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ABSTRACT

Rare-earth ions (REIs) in solids are attractive optical centers due to their stable optical
transitions and long lifetimes [1], [2]. Miniaturizing solid-state devices incorporated with
REIs as quantum centers can play a key role in the implementation of future multiplexed
quantum optical networks. Among the solid-state host materials for REIs, the Dissertation
specifically studies silicon nitride (SiN) and crystalline lithium niobate (LN) materials.

SiN and Si are a CMOS-compatible material, and leveraging the well-developed tech-
nologies from the microelectronics industry is important for practical purposes because the
cost of fabrication can be significantly reduced. Also, a recent study showed that the in-
homogeneous broadening of Er-doped crystalline Si can be as low as 1GHz [3]. Moreover,
low-loss waveguide and high Q) resonators were reported [4]-[6], making it a promising host
for strong light-atom interactions.

On the other hand, LN is a promising host material for REIs due to its unique piezoelec-
tric, electro-optic, nonlinear, and acousto-optic properties [7]. Until recently, direct etching
of LN has not been realized. But recently developed lithium niobate on insulator (LNOI)
platform and direct LN etching techniques made it possible to fabricate low loss and strong
confinement waveguides [8], [9]. Furthermore, LN has been used for quantum light storage
[10] and on-chip photon generation and wavelength conversion [11]. Motivated by these re-
cent advances and the interesting properties of LN, the Dissertation investigates thin-film
crystalline LN.

In this dissertation, the methods and processes of fabricating long waveguides and ring
resonators in 1)silicon nitride and 2)lithium niobate are introduced and the study of optical
characterizations of Yb3T ions in two different solid-state host materials are presented, specif-
ically including photoluminescence (PL) spectroscopy, lifetime measurement, absorption and
other characterization of light-atom interactions.

Furthermore, a study of Tm?3" ion arrays in thin-film LN is presented, specifically includ-
ing the PL lifetime comparison between the periodically ordered sample and the randomly
ordered sample and the scattering/reflection measurement from periodic ion arrays, both

indicating the early evidence of cooperative effects of arrays in solids. Also, the theory of
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collective emission from atomic arrays is presented. Finally, I propose future plans to im-
prove the fabrication process in these materials and possible future research directions based

on the Dissertation.
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1. BACKGROUND AND INTRODUCTION

1.1 Light-atom interaction and its applications

The interaction between atoms and light is important for various applications. Lasers, for
example, are good applications of coherent light-atom interactions and among the products
we interact with in daily life. Due to the good spatial coherence properties of the laser,
the laser beam can be collimated over long distances, enabling applications such as LIDAR,
communications, and more. Moreover, due to the high temporal coherence property of
the laser, the laser can emit light with a very narrow spectrum, meaning only a specific
wavelength of photons (color) can be emitted.

In the quantum domain, the coherent interaction of light with atoms can enable the
control of optical and atomic properties. Such interaction enables generating optical qubits
[12], storing optical qubits [13] and it can be tailored such that two qubits non-linearly
interact with each other [14]. For quantum communication applications, photons which
work as a flying qubit require coherent interaction with stationary qubits like atoms to map
the encoded quantum coherent states from flying qubits to stationary qubits [15].

Quantum sensing application, which uses quantum entanglement to improve the sensi-
tivity of measurements beyond its classical limits [16], is an important quantum application
utilizing coherent light-atom interactions. There are also several other quantum applications
utilizing coherent light-atom interactions at the single-photon level. One of the quantum
applications which has been actively studied is quantum memory applications. Quantum
memories can be developed with linear and non-linear light-atom interactions. For exam-
ple, quantum memories are building blocks of quantum repeaters used for quantum com-
munication systems. For practical quantum communication networks, a quantum repeater
consisting of ~100 memories per node with a storage time on the order of ~sec is required
[17]. Storage time in atomic memory is defined by the coherence time or inverse of the
dephasing rate of its atoms. Recently, ultra-long coherence time on the order of hours has
been reported using europium in yttrium orthosilicate (YSO) crystal at 2K [18]. For efficient
memory applications, the impedance-matched cavity protocol has been studied [19] and for

on-demand storage, external electric fields have been used to control the storage process [20].
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The solid-state implementation of light-atom interactions is essential to realize practical
integrated quantum systems. In this way, multiple quantum blocks, such as memories and
gates can be integrated within the same chip.

Among various quantum emitters such as defect centers and quantum dots, In the Dis-
sertation, I am specifically interested in rare-earth ions (REIs). This is due to the various
advantages that REIs have, including long coherence time [18], high quantum storage effi-
ciency [20], large quantum storage bandwidth (about 50GHz), [21] and telecom-compatible
(C-band) operation [13].

1.2 Rare-earth ions in solids

1.2.1 Properties of rare-earth ions in solids

Rare-earth elements are a group of elements that share similar chemical and physical
properties. The similar chemical and physical properties shared by REIs are derived from
the shared electron configuration of [Xe]4f¥6s? where N is an integer value from 1 to 14.

When electrons are filled in the orbitals of REIs, 5s,6p,6s orbitals are filled prior to the
4f orbitals because their energy levels are lower than that of 4f orbital, as shown in 1.1.(a).
However, since these orbitals are radially bigger than 4f orbital, the outer 5s, 5p, 6s orbitals
are electronically shielding the partially filled 4f orbital, as shown in Fig. 1.1.(b). There-
fore, this shielding effect results in an insensitive atomic structure to the local environment,
making REIs attractive optical emitters.

For quantum applications, REIs are usually doped into solid-state crystals, such as yt-
trium orthosilicate (YSO) or yttrium aluminum garnet (YAG), or lithium niobate (LN) et
cetera. With the ability of miniaturizing solid-state quantum devices, system integration
and multiplexing of devices can be realized. When doped into the solids, the energy levels of
REIs are slightly affected because of the crystal field by the hosts, but most of the properties
of the free REIs remain the same [22].

When ions are doped into crystals, individual ions will experience variations in the local
environment. Each individual ion has a characteristic linewidth, which we call the homoge-

neous linewidth (I';). When the ion ensemble is considered, the absorption profile is the sum
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Figure 1.1. (a) the filling order of electrons to each orbital, illustrated by the
red arrows; (b) Schematic orbital structure of rare-earth ions. The partially
filled 4f orbital is shielded by the outer 5s,5p orbitals

of the homogeneous linewidth of each individual ion experiencing slightly different variations
(e,g, different lattice locations), which we call the inhomogeneous linewidth (I'y,).

For example, the Fig. 1.2 shows the energy levels of Er®* ions when doped into YSO
crystal. The Er*T ion has a transition at 1.54pm, compatible with the telecom C-band.
First, the crystal field, caused by the surrounding environment of ions, lifts all the eight
degeneracies with a transition frequency of THz range. The Kramers doublets can be further
lifted by external magnetic fields. This results in Zeeman splitting, which shows a GHz range
of transition frequency with the field on the order of 100mT. The odd isotope "Er with a
natural abundance of 22.9% lifts additional 8 states from the spin 1/2 transition, which is

due to the additional nuclear spin of 7/2 [23].
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Figure 1.2. Energy level structure of Er® ions doped into YSO crystal and
the degeneracies are lifted

1.2.2 Lifetime and Coherence time

Throughout this dissertation, the lifetime (T;) and the coherence time (Ts) of REIs will
be discussed, which both are decay mechanisms that can corrupt a quantum state. So it is
worth noting the definition of lifetime and coherence time at this point.

The lifetime, which is also called the longitudinal homogeneous lifetime, is mainly asso-
ciated with the population decay of the excited state. Since the atoms in the excited state
have a spontaneous tendency to decay to lower levels, the total number of atoms*(1/e) in
the excited state decays to the ground state after T; time. The T; time can also be written

as the equation 1.1

=4 (1.1)
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where Tx and Ty g denote the radiative and non-radiative decay times. Unlike radiative
decay, where atoms emit photons while decaying to the ground state, in the non-radiative
decay process, the atoms release small vibrational energy, so-called phonon.

However, the coherence time (75), which is also called the transverse homogeneous life-
time, is mainly associated with the dephasing of the state. Dephasing can happen by two
mechanisms. One is the population decay and the other is the pure-dephasing rate (1/73),
not changing the population of the excited state. Therefore, the coherence time can be

written as the equation 1.2

1 1 1

=+ 1.2
T, 2T T (12)

When REIs are incorporated in solids at room temperature, typically, the pure dephasing
rate is much faster than the population decay rate (T7»73). Therefore, the coherence time
is mostly determined by pure dephasing scattering processes. So in order to reduce the pure
dephasing rate and therefore to have a longer coherence time, cryogenic temperatures are
important for quantum applications. The homogeneous linewidth is related to the coherence

time 75 by the equation 1.3.

1

Tp=—
& TCTQ

1.2.3 Quantum applications of rare-earth solids

Due to the unique shielding property of REIs, Rare-Earth Solids (RESs) can be used for
various quantum applications. Firstly, REIs have been actively studied for quantum memory
applications. Record-long 6-hour coherence time and 69% efficiency quantum storage have
been reported using europium in YSO crystal and praseodymium in YSO crystal, respectively

[18], [20]. Also, the memory operating at a wavelength compatible with a standard telecom
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band (C-band), where we can utilize the current infrastructure, has been studied using Er
[13].

Among REIs, Yb?" ions specifically can be used for transduction applications. Recently,
It has been shown that Yb3*t ions in YSO and YVO can coherently interact with both
microwave and optical photons, showing the capability of microwave-to-optical transduction
[24], [25]. The transduction application is important in that transduction of microwave

photons to optical signals can be used for future superconducting quantum computers [26].

1.2.4 Limitations of rare-earth solids

However, REIs also have their inherent limitations. First, because of the forbidden 4f-
4f transitions, the dipole transitions between ground states and excited states are weak.
While this results in a long coherence time and therefore REIs can be used for various
quantum applications, this weak transition strength makes the interaction probability with
input photons really low.

Also, efficient hole burning can be challenging in REIs (especially erbium) in solids. This
is mainly because the ground state lifetime is comparable to excited state lifetimes [27], as
one can see from the Fig. 1.3.(a). This results in pumping atoms to a particular ground
state difficult. Therefore, state preparation in a single ground state, which is necessary for
many memory protocols, is difficult in REIs and we cannot take full advantage of many-atom
systems.

The third limitation is not the limitation of REIs themselves, but it occurs when they
are incorporated into the bulk crystals. The typical crystalline bulk hosts such as YSO, LN
are not fabrication friendly and are known as hard-to-etch materials [27], [28]. Therefore,
the bulk crystals are not optimal for integration with other optical devices in wafer-scale,

which is essential to build multiplexed systems.

1.3 Device integration with cavities and miniaturization

In order to overcome the limitations associated with low interaction strengths, cavities

can be implemented into the system. With cavities having a small mode volume, we can
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Figure 1.3. Energy level structure of Er? ions doped into YSO crystal and
the degeneracies are lifted

increase the atom-photon coupling rate. Also, the lifetime of atoms in a cavity can be
modified by the Purcell effect, which helps the preparation of many atoms in a single state
of REISs, as shown in Fig. 1.3.(b). I would like to give more detailed explanations of how the
implementation of cavities can mitigate the limitations of REIs.

I would like to first explain how cavities help state preparations. The Purcell effect is
known to shorten the excited state lifetime. The reduced lifetime is due to the interaction
with a high Q cavity. The spontaneous emission rate of the excited state is governed by
Fermi’s golden rule and is proportional to the density of states of the coupled radiation field.
By modifying the local density of states by the cavity resonance, the spontaneous emission
rate can be modified in the cavity.

Here I would like to provide a more detailed description of the Purcell factor based on

Refs. [29], [30]. Multidimensional decay of rare-earth ions in microphotonics [30] provides
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a complete picture to describe the Purcell factor in all dimensions. The maximum Purcell

factor [29] with a D-dimensional mode confinement can be described as :

3 0,0
(D) _ A\p&p
FO = o (P (1.4)

where the mode volume, Vp, can be calculated by the equation 1.5.
JelE(r)[PdV

Vp = 1.5
maz (e(r)|E(r)]? ) (15)

The experimentally measured Purcell factor, F(®), will be lower than this maximum value,
if 1) the position of the atom, rq, is different from the location of the maximum field, r,,
and/or 2) the dipole moment, p, is misaligned with the local electric field B(ro). Here,

%, is maximized.

rm refers to the position where the mode field energy density, e(r)|E(r)

Therefore the experimental Purcell factor, in this case, is described as :
F© = F) f(r)cos®H (1.6)

where 6 is defined as the angle between p and E(ry) and f(rg) is demonstrated as:

€(ro)| E(ro)

1) = G B P

(1.7)

The atomic dipole is depolarized by decoherence processes during the atom-mode cou-
pling and therefore the Purcell factor is indirectly influenced by it through the cos?6 term.
Here, a degree of polarization © (0< © <1) is introduced to quantify the degree to which
the atom maintains its initial dipole direction during its lifetime. For a structure with 1D,

2D, and 3D Purcell effects and with modes polarized along the x, y, and z directions, the
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total Purcell factor can be given by a sum of contributions over 1D, 2D, and 3D dimensions

and modes [29]:

Z SOIEPT P (ro) (1= ©) 4+ EPY 7 (ro) (14 20) + E7 £ (ro)(1 = ©)] (L.8)
3 D21 ign
where FiD’m represents the maximum Purcell factor for the i-th order mode in D-dimension,
polarized along the x direction. This equation is based on the assumption that the 1D, 2D,
and 3D Purcell effects are independent of each other.
The implantation depth distribution u(y) can be approximated as an average position yg

for each polarization of modes. Therefore, y, can be calculated as:

. JeW)IE (y)Puly)ydy
O Je)|Ei(y)Puly)dy

i= TMO or TE() (19)

where €(y) and E'(y) are the values of €(r) and E'(r) at x = z = 0. Neglecting the Purcell
effects from higher order modes, the equation 1.8 can be simplified as [29], [30].

Fo=(F)+F;+ E)f(y8)(1+20)/3+ 2F, + F; + F2) f,(y)(1 — ©)/3 (1.10)

where p = TM, and q = TE,. Here, F! and F? are independent of temperature,
while F3 contains the homogeneous linewidth of the ion, I'z(T). In the Dissertation, due
to the low mode confinement in the waveguide cross-section, the effect of F! and F? are
negligible and F® (or cavity) has the main effect on the Purcell factor. As a result, the
Purcell factor is temperature-dependent [30]. It has been demonstrated that *(T) oc T*'®
at high temperature due to the coupling to phonons and 7*(T) oc T!? at low temperature
due to coupling to tunneling systems and the crossover happens around 40K [31], where v*

is a pure dephasing rate.
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Specifically, the quality factor for 3D confinement (cavity) used in the Purcell factor
equation (Eqn. 1.4) is given by :

We
2’7t0tal

Q3P (1.11)

where Vi = K+ 7 + 7", k is the cavity decay rate , v is the atom relaxation rate and
~v* is a pure dephasing rate.

For rare-earth ions at room temperature, the ions’ homogeneous linewidth is much greater
than the cavity linewidth, x, and it suppresses the Purcell effect. At cryogenic temperatures,
the homogeneous broadening or the dephasing rate is expected to significantly narrow. When
v* < K, the Purcell factor can be fully recovered. Such temperature dependent Purcell effect
has been observed for rare-earth ions [30], [32]. Therefore, the Purcell effect is expected to
suppress at room temperature (~300K) due to the increased homogeneous linewidth of rare-
earth ions.

With the general equation of the Purcell factor (Eqn. 1.4), we confirm that the Purcell
factor is proportional to the ratio of the quality factor to the mode volume. Therefore,
cavities with a higher quality factor and a small mode volume will demonstrate a higher
Purcell factor.

As a result, the excited state lifetime resonant with the cavity is reduced by 1/Fp com-
pared to that of free-space. Therefore, unlike the free-space case where the preparation of
many atoms in a single state is difficult (Fig. 1.3.(a)), Inside the cavity, many atoms can be
prepared in a single state as illustrated in the Fig. 1.3.(b).

The other limitation of REIs, the inherent weak transition strength, can also be improved
inside cavities. The atom-photon coupling rate, gy, inside the cavity can be written as

equation 1.12.

1| pow  E(Tions)
= — 1.12
=0 \ 260h%<| E(peak) ) (1.12)
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As confirmed by the equation 1.12, the atom-photon coupling rate, g, is inversely propor-
tional to the mode volume (V). Since the weak transition dipole moment, 1112, is limited by
the inherent properties of REIs, by reducing the mode volume of the cavity, the atom-photon
coupling rate can be increased. As a result, in order to take advantage of cavities with low
mode volume, lots of research has been conducted trying to fabricate miniaturized cavities
in the crystal. The photonic nano-cavity, where the mode volume is as low as 0.2um?, has
been fabricated in bulk Nd:YSO crystal using focused ion beam (FIB) milling technique.
[33]. Also, in another approach, the nano-cavity with small mode volume is fabricated on an
SOI platform and then the cavity is placed onto the Er:YSO crystal. With this nano-cavity
having a high Q and low mode volume, a Purcell factor of as high as 700 is reported [26].

Furthermore, one research showed that a single ion detection is possible in a nano-cavity
[34]. The Purcell effect enhances the spontaneous emission rate of the ions. With a high
Purcell factor, the spontaneous emission rate of the Nd ions is enhanced to the point that
the linewidth of the emitter becomes radiatively limited. As a result, a single Nd ion has
been detected in YVO crystal.

Lastly, the lithium niobate on insulator (LNOI) platform, developed using the smart-cut
process [35], [36], was recently developed and its direct etching technique was also introduced.
This progress has made low-loss, high confinement, and broad-band photonics possible using
crystalline LN [28]. Recently, the wafer-scale lithium niobate photonic integrated circuits
using the LNOI platform and direct LN etching technique, have been achieved [9]. This
recent progress has shown the possibility of scalable and integrated quantum optical devices

in wafer-scale, which has been challenging with bulk crystals.

1.4 Basic physics of photonic ring resonators

Throughout this dissertation, lots of discussions about the properties of ring resonators
such as transmission, quality factor, coupling, will be listed. Therefore, It would be beneficial
to introduce the basic physics of ring resonators in this section. In a simple ring resonator,
consisting of a ring and a bus waveguide, as one can see from the Fig. 1.4, there are 3

important parameters. a is the single-pass amplitude transmission, r is the self-coupling
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coefficient and k is the cross-coupling coefficient, respectively. 72 and k? are the power
splitting ratios of the coupling, and therefore assumed to be r>+k? = 1, meaning no losses
in the coupling [37]. In the real-life scenario, the coupling loss is not zero, and should be

considered, which I will explain later in more detail.

r
— —>

iInput pass

Figure 1.4. A schematic simple ring resonator with the bus waveguide and the ring

The ratio of the transmitted field to the incident field in the bus waveguide can be

calculated as in the equation 1.13 [38].

Epass i(ntg) @ — re=i¢
— = — 1.13
Einput ¢ 1 - Tael(b ( )

where ¢ = L is the single-pass phase shift, L is the round trip and § is the propagation

constant. Squaring the equation 1.13 gives the transmission intensity T.

T Ipass  a* —2racosg + r?

= 1.14
Loput 1 —2racosg + (ra)? ( )

32



From the equation 1.14, we can find out that the ring becomes on resonance when the

phase ¢ has a value of mx2%, m being a positive integer, or more intuitively

neffL

Ares = (1.15)

m

where nes s quantifies the ratio of the phase delay in a unit length waveguide to the phase
delay in vacuum.

When on resonance, the transmission of the resonator is written as

(a—r)?

Tres = T N9
(1 —ra)?

(1.16)

where the critically-coupled condition (7,.s = 0) can be achieved by calibrating the gap
of the ring and bus waveguide (related to the value of r) and/or attenuation in the ring
(related to the value of a). a includes propagation loss and can be denoted as a* = exp(-al.),
where the « is the power attenuation coefficient.

When the ring resonator has two bus coupling waveguides, the input field can be partially
transmitted to the drop-port (Fig. 1.5) . The transmission from the input port to the pass
port (Tp) and from the input port to the drop port (Ty) can be derived as below [37]:

I ass sa? — 2 ?
T, — [p _ 1r2a2 T17T2ac0S) + r12 (1.17)
input — 2r11r9c08¢ + (r1720)
Lo 1—r2)(1—12
TD — drop _ ( rl)( r?)a (118)

Linput 1 —2r17m3ac0s¢ + (r179a)2

In the case when the attenuation is very small (a~1), critical coupling takes place at
symmetric coupling (k; = ky). When lossy, critical coupling happens when the losses are

matching with the coupling as rsa = r; [37].
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Figure 1.5. A schematic simple ring resonator with the two waveguides and the ring

At this point, the quality factor, which describes the sharpness of the resonator with

respect to its resonant frequency, can be written as.

_ wres . >\T‘ES

Q_Aw_A)\

(1.19)

where A\, Aw are the full-width at half-maximum (FWHM) of the resonator. It is worth
noting that there are two quality factors: loaded Q and intrinsic Q. The intrinsic QQ describes
the quality factor when the resonator is assumed not to be coupled to the bus waveguide.
As written in the section 1.3,  can be written as w,es/x as well. The photon-decay
rate of the cavity, x, can be attributed to 2 parameters, as in Kk = k.+kg, where k. denotes
coupling loss rate, and kg denotes intrinsic loss rate. Therefore, the loaded quality factor,

(QQr is written as
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Q= —2res (1.20)

Ke + Ko

whereas the intrinsic quality factor, (), is written as

wres

Qr =

/{ (1.21)

Since the coupling introduces losses to the resonator, the intrinsic Q is always greater
than the loaded Q. The intrinsic quality factor, )7, can alternatively be written using the

loaded quality factor as

2Q¢

QI: lj:VTmin

(1.22)

where T, refers to the normalized transmission on resonance [39]. When the resonator
is under-coupled, the equation.1.22 has the plus sign and when the resonator is over-coupled,
the equation.1.22 has the minus sign. Unless specifically specified, the quality factors referred
throughout the Dissertation are loaded quality factors.

There are several loss contributions to the intrinsic quality factor, The intrinsic loss rate

ko can be separated into each loss channel as

Ro = Rss + Ksa + Ry (123)

where kg, Ksq, Ky denote surface scattering loss rate, surface absorption loss rate, and
doping and impurities loss rate in a bulk crystal, respectively [39]. The surface scattering loss,
kss, as the name indicates, is related to the roughness of the surface. The surface absorption
loss rate, kg, however, mostly results from lattice reconstructions and therefore dominantly

occurs at the edge of the etched sidewalls of the waveguide, where etching processes damage
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the lattice structure. The doping and impurities loss rate in a bulk crystal, s, can be tuned
by the number of dopants and/or impurities in the bulk.

From the equation of transmission for a ring resonator with one gap (Eqn. 1.14), the full
width at half maximum (FWHM) of the resonance spectrum can be derived as below [37]:
(1 —ra))\?

(1.24)

FWHM = ———=
nngLy/ra

Similarly, using the equations of transmission for a ring resonator with two gaps (Eqns.
1.17, 1.18), FWHM can be derived for the case:
(1 —ryrea)\?

res 1.25
TngL\/rirsa ( )

FWHM =

, where L represents the round trip length, here 2R, R being the radius of rings.

The wavelength difference between neighboring two resonances or free spectral range
(FSR) as a function of wavelength can be derived as below within the first-order approxi-
mation of the dispersion [37]:

)\2
FSR=— 1.26
o (1.26)

Here, I would like to note that both FWHM (Eqns. 1.24, 1.25) and FSR (Eqn. 1.26) are

related to the group index, n,. The group index which takes into consideration the dispersion

of the waveguide is defined as below:

dneff
dA

Ny :neff—)\ (1.27)

1.5 Incorporation of ion ensembles into solids

There are mainly two ways to incorporate ions in solid hosts: doping and implantation.
In the doping technique, Ions are co-deposited when solid host materials are deposited. His-
torically, the doping technique was used to make waveguides in bulk crystals [40]. Typically,

doped ions are less inhomogeneously broadened compared with implanted ions. When com-
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pared, the inhomogeneous broadening of doped Yb3* ions is about a factor of 2 magnitudes
smaller than that of implanted Yb3* ions [41], [42]. Therefore, doped ions show less de-
coherence compared with implanted ions. So, the doping technique can be more beneficial
than the implantation technique when the applications are critically dependent on coherence
properties. On the other hand, in the implantation technique, ions are bombarded into solids
with high energy. In order to model the range of depths of implanted ions, The Gaussian
distributions are used, and therefore the impurity concentration as a function of depth in

amorphous solid can be written as the equation 1.28 [43].

N(z) = ¢ e~ (@=Fp)?/20} (1.28)

where R, is the projected range, o, is the standard deviation of the projected range, and
¢ is the total implanted dose. Also, the projected range (R,), the standard deviation (o),
and the impurity concentration N(x) all can easily be calculated by Stopping and Range of
Ions in Matter (SRIM) simulation.

Because of the high energy by the ions, the implantation technique causes crystal damage
to the structure (Fig. 1.6.(a)). However, the crystal damage caused by implantation can

mostly be recovered by an appropriate annealing procedure (Fig. 1.6.(b)).
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Figure 1.6. (a) Crystal damage caused by high energy ion implantation; (b)
Recovered crystal structure by an appropriate annealing procedure. Red balls
denote ions implanted, blue balls denote host atoms
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One advantage of the implantation technique is the location of ions is controllable, by cal-
ibrating the implantation energy. For example, one research used the implantation technique
to precisely locate a defect center in a 1D photonic cavity for strong light-atom interaction
[44]. With this advantage of the implantation technique, In our group, we precisely im-
planted an array of Er®* ions into the resonator modes of the silicon nitride ring resonators

and studied the effect of ion geometries [45].

1.6 Outline of the Dissertation

This Dissertation mainly focuses on 1) the fabrication of SiN/LN ring resonators and 2)
the optical characterizations of implanted ions in SiN/LN structures. Chapter 2 studies the
fabrication method for SiN ring resonators and the emission and absorption by implanted
REIs in the micro SiN structure. Chapter 3 studies the fabrication process of LN ring
resonators and the emission and absorption by implanted REIs in the micro LN structure.
Chapter 4 studies the collective and cooperative effects of periodic rare-earth ion arrays in the
LN micro-ring resonators, and finally, Chapter 5 summarizes the dissertation and proposes

future works.
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2. RARE-EARTH IONS IMPLANTED PHOTONIC
RESONATORS BASED ON THIN-FILM SILICON NITRIDE

2.1 Introduction

Rare-earth ions (REIs) in solids are attractive optical centers. This is because partially
filled 4f orbitals of REIs are electronically shielded by outer 5s, 5p, 6s orbitals [46]. As a
result, REIs are relatively insensitive to the local environment. Due to this property, REIs
in crystals have shown record-long coherence time [18] and high quantum storage efficiency
[20]. Therefore REIs in solids are used for many quantum applications including quantum
information processing and quantum communications [47]-[49].

Many pieces of research incorporating REIs into different solid host materials have been
conducted. For example, YSO [18], [33] and LN [42], [50] and YVO [34] have been used as
host materials for REIs. Among these solids, SiN is a material of our interest because SiN
is a CMOS-compatible material. By using SiN, we can use well-developed technology from
the microelectronics industry and significantly reduce the cost of fabrication in large scales
[51], which is essential for building practical quantum networks. Moreover, low propagation
loss grown by LPCVD SiN waveguide [4] and micro-resonators with high quality factor have
been reported [5], [6]. Lastly, parametric amplification [52] and broadband super-continuum
generation [53] in SiN waveguide have been reported due to its nonlinear properties, which
shows the possibility of SiN in the applications of integrated photonics.

In the quantum domain, entangled-photons generation with four-wave mixing on SiN
micro-resonators has been reported [54]. Also, one study showed that entangled photons
could be stored in Er-doped amorphous silica fiber [13]. Motivated by this recent progress,
we decided to investigate amorphous SiN for host materials for REIs. A few REIs have
been studied in thin-film SiN. In our lab, we showed controlling Er light emission by atomic
geometries [45] and other researchers reported a nine-fold enhanced lifetime of Yb?* ions on
SiN ring resonators at sub-Kelvin temperature [30].

Here, we incorporate Yb3* ions in SiN. Yb3* ions are interesting because Yb3* ions

coherently interact with both microwave and optical photons and therefore can be used for
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microwave-to-optical transduction [24], [25], which is important for future superconducting
quantum computers [26].

In this chapter, the fabrication process of SiN micro-structures is introduced and we
characterize the optical properties of Yb3* ions in the thin-film SiN. 200nm SiN is fully
etched and cm-long waveguides and micro-resonators are fabricated. Yb3* ions are implanted
into the micro-structures, and the PL decay and absorption properties of the Yb3* ions are

studied.

2.2 Device fabrication

We fabricate centimeter-long waveguides and micro-ring resonators on a SiN wafer. A
200nm thick silicon nitride film on 3pm silicon dioxide (SiO2) on a silicon substrate is chosen
for our fabrication process. The 200nm thick SiN film is deposited in the LPCVD furnace
tube with a mixture of dichlorosilane (DCS) and ammonia (NH;z) at 800°C, following the
reaction equation written in 2.1. Here DCS and NHj3 work as silicon precursors, nitrogen

precursors, respectively [55].

3 SiH,Cly + 4 NH; — SisN4 + 6 HCI + 6 H, (2.1)

To begin with, the hydrogen silsesquioxane (HSQ) film, a negative-tone electron-beam
resist, is spun on the SiN wafer and the device pattern is defined by a 100kV electron
beam lithography system (JEOL JBX-8100FS) with the beam current of 2nA and dose of
2000nC/cm?; respectively. The ring radius is designed to be 75pm, and the width of the
waveguide and the gap between the ring and the bus waveguide are designed to be 600nm
and 250nm, respectively.

After e-beam exposure, the sample is developed in 25% Tetramethylammonium Hydrox-
ide (TMAH) solution for 70 seconds at room temperature. In order to transfer the pattern to
the SiN film, the SiN film is etched with the mixture of CHF3 and O, gases using the exposed
HSQ as an etch mask in an ICP-RIE tool (Panasonic P610), using the parameters on Table
2.1. The etching rate of SiN is approximately 100nm/min. The etched SiN waveguides show
vertical (907) sidewall angle, as shown in Fig. 2.1.(i).
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Table 2.1. SiN etching parameters on the Panasonic P610 ICP-RIE tool

| Etch parameters | Value |
CHF3 Flow rate 35 scem
O5 Flow rate 15 scem
Chamber pressure 7.5 mTorr
Chamber temperature 50 C
Etch rate 100 nm/min

ICP power 550 W

RIE power 50 W

Figure 2.1. (i) SEM image showing a cross-sectional view of the SiN waveg-
uide. The etched angle of SiN waveguide is almost vertical (~90°); (ii),(iii)
Optical microscope images of U-grooves where the lensed fibers are located for
direct light coupling to the waveguides; (iv) Optical microscope image of SiN
centimeter-long waveguides (top) and micro-ring resonators (bottom). The
radius of the ring and the maximum gap between the bus waveguide and the
ring is 75pm and 250nm, respectively; (v) A diced SiN waveguide chip after
all the fabrication process.
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For efficient and stable light coupling to the waveguide, U-grooves are patterned with
photo-lithography using omnicoat and SU-8 photoresist. Omnicoat is used to promote adhe-
sion of SU-8 photoresist and it also allows easy stripping of the SUS8 layer on top, so it also
works as a lift-off layer. Then, U-grooves are dry-etched in the silicon substrate, as seen in
Fig. 2.1.(ii),(iii), using a deep RIE tool (STS-ASE). U-grooves minimize the mechanical vi-
bration and misorientation problem to the waveguide during measurement [56]. The etched
depth of the U-grooves is about 70pum, about the half diameter of an optical fiber. Therefore,
we can easily align an optical fiber core to the waveguide by just locating the fiber down to
the bottom of the U-grooves, which makes the fiber core semi-self-aligned to the waveguide.

Then, the fine-tuning of the fiber position using 3-axis nano-positioning stages enables
relatively easy light coupling to the waveguides at cryogenic temperatures. In this way, we
can fabricate long-waveguide and micro-ring resonators are shown in Fig. 2.1.(iv). Then, the
SiN wafer is diced into several chips such as Fig. 2.1.(v) for easy handling and measurement.

Finally, the chip is dipped into buffered oxide etch (BOE) solution for 10 seconds to
remove the left-over HSQ film on top of the LN patterns. This relatively short etching
process removes only the exposed HSQ film on the top while minimizing the damage to the

bottom buried oxide film.

2.3 Optical characterizations

The fundamental TE mode is well confined in the fully etched SiN waveguide for 0.9pm
as shown in Fig. 2.2, but the TM modes are not confined because of the thickness of the

waveguide.

2.3.1 Yb3t ion implantation

The sample is cleaned with the standard solvent/piranha cleaning method to remove
contaminants on the surface before ion implantation. Yb3* ions are implanted into the SiN
waveguide with the energy of 100keV and fluence of 1x10' ions/cm? (Fig. 2.3. (a)). This

ion fluence corresponds to a peak concentration of 0.04%. To repair crystal damage caused
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by ion implantation, post-implantation annealing is conducted at 1100°C for 1 hour under a

nitrogen atmosphere.
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Figure 2.2. The TE electric field amplitude distribution in the SiN waveguide
and the corresponding Comsol simulation of the fundamental TE mode in the
cross-section of the structure at 0.9pm. The width and height of the waveguide

are 600nm, 200nm, respectively.

The SRIM simulation indicates that the peak of the ion distribution is around 30nm
below the top surface of the SiN film with a Gaussian distribution width of around 6.5nm
(Fig. 2.3. (b)). At the position of the ions, the coupling strength of the TE electric field to
the ions ((|E(ry)/E(peak)|)) is 0.757, which can be calculated from Fig. 2.2.

2.3.2 Emission of Yb?" ions

In order to observe lifetime modification by the cavity, the lifetimes of Yb3* ions in the
long waveguide (top image of Fig. 2.1.(v)) and in the ring resonator (bottom image of Fig.
2.1.(v) were individually measured. The chip is cooled to 4K using a table top cryostat
(Montana Instrument).

We use light at 916nm as the pump which is pulsed for 3ms using an acousto-optic
modulator (AOM). The AOM is used to control the pump intensity to excite the Yb3" ions.
The pump and PL light are coupled to/from the waveguide by means of a lensed fiber whose
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Figure 2.3. (a) The schematic cross-section diagram of Yb? ions implanted
in SiN structure. The thickness of each layer in the diagram does not represent
the actual proportion of the wafer; (b) SRIM simulation of implanted Yb3"
distribution in SiN is shown for energy and fluence of 100keV and 1x10%
ions/cm? respectively.

alignment is assisted by the U-groove and nano-positioning stages. The emitted signal is,
then, connected to the single-photon detector (SPD) to detect the PL counts of the emitted
photons from the Yb?* ions in the cm-long waveguide and ring resonator.

The schematic experimental set-up for the lifetime measurement is illustrated in Fig.
2.4.(a). We observed that the lifetime of Yb®" ions in the ring resonator case is a little bit
reduced by the cavity effect compared with the lifetime in the long waveguide, as shown
in Fig. 2.4.(b). But because of the low-quality factor of the resonator (Max Q observed
~T7.0E404), the reduction rate is pretty low. Since the lifetime modification by cavities is

proportional to Q, more lifetime shortening is expected with higher QQ resonators.

2.3.3 Absorption effect by Yb3* ions

We try to measure the absorption effect modified by the ions by observing the cavity
linewidth and the relative contrast of bus-to-ring coupling (1-T},;,). The cavity linewidth
around 918nm, where one of the Yb?* absorption peaks is expected, is broader than the
linewidth away from the transition as seen in Fig. 2.5.(a). We believe that the atom-induced

absorption loss attributes to the broadening.
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Figure 2.4. (a) The schematic diagram of experimental set-up for Yb*"
lifetimes; (b) The normalized PL decay curves of Yb*" ions measured at 4K
from the long waveguide (red), and the ring resonator (blue) are presented,
showing the lifetime is shortened by resonator

In Fig. 2.5.(b), the blue dots show the intrinsic quality factor of the resonator as a
function of the wavelength. The resonator linewidths for the fundamental TE mode at almost
every free spectral range (FSR) are measured and their intrinsic Q factors are plotted.

From the Q value data in Fig. 2.5.(b), we believe that the atomic absorption takes
place around 918nm. The red data indicate the relative contrast (or reduced transmission,
1 — Thin) as a function of wavelength. In the over-coupled regime, as the intra-cavity light
frequency approaches the atomic transition, the atom-induced loss is expected to bring the
resonator closer to the critical coupling regime. The result in Fig. 2.5 (a) and (b) shows
that the intrinsic Q and also minimum transmission drop near the atomic resonance.

Studying impedance-matched (critically-coupled) cavities is important in that atoms in
cavities with critical coupling conditions can be used for efficient light storage [57]. For the
general cavity, by tuning the reflectivity of the mirrors and optical depth of the crystal inside
the cavity, the impedance-matched condition can be achieved [19]. Mirror reflectivity, in the
ring resonator case, corresponds to the waveguide-to-ring coupling, determined by the gap

between the ring and the bus waveguide, and also the optical depth, in our case, can be
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Figure 2.5. (i) Cavity transmission signals centered around 909nm and
919nm. The data show that the intrinsic quality factor at 919nm is about
2 times smaller than the intrinsic Q value at 909nm due to the atomic induced
absorption loss; (ii) The blue dots show the intrinsic quality factor vs wave-
length suggesting that the quality factor decreases around the expected Yb3+
transition. The red dots show the contrast or the minimum transmission at
the cavity resonance (7,i,) as a function of wavelength indicating the effect
of atoms in reaching near-critical coupling condition.

tuned by the concentration of implanted ions. Therefore, here we have studied the near
critical-coupling condition modified by atoms.

The minimum transmission can be calculated using the equation 2.2.

Re — R0 \9

Tonin = ( (2.2)

Ke + Ko

where k. and kg are coupling and intrinsic loss rates. By assuming a Gaussian profile for
the atomic absorption accounting for the inhomogeneous broadening of atomic transitions,
we can model the frequency-dependent intra-cavity loss as kg = k. + a(\) where k. is the
bare intra-cavity loss rate and «(\) is the absorption rate defined by the optical density of
atoms. The intrinsic Q factor can also be written as Qi,y = wo/ko = 2Qr/(1 — V/Thnin),
where wg and @), are the optical frequency and loaded Q, respectively. By fitting the data
in Fig. 2.5 (b) and appropriately weighting the errors, we infer k./(ke + Qmaz) =~ 2.7. Using
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this calibration, the exact critical coupling condition, ke = k. + a(\), can be engineered by

careful design of the waveguide-ring gap and/or density of atoms.

2.4 Conclusion

In this chapter, a fabrication method to vertically etch SiN waveguide, ring resonator is
introduced. For more secure light coupling to the waveguide, U-grooves are etched as well.
The Yb?* ions are, then, implanted to the SiN structures. We compared the lifetime in the
waveguide with the lifetime in the resonator at 4K to observe lifetime modification by the
cavity. The lifetime of Yb3* ions in the resonator is slightly reduced by the cavity, but the
reduction rate is limited by the low-quality factor of the resonator (maximum @ observed
~T.0E+04).

Moreover, the atomic absorption effects reduced intrinsic Q-factors, and increased relative
contrast near the atomic transition were observed. With careful design of the waveguide-
to-ring gap and concentration of ions, impedance-matched cavity, which can be used for

efficient light storage, can be realized.
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3. RARE-EARTH IONS IMPLANTED PHOTONIC
RESONATORS BASED ON THIN-FILM LITHIUM NIOBATE

Credit line - This chapter is reproduced from: D. Pak et al., J. Appl. Phys. 128, 084302
(2020), with the permission of AIP Publishing.

3.1 Introduction

Rare-earth ions (REIs) in solids have many applications in nonlinear optics including
lasers and optical amplifiers due to their stable optical transitions and long lifetimes [1], [2].
REISs also feature long nuclear spin coherence times [18] and weak coupling to external radi-
ation [58|, which are attractive features for applications in quantum information processing.
The crystalline solids incorporated with quantum centers such as REIs enable miniaturiza-
tion of quantum optical elements which will play a key role in the implementation of future
multiplexed quantum optical networks. To date, the integration of nanophotonic resonators
on bulk rare-earth crystals resulted in the demonstration of quantum storage [33], single-
photon generation [59], strong atom-photon interactions [26], [60] and quantum transduction
[25].

With growing interest in REIs, their incorporation into a variety of host materials such as
silicon nitride [30], [45], yttrium orthosilicate (Y2SiOs) crystal [33], and bulk lithium niobate
(LN) crystals [41], [50] has been considered. Among those host materials, LN crystal is an
attractive option with various optical applications including quantum photonics [61], owing
to its unique piezoelectric, electro-optic, nonlinear and acousto-optic properties [7]. Since LN
used to be a hard-to-fabricate material, the applications of LN photonics were limited to bulk
crystals until recently. Historically, for making waveguides in LN bulk crystals, methods such
as Titanium in-diffusion [40], [62] and UV-laser irradiation [63] have been commonly used.
Therefore, indirect approaches, such as making Si waveguides on LN layer (Fig. 3.1.(a)) and
direct bonding of bulk LN crystal and SiN resonators (Fig. 3.1.(c)), are considered to make

use of the advantages of LN as host materials [64].
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Figure 3.1. (a) A silicon resonator array is fabricated on a lithium niobate
hosting Er ions evanescently interacting with the light in a silicon waveguide.
(b) Direct fabrication of lithium niobate resonators with U-groove fiber cou-
plers using reactive ion etching. (c) Direct bonding of lithium niobate with
SiN resonators. Schematic cross-section, Comsol simulation, and optical mi-
croscope image of the device are shown from left to right, respectively.

However, a recently developed lithium niobate on insulator (LNOI) platform and its
nano-fabrication technique, which enables direct LN etching (Fig. 3.1.(b)) , made low optical
propagation loss and strong optical confinement possible [8], [9]. For example, integrated
LN waveguides and resonators have been used lately for second harmonic generation [65],
and quantum frequency conversion [66], [67].

Motivated by recent progress in LN nano-fabrication, we consider adopting thin-film LN
as a host material for REIs. There have been a few efforts to investigate the properties
of Er*t and Tm?* ions in thin-film LN [68], [69]. Here, we consider the incorporation of
ytterbium ions (Yb3') in thin-film LN crystals. Yb*" ions have interesting optical and
spin properties and their integration with photonic devices is particularly important for
memory and transduction applications. It was recently shown that Yb*' ions in yttrium
orthosilicate (YSO) crystals can exhibit both microwave and optical coherence [24], which

can be used for a microwave to optical transduction [25]. As the transduction of microwave
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photons to optical signals at cryogenic temperatures is important for future superconducting
quantum computers and Yb?" ions are promising candidates for such application [26], their
integration and study of optical properties are particularly interesting. Moreover, photon-
atom interaction in the strong coupling regime has been recently achieved using Yb3* ions
in bulk YSO crystals [60]. Therefore, investigating the properties of Yb3" ions in thin-film
LN crystals, where multi-functional devices can be implemented on a photonic platform, has
the potential to advance quantum information processing, while bringing the advantages of
both REIs and thin-film LN crystalline hosts.

In this chapter, we investigate the fabrication of LN micro-structures on a thin-film LN
on insulator platform and characterize the optical properties of Yb?* ions implanted into
the LN film. We fully etch the LN film using an optimized etching recipe and fabricate cm-
long waveguides and micro-resonators. We implant the micro-structures with Yb3* ions and
study the photoluminescence and absorption properties of the ions in the thin-film crystalline

host.

3.2 Device fabrication

We fabricate centimeter-long waveguides and micro-ring resonators on a commercially
available (NanoLN) LNOI wafer, made by the smart-cut process. A 600nm thick z-cut
lithium niobate film on 2pm silicon dioxide (SiOz) on silicon substrate is chosen for our
fabrication process. The ring radius is designed to be 150um, and the width of the waveguide
and the gap between the ring and the bus waveguide are designed to be 800nm and 300nm,
respectively.

The device fabrication steps are almost the same as the previous chapter 2.2 except for
etching. To begin with, 1pm thick hydrogen silsesquioxane (HSQ) film, a negative-tone
electron-beam resist, is spun on the LNOI wafer using the parameters on Table 3.2 and the
device pattern is defined by a 100kV electron beam lithography system (JEOL JBX-8100FS)
with the same parameter. Because the etching selectivity between the exposed HSQ and LN
is pretty low (~1.6:1), Ipm of HSQ film is required to fully etch 600nm LN film.
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Table 3.1. 1um thick spin-coating recipe to apply HSQ - FOx-16 electron beam resist
ramp rate | spin speed | hold time | bake temp | bake time
material | (rpm/s) (rpm) (sec) (‘C) (min)

| FOx-16 | 1 | 100 | 30 | 120 | 3 |

Here, in the whole fabrication process, the LN etching part is the key process. We
observed that etched LN particles can be easily re-deposited on the surface, as shown in
Fig. 3.2. In order to obtain clean and smooth waveguides, an optimized setting of etching
parameters is required. We use an ICP-RIE tool with Ar/Cly/BCl3 plasma and HSQ as a
etch mask but other researches using only Ar plasma [28], [69], [70] or different etch masks
are also reported [69], [71]. The research which used ion milling to etch thin film LN is also
reported [72]. The Table 3.2 shows the parameters of each etching process and their etching

angle.
Table 3.2. Comparison of different LN etching processes
| | This work | Ref.[71] | Ref.[28], [70] | Ref.[69] | Ref.[72] |
LN cut plane Z-cut Z-cut X-cut X-cut Z-cut
Etching method ICP-RIE ICP-RIE ICP-RIE RIE Ion milling
Etch mask HSQ Si0, HSQ Si ZEP
Etching gases | Ar/Cly/BCl; | Ar/Cly/BCl3 Ar Ar Ar
ICP power(W) 1000 800 N/A N/A N/A
RIE power(W) 500 100 112 N/A N/A
Sidewall angle 55 83 62" 45° 75

While fully etching the 600nm LN film and at the same time to get a smooth surface, the
LN film is etched with an optimized Ar/Cly/BCls-based chemistry [71] using the exposed
HSQ as an etch mask in an inductively coupled plasma — reactive ion etching (ICP-RIE) tool
(Panasonic P610). We totally etch away the 600nm LN film using 6 sccm of Cly, 15 scem of
BCls, and 30 sccm of Ar with ICP and RIE powers of 1000W and 500W, respectively. The
etching rate of LN is approximately 50nm/min. After LN etching, we observed the clean
surface without any re-deposited LN particles, as shown in Fig. 3.3.(a). Fig. 3.3.(b) shows
the cross-section scanning electron micrography (SEM) image of the etched LN film. Unlike
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Figure 3.2. An optical microscope image showing a top view of the etched
LN waveguide. Etched LN particles are redeposited on the surface. In order to
obtain a smooth and clean surface, an optimized LN etching recipe is required.

the SiN waveguides, which showed the vertical sidewall angle, it can be seen that the angle
of the etched LN waveguide is approximately 55°. Direct LN etching typically suffers from
non-vertical side-wall angles, as you can see from the Table. 3.2.

Similarly, U-grooves are etched into the Si substrate for easy fiber-to-waveguide coupling.
In order to further improve the efficiency of fiber-to-waveguide coupling, the waveguides are
tapered to a width of 550nm at both ends. The TE mode area at this taper is about 0.21m?
at 0.9pm, which we believe can be optimized further for better fiber-to-waveguide coupling.
The chip is dipped into buffered oxide etch (BOE) solution for 10 seconds to remove the left-

over HSQ film on top of the LN patterns. After all the fabrication steps, we spincoat 1pm
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Figure 3.3. (a) Optical microscope image of LN centimeter-long waveguides
(top) and micro-ring resonators (bottom). The radius of the ring and the
maximum gap between the bus waveguide and the ring is 150pm and 300nm,
respectively; (b) SEM image showing a cross-sectional view of the LN waveg-
uide. The etched angle of the LN waveguide is about 55°. Reproduced from
D. Pak et al., J. Appl. Phys. 128, 084302 (2020), with the permission of AIP
Publishing.

thick PMMA on the chip as an upper cladding for better mode confinement and protection
of the patterns.

3.3 Optical characterization of the fabricated waveguides

The fundamental TE mode is well confined in the fully etched LN waveguide for both
0.9um and 1.5pm wavelengths (see Fig. 3.4). The design enables investigation of optical
properties at both wavelengths which can be important when, for example, co-implantation
of Er3* is considered. Moreover, utilizing non-degenerate nonlinear processes in LN may lead
to the implementation of multi-functional devices where photons at these two wavelengths
are generated, one stored (0.9pm photon) and one transmitted (1.5pm photon) through
the fibers. More importantly, the considered cross-section of the waveguide allows reducing
scattering loss from the rough sidewalls at around 0.9pum in expense of making the resonator
and waveguide multimode. The Figure. 3.5. shows the cavity lines for 0.9 pm and 1.5 pm

wavelengths indicating 5 fold increase of the loaded Q factor at 0.9 pm compared to 1.5 pm.
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Figure 3.4. Comsol simulation of the fundamental TE mode in the cross-
section of the structure at 0.9pm and 1.5pm. The width and height of the
patterns are 800nm, 600nm, respectively. Reproduced from D. Pak et al., J.
Appl. Phys. 128, 084302 (2020), with the permission of AIP Publishing.

We note that for applications such as light storage using an ensemble of atoms, which is
one motivation of the current work, the optical mode of the signal being stored defines the
mode of the collective atomic excitation and multimode waveguides do not necessarily limit
the efficiency of the storage. Furthermore, in the current multimode waveguide structure,
the difference in the ion interaction strength between the fundamental TE and TM modes
is small and the system should be symmetric for both ¢ and ® polarizations particularly
around 920nm[41] transition (see Fig. 3.6). This may also enable the storage of polarization

qubits given the large bandwidth of ions in the LN host crystals.

3.3.1 Yb?' ion implantation

Before ion implantation, the chip is cleaned with the standard solvent/piranha cleaning
method to remove PMMA and contaminants on its surface. Yb3*t ions are then implanted

into the LN waveguide (Fig. 3.7.(a)) with the energy and fluence of 100keV and 1x10'2
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Figure 3.5. The transmission data measured for 1.5um (blue curve) and
0.9pm (red curve) light, which is over-coupled to the LN ring resonator. Due
to the less sidewall scattering at 0.9um, the loaded Q value at 0.9pm is about
5 times higher than that of 1.5pm. Reproduced from D. Pak et al., J. Appl.
Phys. 128, 084302 (2020), with the permission of ATP Publishing.

ions/cm?. This ion fluence corresponds to a peak concentration of 0.0002%, which is 2

orders of magnitude smaller than the ion concentrations used in recent works [68], [69].

It is known that the higher the concentration of ions in the crystal is, the higher the spin
diffusion and thus the higher decoherence rate is [73]. Therefore, for memory applications,
it is important to study light-atom interactions at low concentrations. The low concentra-
tion, on the other hand, results in low storage efficiency. Therefore, the implementation

of impedance-matched (critically-coupled) cavities hosting atoms is important for efficient
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Figure 3.6. The diagram shows the schematic energy levels of Yb?** ions in
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storage [19]. In addition, compared to bulk cavities [57], implemented micro-ring structures
enable broadband storage while providing a thermally stable cavity design.

In order to repair crystal structure damage caused by ion implantation, post-implantation
annealing is performed at 500°C for 8 hours under a nitrogen atmosphere. To fully recover the
damage in the crystalline structure which sometimes is manifested as ion tracks (amorphous
regions created by ion trajectory), a higher annealing temperature on the order of 1000°C
is required [74]. However, because of the different thermal expansion rates of the wafer’s
LN/SiO, interface, the annealing temperature cannot go higher than 550°C on the LNOI
platform, otherwise, the wafer is damaged [75]. We confirm this damage by annealing the
LNOI wafer at 600°C as shown in Fig. 3.8.

The SRIM simulation indicates that the peak of the ion distribution is around 30nm below
the top surface of the LN film with a Gaussian distribution width of around 10nm as seen

in the Fig. 3.7.(b). At the position of the ions, the coupling strength of the TE electric field
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Figure 3.7. (a) The schematic cross-sectional diagram of Yb3* ions implanted
in LNOI structure. The thickness of each layer does not represent actual
proportion; (b) SRIM simulation of implanted Yb3* distribution in LN is
shown for energy and fluence of 100keV and 1x10'? ions/cm? respectively.
Reproduced from D. Pak et al., J. Appl. Phys. 128, 084302 (2020), with the
permission of AIP Publishing.

to the ions (|E(ry)/E(peak)|) is 0.463, as shown in Fig. 3.9. Higher implantation energies
can be used to increase the coupling strength. However, as the ion energy increases, its
trajectory through the crystal becomes more evident creating amorphous regions known as
ion tracks. We use lower energies as coherence time and the yield factor are more important
quantities for us compared to the coupling strength. Having said that, more investigation is
needed to evaluate the surface effects (such as surface strain or surface charges) on coherence
time and inhomogeneous broadening. We have observed approximately a factor of two
higher inhomogeneous broadening compared to Yb doped bulk crystals [41] which is mostly
attributed to the implantation process and the surface effects may have little impact on ion
transition broadening at this depth.

Before optical measurements, 1jpm thick PMMA is spincoated again as an upper cladding.
This is to avoid device degradation overtime, for example due to dust particles, and also to

provide better light confinement.
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Figure 3.8. LNOI sample annealed at 600°C, showing cracks and damage on the LN layer

3.3.2 Emission of Yb?" ions

To characterize optical properties of Yb3*t ions, we measure the room temperature pho-
toluminescence spectrum of Yb*' ions in a 1.3cm-long LN waveguide (top image of Fig.
3.3.(a)). Similar to the previous chapter 2.3.2, We use light at 918nm as the pump which is
pulsed for 3ms using an acousto-optic modulator (AOM). To filter the leakage of the pump
light, we use a 1000nm edge filter at the output of the chip. The emitted signal is, then,
connected to the spectrometer to detect the PL spectrum of the emitted photons from the
Yb3* ions in the cm-long LN waveguide. The emited photoluminescence spectrum of Yb3+
ions are shown in the Fig. 3.10. The excited Yb*" ions decay from *Fj 5 to 2Fy/, via various

transitions, as shown in the Fig. 3.6.
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Figure 3.9. TE electric field amplitude distribution in the waveguide

The chip is cooled to 4K using a table top cryostat (Montana Instrument). To measure
the PL lifetime using a single photon detector, the pump is pulsed for 3ms before collecting
PL light. To perform resonant PL excitation, the 1000nm edge filter is removed. Fig. 3.11.(a)
shows that PL lifetime shortened slightly when resonator is pumped on resonant compared to
non-resonant pumping. The non-resonant PL lifetime of 0.50ms agrees with values obtained
from bulk crystals [50] annealed at higher temperatures, suggesting negligible non-radiative
decay of ions.

We attribute the lifetime shortening of the resonant PL to Purcell-enhanced emission.
The average Purcell factor induced by the cavity (7,,./7. - 1) is about 0.45. The theoretical
maximum Purcell factor taking into account the E-field at the location of the ions is about
1.12, calculated by the equation 4.24. Here, since only specific transitions of the ions are
enhanced by the cavity, the branching ratio 3, the probability of atoms decaying to a specific
state, should be considered to the equation. The exact value of S in our case is not known and

hard to calculate because of lack of information. So we attribute the discrepancy between
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Figure 3.10. The room temperature PL spectrum of Yb3* ions implanted in
cm-long LN waveguides. The edge-filter filters out sub-1000nm wavelengths.
Reproduced from D. Pak et al., J. Appl. Phys. 128, 084302 (2020), with the
permission of AIP Publishing.

the experimental value and the theoretical value of Purcell factor to the branching ratio and

the variation of ions’ position.

i A 9 E(’I“yb)

p= 4ﬂ2<ﬁ)3(v)(|m’)2 (3.1)

Fig. 3.11.(b) shows the measured lifetime as a function of pump frequency with respect
to the cavity resonance where the shortest lifetime was observed near resonance. The single-

exponential decay of PL light (Fig. 3.11.(a)) and the trend of frequency-dependent lifetime
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Figure 3.11. (a) Two PL decay curves of Yb*" ions measured at 4K from
the LN ring resonator are shown. The red data correspond to the PL decay
with pump detuned by 10GHz from the cavity resonance around 920nm while
the blue data correspond to the PL decay using resonant pump. The fitted
lifetime of the non-resonant and resonant decays are 0.50ms and 0.35ms, re-
spectively; (b) The transmission signal of 919nm cavity resonance (blue data)
and the corresponding PL lifetime (red data) are shown as a function of pump
frequency detuning with respect to the cavity resonance. Reproduced from D.
Pak et al.,, J. Appl. Phys. 128, 084302 (2020), with the permission of AIP
Publishing.

(Fig. 3.11.(b)) indicate negligible effect from the atoms in the bus waveguide. In order to
further investigate the cavity effect, the total PL counts measurement was conducted on
919nm cavity dip. We detected more total PL emission counts when the pump is resonant
with the resonator as shown in Fig. 3.12. It is because of increased intra-cavity pump power
on resonance.

We note that the ring in this case is over-coupled and it is not designed to achieve highest
Purecell factor. Although an order of magnitude higher Purcell factor is achievable by going to
the under-coupled regime, we chose this regime to study critical coupling condition modified

by atoms as described below.
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Figure 3.12. The normalized transmission signal of 919nm cavity dip (blue
curve) and the corresponding normalized total PL counts (red curve)

3.3.3 Absorption effect by Yb?" ions

Similar experiment as in 2.3.3 has been done to study the role of atoms in impedance-
matched cavity in the LN ring resonator. We observe that the minimum transmission of the
cavity (Tinin) around 918nm, where Yb?™ absorption is expected, is much smaller than the
minimum transmission away from that transition. This is attributed to the atom-induced
absorption and thus change of the effective optical depth (Fig. 3.13.(a)). In Fig 3.13.(b), the
blue dots show the intrinsic resonator Q) factor as a function of wavelength at which cavity
linewidth is measured. We measure the resonator linewidth for the fundamental TE mode
at almost every free-spectral range (FSR) and plot the quality factor.

The electric-dipole selection rules for Yb3* in LN crystal indicate that the E-field polar-
ized perpendicular to the crystal c¢ axis is o polarized and the E-field polarized parallel to
the ¢ axis is @ polarized [41]. As our LNOI wafer is z-cut and crystal ¢ axis is aligned with
the z axis, the TE mode excites the o transition, which is slightly stronger than ® around

919nm.
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From the Q value data in Fig. 3.13.(b), we see that the atomic absorption takes place
around 920nm. The red data indicate the relative contrast (or reduced transmission, 1—7,,,)
as a function of wavelength. In the over-coupled regime, as the intra-cavity light frequency
approaches the atomic transition, the atom-induced loss is expected to bring the resonator
closer to the critical coupling regime. The results in Fig. 3.13.(a) and .(b) show that the
intrinsic Q and also minimum transmission drop near the atomic resonance.

Using the equation 2.2, the minimum transmission can be calculated in this case well.
By fitting the data in Fig. 3.13.(b) and appropriately weighting the errors, we infer k./(k.+
Qmaz) =~ 4. Because of the 55° sidewall angle of LN waveguide, the gap between the ring

and the bus waveguide has changed from our original design, which changed our initial
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Figure 3.13. (a) Cavity transmission signals centered around 908nm and
922nm. The data show that the intrinsic quality factor at 922nm is about 3
times smaller than the intrinsic Q value at 908nm due to the atomic induced
absorption; (b) The blue dots show the intrinsic quality factor vs wavelength
suggesting that the quality factor decreases around the expected Yb3* transi-
tion. The red dots show the contrast or the minimum transmission at the cav-
ity resonance (T),;,) as a function of wavelength indicating the effect of atoms
in reaching near-critical coupling condition. The large errorbars in some data
points are the result of light-to-chip coupling fluctuations inside the cryostat.
Reproduced from D. Pak et al., J. Appl. Phys. 128, 084302 (2020), with the
permission of AIP Publishing.
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calibration. Using this calibration, the exact critical coupling condition, k. = K.+ a()\), can

be engineered by careful design of the waveguide-ring gap and/or density of atoms.

3.4 Conclusion

In this chapter, we introduce a fabrication method for fully-etched thin-film LN micro-
ring resonators and carry out implantation of Yb3* ions in the LN structures. After post-
implantation annealing, the loaded optical quality factor of the resonator reaches 2 x 10°
(intrinsic Q >2 x 10°) and we investigate the emission spectrum and population lifetime
of Yb3" ions in the cm-long waveguides and micro-resonators, respectively. We find that
the PL decay of Yb3* ions are Purcell-enhanced when resonantly pumped, which indicates
increased light-atom interactions in the cavity. Moreover, we observe atomic absorption by
probing the cavity Q as a function of wavelength and study the role of atoms in designing
impedance-matched resonators around one of the Yb3" absorption transitions.

We note that in the case of memories based on atomic ensembles in cavities, critical
coupling condition is more desirable than the strong coupling condition. In the case of an
atomic ensemble, even a small single-atom cooperativity can give rise to large collective
cooperativity and thus strong cavity blocking effect, which results in inefficient storage. The
near-impedance matched or critically coupled cavity designed here can be used for efficient
and on-chip storage of quantum optical data [19] while fast tuning of resonant frequency via
the electro-optical effect of LN [76] can be used to control the storage time of the memory.
Moreover, precision implantation of arrays of ions in crystalline micro-resonators may enable

study of ensemble effects to control loss, absorption and emission [45], [77].
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4. LONG-RANGE COOPERATIVE RESONANCES IN
RARE-EARTH ION ARRAYS INSIDE PHOTONIC
RESONATORS

Credit line - Material of this chapter is from: "Pak, D., Nandi, A., Titze, M. et al., Long-
range cooperative resonances in rare-earth ion arrays inside photonic resonators, Commun

Phys 5, 89 (2022), Springer Nature’

4.1 Introduction

Engineering interaction Hamiltonian of photons with an ensemble of atoms or defect cen-
ters in solid-state photonics is of great interest from both fundamental and applied aspects.
Recent advances in ion implantation enable deterministic engineering of multiple or arrays
of ions in the crystalline matrix [45], [78]. In the case of long one-dimensional arrays, the
ability to control collective dynamics in such mesoscopic systems can lead to suppression
of spontaneous emission and losses in the ensemble [79]. The rich physics of many-body
interactions in these systems may lead to the discovery of new interaction regimes in solids
for nonlinear quantum photonic applications such as on-chip photon-atom entanglement.
The implementation of collective interactions in solid-state photonics can also help to over-
come fundamental limitations of the current quantum communication devices stemming from
probabilistic and not-scalable entangling interactions [80].

It has been proposed that cooperative modes within emitter arrays can be harnessed to
mediate tunable, long-range interactions between other impurities coupled to the chain [81].
In the cooperative regime, the strength of absorption or emission can scale quadratically with
the atom number [82]. By tuning the inter-atomic separation, the dispersion relation can be
engineered to observe localized photonic states. There has been limited research investigating
collective interactions of light with solid-state emitters. The inhomogeneous broadening of
optical transitions in solids and the lack of ability to deterministically control emitters’

locations and ensemble geometry had so far limited realization of controllable collective
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interactions in solid-state photonics. It has been shown that emission lifetime can change
depending on the local concentrations of quantum dots and defects in diamond [83], [84].

Rare-earth ions (REIs) in crystalline solids exhibit inhomogeneous broadening as low as
10 MHz [48], [85], [86] compared to 0.1-1 THz for defects in diamonds and quantum dots. Un-
like defect centers and quantum dots, REIs are actual atoms with sub-nanometer footprints,
and thanks to their internal electronic structures, the atomic excitations are relatively insen-
sitive to the environment. These unique properties together with the telecom-band optical
transitions of some REIs are of important interest for quantum applications, in particular, in
quantum light storage [10], [20], [87], [88] and microwave-to-optical transduction [24], [25].
To date, world-record coherence time has been observed in rare-earth crystals exceeding 6
hours [18]. The weak optical transition strength in REISs, however, prevents efficient optical
pumping to a particular ground sub-level as the ground-state population lifetime is compara-
ble to the excited state decay time. For this reason, nanophotonic cavities integrated on bulk
yttrium orthosilicate (YSO) crystals have been considered to introduce Purcell enhancement
of emission to improve the preparation efficiency [26], [88], [89]. This approach has resulted
in enhancement factors of 700 [26], however, with the price of reducing the bandwidth and
number of atoms available for interactions.

Integrated solid-state photonics based on silicon or lithium niobate (LN) materials pro-
vide salable platforms as hosts for REIs. Ion implantation in photonic materials has shown
remarkably low inhomogeneous and homogeneous broadenings [3], [90], [91]. We have pre-
viously shown that it is possible to arrange REIs into an ordered array inside silicon nitride
photonic resonators [45]. Integrating REIs with nonlinear crystals such as LN has also been
demonstrated [42], [68], [69]. The LN photonic devices integrated with REIs can be promis-
ing candidates for multi-functional quantum optical devices where quantum light generation
[92], storage [10], modulation [93], and wavelength conversion [67] can all occur within the
same device.

When an ensemble of REIs inside micro-ring resonators forms an ordered array, in certain
parameter regimes, ions can cooperatively interact with light [94]. In this regime, absorption
and directional emission can increase without increasing the ion concentration. This is

important because, in the case of REIs, high concentration leads to undesirable strong ion-
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ion interactions. This induces spin diffusion and dephasing [73], lowering the coherence time
of ions. In contrast, the cooperative interaction enables strong and broadband light-atom
interactions at not-high atomic densities. Moreover, enhanced emission in this regime leads
to increased pumping efficiency that can enable efficient quantum storage of light without
affecting the memory bandwidth. The cooperative effect can also reduce the loss and increase
the storage fidelity. For example, the emergence of dark states due to the coherent spin-spin
interaction can be a promising candidate for photonic quantum memories [95]. When far
from saturation, the collective effects are expected to lead to a memory unit with minimized
transport and dephasing loss.

To deterministically create ion arrays, we use precision ion implantation. We select iso-
topically pure %Tm?" ions using a velocity selector (Wien filter) and use a focused ion
beam (FIB) to implant ions with a beam spot size of 37 nm x 36 nm. Rare-earth Tm?"
change to Tm3" after annealing. As the result, ions are localized in a segment of width
and depth of about 36 nm across the waveguide as shown in Fig. 4.4(a). The spatial and
frequency spread of ions in each segment can be described by semi-Gaussian distributions.
By repeating the implantation in multiple segments around the micro-ring, ordered arrays
(with regular segment spacing) and disordered arrays (with random segment spacing) can
be created. Although ions in each segment have different frequencies due to the inhomo-
geneous broadening, resonant excitation and resonant photoluminescence help to study the
interaction of a narrow frequency class of ions. Moreover, Tm*" are non-Kramers REIs in
the crystalline matrix with the ability to, in principle, reach long coherence times as shown
for other non-Kramers ions [18]. Also, the presence of optical transitions at both 0.8 pm
and 1.6 pm enables applications in quantum communication for both free-space and fiber
channels. Here, lithium niobate-on-insulator (LNOI) materials are chosen as the host mate-
rials for their multi-functional properties [96] and ease of nanofabrication [9], [28] compared
to other crystalline hosts. The applications of Tm-incorporated lithium niobate waveguides

for integrated optical and quantum photonics have been highlighted by recent experimental

studies [69], [97].
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4.2 Theory of collective emission from atomic arrays in micro-ring resonators

I would like to acknowledge that the following theory in sub-chapter 4.2 was developed
with the help of Prof. Hadiseh Alaeian in ECE/Physics at Purdue University.
Figure 4.1 shows the system considered to devise a model describing light-atom interac-

tions within an emitter array [98].

N

Figure 4.1. Schematic figure of a ring resonator hosting periodic arrays
of atomic segments. Material from: 'Pak, D. et al., Long-range cooperative

resonances in rare-earth ion arrays inside photonic resonators, Commun Phys
5, 89 (2022), Springer Nature’

From Fig. 4.1, 0; refers to the location of ion segments in the ring resonator, and clock-
wise (CW) and counter-clockwise (CCW) modes are considered to be degenerate with field

operators 1211(6’, t), AQ(H, t), respectively. Via Fourier decomposition these field operators can

be written in the momentum space as

o 1 00 .
Anf0,)= /0 dk G (, t)eFRY (4.1)
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where + refers to the CCW and CW modes, respectively.

Here, we write the mode in its most general form as a continuum. Considering the
periodic boundary condition, i.e. 2nkR = 2aN = kR = N, (N = 1,23, ---), cavity
resonance modes can be obtained.

To derive the ion spins and photonic modes equations of motion we use the density
matrix formalism as p = —i[]fl ,p] + D(p). Within the validity range of the rotating wave
approximation (RWA), the Hamiltonian of an N-spin array coupled to the CW and CCW

cavity modes will be given as

N
H= | dkwy(k) {al(k,t)ar(k,t) + ab(k, )aa(k, )} + w3 6(2)
0 n=1
+ gy 6 / Tk {an(k, )R 4 ay(k, t)e RO (4.2)
0

+ 902622)/0 dk{d’{<k7t)eikR0_'_a;(k?t)e—ik}w}’

A F N n
D(p) = - > (205 poly) — {ol.p})
n=1
Koon ot
+ 5(2@ pal — {alay, p}) (4.3)
Roon
+ 5 (2a2pa} — {adaz, p}),

where wq(k) is the mode dispersion, J(") is the n®" spin rising operator, g is the vacuum
Rabi coupling, and I'y and x are decay rates of the spin to non-cavity modes and cavity
decay rate, respectively. We assume the vacuum Rabi frequency gy is the same for all atoms
and we ignore vacuum-induced dipole-dipole interactions.

In the Heisenberg picture, the equations of motion for the photonic fields can be deter-
mined as
N

San(kt) = —i <w0(k:)—i;> ok t) — igo S U (1) ¢ kA0 (4.4)

m=1
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&a2(kat) = —1 (wo(k’) - 12) Ga(k,t) — igo > 65 (1) et HHom (4.5)
m=1

In equations 4.4 and 4.5, the first term describes the free evolution of the field operator and
the second term contains the effect of spin radiated photons in modifying the cavity fields.

Furthermore, the spin coherence evolves as

(4.6)
+ 1igo (6&2) — &(n))/ dk {&1(k,t)eikR9" +&2(k,t)e—ikR9n}
0

99

Here in the equation 4.6, the first term describes the free-atom evolution and the second
term describes the driven atom dynamics.
To obtain a spin model solely based on atomic degrees of freedom (DoF), we integrate

out the photonic DoF as in equations 4.4 and 4.5 to obtain

. DK N . 3 . ‘K
dl(k',t> _ dl(k’,O) e—l(wo(k:)—lf)t . 190 Z eflkRGm / dt a.{(]:}n)(t>e—1(wo(k)—1§)(t—t) (47)
m=1 0
. ke N . t . ‘K
Ga(k,t) = gk, 0) e (0®TE)E g §™ oHikROm / dt 60 (#)e (0 ®=E) =0 (48
m=1 0

The last term e_i(wo(k)_ig)(t_t) in equation 4.7 and 4.8 is the total delayed scattered field of
each spin in the chain. From equation 4.7 and 4.8, we can determine the field operators via

the inverse Fourier transform:
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AO.0) = = [ dkaa(k, e
W01 = g Jy ke
_ 1 * £t 1(kR0 wo(k)t) ~
B 27:/ dkez "8 4 (K, 0) (4.9)

oo
. dta 5 (t—1) / Ak oi((0=0m)kR—wo(R)(t—1))
\/271: Z / 0

Assume a linear mode dispersion with the phase velocity of v, we have wy(k) = *uv,k,
where + means CCW, - means CW, respectively. Unless close to the mode cutoff, a linear
dispersion is quite valid assumption.

With this assumption, the field operator is simplified to:

. e Al N oot .
A(0,t) = e 5t Al (0—%1&) — igo Z / dtotm™ (1)e 3D (vt — vyt + R(0 — 0,,))

— o5t A 0 — Upt igo Z / dta 506t — (t — M))
R o Up

= o i A (g oy - 90V2T Z o0 6, ) g X9~ ,.))
R g Up

(4.10)

Similarly, for the CW cavity field operator, we have

(6, — )0 55070 sme 1 g g )

m=1 UP

(4.11)

In equations 4.10 and 4.11, the terms e~ 2* Aﬁ”;) (GZF%’t), describe the delayed and attenuated
_x Rg_

input fields, and O(6,, — ) is the Heaviside function. Further, e 2w (6=0m) iy the spin

scattered field contributions describes the attentuation of these cavity fields, and the last

term in the form of (¢ + > (9 0m)) corresponds to the delayed contribution of each spin to

the total field.
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Using the equations 4.6-4.10 , we can now write the equation of motion for atomic

coherence as:

d.m . Lo\ .o
G810 = =i (wa-12) 600

+WOMg%mW@_%w+£W@+%mwﬂ (4.12)
27tg (n N ﬁﬁ On—0m|t ~(m R
D50 3 e Eu Tl Gl (1 — Z g, — 6,)),
Up m=1 Up

where 60" = 6 — 6%) is the spin inversion.

The first line of the equation 4.12 describes the free-atom evolution. The second line
explains the role of the input excitation in the n** atom dynamics. The third line describes
all contributions from the spins in the chain via local modification of the Rabi frequency.

In the case of one-sided excitation, i.e., AS”) = 0, with a coherent laser at frequency
wp and the momentum kg, we can rewrite the equation 4.12 in the laser frame by removing
elwol dependency. Furthermore, employing the Markovian approximation, the the delayed

polarization can be simplified as

Gt — f|e — O]) & Gl (2)elo IO =Om] (4.13)

e
P

Finally, we arrive at the simplified effective spin equation of motion as

d . Lo\ .
&age)(t) = —i ((5 - 12> Uée)(t)

+ igoV2m 6 e7 2t FyeltoRn (4.14)
27 N xnr
+ Ufo ,\ Z e 2 vp ‘en 0m|t 1k0R|0n em‘ 6.5(18 )(t) ,

where 0 = w, — wy is the detuning.
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In the Eq (4.14), the 1st line is free-atom evolution, the 2nd line is the evolution due to
the laser field, and the 3rd line means that atoms become polarized and scatter the intra-
cavity light such that the local field at m-th atom segment is modified. This can be seen
as an effective interaction between atomic segments mediated via the cavity modes. Note
that in considering the input field contributions shown in the second line of Eq (4.14), we

implicitly assumed a strong coherent field whose quantum fluctuations can be ignored.

We note that the term e*%lf»=nl is complex suggesting the total field both has a coherent
and an incoherent effect. In the limit of N = 1, the spin’s radiated field and its coupling to
the cavity modify the local field, which indeed is the Purcell factor.

Equation 4.14 can be used to determine the waveguide-mediated Green’s function. From

the most general form of the spin model we have [99]

H = HF + Z mn em)O"g;) ‘I— hC)

m,n

A Pmn n n) A
Do) = X 22000l — {olol),0})

m,n

(4.15)

Here, J,,,, = -3nlgRe(Gnn), Fg‘” = 3nly Im(G,,,), and H and D(6) describe the conserved

and dissipative dynamics, respectively. G,,, is the effective Green’s function of the system.

It is straightforward to see that the spins Heisenberg equations of motion are given by

d r
5 — (A —i-2
3700 i(A—1 5

Fkn

5 )& (4.16)

ge

)& — 1Qna - iQ, 0 Z — T, + 11—
k

Furthermore, we can also derive the equation of motion for population term (™ (t):

d
dtaég)( ) = —To6 +i9Q, a(") + 16, ”) ZSRFO mn&éz) + h.c. (4.17)
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If we compare Eq (4.17) with a driven single atom’s Bloch equation, we can define an

effective Rabi frequency as:

QI = Qg + 310 Y G (6507 (4.18)

Here, the first term(€)y) describes the incident field and the second term describes the scat-
tering from all atoms modifying the local field. Note the conceptual resemblance of the

equation 4.18 with the classical picture of dipole-dipole interaction.

By comparing the equation 4.14 with the equation 4.16, the Green’s function of the

waveguide can be determined as:

Gr(6,0) = i 2 9 elkRIO=0'| (4.19)
3 vpl'y
The bare atom-light coupling rate gy is proportional to the square root of the atom
number that is a function of position and frequency, v, is the phase velocity, R is the ring
radius, 6,,,/, is the angular location of the ion segment in the ring, k¥ = 2n/A; and A/2 is
the lattice spacing.

Using;:

sin? (M kR66)
sin? (kR40/2)

%S: cos (mkRO) = (4.20)

where 06 is the angular spacing between two segments, we see that scattering shows oscilla-
tion with a wavelength of Az /M, assuming sin?(kRd6/2) ~ 1. This is the modified field due
to the other segment scattering calculated in the arrayed case. Because we have rotational
symmetry, this modified factor is the same for all segments and for the ordered array it

leads to an oscillatory behavior. This oscillation can be observed by either changing the
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spacing between segments, e.g. Rd6, or pumping wavelength (R60 = \/2) thanks to the
inhomogeneous broadening in the system.

To delineate the single-body effect due to the cavity and the many-body effect due to the
array’s cooperative effects, let us consider the special case of " ~ 0 (i.e. the non-depleted
regime). There, we can solve the coupled spin equations in a closed-form. For simplicity we
also assume v — 0.

From the equation 4.14 we have:

d r
Aoy _ (Lo o) i)
G = (-5 - ) )
— igoV2mEetrotion (4.21)

2
_ 21y, Z <a,;7en)>eik0R|6‘n—9m\ .
UP m

The last term leads to a maximize collective effect when the scattering terms interfere
constructively which for an ordered array it means, 0,, = nfy = 2kR6y = 2nn = kqR6y = tn.

When plugged back into Eq (4.21) we get

Ay igoV 21 Ey

T I8+ To/2+ iy

(4.22)

The contribution of different phenomena is clear in the denominator of this final form.
1) The first term in (—id) represents the detuning, 2) the second term (I'g/2) describes
the decay of the spin radiations to non-cavity modes, and 3) the last term (%n) is the
additional modification of the decay due the cavity (%) plus a collective effect scaled as 7,
which is related to the effective number of collective excitations.

Considering N atoms present in the system, the population of n-excited states is given by
P, = Tr(P,p), where the density matrix p = @, (|en)(en] + |gn)(gn|) /2N, and P, = V@i,
lej) (ej] @5 1 lgm) (gm|, with o the N!/n!(N-n)! permutations of a set with n excited atoms

and (N-n) in the ground state. The number of excitation is influenced by factors such as
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spatial and spectral broadening. For large number of excitations n > N/2 the system emits
superadiantly, and for n < N/2 subradiant decay is dominant. The lifetime of the decay
linearly scales with n/N as experimentally shown in Ref. [100].

In the present case, the resonant pump excitation enables us to select a narrow frequency
class of the atoms. Considering only two atoms, for simplicity, at high pump powers the
system can be equally excited to one of the following states (|eg) % |ge))/v/2, |gg) and |ee). At
lower pump powers, population of |ee) state is negligible and population of (|eg) + |ge))/v/2
states both scale linearly with the pump power [101]. In practice, excitation of subradiant
states, i.e. (|eg) - |ge))/v/2 is harder in arrays [102]-[104] due to the complicated long-range
interactions and many-body features of the atomic ensembles and also higher sensitivity of
subradiant states to broadening in the system compared to the superradiant states. At high
atom numbers, the existence of various decay paths described by the permutation in the
b, equation creates complicated dynamics between sub- and super-radiant states that are
subject to variation of the driving field power [100].

As also described in Ref. [105] and considering the effective Rabi frequency above,
ngf N =Qy+3rlvY,, Gmn(ﬁé’:)), apart from the inversion described by the first term, the
pump-induced correlations between the atoms described by the second term also play a role
in driving superradiant states. At low pump powers, the interaction energy prevents efficient
population of subradiant states. Uniform directional pumping along the cavity axis, gives
rise to correlations that grow with duration or power of the pump light. This is evidenced
by the observation of pump-dependent decay time and lineshift in atomic ensembles (with

random spatial distribution) [105], [106].

4.3 Device fabrication and ion implantation

The micro-ring resonators are fabricated on a 600 nm thick z-cut LNOI wafer using
the same recipe described in Ref. [42]. The device pattern (bus waveguides, micro-ring
resonators) is defined on an HSQ e-beam resist film by an electron beam lithography sys-
tem with the dose of 2000 nC/cm?. Then, the 600 nm LN thin-film is half-etched using

an Ar/Cly/BCls-based recipe for waveguides and micro-ring resonators. The width of the

76



waveguide is 600 nm and the waveguide dimension is designed such that the fundamental TE
mode is still dominant while minimizing sidewall scattering loss, a significant loss channel of
the LN waveguide [28]. The ring radius used is 50 pm, and the gap between the bus waveg-
uide and the ring resonator is 430 nm, resulting in around 60% bus-ring coupling efficiency.
Also, the gap between the ring and the drop-port waveguide is 535 nm, resulting in around
10% waveguide-to-ring coupling. For precision ion implantation, the Ti/Au alignment marks
are deposited by the lift-off process. 5 nm Ti layer is deposited below the 100 nm Au align-
ment marks as an adhesive layer. At this step, the sample is implanted with Tm?* ions
from Sandia National Laboratories. Finally, for stable light coupling to the waveguide, the
remaining LN layer is fully etched with the same LN etching recipe, and the bottom Si layer
is deep-etched (~80 pm) by Bosch process for the fiber-to-chip coupling (U-grooves).

To verify the collective effects, we use two micro-rings, one hosting an ordered array (Fig.
4.2(a)) and one a disordered array of ion segments (Fig. 4.2(b)). The total number of ions
and the total number of ion segments for both ordered and disordered samples are the same.
Each ion segment has the same number of ions implanted with a fixed ion fluence. Also,
both ordered and disordered samples have the same number of ion segments (Mg = 1750).
The only difference between the two samples is the segment spacing and its regularity. In
the ordered sample, the spacing is fixed and close to A1 /2nes; while in the disordered array
the spacing between ion segments varies randomly around the micro-ring resonator.

When the spacing between each ion segment is Aj/2n.r; (=184 nm), maximum co-
operative interaction is expected. Because of the mismatch between the theoretical and
experimental values of nesr, the actual spacing between ion segments is 179.5 nm. As a
reference, we also implant a ring resonator with a disordered array (with the same number
of segments) where the spacing between ion segments was randomly varied for comparison.
We use the focused-ion beam system in the Sandia National Laboratories with a minimum
spot size as small as 10nm for implantation. In our case of Tm?* implantation, the mass
spectrometry was first carried out using an AuSiTm source before the implantation to select
a specific isotope and ion using a combination of electric and magnetic fields (Fig. 4.3). The
Tm?*t ions were implanted into rectangular segments of width 37 nm using the energy and

fluence of 200 keV and 1 x 10 ions/cm?, respectively. The obtained ion segments are much
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Figure 4.2. (a) schematic diagram of a ring resonator implanted with peri-
odic ion segments. Each ion segment is separated by close to Ar/2nqss. Each
ion segment is defined by a 35nm x 600nm rectangular implantation mask;
(b) schematic of a ring resonator implanted with disordered ion segments for
comparison. In both cases, the ions are randomly implanted within each seg-
ment. Material from: ’Pak, D. et al., Long-range cooperative resonances in
rare-earth ion arrays inside photonic resonators, Commun Phys 5, 89 (2022),
Springer Nature’.

smaller than the optical wavelength (~0.8 pm), enabling a point-like approximation of each
segment of ions. After the implantation process, post-implantation annealing is performed
at 500°C for 8 hours under a Nitrogen atmosphere to repair crystal damage caused by the
implantation. After the annealing procedure, Tm ions bond with the crystalline matrix and
they change such that only Tm?®* ions with the optical transition of interest can create stable

bonds.

4.4 LN Photonic micro-ring resonators integrated with Tm3*

Figure 4.4(a) shows the schematic figure of the fabricated micro-ring resonator with the
Tm3" arrays. Each ion segment is a rectangular box within which about Ny = 2.2 x 10%
ions are randomly implanted. A collection of My = 1750 segments create an array with fixed
segment spacing (ordered array) or random spacing (disordered array). To couple light into

the micro-ring cavity via the bus waveguide, the LN layer was fully etched on the edges of
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Figure 4.3. An AuSiTm mass spectrum, showing a clear signal from the
implanted Tm?* ions. Material from: 'Pak, D. et al., Long-range cooperative

resonances in rare-earth ion arrays inside photonic resonators, Commun Phys
5, 89 (2022), Springer Nature’.

the wafer to allow fiber-to-chip coupling. An additional input waveguide port (drop-port)
designed on the other side of the micro-ring enables coupling of light to the micro-ring from
the opposite side.

After the ions are excited using a pump injected from the drop-port, the scattered light
in the clockwise and counter-clockwise directions inside the micro-ring can interfere to create
a standing wave [107]. When the array is regularly spaced with spacing close to Ar/2nesy,
where nepp (= 2.159) is the effective refractive index of the cavity mode (in this case TE
mode) and Ay, is the wavelength where the light is commensurate with the atomic lattice,
ions can experience the electric field from the other ions in the array with the same phase. In
the commensurate lattice (CL) condition, the peak intensity of the standing wave perfectly
coincides with the location of the ions in the arrays. Ideally, in this case, all the ions can

coherently and cooperatively emit light even though the extent of the array is much larger
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Figure 4.4. (a) Schematics of an LN micro-ring resonator incorporated with
Tm3" ion arrays engineered to have spacing close to A;/2ness. The top-right
inset is an optical microscope image showing the fabricated LN micro-ring res-
onator with Au alignment marks used for implantation; (b) Comsol simulation
showing the fundamental TE mode confinement in the half-etched LN waveg-
uide with the implanted Tm?®" ions. The width of the waveguide is 600 nm;
(¢) SRIM-software simulation showing the distribution of the implanted Tm
ions in the LN layer. When implanted with 200 keV energy, the peak ion
distribution lies around 51 nm below the top LN surface with a Gaussian
distribution width of around 16 nm. The peak of the ion distribution corre-
sponds to 0.1% ion concentration; (d) Mean atom-atom coupling rate (C,) of
an ordered array normalized to that of a disordered array. AM\;, represents
the width of the inhomogenous broadening of ions. Material from: "Pak, D. et
al., Long-range cooperative resonances in rare-earth ion arrays inside photonic
resonators, Commun Phys 5, 89 (2022), Springer Nature’

than the light’s wavelength (~ 0.8pm). Figure 4.4(b) shows the finite-element calculation of
the E-field in the cross-section of the micro-ring. The etched sidewall angle of LN thin-film
is 55° and the fundamental TE mode is well confined inside the partially-etched waveguide.
As it is confirmed by the SRIM simulation (Figure 4.4(c)), the peak of ion concentration is
around 51 nm below the top LN surface with a Gaussian distribution width of around 16 nm.
Figure. 4.5 describes the electric field distribution in the LN waveguide. When taking into
account the Gaussian distribution width (~16 nm), the E-field amplitude at the position of

Elions) 34 0.437 4+ 0.07.

Emaac ’
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Figure 4.5. Normalized E-field distribution in the LN waveguide. Material
from: ’Pak, D. et al., Long-range cooperative resonances in rare-earth ion ar-
rays inside photonic resonators, Commun Phys 5, 89 (2022), Springer Nature’.

To see how the cooperative coupling changes with the lattice spacing, we define a mean

atom-atom coupling (See 4.2) as

C, = \/ / / N2(0, ) sin? (kR6)dfdw (4.23)

where N (0,w) describes the angular distribution of atoms and inhomogeneous broadening
of transition frequencies both described by Gaussian distributions, and R is the ring radius.
Fig. 4.4(d) shows the calculated value of C, normalized to that of a disordered array. The
enhanced atom-atom coupling is seen for ordered arrays in both the commensurate (d =
AL/2nesf) and the incommensurate (d # Ar/2ners) conditions. The effect of inhomogeneous
broadening of width A\;, can be seen as broadening of C, envelope. In our case, the periodic

ion array is not exactly commensurate with the optical wavelength.
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4.5 Cavity-induced Purcell enhancement of Tm at cryogenic temperatures

After the fabrication and implantation processes, we characterize the optical properties
of the micro-ring and ions. We first measure the effect of micro-ring enhancing emission
from the ions. The quality factor (Q) of the micro-ring resonator was measured to be about
2.2 x 10* at 796.85 nm, as shown in Figure 4.7(a). To measure the photoluminescence (PL)
lifetime of Tm?" ions in the micro-ring resonator, a pump light around 795 nm was pulsed
(2 ms) and injected into the micro-ring from the drop-port. The second AOM is used to

further reduce the noise from the pump.

LiNbO,
Tm?*
) —1
lensed o
fiber 1 |
Pump to SPD

AOM
I_l_|_

2ms

Ti:Sapph
AOM (700-1000 nm)

Figure 4.6. (a) Schematic diagram of the experimental setup to measure the
PL lifetime of Tm ions.

Because of the geometry of the designed drop-port, most of the pump light exiting the
micro-ring is guided to one side of the bus waveguide. By positioning a lensed fiber on the
other side of the waveguide, we can effectively screen the pump light while measuring the
PL signal from Tm?" ions. The emitted PL signal is then detected using a single-photon

detector (Fig. 4.6).
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Figure 4.7. (a) The transmission signal at 796.85 nm showing the micro-
ring cavity resonance and the corresponding Lorentzian fit (with asymmetry
described by a linear parameter) with a loaded quality factor of 2.2 x 10%.
(b) Two PL decay curves of Tm>" ions measured at room temperature (red)
and 4K (blue) from the LN micro-ring resonator of the disordered array, both
pumped at 795nm, are shown. The fitted lifetime of RT and 4 K PL curves
are 226.3 ps and 177.7 ps, respectively. The inset shows PL lifetime at both
RT (red) and 4 K (blue) as a function of the resonant pump wavelength. Error
bars defined here represent 95% confidence interval. Material from: "Pak, D. et
al., Long-range cooperative resonances in rare-earth ion arrays inside photonic
resonators, Commun Phys 5, 89 (2022), Springer Nature’

To study the effect of the cavity on light emission, a micro-ring with randomly spaced
ion segments (with no periodic array structure) is used for PL measurement at both room
temperature (RT) and 4 K. The temperature dependency of PL decay in presence of mul-
tidimensional decay processes [29], [30] provides means to measure the Purcell factor of ion
emission by comparing decay rates at cryogenic and room temperatures in the same device.
For rare-earth ions at room temperature, the ions’ homogeneous linewidth is much greater
than the cavity linewidth that suppresses the Purcell effect [30], [32]. At cryogenic tempera-
tures, the homogeneous linewidth or the dephasing rate is expected to significantly decrease
and be narrower than the cavity decay rate, where the Purcell factor can be fully recovered
(for more detailed explanation about the temperature-dependent Purcell effect, please refer
to the section where the Purcell effect is explained in detail (Eqn. 1.4)). Figure 4.7(b) shows

the normalized PL intensity of Tm3* ions pumped on the cavity resonance near the atomic
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transition (Apump = 794.5 nm) for both RT and 4 K. The lifetime of Tm?*" ions at 4 K is
reduced compared to the PL lifetime at the elevated temperatures. The inset of Fig. 4.7(b)
shows the PL lifetime as a function of the pump wavelength for both RT and 4 K. The data
confirm the lifetime shortening at 4K compared to RT emission. We attribute this lifetime
shortening at 4K to the Purcell enhancement provided by the micro-ring. Theoretically, the
maximum Purcell factor can be calculated by the equation 4.24, taking into the account the

spatial overlap of the ions’ position.

:i A, @ |E(Tm) )2
42 Nefy Vmode E(peak;)

(4.24)

p

_ Javem)E@)?

E(Tm)
where V000 = maz(e(r)| E(r)]2)

» E(peak)

is the mode volume of the ring resonator is the relative

amplitude of the E-field at the ions’ location. Here, the mode volume is ~64.9um?® and

E(Tm)
E(peak)

is ~0.437, calculated using COMSOL. Considering our parameters, the theoretical
maximum Purcell factor (assuming a branching ratio of unity) becomes about 0.25.

Also, the experimental Purcell factor is calculated by 7rr/74x-1 =~ 0.27 £ 0.1. The
theoretical maximum Purcell factor is very close to the measured value. In the case of
Tm ions in a LN crystal, the branching ratio of Tm ions for *H, - 3Hyg transition is 0.73
(Fig. 4.8) [108], [109]. In our care, because we use isotopically pure Tm ions, the transition
probability for relaxation to *Hg in LiNbO3 can be even higher. For this reason, we use the
maximum theoretical Purcell factor (assuming a branching ratio of unity) for comparison to
the experimental results.

Based on our previous studies [50], we expect a negligible non-radiative decay at room
temperatures. In the case of REIs doped in crystalline hosts such as LN, the nonradiative
decay by the phonon decay processes is the dominant nonradiatve decay mechanism [110],
[111]. Based on the recent study also performed in a Tm:LNOI sample [69], the nonradiative
decay of Tm ions in LNOI waveguide is negligible compared to the bulk LN sample. Given
that the measured PL lifetime in our implanted sample (at both room temperature and
4K) is longer than the Tm-doped LNOI [69], [108], we conclude that nonradiative decay is

negligible in our system. Otherwise, the experimental Purcell enhancement factor obtained
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Figure 4.8. A schematic figure of the simplified Tm3" transition in LN.
Material from: ’Pak, D. et al., Long-range cooperative resonances in rare-earth
ion arrays inside photonic resonators, Commun Phys 5, 89 (2022), Springer
Nature’

above is an underestimation. The Purcell enhancement is a single-body effect provided by
the mode confinement in the cavity. Below we discuss the results of cooperative emission as
a collective effect resulting in an additional enhancement of light emission from an ordered

ion array.

4.6 Array-induced enhanced light scattering

To verify the effect of the array on emission, we fabricated two identical micro-ring
resonators with an identical number of ion segments. In one case, ion segments were randomly
distributed along the micro-ring (also used for data in Figure 4.7), while the other micro-ring

hosts an ordered ion array (with loaded Q= 1.8 x 10%).
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In order to measure the scattering/reflection signals from the ions in the ring resonator,
the light around 790 nm is continuously pumped from the Ti:Sapphire laser (M Squared
SolsTis) with the power of 7.5W. The pump laser is then divided into 2 light paths by a
beam sampler (BS) with a ratio of 9 to 1. The main pump path which contains most of the
power (90%), denoted as P1, is then connected to a fiber coupler. The lensed fiber is then
connected to the drop-port of the ring-resonator. As described in the main text, because
of the designed geometry, most of the input light after coupling to the ring is guided to
one direction of the bus waveguide. By placing a lensed fiber on the other side of the bus
waveguide, we can measure the scattering/reflection signal effectively. The output signal is
then connected to a Femto-watt detector (For PL measurement, the output is connected to
a single photon detector), and the output signal is normalized by the other input path (10%
power), denoted as P2. The schematic diagram of the measurement setup is plotted in Fig.

4.9.

4K LiNbO,
Tm3*
Ti:Sapph Pump BS P1
(700-1000 nm) \ lensed )
po fiber |
\ 4 Femto-

' Detector

Detector|l—>» [OSC| < ‘

Figure 4.9. A schematic figure of the measurement setup for the scatter-
ing/reflection experiments. Material from: "Pak, D. et al., Long-range cooper-
ative resonances in rare-earth ion arrays inside photonic resonators, Commun
Phys 5, 89 (2022), Springer Nature’.

Figure 4.10(a) shows the resulting normalized scattering signals for both the periodic

array and the randomly distributed ensemble. On the atomic resonance condition, the
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periodic array shows about 60% more scattering compared to the disordered array. The
scattering spectrum from the disordered array matches the absorption spectrum of Tm ions
in LN waveguides [69], [97] with splitting due to 5Li and “Li. The ordered array, however,

shows peculiar oscillations originating from two distinct processes, as explained below.
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Figure 4.10. (a) Normalized scattering data for the ordered ion arrays (blue)
and disordered (randomly distributed) arrays (yellow) as a function of reso-
nant pump wavelength. The scattering from the array near the atomic res-
onance (~795 nm) shows an enhancement of about 60% for the ordered ar-
ray compared to the disordered one. The gray curve shows the calculated
Bragg resonance that results from the ion implantation process (see text); (b)
A zoomed-in scattering data near-atomic resonance shows modulation of the
scattering signal with a period of A/M;, where My = 1750 is the number of ion
segments in the array. The periodic oscillation is in agreement with the model
of sinusoidal oscillation (solid line) with a double-peak Gaussian envelope of
center and width corresponding to that of the disordered array (total width)
data in Fig. 3(a). The shaded regions indicate the predicted cavity resonances
based on measurement of the cavity spectrum obtained from a different ex-
periment run while taking into the account the uncertainty due to the drift
in the cavity resonances. The dashed lines in both plots are guide to the eye.
Material from: ’Pak, D. et al., Long-range cooperative resonances in rare-earth
ion arrays inside photonic resonators, Commun Phys 5, 89 (2022), Springer
Nature’

Below 785 nm the signal and its oscillation are dominated by the Bragg scattering induced
by the implantation process. Regardless of the ion’s optical transition, the process of ion
implantation can damage the crystalline matrix inducing a slight change in the refractive

index. Some of these damages can be recovered by the annealing process. But as high-
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temperature annealing is not an option (due to different thermal expansion coefficients of
LNOI layers) [75], a non-negligible index change near the implantation regions may remain.
The modulation of the refractive index caused by the periodic implantation of ions can then
manifest itself as Bragg-induced back-reflection of the pump light. This is why the reflection
signal (originated from the ring) spans beyond the Tm emission band. We expect the signals
from both Bragg and superradiance to show the same periodicity. As the result, the signals
add up in the wavelength region of 785-790nm while around 775nm and 795nm the Bragg and
superradiance effects can primarily be observed, respectively. We note that in Fig. 4.10(a),
the fast oscillation with the periodicity of \;/Mj is not observed due to the low sampling of
the pump wavelength.

Between 790-797 nm, which is the absorption window of Tm?3* ions, the effect of Bragg
back-scattering is negligible compared to the collective scattering from the array. By fine
scanning the pump wavelength near-atomic resonance (see Figure 4.10.(b)), the scattered
light intensity shows clear oscillations with a periodicity of \; /M, where M; is the number
of ion segments. The oscillation of the scattering signal is one signature of the coopera-
tive resonance [94] from the ion array. The theory used to model the oscillation in Fig.
4.10(b) is given by a modulated double-Gaussian profile centered around Tm transitions
(A2) described by (Ae~(A—21)*/RAN,) 4 Be=(A-22)%/(AN,)) gin? (32 M\ + o), where Az /2 is
the lattice spacing, A\, is the width of the inhomogeneous broadening of ions extracted
from Fig. 4.10(a) and A, B and 6, are free parameters.

As the free-spectral range of the cavity is about 0.8nm, the majority of points measured
in Fig. 4.10 were obtained where the pump was off the cavity resonances (shaded regions in
Fig. 4.10(b)). The drop-port coupling is only ~5% and the effect of the cavity resonances
is expected to be small compared to the size of the oscillations observed in Fig. 4.10.

To verify that the near-resonance scattering signal is originated from the cooperative ef-
fect of ions, we also measure the emission lifetime of Tm ions for both ordered and disordered
arrays at 4K (Figure 4.11(a) and (b)). Compared with the disordered array that does not
exhibit a noticeable change in the lifetime near the Tm optical transitions, the ordered array
shows reduced lifetime at 3H; —3Hg transitions (with splitting from ®Li centered around

793.5 nm and 794.5 nm). The maximum lifetime change is 75/7 ~ 1.25, which is expected
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to scale linearly with effective number of excitations, contributing to the cooperative emis-
sion. The data in Fig. 4.11(b) also show a minor trend as a function of pump wavelength.
Near the cavity resonances shown as shaded regions, the enhanced Purcell factor is expected,
which explains the lifetime reduction near 793.5 nm and 795 nm. It can be seen that near
the atomic resonant frequencies, i.e. 794.5nm and 793.5nm, the lifetime is slightly higher.
This can be explained by light re-absorption or radiation trapping [112] also observed in our
previous studies [45], [50].

We observe that the quality of the LN sample degrades over time whose effect is to reduce
the efficiency of fiber-to-chip coupling. This results in lowering the signal-to-noise ratio for
some data points taken later (Fig. 4.11(a)) compared to earlier data (Fig. 4.11(b)). We
believe this is because of the undercutting (etching) of the bus waveguide edge near the
U-grooves (Fig. 4.12) that breaks up over time after few thermal cycling processes.

Figure 4.11(c) shows the result of decay time measurement as a function of pump power.
As the pump power changes the fraction of ions excited, the lifetime linearly changes with
the pump power below the saturation regime [105]. We discuss these results in more detail

below.

4.7 Discussion

When emitters are confined to a region much smaller than the wavelength, directional
and enhanced emission is expected that is accompanied by the lifetime modification [113].
Apart from the high atomic densities, low coherence time and small inhomogeneous broad-
ening are required to reach this superradiance regime. In this regime, coherent emission can
occur where atoms collectively emit photons with the same phase. As a result, the sponta-
neous emission rate is modified by the collective enhancement factor, i, which linearly scales
with the number of collective excitations. Moreover, the total photon number directionally
emitted in the detection is expected to scale quadratically with the number of collective
excitations. This is accompanied by a reduction in the free-space scattering.

In the case of rare-earth ions, high-density implantation gives rise to increased decoher-

ence due to the dipole-dipole dephasing that suppresses the superradiant scattering from
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local ensembles. Instead, an array of local ensembles commensurate with the oscillation of
the intra-cavity E-field collectively behaves as a high-density ensemble enabling observation
of superradiance in the extended ensemble, or “long-range superradiance”. Due to the dis-
tribution of ion frequencies (i.e. inhomogeneous broadening), more ions are at the center

of the absorption/emission spectrum. Therefore, at the center of the atomic resonance the

Figure 4.11. (a) PL lifetimes of the Tm*" ions as a function of wavelength
in the periodic array, indicating the lifetime shortening near the atomic res-
onance as a result of cooperative resonances. The solid curve is a fit using a
double-Lorentzian function with center wavelengths and widths matching that
of scattering profile from the disordered array (Fig. 4.10(a)). The inset shows
two PL decay curves of the Tm3" ions: one away from the atomic resonance
(red), the other close with the resonance (blue); (b) PL lifetimes of the Tm?3"
ions as a function of wavelength in the sample with disordered ion array, show-
ing the lifetime is mainly unchanged near the atomic resonance; We note that
the slight difference in quality factors of rings used in (a) and (b) causes small
differences in Purcell-enhanced emission in the two cases and therefore the
off-resonant lifetimes are not exactly the same. The shaded regions indicate
the predicted cavity resonances based on measurement of the cavity spectrum
obtained from a different experiment run while taking into the account the
uncertainly due to the drift in the cavity resonances; (c¢) PL lifetimes of the
Tm?3* ions as a function of input resonant pump power in the periodic array
at a fixed wavelength of 794.4 nm. The lifetime linearly changes with the
pump power that is a proxy for ion numbers in the array. Above some critical
power, the lifetime remains unchanged as the pump saturates the ions. The
y-intercept of the linear fit is ~224 ps. The lifetime data in Fig. 4(a) and (b)
are taken with the pump power in the saturation region of Fig. 4(c). Error
bars defined here represent 95% confidence interval. Material from: "Pak, D. et
al., Long-range cooperative resonances in rare-earth ion arrays inside photonic
resonators, Commun Phys 5, 89 (2022), Springer Nature’

highest collective effect is expected.
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U-groove

LN waveguide

Figure 4.12. Optical microscope image showing an LN waveguide and a
U-groove. Because of the non-ideal alignment between U-grooves and waveg-
uides, the LN waveguide is sticking out to the U-groove side by ~ 5um. This
part breaks up during the thermal cycling process, causing the drop in the
fiber-to-chip coupling efficiency over time. Material from: 'Pak, D. et al.,
Long-range cooperative resonances in rare-earth ion arrays inside photonic
resonators, Commun Phys 5, 89 (2022), Springer Nature’

The lifetime shortening can occur due to both the cavity confinement and the collective
effect. When the pump is off-resonant from the cavity resonance but still within the ions’
absorption spectrum, the pump can still be coupled to the cavity and the lifetime shortening
due to the collective effect can be observed. When the pump is on both atomic and cavity
resonances, both cavity and collective effects contribute to the lifetime shortening. In the
absence of the cavity, the interaction drops as 1/d?, for d being the atom spacing, while the
micro-ring cavity leads to a semi-infinite-range (all-to-all) interactions between the emitters.
This happens because all emitters efficiently couple to the same mode in a specific direction
rather than a coupling via a free-space photon randomly emitted in all directions.

In the presence of the inhomogeneous broadening, mesoscopic cooperative decay of the
symmetric and time-Dicke states [102], [113], [L14] can be observed as a simultaneous pres-

ence of sub and superradiant modes when all atoms are excited [115]. In our experiment,
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the signal-to-noise ratio is not high enough to confirm the slow decay signature of subradiant
states after the initial fast decay. Also in arrays, excitation of subradiant states can be harder
than the superradiant ones [102]-[104] due to the complicated long-range interactions and
many-body features of the atomic ensembles. Both inversion and pump-induced correlations
between the atoms play a role in driving superradiant states [105]. At low pump powers,
the interaction energy prevents efficient population of subradiant states. Uniform directional
pumping along the cavity axis, gives rise to correlations that increase with duration or power
of the pump light. Below saturation, we therefore take the pump power to be a proxy for 7.
In Figure 4.11(c) we vary the pump power and measure the decay time. The results show
that below saturation, the emission lifetime linearly decreases with the pump power. The
data provide early evidence of cooperative effects of arrays in solids and further investigation
is needed to understand the complicated decay dynamics and the transition from sub- to
super-radiance regime.

To theoretically describe the collective effects inside the cavity, we use the effective spin
model [98] and write an effective Rabi frequency for the n'* ion segment in the array as
Q, = Qén) + 3100 Xt GWL(&ée )Y, where Qé”) is the Rabi frequency of the pump in the
cavity at the ion segment n, 6521) is coherence between ground and excited states of atomic
segment m, Gy, is the Green’s function of the m** ion at n* ion location, and I'y is the ion
natural decay rate. The second term describes the scattering from all other segments that
modify the local field of the n'"* segment, leading to an effective dipole-dipole interaction.
The Green’s function of the ring can be determined as G, = i 2 cj—l‘io exp(ikR|0, — On]),
where gy is the single-atom vacuum Rabi frequency, ¢, is the mode phase velocity, R is the
ring radius, and #; is the angular position of ion segment i. This clearly shows the role of the
ring in creating an all-to-all infinite-range spin interactions (See 4.2 for a detailed discussion).

In the limit of the non-depleted ion, i.e. g, =~ 0, we can determine the steady-state
coherence of the order-array equations of motion to arrive at (o,,) = —igoV2mE,/(—id +
Toy/2 + %n). Here, k is the cavity decay rate and the last term in the denominator is

the effective coupling rate enhanced by 7, the collective enhancement factor. The ratio of

the scattering rate into the cavity mode compared to free space can then be calculated as
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Yo/ =1+ ?F‘(’En, having the signatures of both cavity-enhanced emission via a Purcell effect
and the cooperative array effect.

Comparing the lifetimes of the Purcell-enhanced disordered array (Fig. 4.7(b)) and
array-enhanced emission (Fig. 4.11(a)), we can estimate an experimental value for the
effective number of collective enhancement factor n ~ 1.8. In absence of imperfections such
as inhomogeneous broadening, the enhancement factor is equal to the number of collective
excitations. In our case, the enhancement factor quantifies the average effect of cooperative
emission. The measured value of > 1 suggests that at least two ions cooperatively emit. To
identify the exact number of ions collectively emitting into the detection mode, one needs to
measure lifetime for varying implantation density or segment number and perform numerical
calculation in a multi-dimensional space [83]. The result can be improved by operating in
the commensurate condition and enhancing the atom number and coherence time by, for
example, novel multi-step implantation and annealing techniques [116] and further operating
at lower temperatures and higher magnetic fields [97]. Considering an enhancement of the
coherence time at lower temperatures and higher magnetic fields by two orders of magnitude
(as evidenced in Ref. [97]) and increasing the cavity @ to about one million (experimentally
within reach [28], [42], [67], [68]), a substantial increase in cooperative effects can be observed

where 17 > 100 can be realized.

4.8 Conclusion

To the best of our knowledge, this is the first time the long-range cooperative resonance
has been achieved in any solid-state photonic platform. The enhanced directional emission
can reduce the noise (spontaneous free-space decay) when the system is used for quantum
light storage. Moreover, the collective optical-density increase due to all-to-all infinite-range
coupling leads to enhanced absorption albeit with low densities avoiding density-associated
dephasing. Despite the large inhomogeneous broadening of ions in solids compared to the
laser trapped atomic arrays [117], [118], the deterministic ion localization, and significantly
larger ion numbers and array lengths make it easier to study many-body and cooperative

phenomena. Ideally, in the regime of strong atom-atom interactions dark states [95], [119],
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[120] and blockade effects [121] may emerge leading to a peculiar regime of light-atom inter-

actions on-chip.
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5. SUMMARY AND FUTURE WORK

5.1 Summary

In summary, this dissertation explores 1) the fabrication process of long waveguides and
ring resonators in thin-film SiN, LN and 2) optical characterizations of Yb3* ions at room and
cryogenic temperatures in the micro SiN and LN structures, and 3) cooperative resonances
of Tm3* ion arrays inside LN micro-ring resonators.

In chapter 2, the fabrication process of the long waveguide and ring resonator in SiN,
showing the vertical sidewall angle, is introduced. Yb3* ions are implanted into the SiN
waveguides and then, the lifetimes of Yb?* ions in the waveguide and the resonator were
independently measured at 4K. The lifetime in the ring resonator is slightly reduced by the
cavity. However, because of the low Q-factor of the resonator, the Purcell effect was not ob-
vious. Also, impedance-matched condition modified by atoms is also studied by probing the
cavity intrinsic quality factor and relative contrast of the cavity as a function of wavelength.

In chapter 3, the fabrication techniques to fully etch thin-film LN waveguides using ICP-
RIE are investigated. Because LN is a hard-to-etch material and easily re-deposited onto the
surface, the optimized etching recipe is highly required. I have successfully etched LN and
achieved clean and smooth LN waveguides. Similarly, Yb3" ions are implanted into the LN
waveguides and the loaded quality factor reaches about 2 x 10° and the corresponding intrin-
sic quality factor reaches about 2 x 10° after annealing. The photoluminescence spectrum
of Yb3T ions is measured and Purcell enhancement of the PL decay of Yb3" ions are ob-
served when resonantly pumped, which implies the cavity increased light-atom interactions.
Furthermore, more PL counts were detected when the pump is resonant with the cavity be-
cause of increased intra-cavity pump power on resonance. Finally, atomic absorption effects
probed by the cavity intrinsic quality factor and relative contrast of the cavity as a function
of wavelength are observed. I study the condition of impedance-matched cavities and the
role of atoms in designing impedance-matched cavities.

In chapter 4, I partially etched LN thin-film and implanted Yb3* ions with a fixed spacing
close to A\r/2ness to form periodic ion arrays. For comparison, I fabricated 2 rings with

the exact same parameter: one for periodic arrays and the other for randomly distributed
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segments. The cavity-induced Purcell enhancement is observed when the PL decay of Tm?*
ions are measured in the randomly distributed sample. I also observed that the scattering
signal from periodic arrays is oscillating with a periodicity of Ay /M. We believe this is
one sign of the cooperative resonance from ion arrays. Furthermore, the PL decay of Tm3*
ions showed further enhancement near the atomic resonance in periodic arrays driven by the

cooperative array effect, giving the signatures of both Purcell effect and cooperative effect.

5.2 Future Work

One of the future works includes improving the quality factor of the LN ring resonator.
In chapter 3, we reported the Q factor of 2 x 105 at 0.9um, and in chapter 4, we reported the
Q factor of 2 x 10* at 0.8um. The quality factor of LN micro-ring resonators in chapter 3
was one order of magnitude higher than that of chapter 4. This is because the LN waveguide
in chapter 3 was optimized for 1.5um. Since one of the significant loss channels in the LN
waveguide is the sidewall scattering [28], having the wider waveguide width gave the higher
Q at the expense of having the multimode in the waveguide.

Also, we observed that the LN ring resonators etched with both physical and chemical
etch (the recipe we used - BCl3, Cl,, Ar) showed about two orders of magnitude smaller qual-
ity factor (~10%) [71] than that of the LN resonators etched only with physical sputtering
(Ar) (~105) measured at a similar wavelength (1.5um) [28], [68]. As the loss mostly comes
from lattice reconstructions at the edge of the etched sidewall of the waveguide and the
etching process damages the lattice structure [39], I believe the isotropic nature of chemical
etching increases the roughness of the sidewall of the waveguides, resulting in lower quality
factors. Therefore, the optimized LN etching recipe only utilizing the physical Ar sputtering

can be developed to further increase the quality factor of LN ring resonators.

In the near future, some of the promising research directions based on the results of the
Dissertation can be
1) To develop on-chip quantum memories using ion ensembles embedded in photonic

devices in the weak coupling regime. One approach to accomplish this application is to
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utilize on-chip electrodes to control the light storage process by applying stark shift to the
ions. LN is known for having electro-optical properties [7] and REIs have dipoles, therefore
applying electric field can introduce Stark shift to the ions [76]. To control light-atom
coupling, frequency tuning of ions to the cavity resonance can be utilized [122]. In our case,
by linearly changing the gap of the electrodes, making a gradient of the electric field to
control the storage process becomes possible. The Fig. 5.1 shows the fabricated waveguides

and Au electrodes to apply voltage. The Au electrodes are deposited using the lift-off process.

I R—

Figure 5.1. The optical microscope image showing the fabricated LN waveg-
uide and Au electrodes for the stark shift experiment

2) To develop on-chip quantum transducers using IDTs (Inter-Digital Transducers) with
rare-earth ions on bulk LN wafers. Recently, Yb3* ions have exhibited both microwave and
optical coherence [24], which shows the possibility of future applications for microwave to

optical transduction

—

25]. The transduction of microwave to optical signals at cryogenic
temperatures is critical for future superconducting quantum computers [26], [123]. Lithium
niobate is chosen for this application because LN is known for having piezoelectric properties

[7] and LN has been widely used as a host platform for various REIs [42], [68], [69].
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In one approach, utliizing on-chip IDTs to control the rare-earth ions has been proposed.
By utilizing IDTs and applying a voltage, surface acoustic waves (SAWs) can be created on
the surface. When SAWs are present on the chip, we expect only the atoms whose velocity is
matching with that of SAWs can stay, and all the other ions whose velocity is not matching
with that of SAWs move away from the surface. Therefore, SAWs can be used as an atomic
filter and, as a result, can reduce the linewidth of the atoms. As a first step, I fabricated
IDTs on the bulk LN wafer. The Fig. 5.2 shows the fabricated IDTs. Similarly, the Au layer
is deposited using the lift-off process.

(b)

Figure 5.2. (a) Fabricated IDTs on a 4-inch bulk LN wafer; (b) Optical
microscope image of the fabricated IDT through the lift-off process
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