90]. The QD layer is embedded in a p-i-n junction, separated by a

1A half-wave plate with its optical axis at 22.5◦ acting on the two polarization modes is equivalent to
the action of a beam splitter on the two spatial input modes.
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Figure 6.1: Experimental setup - (a) Photons from the single-photon source (SPS) are
diagonally polarized by WP1 before sent to the loop setup consisting of a
polarizing beam splitter and half-wave plate WP2 at 22.5◦. Light from the
loop setup is analyzed with the polarization-resolved HBT setup. Panel (b)
shows the interferometric loop length stabilization.

27 nm-thick tunnel barrier from the electron reservoir, to enable tuning of the QD reso-
nance around 935 nm by the quantum-confined Stark effect. The QD transition with a
cavity-enhanced lifetime of τr = 130 ± 15 ps is resonantly excited with a continuous-wave
laser, which is separated by a cross-polarization scheme [90] from the single photons that
are collected in a single-mode fiber. This linearly (H) polarized single-photon stream
Ψin is then brought by WP1 (22.5◦) in a superposition of two polarization modes; H-
polarized photons enter the 1 m long free-space delay-loop wherein WP2 (22.5◦) brings
them again in a superposition, only H-polarized photons are transmitted from the loop
towards the detection part. Detection is done with a standard Hanbury Brown and Twiss
(HBT) setup with a non-polarizing beam splitter, after which the photons are coupled into
multi-mode fibers (coupling efficiency ∼ 90%) and detected with silicon avalanche pho-
ton detectors (APDs, 25% efficiency) and analyzed with a time-correlated single-photon
counting computer card. With motorized half-wave plates followed by a fixed linear po-
larizer before each multi-mode fiber coupler, the setup allows to distinguish correlations
between photons from the loop (g(2)

HH(τ)), only directly from the source (g(2)
V V (τ)), and

to analyze cross-correlations between photons from the loop and source g(2)
V H(τ). Note

that measurement in V V polarization is equivalent to a standard g(2)(τ) measurement
of the single-photon source and can be used to obtain a reference without changing the
experimental setup. We have chosen a beam waist of 0.50 mm inside the loop in order
to reduce diffraction loss; the total round-trip transmission ηL is ∼ 90%. Further, we
use active phase-stabilization of the loop length by using a mirror on a piezoelectric ac-
tuator (Fig. 6.1(b)) and a frequency-stabilized He-Ne laser entering the loop through a
doubly polished mirror, this is needed because weak pure single-photon states interfere
phase-sensitively [214].
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Figure 6.2: Characterization of the single-photon source (a) and loop setup (b), experi-
mental data has been accumulated over 3 hours; solid lines show the model
calculations. In (a) the three-level model is fitted to the experimental g(2)

V V (τ)
data to obtain the single-photon source and detector parameters used through-
out the paper. Panel (b) shows V H correlations between photons directly from
the source and from the loop, confirming the validity of our model.

We operate the QD single-photon source with relatively high excitation power (∼
50 nW) to obtain a bright single-photon stream (detected single-photon detection rate
of 200 kHz), with the consequence that unwanted effects produce a broad correlation
peak superimposed to g(2)(τ). In order to correctly take this into account in our model,
we first measure in V V detector configuration the source correlations (Fig. 6.2(a)) and
model it using a three-level system [248, 249], where τB is the lifetime of the additional
dark state:

g
(2)
3L (τ) = 1 − (1 + a) exp(−|τ |/τr) + a exp(−|τ |/τB). (6.1)

Further, for comparison to experimental results with expected g(2)(0) below 0.1 [18], the
theoretical data are convolved with a Gaussian instrument response function (IRF) of our
single-photon detectors with FWHM = 0.523 ns [195], limiting the smallest detectable
g(2)(0) ≈ 0.63. From fitting the model to the experimental data, we obtain a bunching
strength a = 0.24 ± 0.03 and τB = 5.2 ± 0.3 ns, similar time scales were observed before
[250].
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6.3 Photon correlations between source and delay loop
To start building up a theoretical model and to characterize the delay loop, we now
measure in V H detection configuration the cross-correlation function between photons
directly from source and photons from the delay loop g

(2)
V H(τ), shown in Fig. 6.2(b). The

V detector is connected to the start trigger input of a correlation card and the H detector
to the stop channel, therefore the measured correlation g(2)

V H(τ) is as expected asymmetric
around τ = 0. Considering an H-polarized photon entering the loop, WP2 transforms
it into an 1√

2 (|H⟩ + |V ⟩) diagonally polarized state. The H-polarized part of the state
leaves the loop via the polarizing beam splitter, while the V part remains in the loop and
is transformed by WP2 into 1√

2 (|H⟩ − |V ⟩), this process is repeating itself infinitely. In
the case of a limited amount of photons in well-defined time bins, the output can easily
be described, the chance that a photon leaves the loop after r round trips is (ηL/2)r [251].
In our case of a random single-photon stream, the case is more complex as we describe
the light stream by correlation functions which we also measure experimentally.

In order to predict g(2)
V H(τ) theoretically, we use as an approximation that maximally

two photons are in the system, which we prove later to be appropriate here. We obtain
for the detected state for two incident photons with delay ∆t ̸= 0 (it is a single-photon
source) a weighted superposition of single-photon streams shifted by time r · R, where r
is the round-trip number and R the round-trip delay (see Appendix, Sec. 6.6.1 ):

|ΨV H⟩ =
∑

∆t̸=0
V †

√ηL

2 H
†
R+∆t +

∑
r≥2

(
−
√
ηL

2

)r
H†
r·R+∆t

 |0⟩. (6.2)

The state is written in terms of photon creation operators V †
t and H†

t , where the polariza-
tion mode is represented by the capital letter, the detection time is given in the subscript.
Assuming a source continuously emitting perfect single photons, we can derive from the
two-photon state an analytical expression for g(2)

V H(τ):

g
(2)
V H(τ) = 1 −

∑
m>0

(
ηL

2

)m (
1 − g

(2)
3L (τ −m ·R)

)
. (6.3)

Here, photons with ∆t = z · R, z ∈ Z are correlated by the loop and create dips in
g

(2)
V H(τ) for τ = m ·R where m ∈ N iterates over round-trips. We observe good agreement

between theory and experimental data in Fig. 6.2(b). Note that also the shifted broad
peak originating from strong driving is correctly reproduced.

6.4 Building artificial coherent states
Finally, we investigate the correlations of photons emerging from the loop by measuring
g

(2)
HH(τ), shown in Fig. 6.3. We find that g(2)

HH(τ = 0) is now highly sensitive to the
indistinguishability or wave function overlap M of consecutive photons produced by the
quantum dot, which we can tune experimentally simply by changing the spatial alignment
of the delay loop. Assuming a perfect single-photon source, the wave function overlap M
is equal to the interferometric visibility V , see Appendix 6.6.3 for details. The model for
the case of distinguishable photons, shown in Fig. 6.3(a), can be calculated again in the
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Figure 6.3: Photon correlations g(2)
HH(τ) (symbols) for misaligned loop (a, V ≈ 0.03, distin-

guishable photons) and aligned loop (b, V ≈ 0.9, indistinguishable photons)
compared to the model predictions (blue curves). Raw coincidence counts
corresponding to g

(2)
HH(τ) = 1 were 880 (a) and 9700 (b). The green curves

show the model results for the case without spectral diffusion.

two-photon picture, and we obtain

g
(2)
HH(τ) =1 − 2ηL

4 − η2
L

∑
m∈Z\{0}

(
ηL

2

)|m| (
1 − g

(2)
3L (τ −m ·R)

)
−
(
1 − g

(2)
HH(0)

) (
1 − g

(2)
3L (τ)

)
,

(6.4)

where the value of g(2)
HH(0) has to be calculated using full quantum state propagation

which we describe now.
The delay loop leads to quantum interference of photons at different times in the inci-

dent single-photon stream, and HOM photon bunching occurring at WP2 produces higher
photon number states in a complex quantum superposition. We have developed a com-
puter algorithm that can simulate g(2)

HH(0), see Appendix 6.6.2 for details. For the results
shown here, we take up to 20 photons or loop iterations into account to approximate the
experiment with a continuous photon stream. For completely distinguishable photons we
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obtain g
(2)
HH(0) = 0.49 (corrected for dark state dynamics), which agrees well with the

experimentally observed correlations in Fig. 6.3(a).
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Figure 6.4: Comparison of the photon number distribution of a weak coherent state (bars)
and thermal state (through blue line) with same mean photon number n ≈ 0.2,
to the results from our theoretical model (squares for the case of indistin-
guishable photons, M = 1, and circles for the case of distinguishable photons,
M = 0). A fixed round-trip loss of 0.1 is included in both cases. The artificial
state matches best to the weak coherent light state.

For the case of indistinguishable photons with maximal wave-function overlap M ≈ 0.9,
we observe in Fig. 6.3(b) that the dip at τ = 0 almost disappears. This is because the
(multi-)photon bunching increases the weight of higher photon number states, and, as we
show now, produces quasi-coherent states of light with g(2)(0) ≈ 1. Based on our computer
simulation, we investigate the photon number distribution P (n), which is shown in Fig.
6.4. We see very good agreement of the artificial coherent state (indistinguishable photons,
M = 1, experimentally we achieve M = 0.9) to an exact weak coherent light state with
the same mean photon number (n̄ = 0.2). In Appendix 6.6.5, we show that the artificial
coherent state is also very close to being an eigenstate of the annihilation operator, as
expected. Now, using the full simulated quantum state, we calculate the quantum fidelity
F to the exact coherent state and obtain 1 −F ≈ 10−3 for both M = 1 and M = 0.9. We
also calculate the l1-norm of coherence [252] Cl1 , also here the deviation from the exact
coherent state is very small, smaller than 10−3 relatively. From comparison of the density
matrices, we see that deviations occur mainly in the higher photon number components,
those are weak and do not contribute much to the aforementioned measures. These small
deviations are also visible in the Wigner function of the artificial coherent state.

In the model, we can ignore a round-trip dependent decrease of M due to beam diffrac-
tion since the effect is only ∼ 2%, see Section 6.6.2.2, and from Fig. 6.4 we also see why
it was justified above to ignore N > 2 states for prediction of g(2)

V H(τ) and g
(2)
HH(τ ̸= 0),

their contribution is negligible (Appendix 6.6.4). In our experiment, we can also observe
the transition to an artificial coherent state by tuning the photon indistinguishability
M to intermediate values, which is shown in Fig. 6.5, again in good agreement with our
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The green line shows the expected results for detectors with perfect timing
resolution. Results include a fixed round-trip loss of 0.1.

model. Compared to a weak thermal state of light which can be produced by spontaneous
emission of many single-photon emitters coupled to the same cavity mode [253], although
having similar P (n) for low n̄, as shown in Fig. 6.4, g(2)(0) would show a peak which is not
the case here. The simple characterization method based only on two-photon correlations
measurement presented here could also be useful for characterization of photonic cluster
states demonstrated recently [42,247]. In order to determine how many photons are con-
tributing to the quasi-coherent states here, by comparing our experimental results to a
photon-truncated theoretical model, we see that at least 3 photons are needed to explain
our results. We estimate that these three-photon states occur with a rate of about 5 kHz
in our experiment.

6.5 Conclusions
We have shown approximate synthesis of continuous-wave coherent states of light from a
quantum dot-based single-photon source, using a simple optical setup with a free-space
delay loop. The underlying mechanism is repetitive single-photon addition [191,202,204]
to an ever-growing number-state superposition, and can be tuned by changing photon
distinguishability. A difference of the artificial coherent states here to conventional co-
herent light is that the photons of the artificial coherent state are correlated with others
separated by multiples of the loop delay, this is typical for systems with time-delayed
feedback [254] including lasers [255,256]. This quantum entanglement becomes accessible
if an ordered (pulsed) stream of single photons is used, and enables production of linear
cluster states which has been realized recently [42,247], and feed-forward or fast modula-
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tors [246,257–259] can be used to produce even more complex quantum states. We want to
add that also lasers produce only approximately coherent states with entanglement of the
stimulated photons via the gain medium [260–263] which is in practice inaccessible due to
the impossibility of monitoring every quantum interaction in the system [264]. From this
quantum entanglement arises complexity, therefore we had to use algorithmic modelling
in order to produce a theoretical prediction of the output state; this is not surprising
because it is known to be computationally hard to calculate quantum interference with
many beam splitters (including loop setups such as the one investigated here) and many
photons in Fock states, possibly lying beyond the P complexity class [36,41]. It would be
an interesting goal to develop rigorous entanglement (length) witnesses that can also be
applied to continuous and random photon streams such as here, explore possibilities for
time-bin encoded tensor networks [265, 266] or quantum metrology [267], or to entangle
the photons in a d > 1-dimensional topology [268, 269]. A natural question is if other
quantum states of light, in particular quadrature squeezed light, can be produced in a
similar way, unfortunately, those light states are not resilient against loss compared to
coherent states, rendering this far more challenging.
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6.6 Appendix
6.6.1 The two-photon picture
In this section, we derive expressions for g(2)

V H(τ) and g
(2)
HH(τ) presented in the main text.

Limiting the description to two distinguishable photons (see main text), we first describe
the full two-photon state created from the single-photon stream by the delay loop. Later,
we derive the polarization-postselected correlation functions. Finally, we describe how
we include the finite lifetime of the single-photon source, as well as imperfections such
as quantum dot blinking and photon loss in the delay loop. Later, in section 6.6.2 we
will discuss indistinguishable photons and the effect of photon bunching by the Hong-Ou-
Mandel effect.

A single photon entering the loop setup (with the round-trip delay R) shown in Fig. 6.1
at time t is brought into a quantum superposition which becomes increasingly complex
with the number of round-trips r. The single-photon state |Ψ1⟩ can be written in terms of
photon creation operators Q† acting on the vacuum as |Ψ1⟩ = Q†(r, t)|0⟩, where Q†(r, t)
depends on the number of round-trips:

Q†(r, t) =



1√
2V

†
D,t + 1√

2H
†
B,t, r = 0,

1√
2V

†
D,t + 1

2

(
H†
D,t+R + V †

B,t+R

)
, r = 1,

1√
2
V †
D,t + 1

2H
†
D,t+R

+ 1√
2

 r∑
s≥2

(
−1√

2

)s
H†
D,t+s·R −

(
−1√

2

)r
V †
B,t+r·R

 , r ≥ 2.
(6.5)

Here, for instance, V †
D,t is the photon creation operator for a V -polarized photon in

mode D at time t. In each round trip, a photon at position B is brought into quantum
superposition by WP2, and the H-polarized component is transmitted from the loop by
the polarizing beam splitter (PBS) to the HBT detection setup, this results in an infinite
tree-like structure indicated in Fig. 6.6 below.

We assume that the input light is a perfect but random single-photon stream, where
the delay between two photons is ∆t ̸= 0, and the HBT setup post-selects two-photon
detection events from this stream. In general, this (detected) two-photon state can be
written as

|Ψ2⟩ =
∑

∆t̸=0
Q†(r1, t) ⊗Q†(r2, t+ ∆t)|0⟩. (6.6)

Since only photons in spatial mode D are detected, we ignore other photons and leave out
the spatial label from now on. In this section, we assume a perfect single-photon source
and no loss in the delay loop.

6.6.1.1 Detection of V H correlations

Working out Eq. (6.6) explicitly and post-selecting on terms containing one V and one
H photon, we obtain

|ΨV H⟩ =1
2
∑

∆t̸=0

 1√
2
V †
t H

†
t+∆t+R + V †

t

∑
r2≥2

(
−1√

2

)r2

H†
t+∆t+r2·R

+ 1√
2
V †
t+∆tH

†
t+R + V †

t+∆t
∑
r1≥2

(
−1√

2

)r1

H†
t+r1·R

 |0⟩.
(6.7)
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Now, we consider that V photons start the time-correlated single-photon counting appa-
ratus at time t = 0, therefore we require that in the first two terms t = 0 and in the
last two terms t + ∆t = 0. Obviously, only photons with ∆t = z · R, z ∈ Z are corre-
lated by the loop, the rest is uncorrelated and contributes to the correlation function as
g

(2)
V H(τ ̸= z · R) = 1. Due to symmetry between r1 and r2, we see that the final state is

just a weighted superposition of single-photon streams shifted with respect to each other
by a time r2 ·R, r2 ∈ N:

|ΨV H⟩ =
∑

∆t̸=0
V †

 1√
2
H†
R+∆t +

∑
r2≥2

(
−1√

2

)r2

H†
r2·R+∆t

 |0⟩. (6.8)

Evaluating the state for individual data points of g(2)
V H(τ) for fixed τ = µ · R, we obtain

for each µ an analytical expression (normalized by g(2)
V H(±∞) = 1), depending on whether

the photons are correlated by the loop:

g
(2)
V H(τ = µ ·R) =


∑
z=1 2−z − 2−µ = 1 − 2−µ for µ = m ∈ N,∑
z=1 2−z = 1 else.

(6.9)

By summation over time we obtain the full form for g(2)
V H(τ)

g
(2)
V H(τ) =

∑
µ

g
(2)
V H(τ = µ ·R)δ(τ − µ ·R) = 1 −

∑
m∈N

2−mδ(τ −m ·R). (6.10)

6.6.1.2 Detection of HH correlations

If both detectors detect H-polarized photons, all detected photons must have come from
the loop. We can post-selectH-polarized photons from Eq. (6.6) and write the two-photon
(not normalized) state using t′ = t+R as

|ΨHH⟩ = 1
2
∑

∆t̸=0

∑
r1≥1

∑
r2≥1

(
−1√

2

)r1+r2

H†
t′+(r1−1)·RH

†
t′+∆t+R(r2−1)|0⟩. (6.11)

We again consider that photons from the single-photon stream separated by ∆t = z ·R are
correlated by the loop, and coincidence clicks are recorded with time delay τ = m ·R,m ∈
Z. This leads to the condition z = r1 + r2 ± m. For normalization of the second-order
correlation function, we require the coincidence probability for photon delays different
than the loop delay. We define 0 < ϵ < 1 and z′ = z + ϵ and m′ = m + ϵ and assume
the conditions as before. We start the calculation of g(2)(τ) by considering correlations
at τ = µ ·R for loop-correlated photons (µ = m), which results in

g(2)
cor(τ = µ ·R) =

∑
z ̸=0

∑
r1≥1

∑
r2≥1

⟨ΨHH(r1, r2,∆t)|ΨHH⟩
⟨ΨHH |ΨHH⟩

· δ (z − r1 + r2 ± µ) . (6.12)

The state |ΨHH(r1, r2,∆t)⟩ is a superposition of two photons with fixed roundtrips r1 and
r2 and fixed ∆t (summand in Eq. (6.11)). Similarly, uncorrelated photons contribute to
the correlations only if µ = m′ ̸= m (i.e. ϵ ̸= 0):

g(2)
uncor (τ = µ ·R) =

∑
z∈Z

∑
r1≥1

∑
r2≥1

⟨ΨHH (r1, r2,∆t) |ΨHH⟩
⟨ΨHH |ΨHH⟩

· δ (z − r1 + r2 ± µ) . (6.13)
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The only difference between the equations above is in the summation over z. Since we
deal with a single-photon source which implies ∆t ̸= 0, the sum in Eq. (6.12) must not
include z = 0, while this is naturally satisfied in Eq. (6.13) where we can sum over all
integer numbers Z.

Polarization post-selection is a non-unitary operation, therefore the state and also the
resulting correlations are not normalized. Hence, we follow the usual normalization proce-
dure, i.e., we normalize by the uncorrelated correlations g(2)

uncor (τ = µ ·R) = 1. Moreover,
this choice also helps to simplify the infinite series, where the double summation over r1
and r2 can be evaluated and we obtain for fixed µ

g
(2)
HH(τ = µ ·R) =



g(2)
cor(τ = µ ·R)

g
(2)
uncor (τ = µ ·R)

=1 − 2
(1

2

)|m| ∑
r1≥1

2−2r1

=1 − 2
3

(1
2

)|m|
,

for µ = m

g
(2)
uncor(τ=µ·R)
g

(2)
uncor(τ=µ·R)

= 1, for µ ̸= m,

(6.14)

where the sum gives a factor of 1/3. We then obtain the full, loop-loss free ideal correlation
function

g
(2)
HH(τ) =

∑
µ

g
(2)
HH(τ = µ ·R)δ(τ − µ ·R) = 1 − 2

3
∑
m∈Z

(1
2

)|m|
δ(τ −m ·R). (6.15)

6.6.1.3 Relation to source correlations

As written in the main text, we take the finite quantum dot lifetime and blinking into
account by the single-photon source correlation function g

(2)
3L (τ) [249] in Eq. (6.1). In

order to include this in the model, we replace the δ-function in Eqs. (6.10) and (6.15) by
the source correlation function like

δ(τ −m ·R) → exp
(

−|τ −m ·R|
τr

)
→
(
1 − g

(2)
3L (τ −m ·R)

)
.

The first replacement would include only the finite lifetime, while the second includes also
blinking. We obtain (note that we here and in the following re-define g(2)

V H(τ) and g(2)
HH(τ)

as we develop the model):

g
(2)
V H(τ) = 1 − 1

2
∑
m>0

(1
2

)m (
1 − g

(2)
3L (τ −m ·R)

)
(6.16)

and
g

(2)
HH(τ) = 1 − 2

3
∑
m∈Z

(1
2

)|m| (
1 − g

(2)
3L (τ −m ·R)

)
. (6.17)

6.6.1.4 Loss in the delay loop

Understanding the effects of optical loss in the delay loop is essential for correct modelling
of the produced quantum state of light. In order to achieve this, we define the loop
transmission as ηL and incorporate it in the two-photon state of Eq. (6.8) for each round
trip simply by replacing

√
1/2 by

√
ηL/2:

|ΨV H⟩ =
∑

∆t̸=0
V †

√ηL/2H†
R+∆t +

∑
r2≥2

(
−
√
ηL/2

)r2

H†
r2·R+∆t

 |0⟩. (6.18)
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After this, the correlation function g
(2)
V H(τ = µ · R) in Eq. (6.9) has to be re-normalized

for each µ

g
(2)
V H(τ = µ ·R) =

1 −
(
ηL
2

)µ
= 1 −

(
ηL
2

)µ
for µ = m ∈ N,

1 else.
(6.19)

Similar as before, we obtain the full g(2)
V H(τ) by adding it up for all µ, and, after inserting

g
(2)
3L (τ) we obtain

g
(2)
V H(τ) = 1 −

∑
m>0

(
ηL

2

)m (
1 − g

(2)
3L (τ −m ·R)

)
. (6.20)

Analogously, in order to include loop loss in g
(2)
HH(τ), we first replace in |ΨHH⟩ (Eq.

(6.11))
√

1/2 by
√
ηL/2. This change equally affects g(2)

cor (τ = µ ·R) and g(2)
uncor (τ = µ ·R),

allowing us to again normalize by g(2)
uncor (τ = µ ·R). In analogy to Eq. (6.14) we obtain

g
(2)
HH(τ = µ ·R) =



g(2)
cor(τ = µ ·R)

g
(2)
uncor (τ = µ ·R)

=1 − 2
(
ηL

2

)|m| ∑
r1≥1

(
ηL

2

)2r1

=1 − 2ηL

4 − η2
L

(
ηL

2

)|m|
,

for µ = m

g
(2)
uncor(τ=µ·R)
g

(2)
uncor(τ=µ·R)

= 1, for µ ̸= m,

(6.21)

and finally complete expression for g(2)
HH(τ) including loop loss:

g
(2)
HH(τ) = 1 − 2ηL

4 − η2
L

∑
m∈Z

(
ηL
2

)|m| (
1 − g

(2)
3L (τ −m ·R)

)
. (6.22)

Finally, based on the experimental observation that g(2)
HH(τ) is only for τ = 0 sensitive to

multi-photon quantum interference, we explicitly include g(2)
HH(0) and arrive at Eq. (6.4)

of the main text. We explain the numeric calculation of g(2)
HH(0) in the next section.

6.6.2 Simulation details
Calculation of g(2)

HH(0) for indistinguishable photons is complex due to multi-photon quan-
tum interference, we accomplish this by a computer simulation that iteratively calculates
the evolution of H-polarized photons in the experiment in Fig. 6.1. Because we aim to
simulate and tune quantum interference at WP2 by misaligning the delay loop, we intro-
duce two spatial bases for the description of spatially separated photons on WP2. The
first basis {H, V }S describes the incident photons and, because H-polarized photons are
only detected after at least one round-trip, also after the first round trip; while {H, V }L
is the basis used to represent the state after the second round trip. Below, the spatial
mode of polarized photons is stressed by its subscript.

In the simulation, we assume a perfect single-photon source continuously emitting H-
polarized photons with mutual delay of ∆t = R, each photon corresponds to |Ψ⟩in in the
flow chart of the algorithm in Fig. 6.6. WP1 set to 22.5◦ transforms each H-polarized
photon to 1√

2(|HS⟩+ |VS⟩), the VS mode is then erased, while the HS mode is transformed
by the PBS from input A to output B and enters the (initially empty) optical loop. The
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H mode in the loop is then transformed on WP2 (22.5◦) into 1√
2(|HS⟩ + |VS⟩), arrives at

time R at port C of the PBS and is transformed from the {H, V }S to the {H,V }L basis.
At the same time, the next photon from input A arrives at the PBS and its H-polarized
part is sent to the loop, while outgoing photons in port D are sent to the HBT detection
setup (Fig. 6.1 in the main text), where different ports D in Fig. 6.6 correspond to
different time bins.

A

B

CD

A

B

CD

loss

loss

H pol. photon, towards 
HBT detection setup

A

B

CD

loss

H pol. modes:

V pol. modes:

from source: from loop:

PBS  λ/2 (22.5°)

WP2

WP2

WP2

Time modes:

I II III ...

WP1

WP1

WP1

.
.
.

.
.
.

Figure 6.6: Flow chart of the computer algorithm to calculate g(2)
HH(0). It is an unfolded

version of the real experiment where photons in mode D are sent to the HBT
detection setup, each of these ports corresponds to a different time mode.

In order to model the continuous time-averaged measurements, we have to create a
stable photonic field in the initially empty delay loop. In Fig. 6.7 we show how the
average photon number n and g(2)

HH(0) evolve with the number of round trips. We observe
initial fluctuations in both parameters and very good convergence from 20 round trips on,
which we use for all calculations in this paper.

6.6.2.1 Quantum interference at waveplate WP2 in the delay loop

As explained in the main text, this waveplate leads to quantum interference and Hong-
Ou-Mandel photon bunching, not only of two photons but also of higher photon number
states. In particular to also model partially distinguishable photons, the effects of WP2
has to be modelled carefully in the computer simulation. We define an h-photon Fock
state of H-polarized photons in spatial mode S by |0, h⟩S and an v-photon Fock state of V -
polarized photons in the L-mode by |v, 0⟩L. If the photons are completely distinguishable
(wave-function overlap M = 0), the general WP2 transformation is

|0, h⟩S ⊗ |v, 0⟩L
WP2(22.5◦)−−−−−−→

M=0

1√
v!

√
h!

(
1√
2

)v+h h∑
j=0

(
h

j

)
(V †

S )j(H†
S)h−j|0⟩

⊗
v∑
k=0

(
v

k

)
(−V †

L)k(H†
L)v−k|0⟩.

(6.23)

The photons are individually transformed in 2-dimensional subspaces of Hilbert space
and do not interfere.

72



0 10 20 30 40 50
# round trips

0.00

0.25

0.50

0.75

1.00

1.25

g
(2

)
H
H
(0

)

0.0

0.1

0.2

n

Figure 6.7: Correlation g(2)
HH(0) (black) and average photon number n (blue) as a function

of the number of round trips for perfectly indistinguishable photons (M = 1)
and experimental round-trip loss ηL = 0.9. The vertical line shows our choice
of 20 round trips where the field is sufficiently converged.

On the other hand, quantum interference of completely indistinguishable photons (M =
1 and {H,V }S = {H,V }L) will lead to photon bunching:

|v, h⟩L
WP2(22.5◦)−−−−−−→

M=1

1√
v!

√
h!

(
1√
2

)v+h v∑
k=0

h∑
j=0

(
v

k

)(
h

j

)
(−1)k (V †

L)k+j|0⟩

⊗ (H†
L)h+v−k−j|0⟩

(6.24)

In general, WP2 transforms a partially indistinguishable state like
√
M · |v, h⟩L +

√
1 −M · |0, h⟩S ⊗ |v, 0⟩L. (6.25)

6.6.2.2 Delay loop: Round-trip loss and diffraction

As usual in quantum optics, we model loss in the delay loop by a beam splitter, before
WP2, with transmission t and reflection r. Ignoring the empty input port and the dumped
output port, this transforms an n-photon input state (single polarization) as

|n⟩ −→ 1√
n!

n∑
k=0

(ir)n−ktk(a†)k|0⟩. (6.26)

Figure 6.8(a) shows simulation results of g(2)
HH(0) for distinguishable and indistinguishable

photons, as a function of round-trip loss. Both curves approach single-photon correlations
for high loss, which is understandable because in this case the delay loop can be neglected.
For low loss, g(2)

HH(0) depends strongly on distinguishability, this is why we can use this
as a measure of quantum interference.

We do not use relay lenses in the free-space delay loop setup, here we investigate
diffraction between round trips. In order to estimate the decrease of mode overlap with
the number of round trips, we calculate the propagation-dependent M to be M(z) =
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Figure 6.8: Effects of round-trip loss and diffraction. (a) Dependence of g(2)
HH(0) on round-

trip loss, for the case of fully distinguishable (M = 0), indistinguishable
(M = 1) photons, as well as round-trip dependent indistinguishability due
to diffraction. The vertical dashed line points to our experimental round trip
loss of ∼ 0.1. (b) Effect of gaussian mode diffraction on the distinguishability
or wave function overlap M .
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2, where k is the wave number, z the propagation length, and the beam waist
w0 = 0.50 ± 0.02 mm. This leads to considerably reduced distinguishability already after
3 round trips as shown in 6.8(b), however, in combination with the experimental round-
trip loss, its effect on g

(2)
HH(0) is negligible as shown in Fig. 6.8(a).

6.6.3 Visibility measurement
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Figure 6.9: Background-noise corrected interference measurements for misaligned (black)
and aligned (blue) delay loop, the obtained visibility V is indicated in the
legend.

We determine the wave-function overlap M on WP2 by measuring the classical interfer-
ence visibility V = Imax−Imin

Imax+Imin
of laser light sent to the delay loop [97], where Imax and Imin
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are maximal and minimal intensity. The relative phase is changed simply by scanning the
laser frequency in this unbalanced interferometer. The change in V corresponds directly
to the wave-function overlap M at WP2. We repeat this measurement before and after
the long correlation measurements in order to determine errors caused by thermal drift
of the delay loop during collecting data, which determines the error bars in Fig. 6.5 in
the main text. Fig. 6.9 shows examples for visibility measurements with misaligned and
aligned delay loop.

6.6.4 How many photons do interfere?

(a)

full
truncated

(b)

Figure 6.10: Influence of higher photon number states based on truncated computer sim-
ulations. (a) Dependence of g(2)

HH(0) on the maximum photon number, the
inset shows the full (gray) and truncated (black) simulated photon number
distribution (M = 0.9, ηL = 0.9). (b) Comparison of differently truncated
simulations to the experimental g(2)

HH(τ) data. At least 3 photons are needed
to explain the experimental data.

A coherent state contains contributions from a large number of different photon number
states, a natural question about our artificial coherent states is therefore: What is the
highest photon number state that is required to explain our experimental data? Here we
explore this by truncating out computer simulation and comparing to experimental data.
Figure 6.10(a) shows simulated g(2)

HH(0) for loop transmission ηL = 0.9 and ideal alignment
with M = 0.9. This state is now truncated to nmax photons and g

(2)
HH(0) is calculated,

see Fig. 6.10(a). In Fig. 6.10(b) we show the predicted g
(2)
HH(τ) based on Eq. (6.4).

We clearly see that at least 3 photons are needed to explain our experimental data, but
also that discriminating detection of higher number states is impossible with this method
because of the differences in g

(2)
HH(0) become negligible.

This claim is supported by counting simply the number of dips in g
(2)
HH(τ) in Fig.

6.3(b), where clearly dips can be observed at τ/R = ±1 (corresponding to two photons),
τ/R = ±2 (three photons), and less clear for four photons.

Finally, we estimate the rate Rn with which n-photon states are produced in our setup.
We detect single photons with approximately R = 150 kHz, which corresponds to a single-
photon rate entering the HBT setup of approximately R · 2/ηd, where ηd is the single-
photon detection efficiency. From our simulation, we derive the n-photon probability
P (n), with which we obtain a three-photon rate of ≈ 4.8 kHz, a four-photon rate of
≈ 140 Hz and a 5-photon rate of ≈ 1 Hz.
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6.6.5 Properties of the artificial coherent state
In the main text, we showed that the artificial coherent state for M ≈ 1 approaches the
photon number distribution of a weak coherent state and reaches g(2)(0) ≈ 1. In Fig.
6.11(a), we compare the same states by means of their Wigner function W (q, p), where
q and p are dimensionless conjugate variables corresponding to electric field quadratures.
Both, the position and the value of the maximum of W (q, p) show that the artificial states
are very close to a coherent state. The presence of negative regions in the Wigner function
evidences nonclassicality, connected to the ability to create multi-photon entangled states
with a delay-loop setup [42].

Coherent states have the unique property of being eigenstates of the annihilation op-
erator â. We test this and show the result in Fig. 6.11(b), this shows that the artificial
coherent states are very close to being an eigenstate of the annihilation operator, it is
almost unchanged by several applications of â. On the other hand, performing the same
procedure with a thermal state leads to pronounced changes, where the vacuum-state
probability decreases strongly and higher number probabilities are increased.

In Fig. 6.11(c) and (d), we compare the density matrices of the exact weak coherent and
artificial coherent states. The similarity in the density matrix magnitude, Fig. 6.11(c),
supports again the closeness of the states; the difference between both states appears
mostly in the phase and only for the higher photon number states with low magnitude,
see Fig. 6.11(d).

76



A
rt

if
ic

ia
l 
co

h
er

en
t 

st
at

e

A
rt

if
ic

ia
l 
co

h
er

en
t 

st
at

e

(b)

2 1 0 1 2
X1

2

1

0

1

2

X
2

Coherent state

2 1 0 1 2
X1

2

1

0

1

2

X
2

Artificial coherent state

0.000

0.034

0.068

0.102

0.136

0.170

0.204

0.238

0.272

0.306

(a) (b)

2 1 0 1 2
X1

2

1

0

1

2

X
2

Coherent state

2 1 0 1 2
X1

2

1

0

1

2

X
2

Artificial coherent state

0.000

0.034

0.068

0.102

0.136

0.170

0.204

0.238

0.272

0.306

(c) (d)

Figure 6.11: Comparison of our artificial coherent state to a weak coherent state with
identical mean photon number (n̄ ≈ 0.2). (a) False-color plots of the Wigner
function W (q, p) of the artificial coherent state (left panel; M = 1, round-
trip loss 0.1) and of the weak coherent state (right panel). Both W (q, p)
share the position of their maximum (intersection of white lines) as expected.
(b) Probability distribution after repeated application of the annihilation
operator â on the artificial coherent state (Ψ, squares) and a weak thermal
state (Ψth, dashed lines). Bars show the exact coherent state which is an
eigenstate of â. (c) Magnitude and (d) phase of density matrix elements
of the coherent (wireframe boxes) and the artificial coherent states (colored
bars).
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Summary
In this thesis, we explore foundational quantum optics experiments based on cavity quan-
tum electrodynamics with a single self-assembled III-V quantum dot in an optical micro-
cavity. This system has a number of exciting aspects, for instance, it enables high-fidelity
single photon production for future quantum applications.

Semiconductor quantum dots (QDs) are nanometer-scale islands of one semiconductor
embedded into a different semiconductor of a higher band gap. Due to their small size,
QDs have discrete electronic levels, enabling the emission of single photons like in atoms.
However, unlike in atoms, the QD energy levels can be fine-tuned by the composition
and dimension of the quantum dot, and can afterwards be controlled via external fields.
Our self-assembled InGaAs quantum dots were grown by molecular beam epitaxy in the
intrinsic region of GaAs p-i-n junction, enabling tuning of the QD energy levels via the
quantum confined Stark effect. We use this effect to bring a QD transition into resonance
with the fundamental resonance of an optical microcavity in which the QD is embedded, or
to trap an extra electron in the initially charge-neutral QD. The monolithic optical cavity
is formed by two thin-film Bragg mirrors consisting of alternating layers of materials
with different refractive indices. The light inside the high-quality optical cavity circulates
around 40 000 times in the cavity before it is lost through a mirror, resulting in a near
deterministic interaction with the QD and high-efficiency generation and extraction of
single photons.

We discuss the quantum-dot devices used in this thesis and their optical character-
ization in Chapter 2. The device design inspired by samples originally developed for
semiconductor lasers has an extra electron-blocking layer below the QDs. This layer sup-
ports deterministic and stable QD charging with an extra electron - a spin-based quantum
memory. The extra electron in the QD significantly changes the optical selection rules
connecting the photon polarization to the electron spin state. For example, if the singly-
charged QD is optically excited to the trion state, energy-degenerate circularly polarized
transitions emerge. Once placed in an in-plane (Voigt geometry) external magnetic field,
electron and trion states are split by the Zeeman effect, and two pairs of orthogonally
linearly polarized transitions appear, which we show in Chapter 4.

Studying the electron and trion states using resonant laser spectroscopy requires filter-
ing out of the relatively strong excitation laser, for which we use the cross-polarization
technique. The cross-polarization quality is quantified by the cross-polarization extinc-
tion ratio, which is limited by the quality of the optical elements. However, recently, it
has been discovered that this ratio can be improved by spin-orbit coupling of light upon
optical (Fresnel) reflection. In Chapter 3, we identify and explore these effects in our
cryogenic confocal microscope and utilize it to improve the purity of the single photons
produced by the trion transition of the QD. We find a unique polarization setting where
the cross-polarization ratio exceeds the bare-polarizer extinction ratio by a factor 10. We
prove that this enhancement is based on compensation of the small ellipticities of our
polarizers, while spin-orbit coupling effects are mitigated by single-mode fiber filtering.
In order to explore the use of the electron spin as a quantum memory, the spin states
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need to be split by an external magnetic field. In Chapter 4, we develop a simple cold
permanent magnet assembly delivering almost 0.5 T at cryogenic temperatures. Cooling
down our singly-charged QD with this assembly allowed us to perform two-color laser
spectroscopy and reveal the QD spin dynamics.

In Chapters 5 and 6, we use a high-quality single-photon source to perform quantum
optics experiments that are impossible using classical fields. In our experiments, we use
Hong-Ou-Mandel interference to bunch individual photons together and thus produce
quantum states of light with a complex structure in photon statistics.

In Chapter 5, we theoretically study single-photon addition to coherent states on an
unbalanced beam splitter. The quantum states emerging from one output port of the
beam splitter have non-Gaussian properties. These states are interesting for continuous
variable quantum computing and communication, however, are notoriously challenging to
produce. We propose a simple method based on photon correlations to confirm successful
single-photon addition. The two-photon correlations show a universal maximum enabling
to maximize the fidelity of the single-photon addition.

Finally, in Chapter 6, we experimentally create artificial coherent states of light from
scratch. In fact, we use Hong-Ou-Mandel interference repeatedly in an optical delay loop
and manipulate a single-photon stream produced by our QD-cavity source. This allows us
to engineer photon-by-photon complex photon-number superposition states with tunable
photon number statistics, similar to Poissonian statistics of coherent states. The photon
correlations and our models show that the artificial coherent states are more complicated
than ordinary coherent states and contain multi-photon entanglement in the form of linear
cluster states, a potential resource for universal quantum computing.
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Samenvatting
In dit proefschrift verkennen we fundamentele experimenten in kwantumoptica, gebaseerd
op kwantumelektrodynamica in een optische trilholte, met een enkele zelfgeassembleerde
III-V kwantumdot in een optische microholte. Dit systeem heeft een aantal opwindende
aspecten, zoals het mogelijk maken om enkele fotonen te produceren met een hoge fidelity
voor toekomstige kwantum toepassingen.

Halfgeleider kwantumdots (QD’s, in het Engels vertaald als quantum dots) zijn ei-
landjes op nanometerschaal van een halfgeleider die is ingebed in een andere halfgeleider
met een hogere band gap. Door hun kleine omvang hebben QD’s discrete elektronische
niveaus, waardoor ze net als atomen afzonderlijke fotonen kunnen uitzenden. Anders dan
in atomen kunnen de QD-energieniveaus echter worden afgesteld door de samenstelling en
de dimensie van de kwantumdot te veranderen, of via het aanleggen van externe velden.
Onze zelfgeassembleerde InGaAs kwantumdots zijn gegroeid in het intrinsieke gebied van
de GaAs p-i-n junctie door het gebruik van moleculaire bundelepitaxie, waardoor de
QD-energieniveaus kunnen worden afgesteld via het zogeheten quantum confined Stark-
effect. Wij gebruiken dit effect om een QD-overgang in resonantie te brengen met de
fundamentele resonantie van een optische microholte waarin de QD is ingebed, of om een
extra elektron te vangen in de aanvankelijk ladingneutrale QD. De monolithische optische
holte wordt gevormd door twee dunne film Bragg-spiegels bestaande uit afwisselende la-
gen materialen met verschillende brekingsindices. Het licht in de hoogwaardige optische
holte circuleert ongeveer 40 000 keer in de holte voordat het via een spiegel verloren gaat,
wat resulteert in een bijna deterministische interactie met de QD en een zeer efficiënte
opwekking en extractie van afzonderlijke fotonen.

Wij bespreken de in dit proefschrift gebruikte kwantumdotapparaten en hun optische
karakterisering in hoofdstuk 2. Het ontwerp, geïnspireerd op samples die oorspronkelijk
zijn ontwikkeld voor halfgeleiderlasers, heeft een extra elektron blokkerende laag onder
de QD’s. Door deze extra laag kan de QD worden opgeladen met één elektron op sta-
biele en deterministische wijze - diens spin werkt als een kwantumgeheugen. Het extra
elektron in de QD verandert ook de optische selectieregels die de polarisatie van de foto-
nen verbinden met de spintoestand aanzienlijk. Bijvoorbeeld: als de enkelvoudig geladen
QD optisch wordt geëxciteerd tot de trion-toestand, ontstaan er energie-ontaarde circu-
lair gepolariseerde overgangen. Eenmaal geplaatst in een extern magnetisch veld onder
Voigt-geometrie, worden de elektron- en trion-toestand gesplitst door het Zeeman-effect,
en verschijnen er twee paren orthogonaal lineair gepolariseerde overgangen, die wij in
hoofdstuk 4 laten zien.

Om de elektron- en trion-toestanden te bestuderen met behulp van resonante laserspec-
troscopie moet de relatief sterke excitatie laser worden uitgefilterd, hiervoor gebruiken wij
de kruispolarisatie techniek. De kwaliteit van de kruispolarisatie wordt gekwantificeerd
door de extinctieverhouding, die wordt beperkt door de kwaliteit van de optische el-
ementen. Onlangs is echter ontdekt dat deze verhouding kan worden verbeterd door
spin-baan koppeling van licht bij optische (Fresnel) reflectie. In hoofdstuk 3 identificeren
en onderzoeken we deze effecten in onze cryogene confocale microscoop en gebruiken
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we die om de zuiverheid te verbeteren van de losse fotonen geproduceerd door de trion
overgang van de QD. Wij vinden een unieke polarisatie-instelling waarbij de extinctiev-
erhouding van een gewone polarisator met een factor 10 overtreft. Wij bewijzen dat
deze verbetering gebaseerd is op compensatie van een kleine elliptische component van
onze polarisatoren, terwijl spin-baan effecten worden onderdrukt door het filteren met
een single-mode glasvezel. Om het gebruik van de elektronenspin als kwantumgeheugen
te onderzoeken, moeten de spintoestanden worden gesplitst door een extern magnetisch
veld. In hoofdstuk 4 ontwikkelen we een eenvoudige constructie met een koude perma-
nente magneet die bijna 0,5 T levert bij cryogene temperaturen. Door onze enkelvoudig
geladen QD met deze constructie af te koelen, konden we laserspectroscopie met twee
kleuren uitvoeren en de spin dynamiek van de QD zichtbaar maken.

In de hoofdstukken 5 en 6 gebruiken we een hoogwaardige één-foton bron om kwantum-
optica-experimenten uit te voeren die onmogelijk zijn met klassieke velden. In onze ex-
perimenten gebruiken wij Hong-Ou-Mandel-interferentie om met individuele fotonen te
bundelen en zo kwantumtoestanden van licht te produceren met een complexe foton-
statistiek.

In hoofdstuk 5 bestuderen we theoretisch het toevoegen van één foton aan coherente
toestanden op een onevenwichtige bundelsplitser. De kwantumtoestanden die uit één
uitvoerpoort van de bundelsplitser komen, hebben niet-Gaussische eigenschappen. Deze
toestanden zijn interessant voor kwantumcomputers en -communicatie die gebruik maken
van continue variabelen, maar het is een hele uitdaging om deze te produceren. Wij
stellen een eenvoudige methode voor, gebaseerd op foton correlaties, om het succes van
het experiment te bevestigen. De twee-foton correlaties vertonen een universeel maximum
waarmee de fidelity van de één-foton toevoeging kan worden geoptimaliseerd.

Tenslotte creëren we in hoofdstuk 6 experimenteel kunstmatige coherente toestanden
van losse fotonen. In feite gebruiken we Hong-Ou-Mandel-interferentie herhaaldelijk in
een optische vertraging lus en manipuleren we een stroom van losse fotonen die wordt
geproduceerd door onze QD-trilholte-bron. Dit stelt ons in staat om per foton complexe
superposities van foton-getallen te maken met afstembare statistiek, vergelijkbaar met
Poisson verdeling van voor coherente toestanden. De foton correlaties in combinatie met
onze modellen laat zien dat de kunstmatige coherente toestanden veel interessanter zijn
dan gewone coherente toestanden en verstrengeling van meerdere fotonen bevat in de vorm
van lineaire cluster toestanden, een potentiële bron voor universele kwantumcomputing.
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