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Abstract
Quantum light-matter interactions in metasurface and two-dimensional materials
by
Quanwel Li
Doctor of Philosophy in Applied Science and Technology
with the Designated Emphasis in Nanoscale Science and Engineering
University of California, Berkeley
Professor Xiang Zhang, Chair

Light-matter interactions critically exist in our life, ranging from photosynthesis to the optical high-
speed Internet and datacenters. The quantum nature of light and its interactions with matter not only
provide us the fundamental understanding of the subject but also enable the revolutionary fields of
quantum information science and technologies. In this dissertation, I present our study of quantum
light-matter interactions in emergent two-dimensional platforms such as van der Waals materials and
nano-structured metasurface. The demonstrated novel physics and unprecedented control capability
expand our knowledge on light-matter interactions and promise future applications 1 quantum
communication and quantum computation.

The dissertation consists of three parts. The first part investigates quantum single-photon emission
from color centers in van der Waals hexagonal boron nitride. We characterize those superb single-
photon emitters and demonstrate the giant Stark effect of photon energy at room temperature. The
surprisingly large 31 meV Stark shift 1s achieved by applying huge in-plane electric fields on scale of
0.1 V/nm. Moreover, we report, for the first time, the angle-resolved Stark effect in solid-state single-
photon emitters by rotating the field direction. A permanent electric dipole 1s uncovered, which
unveils that both inversion and three-fold rotation symmetries are broken at the color center. The
remarkable giant Stark effect and the significant structural information of the color center pave a way
towards the scalable solid-state quantum technologies at room temperature.

The second part focuses on nonlinear optics at excited states of exciton polaritons, the partial-hight
partial-matter quantum quasiparticles, in microcavity containing monolayer WS.. We directly probe
the excited states of exciton polaritons by utilizing valley sensitive nonlinear selection rules.
Specifically, we unravel the valley-dependent dark 2p excited states by resonant two-photon
luminescence excitation spectroscopy. Moreover, we look into the dynamically unstable upper
polariton band by the mstantaneous second harmonic generation spectroscopy. Our study of the
excited states of exciton polaritons in two dimensional materials clears the way for room-temperature
valley polariton condensation and full control of these polaritons for quantum applications.



The third part 1s on steering quantum photon-photon interaction mediated by two-dimensional
metasurface. We, for the first time, propose and experimentally demonstrate that the rotation of
metasurface enables a new degree of freedom 1 optical quantum interference through its unique
anisotropic phase responses. Specifically, we show that the output of two-photon interference can be
dynamically tuned to be bunching state, split state, or their arbitrary intermediate state, by simply
rotating the metasurface. Consequently, the effective photon-photon interaction at metasurface
beam-splitter can be manipulated continuously from attractive to repulsive. Our metasurface opens
a door for both fundamental quantum photon-photon iteraction and the development of innovative
quantum gates, algorithms and computing models.
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1 Introduction

1.1 Introduction and motivation

Light-matter interaction plays an indispensable role in our life. For example, harvesting sun light in
photosynthesis produces the ultimate food for most life on the earth, and capturing visible light in
our eyes contributes most of the information we perceive. The study of light-matter interaction has
been a fruitful journey throughout the history of human civilization. Today, engineering of hight-
matter interaction has created life-changing technologies such as fluorescent/LLED lighting, display
devices, digital cameras, solar cells and optical high-speed Internet/datacenter.

Quantum physics reveals that light consists of elementary quantum particles called photons. The
quantum interaction between single photon and single atom elucidates the ultimate microscopic
mechanism of light-matter interaction (/). Significantly, this also empowers the groundbreaking fields
of quantum information science and technologies (QISTs) (9. Essentially, QISTSs store, transmit
and process quantum information carried by quantum bits (qubits), which are quantum two-level
systems, such as photon polarization and electron spin. QISTSs guarantee absolutely secure
communication by utilizing the delicate qubits to transport information and promise exponential
speedup computation by exploiting the massively parallel quantum superposition of interacting
qubits. Qubits made of visible/near-infrared photons have pioneered the early works in QISTs and
have been one of the leading platforms ever since. This 1s because the distinct advantages of photons
such as long coherence time, low loss propagation, room-temperature operation, easy single qubit
operation and light speed signal transmission.

In quantum communications, photons are the only favorable information carriers (5 and single
photons are critically required for many mmportant protocols. For example, the seminal BB84
protocol (4) encodes information in the non-orthogonal polarization states of single photons, in
which absolute security 1s provable because any attempt to steal information would leave noticeable
disturbance in the quantum states of those single photons. However, practical applications of the
BB84 protocol has been impeded by the lack of ideal single-photon sources.

In quantum computation involving photons, controlling the quantum light-matter interaction
between photon qubits and matter qubits 1s the central task. Particularly, the interaction usually needs
to enter the so-called strong coupling regime for coherent transfer of quantum information, such as
in quantum networks (J). Achieving strong coupling, however, 1s challenging because the interaction



becomes increasingly weak as photon number or atom number decreases, partially due to the size
mismatch between photon and atom.

In optical quantum computation that only uses photon qubits, controlling the mnteraction between
single photons 1s the key (6). Since photons intrinsically do not interact with each other, an effective
mteraction must be constructed to perform two-qubit operations. As pointed out in the linear optical
quantum computing model (/), an effective photon-photon interaction can be mtroduced by
quantum nterference at a beam-splitter. However, control of such interaction at conventional beam-
splitter has been very limited.

To develop those vital ingredients, tremendous efforts have been devoted for decades in three
closely related sub-fields: solid-state single-photon emitters (&), cavity quantum electrodynamics (9)
and quantum photonics (/). Regardless of the remarkable advantages of photons and all the
progress, however, the three severe challenges remain and hinder the applications of optical
quantum technologies. They are 1) the lack of perfect single-photon emitters, 2) the generally weak
photon-matter interaction and 3) the absence of intrinsic photon-photon interaction.

This dissertation represents our continued endeavor towards tackling those challenges. We report
the mnvestigation and manipulation of quantum light-matter interaction in emergent platftorms such
as two-dimensional msulating and semiconducting van der Waals materials and two-dimensional
nano-structured metasurfaces. The demonstrated novel physics and unprecedented control
capability deepen our understanding of quantum light-matter interaction and herald future
applications in quantum communication and quantum computation.

1.2 Dissertation overview

The dissertation consists of three parts to address the challenges in quantum light-matter interaction
for optical QISTs. 1, Single-photon emission from hBN color center and its room-temperature giant
Stark effect; 2, Nonlinear optics at the excited states of exciton polariton in monolayer WS.; and 3,
Steering optical quantum interference for effective photon-photon interaction by metasurface beam-
splitter.

Chapter 2 1s devoted to single-photon emission in hBN. we start with introducing the physics of
single photons and present the material preparation and various optical characterizations of the
single-photon emitters. We conclude the chapter by comparing hBN emitters to other emitters and
discussing the approaches to overcome the Iimitations of solid-state emitters in general. Following
that, we report our achievement on addressing the limitation of inhomogeneous emission by Stark
effect in Chapter 3. After introducing the physics and device implementation of Stark effect, we show
our results on room-temperature giant Stark effect and its application for single-photon wavelength
modulation. We then discuss the dependence of Stark shift on temperature and electrical field



direction. From the angle-resolved Stark effect, a permanent electric dipole moment is discovered
that tells information on the emitter structure.

Chapter 4 1s focused on nonlinear optics of exciton polaritons in microcavity containing monolayer
WS.. We begin with introducing the concepts of exciton polaritons and the valley degree of freedom
n single layer transition metal dichalcogenide. Following that are the descriptions of the experiment
design and sample fabrication. We verify the strong coupling regime and formation of exciton
polariton by linear spectroscopies of reflection and photoluminescence. With that, we proceed to
show our results on the nonlinear valley-polarized two-photon excitation fluorescence and its
resonance on the excited 2p states. Then the instantaneous second harmonic generation is
demonstrated at resonance with the upper polariton band. Experimental results at various
temperatures are also discussed along the way.

Chapter 5 1s concentrated on the theory and design of metasurface for manipulating quantum
photon-photon interaction through two-photon interference. We introduce the underlying physics
of two-particle interference at convention beam-splitter and its limitations. After that we show how a
uniquely designed metasurface beam-splitter with anisotropic phase response can enable a new
degree of freedom in two-photon interference by its mechanical rotation. Our experimental
demonstrations are reported in Chapter 6, beginning with describing the fabrication of the
metasurface. A versatile interferometer and a two-photon source are designed and bult to
characterize the metasurface and perform the two-photon interference experiments. We achieve the
desirable rotation degree of freedom 1 optical quantum interference that manipulate the effective
photon-photon interaction arbitrarily from attractive to repulsive.



2 Single-photon emitter in hBN

2.1 Introduction

Single photons are quanta of light, a non-classical quantum mechanical state. The concept of Light
quanta, first introduced by Planck in 1900 mn his seminal work explaining the blackbody radiation
problem, marked the beginning of the quantum revolution in science and human civilization. Ever
since then, photons have been in the central of quantum physics and now the central and frontier of
quantum technologies. That 1s because qubit, quantum bit of information, made of photon has a
number of distinct advantages such as long coherence time, room-temperature operation, easy
single-qubit control and light speed propagation. As such, single-photon emitters are critical building
blocks needed for quantum science and technology (/7). For practical applications, room-
temperature solid-state platforms are required (3, 8).

Despite its vital importance, an ideal single-photon emitter 1s still missing, which is one of the major
challenges for quantum technologies. Two-dimensional van der Waals (vdW) materials are
promising candidates to tackle this challenge. vdW materials, ranging from semi-metallic graphene
(/2 and semiconducting transition metal dichalcogenides (/5) to insulating hexagonal boron nitride
(hBN), possess exceptional electronic and optical properties. They have enabled remarkable
scientific and technological breakthroughs in the last two decades. Both the single materials and the
heterostructures have been exploited to demonstrate appealing device applications (/4), such as light
emitting diodes (79), lasers (/6) and optical modulators (/7). While most studies and applications
deal with classical information, a few experiments have been reported in the quantum regime at
liquid helium temperature (/8-25).

Recently, color centers in hBN emerge as superb room-temperature solid-state single photon
emitters (SPE) (£4), which opens up the possibilities of utilizing vdW materials as a platform for
room-temperature solid-state quantum information systems. They are capable to work at room
temperature, and among the brightest SPEs due to its high internal quantum efhiciency, and easy
photon extraction as a result of the layered material structure (£4). Consequently, millions of linearly
polarized photons per second can be detected without additional photon extraction structures.
Furthermore, such layered vdW materials can be integrated with other photonic and electrical
components (13, 14, £5), highly preferred for ntegrated on-chip quantum information systems.



In this chapter, we first introduce the concept of single photons and then discuss the single-photon
emitters in hBN and their properties. Although among the best, like all the other solid-state emitters,
single-photon emuitters in hBN have major problems such as inhomogeneous emission wavelength.
In next chapter, we will control the emission wavelength via the Stark effect.

2.2 The concept of single photons

A single quantum of light 1s called a photon. Alike matters are composed of the smallest unit of
atoms, light 1s composed of the smallest unit of photons.

In the standard formulism following Dirac, photons can be obtained by second quantization of

classical electromagnetic waves (/, 20). Essentially, this 1s done by recognizing the energy of single-
mode electromagnetic fields in vacuum in the form of

H==[dV (eE?+ ”iBZ), 2.2.1)
0

where H 1s the energy or Hamiltonian of the classical electromagnetic fields, E (B) the electric
(magnetic) fields, &y (¢g) the vacuum permuittivity (permeability) and V the spatial volume, can be
mapped to

A = (0?§% +p?). (2.2.9)

where H 1s the Hamiltonian operator, w the angular frequency and § (p) the canonical position
(momentum) operator, by the correspondence of

E - §=/h/Qw)(a + a), (2.2.3)
and

B - p = iyJhw/2(a’ - a), (2.2.4)
where f is the Planck constant and a’ (a) the creation (annihilation) operator.

Now single mode electromagnetic fields are transformed into a harmonic oscillator with equally
spaced energy levels,

A =ho (ﬁ + —), 2.2.5)

[



where fi = ata is the number operator. The difference between two level is
AH = hw, (2.2.6)

the energy quantum corresponding to a single photon. Thus, the energy levels are also the population
of photon number. Figure 2.2.1 below illustrates such transformation.

Classical single mode EM wave: k(w), o Photon # 4

X Electric Field

—

- ==/ H=3/12 hw
- H=1/2 hw

4 (Elec field)

Figure 2.2.1 | Quantization of the electromagnetic fields. k the wave vector, 6 wave polarization.

2.3 Photon statistics

Photon statistics classifies the statistical properties of photon steam 1n a light beam. Quantum light
states, such as single photons, exhibit different statistics from classical light states, such as laser beam
or thermal light. Therefore, measurement of photon statistics 1s a way to reveal the quantum nature
of light.

Suppose we are measuring the light intensity, or equivalently the photon flux, of a light beam from
a steady source with a prefect detector (unit detection efficiency and infinite timing resolution) as a
function of time, as shown in the Figure 2.3.1A below. Assume all the light beams have same average
mtensity, but we may obverse different levels of intensity fluctuation over time depending on the type
of the source (Figure 2.3.1B). Specifically, the thermal source will produce the largest fluctuation
(blue curve in Figure 2.3.1B), while a laser source less fluctuation (green curve in Figure 2.3.1B) and
a perfect single photon source no fluctuation at all (red curve in Figure 2.3.1B). To explain the
difference i fluctuation, we zoom in to illustrate the photon steam in each case in Figure 2.3.1C.
The photons from thermal source trends to arrive in clusters, while photons from laser source (i.e.
coherent state |a)) arrive totally random and photons from single photon source are equally spaced
i time. We can plot the probability distribution of photon number in a given time interval for those



three cases (Figure 2.3.1D). The time interval is chosen such that the average photon number in it
1s one. The distribution of laser light follows what is called the Poisson distribution, while the thermal
light can be refereed as super-Poisson because the distribution spreads more broadly. Both Poisson
and super-Poisson distribution are allowed in classical theory of light. In stark contrast, the
distribution of single photon 1s a delta-like function peaked at one photon number, as straightforward
from its definition and the illustration in Figure 2.3.1C. This 1s the extreme case of the so-called sub-
Poisson distribution as the distribution spreads narrower than Poisson. Sub-Poisson distribution 1s
impossible n classical theory but allowed in quantum theory, therefore it 1s a signature of quantum
state of hight.

A B

C D Photon # in dt
(1indton
6 Javerage)
QO ® Y ) Thermal State 5.
> (Super-Poisson) 4
o0 O 00 0 O 3
] 2
® @ © ¢ ®© & & |1) 1
~ (Sub-Poisson) 0
......... 5 —
1 Probability

Figure 2.3.1 | Photon statistics of thermal, coherent and single-photon states of light.

Ideally, we can just measure the photon number distribution of a light beam to tell the photon
statistics, as illustrated i Figure 2.3.1 above. Practically, we may not have such a perfect detector
that can resolve the photon numbers. An alternative way 1s to measure the so called second order
coherence function g(z) (7) through a Harry Brown and Twiss type intensity interferometer as
shown in the Figure 2.3.2 below. For a single-mode field,

Tot _ 2\ _
gP (1) = g?(0) = Lrw _ D) _ 4 Ew)-() ©.3.1)

(ata)2 — (n)2 (n)2




Basically, the light beam 1s spited to two parts by a 50:50 beam-splitter and directed to two detectors.
The normalized coincident count g @) () 1s measured as a function of the time delay T between the
signals from the two detectors. At zero-time delay, g(z) (0) of single photon drops to zero because
there 1s only one photon, which can only reach one of the detectors but not both. At time delay
greater than the characteristic ime scale 7, (for example the lifeime of single photon emitter),
coincidence from successive photons can happen and the g (2)(‘[) will reach a baseline plateau. In
this case, An = 0 < /(n) and g (0) < g@ (1), which is called antibunching, meaning there is a
less probability of finding more than one photon as the time delay approaching zero. For laser light,
An = /(n) and g@® (1) remains flat curve, meaning the probability of finding two photons is
independent of time delay. For thermal light, , An = {/(n) + (n)2 > /(n) and g®(0) reaches
double the baseline and it is called bunching as g (0) > g® (1), meaning a greater probability of
detecting a second photon given a first photon detection.
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Figure 2.3.2 | The Harry Brown and Twiss intensity interferometer and the second order coherence

function g@ (7).



2.4 Room-temperature single-photon emitters in hBN

Hexagonal boron nitride (hBN) is a two-dimensional van der Waals insulator with large band gap
(" 6 eV). Figure 2.4.1 below shows the atomic structure of a monolayer hBN.

Figure 2.4.1 | Atomic structure of monolayer hBN. Adopted from Ref. (£24).

Atomic defects, or color centers, in the band gap of hBN can be single photon emitters. The emitters
density and quality vary a lot across different sources of hBN crystals. Although single-photon
emission from all nano-flakes, chemical-vapor-deposition (CVD) thin films and bulk hBN crystals
are observed and reported (24, £7), so far, the emitters in nano-flakes produce the best quality single
photons.

The hBN nanoflakes are purchased from Graphene Supermarket, in the form of a liquid suspension
and drop-cast on silicon substrate with ~ 280 nm thermal oxide on top. The samples are then
annealed at 1000 C for 30 min in an Ar/H. environment followed by slow cooling down.

Figure 2.4.2 below shows the scanning electron microscope (SEM) image of a few hBN nano-flakes
on a holy transmission electron microscope (TEM) grid, revealing the morphology. Figure 2.4.3
below shows the distribution of thickness and lateral size of 68 hBN nanoflakes, as measured by
atomic force microscope (AFM). Their typical thickness ranges from tens of to more than one
hundred nanometers, and their lateral sizes are typically from tens of to a few hundred nanometers.



Figure 2.4.2 | Scanning electron microscope (SEM) image of a few hBN nano-flakes on a holy TEM
grid.
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Figure 2.4.8 | Thickness and size distribution of 68 hBN nanoflakes.
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Individual single photon emitters are found by fluorescence imaging. We first use scanning confocal
microscope to find the emitting spots and then overlay the emission channel onto the laser reflection
channel to correlate the emitters and the nano-flakes, as shown in Figure 2.4.4 below.

N *
+ : R S
£l

Figure 2.4.4 | Typical scanning confocal microscope imagé of the photon emission (left) and its
overlay on laser reflection (right). Image contrast has been adjusted. The length of the cross marker
1s 20 um.

Figure 9.4.5 | Typical scanning nfocal coscope mmages overlay of emission and reflection
channels for multilayer CVD hBN (left) and bulk crystal hBN (right) after annealing. Images contrast
has been adjusted. The length of the cross marker 1s 20 um.
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In comparison, we also present the scanning confocal microscope images of CVD multilayer hBN
and bulk crystal hBN, as shown in Figure 2.4.5. The former has emission almost everywhere on the
sample, while the latter has almost no emission from the hBN (the few emission spots turned out to
be some dirty on the substrate).

After scanning confocal microscope screening, single-photon emitter candidates are further
mvestigated by photoluminescence (PL) spectroscopy measurement. Figure 2.4.6 below shows a
typical emission spectra of emitter with 473 nm continuous wave laser excitation. Majority of the
emission goes into the narrow zero-phonon line (ZPL), proving a high-quality emitter. The two
phonon-side bands (PSB1 and PSB2) are also visible, with the frequency difference of ~ 1370 cm.
corresponding to the E. phonon of hBN (£8). The well resolved doublet at PSBI 1s a typical feature
for hBN nanoflakes. A few tiny peaks are visible that might result from the PL emission of other
color centers 1n the collected region.
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Figure 2.4.6 | Emission spectra of a typical single-photon emitter in hBN nano-flake.

Its second order coherence function ge 1s measured by a HBT setup (Figure 2.4.7). Figure 2.4.8A
below presents the measured data with a single exponential fitting following

9P =1-[1-g@(0)]exp (?) (2.4.1)
0

which gives the raw g (0) = 0.21 without background correction and emitter lifetime 7, = 3.0
ns. The g(z) (7) data is measured by ten-second signal integration with 100 micro Walt excitation of
continuous wave 532 nm laser. In addition, we perform the excitation power dependence of the
emission Intensity, as shown in Figure 2.4.8B. A typical saturation behavior at non-resonant
excitation 1s observed, which can be fitted by



I=1 X — 2.4.2
Max P +Psat ( )

to yield the maximum emission intensity of Iy;5,, = 6.6 X 108 counts per second and the saturation
power of Pgpy = 833 uW. The intensity saturation data is measured with excitation of the same
continuous wave 532 nm laser.
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Figure 2.4.7 | Schematics of the photoluminescence (PL) plus Harry Brown Twiss (HBT) setup.
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Figure 2.4.8 | Measured g@ (7) and saturation intensity of the single-photon emitter in Figure 2.4.6
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Note that the emission intensity is detected value without correction of the optical loss and detector
efficiency. Furthermore, there 1s no additional photonic structure around the emitter to enhance the
photon extraction. The detected counts rate of several MHz demonstrates the single-photon emitter
m hBN among the brightest emitters discovered so far.

The high quality of the single-photon emitters in hBN have been proved by the narrow zero-phonon
line, low value of g(z)(O) and the super-bright emission. Moreover, these emitters are super stable
and can last for years in ambient condition. However, as like all the other solid-state single-photon
emitters, emitters in hBN also suffer from the immhomogeneous emission wavelength of different
emitters. Figure 2.4.9 below plots the histogram of the zero-phonon line position of 126 emitters
with 1 nm bin width. The emission wavelength spans a wide range of about 200 nm.

Such emission energy inhomogeneity comes from the varation of the microscopic environment
surrounding the emitters. It breaks the indistinguishability of single photons, which 1s required for
large scale quantum computation, such as universal linear optics (7), boson sampling (£9 and
quantum walks. For quantum communication, where indistinguishability 1s not required, the
photonic systems usually involve narrow-band components which also place stringent requirement
on the precision of single photon energy, especially in the case of wavelength division multiplexing
(WDM) for multi-channels and multi-users applications. In all case, controlling the single-photon
wavelength 1s critical. We will discuss our approach to this problem using the Stark effect in the next
chapter.

6 T T T T
*
L4r T
©
o
=2r
<
0 W o bl |
550 600 650 700 750 800

Wavelength \ (nm)

Figure 2.4.9 | Distribution histogram of the zero-phonon line emission wavelengths of 126 emitters
i hBN.
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2.5 Low temperature emission spectra

At finite temperature, the lattice vibrations, or the phonons, collide with the defect emitters.
Therefore, the emission linewidth will be broadened, which increases as temperature increases.
Given the measured lifetime of the order of a few nano seconds, the intrinsic linewidth would be on
the order of sub GHz or a few micro eV.

To approach the mtrinsic linewidth and spectra, we can simply cool down the sample temperature.
Figure 2.5.1 below shows the typically measured spectra and linewidth of single-photon emitters in
hBN at 5 K as compared to room temperature. Two main features are clear. One 1s the large
linewidth difference about 50 times at the two temperatures, which agrees with the thermal energy
scale kgT. The other feature is the slight peak shift, which can to attributed to the temperature
mduced lattice constant change. In the right subfigure, another small peak at 635.3 nm 1s resolved,
which 1s buried in main peak at room temperature.
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Figure 2.5.1 | Typical spectra and linewidth of single-photon emitters in hBN at 5 K and room
temperature.

2.6 Determination of the location of single-photon emitter

Determining the exact location of single-photon emitter is important for photonic integration and
precise control. Here, we demonstrate the emitter localization with respect to nano-scale metal
electrodes. The emitter spectra and g (t) are measured after electrodes fabrication, plotted in
Figure 2.6.1 below. The high-quality spectra and fitted g@ (0) = 0.45 verify the single-photon
emission.
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Figure 2.6.1 | Emission spectra of another single-photon emitter in hBN nano-flake with measured
g@ (1) in inset.

To find out the location of our single-photon emitter (SPE) with respect to the center of four
electrodes, we borrow the concept of single molecule localization microscopy (SMILM) (Figure 2.6.2).
After mounting the sample to a home-built SMILM optical setup, we acquire a bright-field image of
electrodes and a photoluminescence (PL) image of SPL, separately. The two-channel optical image
of Emutter #1 (cyan: electrodes, magenta: PL of SPE) 1s shown in (a). We analyze the electrode image
to determine its center. Each electrode’s cross-sectional profile (dotted cyan line) is examined to find
its centroid at multiple locations (blue circles), from which two cross lines (red) were least-square
fitted to estimate the center of the four electrodes (b). Then, following the standard localization
procedure in SMLM, we locate the SPE center by fitting the PL intensity profile with a two-
dimensional Gaussian function. (c) shows the SPE image and horizontal and vertical cross-sections
at the fitted center (blue plus mark). We repeat the two-channel image acquisition six times, from
which an average position of SPE with reference to the electrode center was determined as (-12 nm,
-139 nm) with the positional deviation bounded within a ¢40 nm circle. (d) shows the spatial
distribution of the SPE locations over six measurements (blue cross marks). An average location 1s
marked as a red dot.
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Figure 2.6.2 | Localization of single-photon emitter (SPE). See text for details.
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2.7 Comparison with other single-photon emitters

Single-photon emitters in hBN have distinct advantages over other emitters. First, we focus on room-
temperature operation and rule out those emitters that only intrinsically exist at cryogenic
temperature, such as III-V epitaxial quantum dots and quantum-dot-like emitters in transition metal
dichalcogenide. Second, we rule out those unstable emitters such as II-VI colloidal quantum dots
(J0) (despite their being used to demonstrate many concepts) as they are not considered as promising
candidate for quantum applications.

Then, left 1s only color-centers in wide bandgap insulators such as diamond NV center and hBN
emitter in this work. Below are comparisons from various perspectives.

1) Efficient photon extraction. For NV centers in 3D bulk diamond, it 1s difficult to extract photons
because of total internal reflection due to its high refractive index. When the NV approaches
surface of bulk diamond or in nanodiamond, its optical properties degrade (/). In contrast,
hBN 1s a 2D material (thus an intrinsic nanomaterial), and there 1s no photon extraction problem
because of the absence of total internal reflection in nanometer thin hBN.

2) Dipole alignment is critical for external control. The random orientation of NV dipole in 3D
makes 1t hard to align with electric or photonic controls, particularly in nanodiamond. However,
because hBN 1s a 2D layered material, the color center dipole is expected to lie in plane, and
therefore can be well aligned with the horizontal electrodes or photonic structures.

3) Easy fabrication and integration. While diamond 1s a difficult matenial for mtegration with the
mature S1 CMOS technology, hBN 1s CMOS compatible (39).

2.8 Approaches to overcome the limitations of solid-state emitters

There are two inherent limitations of solid-state emitters such as color centers in hBN and diamond:
one 1s their inhomogeneous spatial and/or temporal local environment in the host solid matrix,
which breaks the indistinguishability of the single photon and usually manifests itself by random shift
of photon energy. To overcome this imit, electric control via Stark effect has been found effective
through controlling the photon energy of individual emitters and stabilizing the local charges (for
example, in III-V epitaxial quantum dots (33, 34). However, all previous Stark effect was done at
liquid helium temperature, because either the emitters only produce single photons at low
temperature, or the effect was too weak to observe at room temperature.

The second limitation associated with finite temperature 1s the homogeneous thermal broadening of

the photon linewidth due to electron-phonon scattering. Consequently, room-temperature
mdistinguishable single-photon generation has never been reported from any solid-state emitter. For
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example, the radiative lifetime (77) of color centers 1s usually on the order of nano-seconds (2-5 ns
for hBN emutter, and ~ 10 ns for diamond NV), while their room-temperature coherence time (7,
mverse of linewidth), lmited by aforementioned thermal broadening, can be on the order of pico-
seconds or shorter (scale of 1 ps for hBN emitter, scale of 100 fs for diamond NV). Equation (2.8.1)
below shows how the mismatch between 77 and 7: (7:/7: about 1000 for hBN, about 10.-10; for
diamond NV) degrades the indistinguishability of single photons. That 1s, as 77/7: >> 1, the
charactenistic two-photon interference dip (g«(0)=0 for perfect indistinguishably photons) vamshes
(39).
T;

gP0)=1--% 2.8.1)

2T,

To overcome this limitation, the traditional approach 1s “simply” cooling down the emitter to 4 K or
lower temperatures to extend 7, at the price of complicated cryogenic setup and fighting with the
painfulness of sample drift, which severely limits practical applications. For room-temperature
operation, one can either reduce 7! to match 75 by plasmonic nanoantenna or by cavity quantum
electrodynamics engineering (36). For example, exceeding 1000 times 77 reduction has been
reported (37), which is promising for hBN emitter (but still far from feasible for diamond NV). It is
an excellent future direction to incorporate both the electric and photonic control to achieve room-
temperature indistinguishable single photons.

2.9 Conclusion and outlook

To conclude, we have presented the characterization of single-photon emitter in hBN and shown its
superb properties such as narrow emission hinewidth and super bright emission intensity. To move
forward, we have to overcome the limitations of solid-state emitters, including emitters in hBN. In
next chapter, we will use Stark effect to control the emission energy of single-photon emitter in hBN,
addressing the first mitation discussed in last section.

There are a few more next steps along the line. One 1s to clarify the microscopic atomic and
electronic structure of the single-photon emitter in hBN. Actually, since hBN 1s layered materials, it
1s possible in principle, for the first, to directly see the atomic structure by a transmission electron
microscope (TEM) that can resolve both the atomic positions and species. What’s more, such
atomic structure can be correlated with the optical information. This 1s a very exciting idea. We have
dedicated lots of efforts along this direction. The difficulty 1s that monolayer hBN 1s needed for
TEM 1maging. However, we found as the hBN approaching monolayer, the optical properties of the
single-photon emitter become unstable and the spectra becomes very broad as that in CVD hBN
samples.

Another one 1s to deterministically create single-photon emitters i pristine hBN crystal. This 1s
mmportant for scalable integration with electrical and/or photonic structures for precise control and
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large-scale circuits. We also dedicated a lot of efforts along this direction using scanning helium 1on
beam microscope to introduce local defects in a precision of sub-nanometer. We have tried a variety
of helium 1on dose and density. After high temperature annealing, we indeed found photon emission
from patterned region, but the emission spectra were always very broad and there were no sharp
emission peaks as we would expect from high quality emitter.

For single emitter strong coupling, it has never been achieved in diamond NV due to the ditficult
material fabrication, but hBN emitter could be easier because of the layered matenal structure and

COMS compatible fabrication.

Another one 1s to explore the possibility of spin-dependent electronic states as in diamond NV center
for quantum bit, which 1s an interesting future direction.
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3 Room-temperature giant Stark effect of single-photon emitter in hBN

3.1 Introduction

To integrate single-photon emitters (SPEs) into quantum computation and communication systems,
controlling the photon energy is critically required. As we see from last chapter, one of the major
challenges for all solid-state single-photon emitters 1s the spatial- and temporal- inhomogeneity of
their microscopic environment. Such inhomogeneity breaks the indistinguishability of single photons
and usually manifests itself in the lift of energy degeneracy from multiple emitters. For large scale
quantum computation, such as universal linear optics (7), boson sampling (29 and quantum walks,
mdistinguishability 1s required. For quantum communication, where indistinguishability 1s not
required, the photonic systems usually involve narrow-band components which also place stringent
requirement on the precision of single photon energy, especially in the case of wavelength division
multiplexing (WDM) for multi-channels and multi-users applications. Because such technology
requires the wavelength of light source precisely aligned to predefined grid and communication
channels are distinguished by the photon energy.

Stark effect, a well-established phenomenon in atomic physics, describes the shift of spectra lines
by an external electric field. It can precisely control single-photon emitters photon energy. Further,
such electric control can be facilely integrated into quantum systems (38), advantageous over other
tuning methods such as temperature (39, strain (40, 4/) and magnetic field (4. Thus far, Stark
effect has been used to tune the single-photon energy of I1I-V epitaxial quantum dots (38), quantum-
dot-like emitters in layered WSe. (43, atomic defect emitters in diamond such as NV and SiV centers
(44-47), as well as organic dye molecules (48). However, because either the emitters only produce
single photons at low temperature, or the effect was too weak to observe at room temperature, all
the previously demonstrated Stark shifts were all at liquid Helium temperature, placing significant
challenges for practical quantum applications.

In this chapter, we describe our results of the first room-temperature Stark effect of SPEs with giant
tuning ranges of 31 meV, discovered in hBN color centers. Moreover, we develop a Rotating Field
Method to resolve the angular dependence of the Stark effect to determine the breaking of inversion
and rotation symmetries at the hBN SPE. The discovered remarkably giant room-temperature Stark
effect and the significant advance in understanding its atomic structure could enable new possibilities



of quantum information technologies, such as WDM and indistinguishable single photon sources,
at room temperature.

3.2 The physics and device implementation of the Stark effect

The physics of Stark effect 1s illustrated i Figure 3.2.1. A two-level system representing the single-
photon emitter (SPE), with an optical transition from the excited level |e) to ground level | g), is
perturbed by the local electric field F induced by applied voltage. Consequently, the electronic
orbitals of the two levels are distorted and the transition single-photon energy 1s shifted. According
to perturbation theory of quantum mechanics, to the second order approximation, the Stark shift
can be modeled as the following formula (43-45, 49):

1 qQ C
hAv = —Ap-F — Ea|F|2 (3.2.1)

where AAv, Ap, F and a denote the change in emission photon energy, the difference between
dipole moments of ground state | g) and excited state | e), the local electric field acting on the emitter,
and the atomic polarizability, respectively. That 1s,

Ap = p, — pugy = (elerle) — (gler|g) (3.2.2)

where e 1s the electron charge and r the real space position vector. For a two-level system with a
permanent dipole moment, Equation (3.2.1) can be simplified to

hAv = —Ap - F = —|Ap||F|cos (¢ — 6) (3.2.3)

where ¢ and 6 denote the orientation angles of the dipole moments difference Ap and of the electric
field F, respectively. Following previous reports (45-45), we adopt the Lorentz approximation to
calculate the local field F from applied field E as F = E(e+2)/3, where € is the permeability of the
hBN. At finite temperature 7, the electronic levels are broadened (AE (T)) due to electron-phonon
scattering and so does the emitted photon energy. As a result, the Stark shift (hRAv(Ap, F)) needs to
be large enough to be observable and useful.
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Figure 3.2.1 | The physics of Stark effect.

In this study, SPEs in multi-layer hBN nano-flakes are chosen due to their much better optical
performance compared to those in monolayers (£4). Individual single photon emitters are found by
fluorescence imaging and characterized by PL emission spectroscopy, polarization analysis and ge
measurement. Then electron beam hthography is used to define the electrode pattern around the
located SPEs.

Multiple electrodes are carefully designed to surround the SPEs such that we can control not only
the amplitude but also the direction of the electric field. We fabricate miniature gaps of a few
hundred nanometers between the adjacent and diagonal electrodes, respectively, which can generate
a large electric field in the order of =~ 0.1 V/nm. Figure 3.2.2a shows the two-channel optical image
of the fabricated four-electrode device (Emuitter#1), where the gold color 1s the bright-field image of
the gold electrodes and red color the photoluminescence (PL) image of the hBN SPE. Presented in
Figure 3.2.2b is the zoom-in pseudo-color SEM image of the same device. The blue region is the
hBN flake and the red dot marks the location of the SPE determined by fiting its
photoluminescence (PL) image in Figure 3.2.2a with respect to the electrodes after fabrication
(details 1n Figure 2.6.2). A, B, C and D (yvellow) are the four gold electrodes where voltages are
applied to generate external E fields. The black arrows show the adopted coordinate system.

Figure 3.2.2 | The four-electrode device for Stark é.ff‘ect, i hBN single photon emutter.
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3.3 Observation of room-temperature giant Stark effect

After characterizing and confirming the optical properties of our device, we apply electric fields to
the SPE to study the Stark effect. Voltages within £100 V are applied to electrodes A and B with
equal magnitude of opposite signs (Figure 3.3.1a Inset) while PL. emission spectra are collected at
each voltage. Figure 3.3.1a plots the zero-photon line (ZPL) PL intensity map as a function of photon
energy and applied voltage. A giant Stark shift up to 31 meV is clearly observed, about one order of
magnitude greater than the values previously achieved in color center SPEs (44, 45) and 4 times of
its room-temperature linewidth (— 7 meV). We plot the ZPL peak position as a function of applied
voltage in Figure 3.3.1b. The blue and red color corresponds to change of voltage in forward and
backward directions, respectively. The dots are experiment data with errorbars showing the 95%
confidence interval from fitting. It 1s clear that the Stark shift 1s approximately linear to the apphed
voltage and reverses sign at opposite electric field. Linear regression of data in Figure 3.3.1b gives a
tuning efficiency of 137 peV/V. The deviation from linearity is possibly due to the light induced
1onization in nearby non-emitting defects that can modify the local electric field(49). Insets of Figure
3.3.1b show the go of the device at +10V and -10V, which changed little compared to the OV case as
in Figure 2.6.1 set, proving single photon emission with applied voltage. The spectra and ge are
measured under the excitation of a continuous-wave 473 nm and 532 nm laser, respectively. The
acquisition time for go 1s 10 s. The excitation intensity 1s 100 uW/um: for all. All the Stark effect data
are measured 1n vacuum, while go 1s done 1 ambient air.

We can learn some about the electronic states of the SPE from our Stark effect data. The possibility
1s ruled out that the observed linear Stark shift 1s due to the presence of degenerate states, because
there 1s neither ZPL sphtting nor multi-peaks with applied fields, even when the excitation
polarization is changed ~ 30 degrees to account for possibly different selection rules of different states.
Note n the previous Stark effect of diamond NV center, two near-degenerate transitions from A2
to {E1, K2} states were visible, and both ZPL tuning and splitting were observed (45). Therefore, the
measured linear Stark effect here unveils the electric permanent dipole moment in the atomic
structure of the hBN color center, which we will discuss in more details later.
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Figure 3.3.1 | Observation of room-temperature giant Stark effect.
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We also plot the ZPL linewidth and itensity as a function of applied voltage in Figure 3.3.2. As
voltage change from -100V to 100V, the ZPL linewidth gradually increases with its intensity gradually
decreases. Such behavior was also observed in previous study in diamond NV center, possibly due
to the change of coupling to some dark state (44).
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Figure 8.3.2 | ZPL linewidth and intensity as a function of applied voltage of Emitter #1 extracted
by fitting to Lorentzian function.
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Figure 3.8.3 | Room-temperature giant Stark effect of Emitter #2-6.



We present in Figure 3.3.3 additional room-temperature Stark shift data. a, b and ¢ show the room-
temperature intensity maps of five more emitters (Emitter #2-6) in three more devices as a function
of photon energy and applied voltage. d, e and f show the corresponding fitted peak positions as a
function of applied voltage. All the dashed lines are guides to the eye for the peak change. Note that
i a, at voltage near -100V, remarkably, two peaks from two different emitters are tuned into
resonance, which 1s very mmportant to achieve room-temperature indistinguishability between
different emutters.

We further analyze the statistics of Stark effect measured on the six emission lines from the four
devices. The observed Stark shifts ranging from 3.5 to 45 meV with an average of about 20 meV.
The variety of shift 1s mostly due to the variation in the local electric fields and their alignment with
the dipole of hBN emuitters.
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Figure 8.3.4 | The statistics of Stark shifts of the six h BN emitters at room temperature.

We emphasize that the key to observe the room-temperature giant Stark shift 1s a combined effort
of several factors, as formulized in Equation (3.2.3). First of all, the large band gap of hBN crystal
and low phonon scattering make a superb room-temperate SPE. Second, the layered structure of
hBN likely leads to an in-plane dipole moment (£4), such that an applied in-plane electric field can
be aligned with the dipole orientation. Third, closely spaced electrodes (within hundreds of
nanometers) can be easily integrated with the nano-scale hBN flake and large voltages more than
100 V can be applied, resulting in local electric fields around one order of magnitude greater than
previous works in diamond color centers. Remarkably, the hBN SPE are stable at such high field
and 1ts Stark tuning 1s reliable.



3.4 'Wavelength modulation of single-photon emitters by Stark effect

The reported room-temperature giant Stark effect 1s a significant advance for photonic quantum
technology. The demonstrated energy tuning range 1s sufficient for WDM for multi-channel and
multi-user quantum key distribution (QKD) application in quantum communication, particularly
suitable for free-space short-distance mobile QKD, which 1s the unexplored complementary
scenario compared with the highly developed fiber-based long-distance point-to-point QKD.

To further demonstrate the feasibility of wavelength-division-multiplexing, we modulate the emuitters
7ZPL spectra as driven by the Stark effect. During the modulation operation, the emission lines at
different voltage are well separated and 1s reliably for many cycles.
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Figure 3.4.1 | Room-temperature wavelength modulation of Emitter #2 and #5 by Stark effect.



3.5 Low temperature Stark effect

Stark effect is in principle independent of temperature as indicated by Equation (3.2.3). In reality,
the surrounding environment of solid-state single-photon emitters could be affected by temperature
through phonons and free charges. To verily the observed giant Stark shift 1s not artifact or
temperature effect. We measure the same Emitter #1 under same conditions expect a lower
temperature of 80K. For the same voltage range, the measurement at 80 K shows similar Stark shift
as that at room temperature.
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Figure 3.5.1 | Stark shifts of Emitter #1 at room temperature and 80 K.

3.6 Broken symmetries revealed by the angle-resolved Stark effect

According to Equation (3.2.3), the Stark shift depends not only on the magnitude of the applied
field, but also its orientation (J0). In order to probe the angular dependence of the Stark effect and
therefore the underlying symmetry of the atomic structure of the color center, we introduce the
Rotating Field Method by utilizing the linear combination of the fields generated by the multiple
electrodes. As long as the individual fields are linearly independent, their combination can produce
fields of arbitrary directions and magnitudes (although limited by dielectric breakdown). With finite
element method (COMSOL) simulation, we calculate the voltages for electrodes A and C (other
electrodes and substrate are grounded, Figure 3.6.1a) that generate a combined electric field at any
specified direction with a constant magnitude at 0.08 V/nm. The ZPL spectrum of the hBN SPE
shows strong dependence on the direction of the applied field (Figure 3.6.1b). The ZPL s 1.13 meV
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red (1.32 meV blue) shifted when the applied field pointing to 8 = 140° (320°), while the shift with
the electric field along 8 = 230° 1s negligible. The zero-field spectrum is plotted for comparison.
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Figure 3.6.1 | The angle-resolved Stark effect of hBN SPE.

We also measure the ZPL spectra per 10° step of 8 in electric field direction and extract the Stark
shifts by fitting each spectrum data with Lorentzian function. Figure 3.6.2a depicts the obtained Stark
shift as a function of the applied field direction 8 (orange squares). Two values of the direction angle
0 can be clearly identified in the pattern that are orthogonal to each other and correspond to the
directions for maximum and zero shifts. Electric fields of opposite directions induce shifts with
reversed signs. Our data 1s well fitted by Equation (3.2.3) (orange solid lines in Figure 3.6.2a), which
further confirms that the Stark effect 1s dominated by an electric permanent dipolar term and that
higher order terms are negligible. From the fiting we calculate the magnitude of the dipole Ap =
0.65 £ 0.04 D where 1 D = 3.83e-30 Cm. The obtained dipole moment is on the same order as that
of the NV center in diamond (44). Three vertical arrows (blue, magenta and red) correspond to the
three spectra in Figure 3.6.1b. The photon energies are obtained by fitting the ZPLs with the
Lorentzian line shape. The error bars from fitting are smaller than 0.03 meV. The data 1s measured
at 80 K to reduce ZPL fiting uncertainty at small shifts, taking advantage of the narrow linewidth at
low temperature. The optical polarization 1s measured at room temperature without applying voltage.
The same data are plotted in polar coordinates in Figure 3.6.2b, which clearly shows the dipole
pattern from the angle-resolved Stark effect. The polarization direction of the excitation laser 1s also
mdicated by the green arrow.
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Figure 3.6.2 | The discovered permanent electric dipole and broken symmetries (Emitter #1).

The discovered permanent dipole moment proves that only mirror symmetry is present in the
atomic structure of the color center and that both the mversion symmetry and three-fold rotation
symmetry of the host hBN crystal are broken. The valuable information about the symmetries will
significantly facilitate the future study of the atomic structure and electronic levels of the color center.
In contrast, all the previously reported linear polarization of the emitted photons only indicates
anisotropy of the emitter structure. Actually, the optical transition dipole responsible for hnearly
polarized emission corresponds to the off-diagonal terms in the matrix of dipole operator,

K._g = (gler|e) (3.6.1)

and only the absolute value |H,_,4| can be determined in emission polarization measurement, which
1s nversion symmetric. In contrast, the permanent dipole uncovered in our linear Stark effect
corresponds to the diagonal terms (Equation (3.2.2)), both magnitude and direction of the vector
are determined. Apparently, the two dipoles are fundamentally different. We re-plot the linear
emission data in Figure 3.6.2a (blue), to clearly show the difference from the Stark effect. Noted that
the direction for maximum Stark shift i1s coincident with that of the emission polarization, which
corresponds to the mtersection axis of the planes of the color center mirror symmetry and the hBN
atomic layer.



3.7 Stark effect on emission polarization

Since Stark effect perturbates the electron orbitals, 1t could affect the emission transitional dipole
and hence the single photon polarization. However, in our study, the rotation of the polarization
should not be significant because the applied electric field 1s only small compared with the internal

electric field. The former is on the order of E1 ~ 0.4 V/nm, while the internal electric field can be

estimated as E, = 4n: == 16 V/nm where r ~ 3 angstrom is the in-plane lattice constant of hBN.
0

The expected rotation due to the perturbation may be estimated as arctan(E1/E0) ~ 1.4°. We

conducted the polarization measurement on one bright emitter and obtained a small rotation of

polarization ~ 1.6° when the voltage changes from -80 V to 80 V, which is comparable to our

estimation.
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Figure 3.7.1 | Emission polarization at different voltages.

Figure 3.7.1a shows the SEM photo of the device and electric voltage configuration for the
polarization characterization at 80 K (rest electrodes and substrates are all grounded). The
arrow shows the approximate direction of the measured polarizations. 6 denotes the convention of
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the angle used in ¢ and d. The scale bar 1s 400 nm. Figure 3.7.1b 1s the zero-phonon line spectra
measured at different voltages. The dots (lines) are experiment data (Lorentzian fitting curves). A
wide Start shift of ~9 meV was clearly observed. Figure 3.7.1c presents the polarization
measurement and curve fitting at different voltages. The change in polarization 1s very small.
The dots represent intensities corresponding to different polarizer angles and are calculated from
peak area of Lorentzian fitting with background subtracted. The lines are squared cosine fitting
curves. The colors indicate the applied voltages as in b. Figure 3.7.1d shows the fitted polarization
angles and 95% confidence mntervals. The measurement was done at 80 K to improve the signal to
noise ratio.

3.8 Conclusion and outlook

To conclude, i this chapter we demonstrate the first room-temperature Stark effect of a SPE with
a giant shift of 31 meV in hBN color center. This 1s achieved by combined advantages including the
large bandgap and low phonon scattering in hBN, the layered structure of hBN and our ability to
make a nanoscale device using hBN nano flake. The large tunability 1s indispensable to align single
photon energies to photonic cavities or predefined standard to construct WDM quantum
communication systems.

Furthermore, the large tunability 1s critical to room-temperature production of indistinguishable
photons from multiple SPEs by compensating their emission energy variation for large-scale
quantum computation. The high quality of hBN emitter makes it possible to generate room-
temperature indistinguishable single photons, a grand challenge for solid-state single-photon emitter
that was never possible, by boosting the radiative lifetime about one thousand times to match its
coherence time or by cavity quantum electrodynamics engineering (Section 2.8).

We also introduce a method to characterize the Stark effect with respect to the electric field
direction, which enables the first angular mapping of Stark effect. The mapped permanent
electric dipole moment, aligned with the optical emission dipole, proves that both the mversion
symmetry and three-fold rotation symmetry of the host hBN crystal are broken at the color
center. Our results provide insightful information for further exploring the properties and
applications of the color center in hBN. The room-temperature operation, large tunability, and
mtegrability of hBN SPE could enable scalable solid-state quantum information systems at room
temperature.

Remark: Chapter 2 and Chapter 3 include published materials from Yang Xia*, Quanwer 117, et.
al. "Room-temperature giant Stark effect of single photon emitter in van der Waals material, Nano
Lett. 2019, 19, 10, 7100-7105" (* contributed equally) (57).
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4 Nonlinear optics at excited states of valley polaritons in monolayer
‘WS

4.1 Introduction

In quantum mechanics, a quantum particle, such as atom and molecule, can be excited from the
lowest energy ground state to higher energy states (1.e. excited states), after absorbing energy from
mcident light. Then, the quantum particle can relax to the ground state by releasing the energy in
forms of light or heat. Such a cycling process describes the basic picture of light-matter interaction
(in the frame of quantum electrodynamics), where the properties of the excited states and their
dynamics are the crucial elements. The study of excited states of gas atom and molecule date back
to the 19th century with the discoveries of the Fraunhofer lines in solar spectrum and Balmer series
of hydrogen atom, which leads to fluorescent lamps and the discovery of quantum mechanics. Later
on, the study of excited states of doped 10ns in solid state crystal gives birth to the powerful solid-
state lasers, and the trace of excited states in Calvin cycle elucidated the path of photosynthesis. In
the recent decades, the excited states of quantum particles are manipulated towards building a
practical quantum computer.

Despite the importance of excited states in determining the properties of quantum particles, however,
there 1s hittle study on the excited states of quasi-particle in condense matter system. This 1s partially
because the complicated state structure and environment in such system. For example, excited states
of exciton polaritons (EP), the fundamental half-exciton half-photon particles in solid-state cavities,
critically control the quantum electrodynamics (QED) and present distinctive light-matter
mteractions, empowering coherent manipulation of solid state quantum states (J£-55), impossible
m ground states. Regardless of their vital importance, the physics of EP excited states, however,
remain elusive due to the difficulty accessing such states.

In this chapter, we directly probe the excited states of solid-state EP, in a monolayer tungsten
disulphide (WS.) microcavity. Utilizing novel valley sensitive nonlinear spectroscopy, we unravel the
valley-dependent dark 2p excited states through two-photon luminescence and directly look into the
dynamically unstable upper polariton band by the instantaneous second harmonic generation. Our
study of the EP excited states in transition metal dichalcogenide (TMD) monolayer clarifies the
valley-degenerate EP excited states and their underlying quantum dynamics, paving the way to
mtriguing phenomena such as room temperature valley polariton condensation and chiral
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superfluidity (56). Additionally, the excited states together with the ground states construct a unique
valley-degenerate three-level system (J7), promising great potential in solid-state stimulated Raman
adiabatic passage (STIRAP) (48 in the solid state and nonlinear control in valley-polaritonic

applications (4, J0).

4.2 Exciton polaritons and their excited states

Exciton - bond state of an electron and a hole - 1s the fundamental quasi-particle in semiconductor
that mimics hydrogen atom. Its important role i the optical properties of III-V semiconductor,
carbon nanotube and transition metal dichalcogenide (TMDC) has been uncovered through the
study of excitonic states. When placed i micro-cavity (MC), excitons can hybridize with cavity
photons to form new quasi-particles named exciton polaritons in the strong coupling regime. That
1s, the coupling rate between excitons and photons exceeds both the exciton decay rate and photon
leakage rate. Such half-matter half-light quasi-particle inherits the best of its parents: the strong inter-
particle interaction from the exciton and ultra-light mass from the light, all in the controllable and
scalable solid-state system. EP demonstrate striking physical phenomena that are extremely difficult
in conventional solid-state materials, such as Bose-Einstein condensation (BEC) and photon
blockade (52, 49).

In contrary to the ground states (lowest polariton band), the EP excited states (higher energy bands)
mtroduce distinctive fundamental properties, such as different parity symmetry and quantum
coherence (V2-54, 57, 59-62). They also show abundant QED, including coherent energy exchange
(29, 60), ultrafast terahertz transitions (57, 61), and optical selection rules (54, 47, 61, 63, 64). The
EP excited states thus broadly impact on the quantum dynamics of BEC (42 and photon blockade
effect (9. Moreover, they could also construct three- or four- level quantum systems, which are
crucial for the coherent manipulations of these states in the quantum information processing (02, 43,
58). Therefore, a direct physical picture of these states 1s strongly desired.

However, the excited states of polariton in MC has been hardly understood and there are only few
reports 1n literature such as the attempt using Terahertz pump-probe in the III-V quantum well
system and Rydberg polariton states in proverskite. The challenges i study of polariton excited
states are twofold: 1) the excited states of polariton are usually too broadened and too weak to observe
due to the excitonic many-body effect and 1) the most excited states cannot be accessed by the usual
linear optical spectroscopy due to the different selection rule rooted from transiion symmetry.
Therefore, 1t 1s 1important and needed to elucidate the excited states of polariton for both
fundamental light-matter interaction study and harnessing such interaction for polaritonic
applications. Particularly, polaritonic excited states in monolayer TMDC in MC represents the
frontier of such study, promising for exotic physics such as BEC and superfluicds at room
temperature due to the large exciton binding energy and for polaritonics applications that utihze
polariton as the information carrier for classic and quantum information processing.
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4.3 The valley degree of freedom

The charge and spin degree of freedoms (DOF) of electrons and holes are the underlying key
elements and information carrier of electronics. These DOF are the basis for a wide range of
applications, such as transistors, photodetectors, integrated circuits and magnetic memory devices. In
the & space (momentum space) of two-dimensional (2D) hexagonal crystals, such as graphene and
transition metal dichalcogenide (TMDC), when the valence band maximum and conduction band
minimum occurs at the Brillouin zone corners, 1.e. K points, 1t forms energy preferable “valleys” in
the (quasi-) particle band. The broken inversion symmetry distinguishes two different kind of valleys
donated as K and K’. Because they are largely separated in the & space, intervalley scattering of particle
1s unlikely to happen. Therefore, we can use valley index to label the localized particles in & space.
In this sense, the valley becomes a new DOF of the particles. The valley DOF 1s in close analog to
the spin DOF. This new DOF can be potentially used as an information carrier, just like charge and
spin, in the next generation electronics - valleytronics.

In monolayer TMDC of 2H structure, the inversion symmetry is broken and thus it provides a perfect
system to explore the enabled valley DOF. Unlike in graphene where spin-orbital coupling is
extremely weak, here in the TMDC the spin-orbital 1s strong because of the d orbitals of the transition
metal atoms, which causes a large spin splitting in the valence bands of monolayer. The strong spin-
orbital coupling together with the inversion symmetry broken gives rise to coupled spin and valley
properties (05). One of the consequence 1s that the spin and valley relaxation at the valence-band
edges are suppressed because flipping of each index alone 1s forbidden by the large valley contrasting
spin splitting (0.1-0.5 €V), which implies long spin and valley lifetime of hole states. Also, the valley
and spin dependent optical selection rules can be used to optically excite particles of desirable spin
and valley. Figure 4.3.1 shows the crystal structure and schematic band structure of monolayer 2H
MoS..
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Figure 4.3.1 | (a) Unit cell of bulk 2H MoS.. (b) Top view of MoS. monolayer. (¢) Schematic of the
band structure with the K points, spin splitting and valley spin coupling. From Ref. (6J).
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Lately discovered EP in monolayer transition metal dichalcogenides ('MD) offer a novel testbed to
explore the EP quantum states with new valley degree of freedom (DOF) (49, 46, 66-68). TMD
monolayers are an attractive group of direct-gap two-dimensional (2D) semiconductors (09, 70). The
2D TMD excitons possess large binding energy (up to ~0.7 €V) (71, 72), huge oscillator strengths
(09, 71), and new valley DOF (75-75). By placing the 2D excitons in cavities, robust EP can be
formed at room temperature (06, 70, 77), and strikingly found to be equipped with valley DOF (76~
79). This valley DOF inherited from the exciton constituent provides a unique perspective to unravel
the physical properties of P excited states and track down the valley-correlated electrodynamics.

4.4 Schematics of the experiment

We directly probe the valley-dependent EP excited states in a 2D semiconductor, beyond
conventional studies on the ground states. We elucidate these states via two-photon
photoluminescence excitation (TPE) and second harmonic generation (SHG) spectroscopy with the
underlying optical selection rule, by utilizing three outstanding advantages. First, the large exciton
binding energy facilitates the spectroscopic identification of quantum states of 2D EP (04, 72, 80);
second, the valley DOF provides a unique quantum mark to monitor these states (73-78); third, the
broken inversion symmetry in TMD monolayers results in strong SHG signals acting as an
mstantaneous process to probe metastable states (64, 80).

The experimental approach is outlined in the schematic of Figure 4.4.1. Figure 4.4.1a shows the
microcavity (MC) sample structure. It consists of bottom and top distributed Bragg reflectors (DBRs),
and a cavity composite layer where a monolayer of WS, 1s sandwiched between two hydrogen
silsesquioxane (HSQ) layers as well as a protection layer of Al:Os. The nonlinear spectroscopy
approach 1s via excitation with normal incident two-photon pump and detecting signals at angular far
field with circular polarizations. Figure 4.4.1b depicts the energy diagram of valley EP. The optical
transitions of K(K’) valley excitons in monolayer WS. can be enabled by left (right) circularly
polarized ¥ (67) light. When such excitons are strongly coupled to a planar MC, the EP with valley
DOF (76-79 leads to two degenerate sets of energy bands labeled as K and K’. In each set, the
excitonic 1s states couple to cavity photon mode and form two anti-crossed bands of upper polariton
(UP) and lower polariton (LLP) branches. The excitonic dark 2p states cannot directly couple with
one-photon but could transfer to lower states, acting as the higher energy band (57, 04, 72, 81). For
the ultrafast transitions and coherent correlations among these states, the lowest band LP is taken as
the ground states, the dark 2p states and the UP as two typical kinds of EP excited states (7). These
excited states could quickly relax to the LLP and emit circularly polarized photons. The 2p states are
optically forbidden n linear spectroscopy (67). As shown in Figure 4.4.1c, the UP are optically
allowed but thermodynamically unstable (09), and thus are difficult to be probed n fluorescence
approach. The UP-resonant SHG instantaneously emits out through UP states. SHG emission
shows opposite helicity of pump photons due to the angular-momentum conservation. In this
context, we successfully probe the dark 2p states by TPE based on the nonlinear selection rule.
When the two-photon pump 1s resonant with UP, instantaneous SHG reaches the dynamically



unstable UP. By monitoring polarization dependence, we are able to uncover the physical properties
of EP excited states with valley DOF.
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Figure 4.4.1 | Schematics of sample structure and energy diagram of valley exciton polariton (EP)
quantum states.

4.5 Sample fabrication

An all-dielectric microcavity (MC) embedded with monolayer WS. (Figure 4.4.1a) is studied for our
demonstration. The MC consists of a bottom mirror (DBR of 15.5 pairs of Nb.O,/S10.), a top mirror
(DBR of 7.5 pairs of Si:N/S10O.) and a cavity composite layer, which includes an exfoliated
monolayer WS., two sandwiching layers of HSQ and a capping layer of Al:Os. A single-crystal silicon
(100) wafer with deep etched markers (35 um deep) 1s first pre-cleaned by a Piranha solution. The
bottom DBR i1s then deposited via ion beam sputtering (Veeco IBS) at a temperature of 120 °C with
a pressure of < 5x10; Torr. The sputtering rate 1s set to be ~ 0.1 nm/s to achieve ultrahigh flatness
and > 99.95% reflectivity with a centre wavelength of 625 nm and stop band width of ~ 200 nm. Since
the monolayer WS. would be degraded at high temperature, the top DBR 1s fabricated by plasma
enhanced chemical vapor deposition (PECVD) at a temperature of 350 °C.

The cavity layer structure 1s very crucial to maintain the high excitonic performance of monolayer
WS.. Here the monolayer WS. (2D Semiconductor, Inc.) is directly exfoliated onto a PDMS stamp
and then transferred to DBR substrates via dry transfer method (Figure 4.5.1 left). We have selected
HSQ as the sandwiching layers to enhance the excitonic performance. The HSQ was first spin-
coated onto the substrate, and then the spin-coated thin films are crosslinked into amorphous SiO:
via thermal annealing at 400 °C in Ar environment. The thicknesses for the bottom and top HSQ
layer are controlled to be 105 nm and 90 nm, respectively. To prevent the damage from the plasma
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environment during the PECVD growth, another 5 nm thermal Al:Os 1s deposited onto the top HSQ
layer by atomic layer deposition (ALD) at 200 °C. With the cavity layer structure design, the MC in
this work forms a total A/2 cavity with electric field distribution sharply peaked at the location of WS.
monolayer.

Monolayer WS,

20 um

PL intensity (a. u.)

—— Exfoliated WS, on SiO,/DBR
—— Exfoliated WS, on HSQ/DBR
—— HSQ/exfoliated WS /HSQ/DBR

T T L L
1.90 1.95 2.00 2.05 2.10 215 220 2.25
Energy (eV)

Figure 4.5.1 | Optical image of a typical transferred monolayer WS2 on HSQ/DBR substrate (left)
and typical PL. enhancement comparison (right, adopted from Ref. (82).

4.6 'The strong coupling regime

In order to access these excited states, the strong coupling regime 1s demonstrated in this monolayer
WS, cavity and the corresponding EP photoluminescence (PL) 1s observed at different pump
conditions. For clarity, the data are collected at 80K unless otherwise stated. To determine the strong
coupling regime, k-space (angle-resolved) reflectivity map of white light is carried out. Figure 4.6.1a
shows the k-space (angle-resolved) reflectivity map. The reflectivity modes of white light are revealed
at dark areas of the map with coordinates of photon energy versus sine of angles (8). The dashed
line represents the exciton A 1s states (exs) at 2.075 ¢V and the dashed curve as the cavity photon
modes. The grey color scale represents the reflectivity. Two distinct anti-crossing modes at the darker
areas are clearly revealed and identified as the UP and LP. To confirm the formation of EP, a
coupled oscillator model 1s fitted with UP and LP as the solid grey and orange curves, respectively.

The polariton dispersion can be modelled using a coupled oscillator model (52, 89
E,. +ihl,, A ) (a) (a)
. =E . 4.6.1
( V4 Ecay(0) + ihlcay) \B B ( )
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Here the cavity mode was determined as E;q,, (6) = E,p/ \/ 1—(sin8 /ngfr)? with cutoff photon
energy Epp, and effective refractive index nesr of the cavity layer. E,y 1s the exciton energy. The I'eq,
and [, are the half width half maximum (HWHM) of cavity photon and exciton, respectively. E
are the eigenvalues corresponding to the energies of polariton modes. @ and f construct the
eigenvectors. Vy 1s the coupling strength. The eigenvalues are:

E — (Eex + ECCl‘U) + l (hrex + hFCaU)

1 C
2 2 + V247 Eex = Ecq + ihley = (Alq)? (162

where hQgpqpi = 2\/VA2 - i (hT,, — Al.4,)? as the Rabi splitting at detuning A= E,,, — Eo = 0.

As V2 dominates in the square root part in this work. The splitting-to-linewidth ratio (SLR) can be

hQ i %4
represented as SLR = Rabl_ ~ 4

where [poariton 15 the HWHM of polaritons. The

ZFpolarl’ton Iﬂpolariton
mteraction rate can be represented by V4 and the polariton decay rate can be determined by the
HWHM [014riton, one can understand SLR as the ratio of the interaction rate to the polariton

decay rate. A Rabi sphtting of 41.6 meV and a large sphitting to linewidth ratio of >3.3 are also
obtained, in consistency with previous report (84).
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Figure 4.6.1 | Determination of the strong coupling regime via k-space reflectivity and

photoluminescence (PL) at 8OK.
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To observe the fluorescence, the EP are firstly pumped by a pulsed laser of 560 nm, which lies on
the edge of the cavity side band. The ground state LP is dominant while the UP becomes visible as
magnified by 50 times as in Figure 4.6.1b, suggesting fast thermal relaxation from UP to LLP. The
color scales represent the normalized intensity. The PL dispersion also shows excellent agreement
with the extracted reflectivity dispersion from Figure 4.6.1a. More importantly, the EP could also be
observed by TPE fluorescence (Figure 4.6.1¢). The TPE can get access to the 2p dark states by
pumping at 1045 nm, whose two-photon energy is close to the resonance of 2p states (04, 72, 89).
Remarkably, the TPE shows prominent k-space fluorescence map, similarly to the case of linear
pump at 560nm. The LP 1s still dominant while UP 1s also magnified by 50 times for better visibility,
and this dispersion 1s consistent with the reflectivity dispersion. This observation strongly suggests
that the 2p resonance corresponds to one of EP excited states. This excited state could mherit
physical properties from the pure exciton constituent and take a direct transition channel to the
optically allowed EP states and finally relax at ground state LP.

4.7 Valley-polarized two-photon excitation fluorescence

To examine the physical properties of the 2p excited states and the transiton mechanism to LP
ground states, the valley-polarized TPE 1s performed. Here we focus on the ground state (LP)
emission polarization as an efficient indicator for the valley properties and transition process (/3-
75). When pumped with o (left circular) polarization at 1045 nm, k-space fluorescence map is
detected at both 6 and 6~ polarizations (Figure 4.7.1a). Clearly the 6™ TPE fluorescence has
much stronger intensity than ¢~ one, implying the inherited valley DOF (64). To analyze the valley
dependence, the emission helicity (h) 1s defined as

_I(e")—I(07)

h = I(e") +1(07)

X 100% (4.7.1)

A k-space helicity map in Figure 4.7.1b 1s extracted from Figure 4.7.1a, where a uniform valley
helicity about 20% 1s obtained along the LP band. When the pump 1s switched to the ¢~ polarization,
the TPE fluorescence contrast of 6+ and 6~ is reversed and a k-space helicity map with about -209%
helicity 1s obtained in Figure 4.7.1c. For comparison, the helicity maps with a linear pump at 560
nm only show optical helicity of 8%. The two-photon energy of 1045 nm pump (™ 2.373 €V) is much
more off-resonance of exciton 1s state (2.075 eV) than the one-photon energy of 560 nm pump
(2.214 eV). The valley helicity 1s reported to increase as the pump gets closer to the Is exciton
resonance for decreased inter-valley scattering (7., 80). In contrary, here the higher helicity at TPE
suggests the resonance with dark 2p states. Moreover, it also implies an ultrafast relaxation channel
from 2p states to LP to preserve the valley DOF, similar to the bare valley exciton case (64).
Therefore, this valley dependence clarifies the correlation between dark 2p states and LP. Note that
no obvious angular dependence of optical helicity 1s observed, since the helicity 1s determined by
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the relaxation dynamics (77, 86) rather than polariton composition as suggested In recent reports

(76, 78).
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Figure 4.7.1 | Observation of TPE valley-dependent helicity at 80K. a, Polarization-resolved k-space
TPE fluorescence maps by 1045 nm pump with 6% polarization. b, The TPE helicity map extracted
from ¢ pump in a. ¢, The TPE helicity map with 6~ pump at 1045nm. In both b and ¢, the orange
solid lines represent the LP dispersion and the dashed lines as the exa.

4.8 'TPE resonance of the excited 2p states

Notably, valley-polarized TPE spectroscopy 1s carried out to illustrate the resonance of 2p states.
The excitaion wavelength is scanned to two-photon energy close to UP. Figure 4.8.1a shows the
mtegrated intensity (black) and maximum helicity (blue) as functions of the TPE pump wavelength.
Both the peaks in the intensity and helicity emerge at the effective two-photon wavelength around
~522 nm, corresponding to the resonance of dark 2p states, unveiling spectroscopic signature of this
excited state. Moreover, similar experiments at other temperatures up to RT are also carried out.
Figure 4.8.1b shows the temperature dependence of the TPE resonance peak position (upper panel,
error bars from peak fitting), linewidth (middle panel), and maximum helicity (lower panel, error
bars are from multiple measurements). All the error bars are from multiple measurements, and also
from peak fitting for linewidth. As temperature increases, both the TPE resonance and s exciton
peak (control sample of bare WS.) positions show similar trend of redshift, which 1s consistent with
previous reports (72, 89). The linewidth gradually increases at higher temperature due to stronger
scattering process and faster thermal relaxation (72, 77). While these processes depolarize TPE
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fluorescence helicity to about zero at RT, the 2p intensity peak survives at RT suggesting the direct
transitions from excited states 2p to EP are robust up to RT though the intervalley scattering may
become significant. As temperature increases, the helicity decreases as the excitonic fraction of EP
mcreases, confirming that the relaxation thermodynamics primarily affects the valley dependence

(77, 80).
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Figure 4.8.1 | Revealing the TPE resonance of 2p states and its temperature dependence.

4.9 Upper polariton-resonant SHG

Meanwhile, we also directly probe UP with valley DOF by polariton-resonant SHG. As another
typical excited state of EP, UP 1s a coherent state lifted up by the Rabi splitting but with much weaker
emission (Figure 4.6.1), because of hybrid composition of UP and the thermodynamic relaxation
from UP to LP (49. When pumped at 1190 nm, the TPE 1s far off-resonance from 2p state and 1s
thus forbidden. There 1s still weak leakage emission from forbidden excitation (much weaker

41



emission from UP than from LP) (64) by detecting with the same polarization of pump as in Figure
4.9.1a. However, when the emission is detected with the opposite polarization of pump, the UP
shows brighter intensity by orders of magnitude around sin(@) = 0 as in Figure 4.9.1b. In Figure
4.9.1a and Figure 4.9.1b, the dispersion diagrams are translated from Figure 4.6.1, and the color
bars represent the intensity. Note here the whole map in Figure 4.9.1a and LP in Figure 4.9.1b are
magnified by 15 times for better visibility. The extracted helicity map for ¢~ pump in Figure 4.9.1¢
(vice versa for @t pump) shows a near unity opposite helicity for UP but close to zero helicity for
LP, where the color bar represents the helicity. Due to the mversion symmetry breaking and the
conservation of angular momentum with the valley angular momentum, this bright UP emission with
opposite helicity 1s actually from the resonant SHG, which 1s an instantaneous process and not
limited by the fast dynamics of UP (64, 80, 87). Moreover, we find the SHG spectroscopy shows
consistent intensity and helicity resonances with UP, the resonance peaks blueshift as temperature
increases up to 297K without extinct helicity, confirming that SHG 1s an instantaneous process
disregarding polariton thermodynamics. In consistency, we also observe similar helicity dependence
of LP-resonant pump SHG. Therefore, the polariton-resonant SHG provides a universal approach
to probe any polariton states without influence by the dynamic instability.
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Figure 4.9.1 | Probing the UP with valley DOF by resonant SHG.



4.10 Conclusion and outlook

In conclusion, the excited states of EP in a monolayer TMD are revealed via TPE and SHG
spectroscopy. Based on the spectroscopic analysis and polarization dependence in these states, the
transition process and valley dynamics in 2D EP are also resolved. This study represents the first
step towards a clear understanding of EP excited states. The valley-dependent excited states of 2D
EP promise the feasibility of valley BEC and chiral superfluidity (56, 68). Moreover, the transitions
from EP excited states to ground state raises many possibilities in chiral terahertz photonics and
coherent quantum manipulation of exciton polaritons (52, 44, 61), as well as nonlinear control in

valleytronics (64, 68, 80, 87).

Remark: Chapter 4 includes co-authored materials from Xiaoze Liu™, Jun Y1*, Quanwer L1, et. al.
" Nonlinear optics at excited states of exciton polaritons in two-dimensional atomic crystals
(submitted)" (*contributed equally).
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5 Physics of quantum metasurface: a unique beam-splitter for optical
quantum interference

5.1 Introduction

Metamaterials, the structured materials with subwavelength elements, enable beyond-nature
electromagnetic responses and applications such as negative refractive mdex, super resolution
maging and invisible cloaking (88-91). Metasurfaces, the two-dimensional counterpart of
metamaterials, allow us to arbitrary tailor the wave front and propagation of classical light in an
unprecedented flat optics fashion (92-96). On the other hand, quantum optics has been a leading
platform for quantum computation and quantum communication due to the superb properties of
photons such as long coherence time, room-temperature operation, easy manipulation and light-
speed propagation (97-101). Consequently, exciting possibilities could emerge by marrying the
capability of metamaterials and the power of quantum optics. In this context, metamaterials were
used to test quantum foundation (/09 and recent works used metasurfaces for entanglement
generation (/03), quantum state reconstruction (/04), as well as interferometry (/05). However, in
all these cases, metamaterials or metasurfaces themselves functioned either classically or did not
produce new quantum phenomenon except simplifying the traditional bulky and/or complex optic
components. Therefore, 1t 1s still an important open question whether metamaterials or metasurfaces
can enable new regimes in quantum optics.

In this and the next chapters, we propose and experimentally demonstrate that metasurface rotation
enables a new degree of freedom in optical quantum nterference through its unique anmsotropic
coefhicients of transmission and reflection, which is impossible before. We show that the output of
two-photon interference can be dynamically controlled at will to be bunching (boson-like attractive
behavior) or split (fermion-like repulsive behavior) or arbitrarily intermediate state, by simply
rotating the metasurface. Our metasurface opens a door for both fundamental quantum photon-
photon interaction and the development of future optical quantum technologies.

In this chapter, we present the theory of quantum interference and design of the metasurface beam-

splitter. The experiments of quantum two-photon interference at such metasurface will be discussed
In next chapter.
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5.2 The HOM effect, bosonic and fermionic quantum interference

The quantum two-photon mterference (1PI) at beam-splitter (BS) plays the central role in optical
quantum information processing such as linear optics (97), boson sampling (/00, 107) and quantum
walks (/08), because it produces the indispensable effective photon-photon interaction between
otherwise non-interacting photons. Specifically, when two identical single photons incident on a
conventional 50:50 BS, the TPI manifests itself as the hallmark Hong-Ou-Mandel (HOM) effect
(/09 such that the two photons always bunch and exit the BS from the same output port in an
entangled state (Figure 5.2.1). Such quantum interference comes from the delicate addition of
complex amplitudes of alterative quantum paths that critically depends on their relative phase.

Figure 5.2.1 | Bunched entangled state in two-photon interference at conventional 50:50 beam-
splitter

To see why, let us have a closer look at what happens at the beam-splitter as illustrated in the Figure
5.2.2 below. Suppose two identical single particles, both bosons or fermions, incident simultaneously
at two different input ports of a conventional lossless 50:50 beam-splitter, labeled as port 1 and port
2, respectively. The BS operation can be described as

t r 11 i
BS = [r t] _v_i[i 1]' (5:2.1)
Here the BS 1s assumed to be symmetric, which is only for the convenience of discussion and will
lead to the same final conclusion as asymmetric. Each of the two particles can be either transmitted
or reflected by the BS. Therefore, there are in total four different cases or quantum paths. That 1s,
both particles get transmitted, both get reflected, one gets reflected while the other gets transmitted
and vice versa. Note that the first two cases enclosed in the dashed box lead to the same final
configuration that there 1s one particle in each output port 3 and 4. These two cases cannot be
distinguished by experimental measurements because of the indistinguishability of the two photons.



50:50 BS

____________________________________

Figure 5.2.2 | Two-particle interference at conventional 50:50 beam-splitter.

To obtain the measurement probability of this configuration, as denoted as P(13,1,), we need to
first add the complex amplitudes of the two cases, then calculate the modulus of the sum and the
square of the modulus, according to the principle of quantum mechanics as discussed n the first
chapter of the third volume of Feynman’s Lectures on Physics. Additionally, there 1s another phase
factor between the two amplitudes comes from the permutation symmetry of the particles, which 1s
1 for bosons while —1 for fermions. Finally, we reach to the results in Table 5.2.1 below, where we
also include the probabilities for the other two configurations that both particles exist the BS in the
same output port, denoted as P(23,0,) and P(05,2,), respectively. The probabilities for two
classical distinguishable particles are also included for comparison.

Quantum statistics of the
two panicles P(13' 14) P(Zg, 04) P(031 24)
. 1 1 i i |2 1 1
Bosonic |—><—+—><— = — -l
V2 N2 N2 A2 2 2
. 1 1 i i 2

Fermionic |—><———><— = 0 0

V2 N2 N2 A2

2 ] .2

Classical |i><i e B L I 1
V2 2 V2o V21 2 4 4

Table 5.2.1 | The output probabilities of two-particle interference at a conventional lossless BS.

As we see from the table above, for bosons the P(15,1,) vanishes due to the destructive interference
of the two cases, while for fermions P(13,1,) reaches to unity, or double of the classical value, due
to the constructive iterference of the two cases. As a result, compared with the equal probabilities
of the four cases for classical particles, bosons lead to a higher probability that the two particles bunch
together, which can be viewed as an effective attractive interaction between the two bosons. Whereas,
fermions have a higher probability that they split, consist with Pauli exclusion principle, which can
be viewed as an effective repulsive interaction.
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Alternatively, we can track down the two-particle quantum state as it been transformed by the BS
operation. We label the four ports of the BS by the corresponding annihilation operators a; for
bosons and b; for fermions, where i = 1, ...,4 as shown in the Figure 5.2.3 below.

bosons fermions
ay b,
aq as by bs
BS BS
az b,

Figure 5.2.3 | The four ports of a BS with annihilation operators labeled for bosons and fermions.

The annihilation operators are transformed by the BS as following.

0 T i T L [

G)=0 16 =50 16 69

The transformation for creation operators is obtained by taking the complex conjugate of above
equations. On the other hand, the critical difference between bosons and fermions are revealed by
their canonic commutation relations. For bosons, the commutator requires

N=g ot —atg —
[ai ,aj] =q;a; —ajaq; = 61-]-,

(@i ,a; ] =0 =[a],a]].

Here, 6;; = 1,if i = jand 6;; = 0,if i # j. For fermions, the anti-commutator requires

{b; ,bI}=b; bl +b[b; =5y, (5.2.6)
{b; ,b; }=0={p],b}. (5.2.7)

Equation (5.2.7) leads to b;r b;r + bi1L bl-1L = 0and bi1L bi1L = 0, that 1s the Pauli exclusion principle.
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Now, we can work out the two-particle quantum state as it passes through the BS. For bosons,
|1)1 | 1)2
- a1a2 10)110),
—(a3 +1i a4)(1 a3 + a4) [0)3]0),4

—(a3a4 la4a3 +La3a3 +La]; )|0)3|0)4
—(a3a4 i-ialal +ialal +iala )|O)3|0)4
ﬁ(|2>3|0)4 [0)3]2)4), (5.2.8)

where the second last equal sign uses the commutator relation a;a;r - al a;r = 0, which means a 0
phase factor (no sign change) under two-boson permutation. The last equal sign uses

alal|0); = al|1) = V2 |2). (5.2.9)

In contrast, for fermions,

11),]1),
- bf b} |0),10),

B—%(b; +ib))(i bt +b]) 10);0),

=~ (bIb] +i-ibfb] +ibb] +ib]b])|0)5]0),

= (b]b] —i-1b]b])10)310)4

= %(bgbi + b;bi)|0>3|0)4

= D3] D (5.2.10)
where the second last equal sign uses the anti-commutator relation b;,r bI + bI b; = 0, which means

a m phase factor (sign change) under two-fermion permutation, and biT blT + b;r b;r = 0 (Pauh
exclusion principle). These results lead to the same probability distribution as before in Table 5.2.1.

Importantly, from the derivation, we can identify the contributions of all the phase factors for
P(13,1,), as clear in

P(13,1,) 2
= |tt + Exp(i(l)permutation)rrl
. 2
= |1 + Exp[i(®permutation + 2¢-¢)1| /4, (5.2.11)
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where @permutation denotes the phase factor gained from two-particle permutation. Note the two

phase-factor contributions from quantum particle permutation and BS cannot be separated. It 1s
their sum that determines the action of the two-particle mterference and the resulting effective
particle-particle interaction.

Now, we put one detector in each of the port 3 and port 4 and measure the comncidence count
probability P(13,1,) as a function of the time delay of one particle, say in port 1. Figure 5.2.4 below
shows the expected results for bosons and fermions. At large time delay greater than the particle
coherence time T., the two cases (both reflected and both transmitted) are distinguishable without
quantum interference, alike classical particles, so does P(13,1,). At zero time delay, however, the
two cases are indistinguishable and their quantum interference leads to either vanishing P(15,1,)
for bosons or unity P(15,1,) for fermions. The second order coherence function g is simply the
P(15,1,) normalized by its classical value.

bosons fermions
4
A P(1,1) or g(2) A P(1,1) org(2)
T
50:50 BS —\/—
2

0 “Tc 0 7. T 0 ~Tc 0 <. T

Figure 5.2.4 | P(13,1,) as a function of relative particle delay for bosons and fermions.

5.3 The constrained transmission and reflection at passive beam-splitter

In last section, we assumed the BS operation to be the specific form of

_[t ry_ a1 i -
BS = [r t] - ﬁ[i 1]’ (5.3.1)
which is balanced (|t] = |r|) and symmetric. We also see how the phase difference i between r and

t plays the important role in determining the action of the quantum interference. As in any
mterference phenomenon, it 1s of great significance to be able to manipulate on-demand the phase
at BS in TPL.
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However, for a lossless beam-splitter, conversation of energy, or equivalently the unitarity of the BS
operation, places constraints on the allowed values of t and r. Let us denote the most general BS
matrix as,

Bs=[ 7], (5.3.9)
and 1j = |rj|Exp(i¢,;) and tj = |tj|Exp(i¢¢;), where j = 1, 2. The constraints are
|r1] = |r2| = ||, (b.3.3)
[t1] = |t2] = |t|, (5.3.4)
I7|? + |t]? =1, (b.3.5)
br1— be1 + G2 — P2 = 1 (5.3.6)

The last equation means the sum of the all phase differences must be  and cannot be changed. If
we further assume the balanced and symmetric conditions, we will arrive at the BS matrix in Equation

(5.3.1).

Clearly from Equation (5.3.6), for a passive device, loss 1s necessary to obtain sum of phase
difference other than m. For ease of discussion and without losing generality, we assume the BS is
symmetric. The general constrains allowing loss are,

lt2+r]?<1 (5.8.7)
and
t+r?<1 (5.3.8)
If we further assume the balance condition, that is |t| = |r| and thus r = te'?rt, we will get
2|t|>(1 + |Cos(¢p,)]) < 1 (b.3.9)

which corresponds to the shadow region in the Figure 5.3.1 below. It plots |t| in Y axis and ¢, /7
i X axis, which 1s a periodic function with period m. The two solid circles (purple color) are the
only allowed values of the |t| and ¢,+/m in a balanced and symmetric BS without loss. As the loss
increase, the constrain on ¢,./m gradually relaxes and it can take more and more values. It
requires |t| < 1/2 for ¢,/ to have arbitrary value. The three solid stars (red color) mark the other

extreme values of ¢,/ equals an integer. Along the two doted vertical lines (purple color), % =



0.5 asin the lossless BS. Whereas, along the three dashed vertical lines (red color) Pre _ 0 (Mod 1),
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Figure 5.3.1 | The constrains on t and r for a passive BS.

5.4 Two-photon interference at a passive beam-splitter allowing loss
Now let us mvestigate how the two-photon interference can be changed by the relaxed constrains on
the t and r at a passive BS allowing loss. It is straightforward to calculate

P(13,1,) = [tt +77|? = 4[t]*Cos® (¢re) (5.4.1)

which 1s plotted in the Figure 5.4.1 below, as a function of |t| and ¢, /7. Again, we marked the
most interesting points in the 3D map.



P(13,14)

Figure 5.4.1 | P(13,1,) as a function of |t| and ¢, /T for a passive BS.

We can further calculate the second order coherence function g(z) (Figure 5.4.2), which is simply
P(15,1,) normalized by its classical counterpart P,;(15,1,), as a function of [t| and ¢,../m. It is
clear to observe that g® is a periodical function of ¢, /m with period of 7 and uniform along |¢|
due to normalization. We also mark the two extreme cases of r = +t, 1.e. % =0 (Mod 1) and

r = +it, le. % =1/2(Mod 1). They correspond to constructive and destructive quantum

mterference of the two-photon amplitudes at the lossy BS, respectively. Moreover, we plot the
P(15,1,) as a function of photon delay T as we did in last section. In such imaginary experiments,
the result at r = +it, 1.e. % =1/2 (Mod 1) is the same as that for bosons on a lossless BS.

Whereas, the result atr = +t, 1.e. %

This 1s exactly why photons, as intrinsic bosons, can mimic fermionic behavior at some special cases,
leading to an effective repulsive photon-photon interaction, impossible in lossless BS.

= 0 (Mod 1) assembles that for fermions on a lossless BS.
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Figure 5.4.2 | g® as a function of |t] and ¢, /7 for a passive BS.

Despite of the similarity, the behavior of two-photon interference at a BS with r = %t 1s not exactly
the same as two-fermion interference. The difference lies in the probabilities of other configurations.
We summarize all the extreme cases i the Table 5.4.1 below.

Quantum statistics of the P(1,1) P(2,0) or P(1,0) or P(0,0)
two particles & the BS P(0,2) P(0,1)
relations
Bosonicr = +i =t 0 1/8 (x2) 1/4 (x2) 1/4
Bosonic r = +t 1/4 1/8 (x2) 0 1/2
Classical 1/8 1/16 (x2) 1/4 (x2) 1/4
Fermionicr = +i *t 1/4 0 1/4 (x2) 1/4
Fermionic r = +t 0 0 1/2 (x2) 0

Table 5.4.1 | The output probabilities of two-particle interference at a BS with 50% energy loss.
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5.5 Design of the metasurface beam-splitter

We have seen 1n last section how the magic two-particle quantum interference work out and how an
effective interaction arises between otherwise non-interacting particles. The two-photon interference
(TPI) at lossless BS produces an effective attractive interaction for photons, which 1s used for two-
photon gate in optical quantum computing. However, the controllability of such interaction in TPI
1s limited by the fixed phase difference between alterative quantum paths, due to the bosonic
quantum statistics of photons (//¢) and the bounded response of conventional umtary BS (//1).
Thus, as in any mterference phenomenon, it 1s of great significance to be able to manipulate on-
demand the quantum phase i TPI.

In pursuing that, entanglement was used to construct such two-photon mput states that are globally
symmetry upon particle exchange but phase-tunable 1n spatial state to mimic fermionic or anyonic
statistics (//2-115). However, such approach requires extra entanglement resource in the initial
mput two-photon state. In addition, the mimicked quantum statistics are constrained to the global
property of the two-photon state across the entire quantum network and cannot be manipulated
locally at each BS, which severely limits the quantum functionality. In an alternative approach, loss
was employed, indirectly or directly, to change the phase response of an effective BS (776, 117).
However, so far this approach 1s imited to either specially selected input and output states in a large
number of modes (718, 119 or a fixed single operation per device (/20). Therefore, a desirable
degree of freedom at BS i1s still missing for the phase control in TPI.

Metasurface beam-splitter (metaBS) can provide a better solution. We are looking for a metasurface
that can simultaneously behave as

el Y
BS:L{ T]z . [i i] b.5.1)

for some two eigen operations. If we define

r = |r|Exp(i¢,), (b.5.2)
t = [t|Exp(ip,), (5.5.3)
and
bre = Or — b (5.5.4)
Then, Equation (5.5.1) means
Ir| = |t] (b.5.5)



and

bre = {717 (5.5.6)

for the two eigen operations. The most convenient way to realize this 1s utihizing an anisotropic phase
response depending on the relative angle between the metasurface structure and light polarization.

Having the target metaBS property in mind, we use full wave finite element simulation (COMSOL)
to search its structure. Very few ideal designs are found after thousands of trials. Finally, we designed
the metaBS to be an array of subwavelength strips of ultrathin three-layer Cr-MgF--Cr structure
(Figure 5.5.1), because of its robust performance and reliable fabrication. At given polarization, for
example P wave, and incident angle of input light, the metaBS behaves as amplitude balanced but
phase different when the strips are parallel or perpendicular to the incident plane (X-Z plane)
defined by the light wavevector and the metaBS surface normal (7" axis). In former case, the metaBS
essentially acts as a half Cr-mirror, where the phase difference between the reflection coethicient and
transmission coefficientis zero (.e. ¢, = 0). In the latter case, the metaBS introduces a ¢, = /2
phase difference between r and t. Such unique anisotropic phase response defines two distinct eigen
operations of the metaBS as below,

1 i T
Bs=[t(6) N _ il o) 0=7 (5.5.7)
r(6) t() mﬁ ﬂ, =0, -

where 6 represents the angle between the metaB3S local x” axis and the laboratory X axis (intersection
of the planes of photon incident and metasurface) (Figure 5.5.1A). This way, the mechanical rotation
of the metaBS along its surface normal (2’ or Z axis), as specified by 8, becomes a degree of freedom
(DOF) for the metaBS operation. This 1s impossible i conventional BS, where the requirement of
unitary operation or energy conversation restricts the ¢, to the only value /2, as we have discussed
In previous sections.

Figure 5.5.1B shows the schematics of the designed metaBS unit strip cross-section. The three-layer
strip 1s made of 18nm Cr, 65nm MgF. and 18nm Cr along 7’ direction, with 285 nm width (W) and
450 nm period (P) along y’ direction. The strip array is sandwiched by two one-mm thick one-inch
diameter round NBK7 glass plates, where the gaps are filled with standard index matching oil. The
other side of the two glass plates are coated with standard anti-reflection coating. The final metaBS
device 1s symmetric and can be simply handled as a standard one-inch round optics.
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Figure 5.5.1 | The concept and design of metasurface beam-splitter (metaBS) for optical quantum
mterference.

The theoretical performance of the designed metasurface 1s list in the Table 5.5.1 below.

Figen operation |r| [t] 2¢,,/m
0= g 0.34 0.35 0.99
6=0 0.33 0.34 0.05

Table 5.5.1 | Theoretical performance of the designed metasurface.

5.6 The new degree of freedom in two-photon interference

The metaBS possesses the unique anisotropic phase response that defines two distinct eigen
operations as described n last section. Now depending on the rotation angle 8 of the metaBS, the
output of TPI and the associated effective photon-photon interaction can be dynamically tuned.

When two indistinguishable single photons arrive simultaneously at the unique metaBS in two
different mput ports, quantum TPI occurs. That 1s, alternative quantum paths leading to same final
configuration will add up constructively or destructively depending on their relative phase. Recall the
metaBS operation from last Section 5.5, assuming both incident photons are P waves, the probability
P(15,1,) is the following,
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. 2
P11yq(8) = Itt +17|? = |t|*|1 + Exp[i( Pproton + 20r¢)]| (5.6.1)

where ¢pporon = 0 1s the phase factor from permutating two photons under bosonic statistics. As
indicated by Equation (5.6.1) and following conclusion in last section, the two phase contributions
from quantum statistics and metaBS cannot be separated and their sum determines the action of
TPI. In other words, as same as the two photons, the metaBS is an essential constitute of TPI. More
importantly, the metaBS now enables us to control the effective behavior of the quantum statistics
of photons, which 1s otherwise fundamentally unchangeable. We further dernve the second order
coherence function g (At =0,0), which is simply P(11)q(6) normalized by its classical
counterpart Py 1)c(6):

Pg(1,1) _ 4|t|* cos?

e = e = 2c0s”6, (5.6.2

g@(Ar=0,0) =

where AT is the delay between two incident photons. It is clear from Equation (5.6.1) and Equation
(5.6.2) that the rotational 8 DOF at metaBS gives birth to a new DOF in TPI at metaBS. Specifically,
the g@® (At = 0) can continuously vary from 0 to 2. In stark contrast, the g® (At = 0) would
remain a single value 0 in the original TPI experiment.

5.7 Conclusion and outlook

In this chapter, we have proposed, designed and analyzed the metasurface beam-splitter, which can
enable a new degree of freedom in quantum two-photon interference through its mechanical rotation.
In next chapter, we will continue to present the fabrication of such metasurface and the two-photon
mterference experiments.



6 Experimental two-photon interference at metasurface beam-splitter

6.1 Introduction

Photonic quantum information processing critically relies on two-photon quantum interference at
beam-splitter that provides an indispensable effective photon-photon interaction. However,
desirable control of such interaction is limited by the bosonic nature of photons and the restricted
unitary operation of conventional beam-splitter.

Using the metasurface beam-splitter (metaBS) developed in last chapter, for the first time, we show
that the metaBS rotation can enable a new degree of freedom (DOF) in optical quantum interference,
well beyond what 1s possible conventionally. We experimentally demonstrate that the output of TPI
at a metaBS can be dynamically tuned to mimic boson-like bunching state, fermion-like split state,
or their arbitrary intermediate anyon-like state, regardless of the intrinsic bosonic nature of photons.
Meanwhile, the output state can be changed from entangled to disentangled. Consequently, the
effective photon-photon interaction at metaBS can be manipulated at will from attractive to repulsive.
This novel quantum phenomenon and functionality 1s achieved by breaking the unitary operation
with loss in a nontrivial way and utilizing the tailored anisotropic phase responses at metaBS. In this
way, the metaBS not only introduces new quantum paths and their interferences, but also enables
two distinct eigen operations such that the rotaion DOF of metaBS along its surface normal gives
birth to the emergent DOF in TPI. Such capability 1s rooted in the metaBS itself, without extra
requirements of entanglement or specially selected states. More importantly, the metaBS can be
controlled independently and locally, a distinct advantage over previous approaches.

Our metaBS opens new regime for optical quantum interference and effective photon-photon
mteraction, which could lay the groundwork for mnovative quantum computation and quantum
communication on a nanophotonic platform.

In last chapter, we discussed the theory of quantum interference and design of the metasurface beam-
splitter. This chapter 1s dedicated to fabrication of the metasurface and the experiments of quantum
two-photon interference at such metasurface.



6.2 Fabrication of the metasurface

The metasurface 1s fabricated by standard nano-fabrication facilities and processes. The fabrication
procedure begins with a one-millimeter thick one-inch diameter N-BK7 glass plate with anti-
reflection coating on one side (Thorlabs, standard B-coating). On the bare side of the glass plate, an
electron beam evaporation system (Solution, CHA) is used to deposit chromium, magnesium
fluoride and chromium thin film alternatively with thickness (18/65/18nm). The deposition speeds
are 0.4 A/s for chromium and 4.6 A/s for magnesium fluoride. Thickness of thin films deposited by
CHA 1s calibrated with atomic force microscope (NX20, Park Systems) prior to the real sample
deposition.

Metasurface structures are patterned by gallium focused ion beam (FIB) milling using a Zeiss
ORION NanoFab triple beam helium/neon/gallium ion microscope with current 100pA at 30kV.
Pattern files generated using MATLAB were loaded as bitmaps into NanoPatterning and Visualized
Engine (NPVE) software from Fibics Inc. The patterned structure 1s imaged by the helium ion beam
(1-2 pA, 25 keV). The patterned area 1s typically 40 um by 40 um.

Figure 6.2.1 | Top view scanning helium ion microscope image of a typical metaBS device.



Figure 6.2.1 shows the top view scanning helium ion microscope image of a typical metaBS device
after patterning. The grey regions are the three-layer strips while the black regions are the milled
trenches.

Finally, the whole metaBS layers are sealed by another 1 mm thick NBK7 glass plates on top with
gaps filled by standard index matching oil. Thus, the final metaBS device 1s symmetric and can be
simply handled as a standard one-inch round optics.

6.3 The expermment setup

Figure 6.3.1 below shows the simplified schematic of the experiment setup. Degenerate photon pairs
at 710 nm wavelength are produced in spontaneous parametric down conversion from a BBO crystal
with type II phase matching. The two photons are then coupled to the two-photon interferometer
through single mode fibers. The polarization of each photon 1s controlled before incident onto the
metaBS. The photons incident angle 1s small (~ 7 degree). A tunable delay is introduced into one of
the incident photons. Finally, the output photons from metaBS are collected by two single-photon
counting modules (SPCMs) for coincidence counts measurements.

! Metasurface coupler
SPCM A [\ pes

e QWP

= Mirror

Figure 6.3.1 | The simplified schematics of the experiment setup.
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The full experiment layout 1s shown in the Figure 6.3.2 below, where supporting optics for imaging
and alignment are not shown.

1: BBO SPDC source V5.3

2: Two-Photon Interference V6.3

N

== arm1 Port 1 Port B Port A Port 2
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S E S N
.Compensate BBO = 8 4 I I == < I I
355nm I ],I; armt I I etar I I arm2
pump arm2 /2 A/4 (Meta) BS

Figure 6.3.2 | The full layout of the experiment setup, without showing imaging and alignment
systems.

We can use the same interferometer setup for classical Mach-Zehnder interference and reflection
and transmission measurement. This 1s done by simply replacing the two-photon source by a 710
nm laser beam plus a 50:50 beam-splitter and replacing the two SPCM by two simple silicon photon
detectors.

6.4 Characterization of the metasurface

The metaB$ phase response ¢, can be measured by laser Mach-Zehnder interferometer. The 710
nm laser beam first passes through a lossless conventional 50:50 beam splitter (or a 50:50 fiber
coupler). Then the two split beams are directed into the two-photon interferometer port 1 and port
2 (Figure 6.3.2 right). Finally, the two mntensities of the two output ports A and B are recorded by Si
photon detectors as a function of the delay of port 1.

Assume the metaBS 1s symmetric and balanced and follow the definiions m Section 5.5, the
mtensities at output port A and port B can be written as

IA = IO(|T1|2|T'|2 + |t1|2|t|2 + 2|T‘1Tt1t| COS(d)lrt + d)T‘t - d)delay)) (641)

and
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Iy = L(Ie 1?I71? + |y 121t1? + 2|ry 7t t] cos(Prre — Pre — Pacray)) (6.4.2)

where [ 1s the laser mtensity before the first 50:50 BS, r; (t;) and ¢4, are the reflection
(transmission) coefficient and phase difference of the first 50:50 BS, and ¢ ¢4y 1s the phase delay
from delaying port 1.

Although we can determine the value of ¢, from fitting the measured data of intensities I, and I
as a function of delay ¢ g4, using Equation (6.4.1) and Equation (6.4.2), it is more robust to obtain
¢+ by fitting the correlations (i.e. parametric equation) between I, and Ig. Because the parametric
equation from correlation i1s immune to any random phase fluctuations in the interferometer. From
Equation (6.4.1) and Equation (6.4.2), we get

ZArP1E1?) + E(Ar1P1E1%) + L (=2|r|?]t]? cos2r))
+dl, +ely + f (6.4.3)
=0.

The correlations are in general ellipse shape and can be fitted by the parametric equation
al? + bIZ + clylg +dl, +elg + f =0 (6.4.4)

where a, b, ¢, d, e and f are the coeflicients. By comparing Equation (6.4.3)(6.4.1) and Equation
(6.4.4), the phase response of the metaBS can be determined by the obtained fitting parameters
through

26, = cos™! (5=). (6.4.5)

We have verified that Equation (6.4.5) still holds even if the metaBS is unbalanced and asymmetric.
In this case,

bre + by = cos™! (2%) (6.4.6)

where ¢, and ¢, are the phase differences viewed from the two sides of the metaBS, respectively.
Only their summation can be determined, and their relative values cannot be distinguished. Actually,
in the quantum two-photon interference, it 1s also this summation rather than their individual values
that determines the quantum action. We plot in Figure 6.4.1 below the intensity correlation of the
two output ports at conditions of 8 = /2 and 8 = 0, respectively. The extracted 2¢,; (or ¢, +
¢,+) from the fittings are summarized in the Table 6.4.1 below.

To measure |r| (|t|), we simply use only one of the input ports in the two-photon interferometer

and monitor the intensity at two output ports. In reality, the metaBS 1s always slightly unbalanced
and asymmetric, thus we use the averaged values from its two sides. The measured average values
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are also summarized in the same table. The measurement results agree well with the design values

as list in Table 5.5.1.
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Figure 6.4.1 | Intensity correlation of classical Mach-Zehnder interferometer and their ellipse fitting
curves.

Measurement Ir| It| 2¢,,/m
condition (or (ry + @re) /)
13
0= 7 0.336 0.345 0.79
6=0 0.305 0.324 0.01

Table 6.4.1 | Summary of measured metaBS parameters.

6.5 Realization of the new rotation degree of freedom

With the experimental setup and characterized metaBS, we are readily to observe the two-photon
mterference at metaBS. To begin with, we exam the eigen operations. Specifically, at 8 = /2, the
eigen operation ¢, = /2 at metaBS leads to a completely destructive addition for detecting two
photons at separate output ports, resulting in vanishing P4 1), and g@ (At = 0) (Figure 6.5.1A).
As 1n the original HOM effect, the two photons always bunch together, which was attributed to the
bosonic statistics of photons. Meanwhile, it produces an effective attractive interaction between the
otherwise noninteracting photons. The measured g(z) (A1) shows a clear dip about 0.35 at AT = 0,
where a dip below 0.5 is an ambiguous evidence of pure quantum effect (Figure 6.5.1B). In contrast,
at 8 = 0, the other eigen operation ¢, = 0 at metaBS gives rise to a completely constructive
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addition for detecting two photons at separate output ports, forming doubled P 1) and
g(z) (At = 0) (Figure 6.5.1E). In this case, the two photons always split, which assembles fermionic
statistics and produces an effective repulsive iteraction between the two photons. The measured
g @) (A7) shows a clear peak about 1.71 at AT = 0, where a peak above 1.5 ambiguously proves the
pure quantum effect (Figure 6.5.1F). At 8 = /4, the two eigen operations equally superpose
(Figure 6.5.1C) and the flat g(z) (A1) (Figure 6.5.1D) minics anyonic statistics (//5, /21) and must
be distinguished from a trivial vanishing TPI of two classical particles obeying Bolzman statistics.
The circles in (D, E, F) are the measured data with error bars (smaller than the circles) calculated
assuming Poisson distribution of event detection, and the solid curves are their fittings.

A 6=n2 C 6=n/4 E 6=0
= -
B D F

-1 -0.5 0 0.5 1 -0.5 0 0.5 1 -0.5 0 0.5 1
Delay (mm) Delay (mm) Delay (mm)

Figure 6.5.1 | Characteristic two-photon interference at the metaBS.

The power from the emergent DOF 6 goes beyond the three special cases discussed above; it can
take any value and control at will the TPI and the effective photon-photon interaction. Figure 6.5.2
below shows g(z)(AT = 0,0) as a function of the metaBS rotation angle 8. As 6 continuously
varying from —m/2 to m/2, g(z) (AT = 0,6) value changes continuously from 0.35 to 1.71,
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mimicking the continuous and arbitrary transition from boson-like to anyon-like to fermion-like
quantum statistics. That 1s, the output changes from bunching state to intermediate state to split state.
As a result, the effective photon-photon interaction evolves from attractive to neutral to repulsive.
Clearly, 0 represents a new quantum DOF for optical quantum interference. We emphasize that
the generalized TPI at any angle 8 other than 0 or /2 is a superposition of the two eigen cases plus
additional terms, with their coefficients determined by the 6. The grey curves are catenated from 61
g(z) (At,0) curves at each 6 value, from which the main circles data points are extracted. The
mimicked quantum statistics here are different from previous approaches using entanglement since
other unmeasured configurations have different probabilities (Table 5.4.1).

1.6F \ g 16

1 I ¢
g, 1mamwmmtmmmm.mlmwmmmmm 1
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‘ ) l ‘ ‘ : ) | ‘ i 0.6

‘ ' \ [ | i 0.4

Figure 6.5.2 | The metaBS rotation degree of freedom (DOF) in two-photon interference (TPI).
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6.6 Generalization to arbitrary polarizations

So far, we have fixed the polarization of two photons as P waves, but new quantum operation
enabled by the metaBS can be readily generalized to any photon polarizations. Figure 6.6.1A shows
the schematics of the measurement where the metaBS is fixed at 8 = 0, while the polarization states
of the two incident photons are independently controlled. Figure 6.6.1B shows the Bloch sphere
representation of the polarization state where the P (S) wave is defined as the H (V) state.

z)

AZ(

Figure 6.6.1 | The concept of generalized TPI at metaBS for various photon polarizations.

To see that, we measure quantum TPI with independently controlled photon polarizations while
keeping the metaBS still at 8 = 0. This allows us to map g(z)(AT = 0,p1,p2) as a function of the
two photons polarizations p1 and p2 (Figure 6.6.2). The two-photon interference shows a rich
texture ranging from 0.35 to 1.71. Such rich texture is never observed before. g @) (At = 0,p1,p2)
has a maximum value greater than 1.5 in the center when both photons are H polarized (P wave)
corresponding to the 8 = 0 eigen operation of metaBS and then gradually decrease to less than 0.5
in the four corners where both photons were V polarized (S wave) corresponding to the 8 = /2
eigen operation. We emphasis the physical meaning of the two sets of white regions are different:
the two diagonal white regions (marked by gray dashed lines) correspond to no interference when
the two photons have orthogonal polarization; whereas the two anti-diagonal white regions (marked
by red dash-dot lines) correspond to a balanced superpositions of the two opposite eigen-operation
mterferences.
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Figure 6.6.2 | The generalized TPI at metaBS with arbitrary linearly polarized photons.
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Figure 6.6.3 | The generalized TPI at metaBS along other circles on the Bloch sphere.

The map in Figure 6.6.2 involves the polarization states along the equator of the Bloch sphere. We

also measure the map g(z) (At = 0,p1,p2) along the other two representative circles containing
circular polarizations on the Bloch sphere, as shown in Figure 6.6.3. Note that the left map assembles
the map in Figure 6.6.2, since it also includes the two eigen operations. In contrast, the right map in
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Figure 6.6.3 is different in that it does not includes the eigen operations. Therefore, all the g is
essential 1, due to either orthogonal polarizations or balanced superstiton of opposite eigen
operations.

To gain an overview picture of TPI at metaBS with all possible photon polarizations, we further
measure g (A1 = 0,p1,p2) values as the two photons polarizations are chosen from their Bloch
sphere’s six representative points, that is, H, V, D, A, L. and R (Figure 6.6.4). This represents a
variety of quantum interference at metaBS and their superpositions, as well as no interference when
photon states are orthogonal.

1.8
1.6
1.4
1.2

0.8
0.6

0.4
0.2

Figure 6.6.4 | The generalized TPI at metaBS for six characteristic photon polarizations.
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6.7 Fabrication reliability of the metaBS operation

To further verify the reliability of our metaBS design and fabrication, we fabricated another set of
five control metaBSs with varying strip width at a step of 12.5nm around the one presented n
previous sections. We then measure the TPI of the two eigen operations at each of those five metaBS.
The results show clear trend of varying g(z) (At = 0) values crossing the quantum limits (Figure

6.7.1).
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Figure 6.7.1 | TPI at five control metaBSs with varying structure.

6.8 Conclusion and outlook

To conclude, we have demonstrated the first metaBS that brings new quantum operation instead of
simply integrating conventional optics. Specifically, our metasurface enables a new rotation DOF in
optical quantum interference. Consequently, the two photons behave either boson-like or fermion-
like or their arbitrary superpositional anyon-like. Meanwhile, the output state can be controlled to
be entangled or disentangled, and the effective photon-photon interaction can be manipulated to be
attractive or repulsive. Our work shows the power of metasurface to enable emergent quantum
technology.



We note that the full control power of metasurface on electromagnetic wave has not been exploited,
and we anticipate that more new quantum operations can be enabled by utilizing more control knobs
of metasurface such as spatially temporally gradient or varying responses, as well as controls involving
more DOF of photons for instance the angular momentum.

Another direction 1s scaling up the quantum system. A few of such metaBSs in a large-scale optical
network could dramatically change the quantum functionality, in analogy to the tremendous effects
created by a few dopants in Si crystal. With metasurface, quantum optical network mvolving more
photons could bring innovative quantum algorithms and quantum computing models.

Remark: Chapter 5 and Chapter 6 include co-authored materials from Quanwei L1, et. al. " Enabling
a new dimension in optical quantum interference by metasurface beam-splitter (in preparation)"
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