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Abstract

Keywords: optical antenna, photonic waveguide, quantum dots

Integrated quantum photonic circuits requires an efficient coupling of photon
source to photonic waveguide. In this work, we established directional QD cou-
pling to planar waveguide assisted by Yagi-Uda antenna. We build a theoretical
model of single dipole coupled to TiO, waveguide to analyze different coupling
modes and obtain the decay rate and coupling efficiency as a function of waveg-
uide thickness. We start from the coupling of QD emission to Yagi-Uda antenna
on glass substrate (without waveguide). We use numerical simulation to optimize
the resonance and directivity of antenna design. We fabricate the antenna and
develop a method to accurately deposit a few QDs close to the Yagi-Uda antenna.
The optical characterization shows clear signal of directional scattering originat-
ing from antenna effect. We also investigate the lifetime and photon antibunching
effect of the QD emission.

Finally we fully integrate QDs and antenna to TiO, planar waveguide. In the
optical characterization, we observe QD emission coupled to a propagating TE
mode of the planar waveguide and also leakage emission into the substrate via
TM mode. The light scattering at the edge of the waveguide reveals directional
coupling in the polarization parallel to the antenna axis, but we also observe
parasitic emission in the perpendicular direction. We attribute the perpendicular
emission to the misplacement of QD. In order to obtain better coupling, we need
to improve the deposition method which will be done in our future work.

Resumé

Mots de clé: antenne optique, guide d’onde photonique, boite quantiques

Les circuits photoniques quantiques intégrés requierent un couplage efficace
d’une source de photons au guide d’onde photonique. Dans ce travail, nous avons
établi un couplage QD directionnel a un guide d’onde planaire assisté par une an-
tenne Yagi-Uda. Nous partons du couplage de 1’émission QD a I’antenne Yagi-Uda
sur substrat de verre (sans guide). Nous réalisons des simulations numériques pour
optimiser la résonance et la directivité de I’antenne. Nous fabriquons I’antenne et
développons une méthode pour déposer avec précision quelques QDs a proximité
de I'antenne Yagi-Uda. La caractérisation optique montre un signal clair de dif-
fusion directionnelle provenant de l'effet d’antenne. Nous étudions également la
durée de vie et 'effet anti-groupement de photons des QDs.

Enfin, nous intégrons les QDs et I'antenne au guide d’onde planaire TiOs.
Dans la caractérisation optique, nous observons principalement que 1’émission des
QDs se couple a un mode guidé TE mais aussi une émission dans le substrat
via un mode a fuite TM. La diffusion de la lumiere au bord du guide d’onde
montre un couplage directionnel dans la polarisation parallele a 1’axe d’antenne,
mais on observe également un couplage parasite dans la direction perpendiculaire.
La raison la plus probable de ce modele est le mauvais placement de QD. Afin
d’obtenir un meilleur couplage, nous devons améliorer la méthode de dépot qui
sera effectuée dans nos travaux futurs.
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Overview

The convergence of nanophotonics and quantum technology is based on efficient
coupling between photon source and photonic circuits. In this thesis, we investi-
gated the unidirectional coupling of QD emission to TiOy waveguide assisted by
Yagi-Uda antenna. We built analytical formalism and numerical model to optimize
the resonance of the Yagi-Uda antenna and the directivity of the coupling.

In Chapter I, we review advances in integrated quantum technologies, espe-
cially the development of integrated photonic circuits and integrated single photon
emitters. Then we introduce the coupling between the integrated photon source
and the integrated photonic/plasmonic waveguide and the development of optical
Yagi-Uda antenna. All of these works above inspire our idea of combining inte-
grated photon source and the unidirectional scattering of the Yagi-Uda antenna.

In Chapter II, we discuss the optical photon sources integrated on the photonic
chip. We present dipolar emission coupling to a planar waveguide. This simple
configuration permits a simple understanding of the coupling process and key pa-
rameters. This also constitutes a benchmark before considering antenna-mediated
coupling configuration.

In Chapter III, we investigate nano-optical Yagi-Uda antenna excited by QD.
We first present simple recipes to optimize the Yagi-Uda antenna in free space,
taking benefit of the recent literature. We adapt this rule to glass supported Yagi-
Uda antenna. Finally, we experimentally investigate QD coupling to the antenna.

The Yagi-Uda antenna and QD are deposited by E-beam lithography on the
glass substrate. We developed a method to locally deposit QDs in a 100 nm hole.
The unidirectional scattering of the Yagi-Uda antenna is observed by back focal
plane microscopy. We also estimate Purcell factor of the Yagi-Uda antenna based
on the lifetime measurement.

In Chapter IV, we integrate QD and Yagi-Uda antenna on TiOy waveguide.
The numerical simulation shows the unidirectional coupling of QD emission. Op-
tical characterization shows antenna mediated QD emission to TE guided mode
in the planar waveguide. We observed the expected directional emission for TE
polarized emission but also parasitic TM scattering in the orthogonal direction.

A summary and some perspective are addressed in final chapter.
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Chapter 1

State-of-the-art

In the past decades, strong efforts have been put towards convergence of in-
tegrated photonics and quantum technologies[l, 2]. In recent years, quantum
computing, quantum communication, quantum sensing, have been demonstrated
in optical and atomic platforms. With the development in nano optics, photonics
and plasmonics, researchers proceed to integrate quantum technologies to photonic
platform[3, 1, 4]. Numerous demonstrations spans from on-chip indistinguishable
photon source[5], microwave trapped on-chip qubit[6], integrated quantum key
distribution(QKD)[7], CNOT gate[8], etc. Fig.1.1 shows a scheme of integrated
photonic circuits with different components. From an experimental point of view,
the development of integrated quantum photonics generally contains three parts,
photon source, photonic and plasmonics circuits, detector.

Generation Linear and non-linear manipulation Detection

Waveguide coupled Directional couplers Optical non-linearities Non-linear light-matter Waveguide coupled
single photon emitters and phase shifters interactions single photon detectors

Figure 1.1: A sample scheme of complete integrated photonic circuits with different

components. From[4] with permissions.

Light source is the primary requirement. Integrated photonics requires opti-
cal sources with high quantum efficiency, high brightness and high coupling effi-
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Scattering (a.u.)

1.6 2.0 2.4 28
Energy (eV)

Figure 1.2: Integrated indistinguishable Figure 1.3: QD deposited in the gap

single photon source using QD embedded of Bow-tie antenna. The strong local

in Bragg mirror cavity[9]. field in the gap induces Rabi splitting
of QD emission[10].

ciency to the photonic circuit. For quantum photonic circuits, the requirements
are stricter: the photon source need to have high indistinguishably and long co-
herence time. As far as applications are concerned, efficiency and brightness are
technological breakthrough. The connection between integrated photonics and
quantum technology emerges at the interface between photon source and photonic
circuits with better photon source control and on-chip coupling.

The emission of a single photon emitter can be modified and engineered by
nearby photonic and plasmonic structures, optical cavities, and external fields (see
Fig. 1.2 and 1.3). It is widely known that the photon emitter decay rate can be
enhanced by Purcell effect[11] so that the dephasing rate becomes negligible[12].
The Purcell factor Fp is proportional to Q/V where Q is the quality factor of the
cavity, and V is the mode volume[13]. An ideal enhancement device should have
high quality factor and/or small mode volume.

The high quality factor is achievable with optical microcavities whereas plas-
monic antenna permits low mode volume of interest for integrated applications|14,
15, 10, 16, 17].

Furthermore, the photon emission can be spatially modified by photonic and
plasmonic structures to squeeze light in desired direction. Optical antennas are
promising candidates which provide enhanced decay rate and emission directivity
at the same time[20, 21]. The decay rate can be enhanced by two orders of mag-
nitude with an out-of-plane unidirectional light emission for molecule coupled to a
nanoaperture[22, 23]. QD coupled to Yagi-Uda antenna presents enhanced decay
rate and directional scattering[24].

Improving the coupling between local photon source and the nanooptical circuit
can be achieved thanks to dielectric grating[25], photonic crystal waveguide[26],



HSQ DLSPP
waveguide on Ag

Figure 1.5: Nanodiamond single pho-
ton source integrated to plasmonic

circuits. The quantum dot is fixed
by PMMA[19].

Figure 1.4: QD coupled to photonic crys-
tal. The coupling efficiency is close to
unity[18].

nanoantenna|27, 28] or plasmonic waveguide[29, 30] (see Fig. 1.4 and 1.5). The
coupling efficiency is remarkable especially on plasmonic nanowire gap waveguide.
The unidirectional scattering on substrate has been studied on different types of
antenna like Yagi-Uda[31, 24, 32], nano particle array[33]. The Yagi-Uda antenna
draw most attentions since its high directivity and local enhancement property.
The Yagi-Uda antenna is firstly introduced into nano optics as a unidirectional
scatter in 2008[34]. The Yagi-Uda optical antenna excited by single dipole is
firstly proposed theoretically by Taminiau et al.[31]. They investigated the uni-
directional scattering of Yagi-Uda nano antenna supported on a glass substrate.
Array of Yagi-Uda antennas fabricated on a photonic chip as a unidirectional pho-
tonic metamaterial[35] was also realized in the same year. Following the Yagi-Uda
antenna design, the experimental implementation|24] is done in 2010 (see Fig. 1.6).
The experiment shows the unidirectional scattering of QD coupled to Yagi-Uda
antenna and the dependency between directivity and antenna dimensions. Differ-
ent local photon source such as LH2 complex[36] and semiconductor nanowire[37]
coupled to Yagi-Uda antenna were studied afterwards. These works prove the
unidirectional scattering and plasmonic local enhancement by Yagi-Uda antenna.

The further step to apply Yagi-Uda antenna to photonic chip is experimentally
implemented in 2012[32]. A Yagi-Uda antenna is fabricated on top of a SizNy
strip waveguide (see Fig. 1.7). The laser light is coupled into waveguide through
tapered optical fiber. The authors demonstrate unidirectional out coupling thanks
to nano antenna. However, when considering the reciprocal situation, antenna
mediated waveguide excitation, they did not observe unidirectional in-coupling.
The reason is that Yagi-Uda antenna is designed for local excitation. When all
antenna elements are excited, the interference conditions are broken. The Yagi-
Uda optical antenna is a subwavelength device. The period of antenna elements
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QD area 200 nm

ts oo

Reflector Feed Directors

Au Yagi-Uda

500 nm

Directional out-of-plane coupler

Figure 1.7: Laser light coupling of SizNy
Figure 1.6: single QD coupled to waveguide using plasmonic Yagi-Uda op-

Yagi-Uda antenna showing unidirec- tical antenna[32]. The unidirectional out
tional scattering. a) QD deposited coupling is observed in the Fourier plane
close to Yagi-Uda nanoantenna. [24]. image.

is smaller than the diffraction limit. It is not possible to selectively excite one
element by focused laser light.

While the single photon emitter coupling to Yagi-Uda antenna on glass is
proved functional and efficient and antenna-photonic chip waveguide efficient cou-
pling was demonstrated, we plan to explore the design and experimental realization
of QD emission coupling to waveguide assisted by Yagi-Uda antenna. Our design
is shown in Fig. 1.8. The circular planar waveguide is deposited on the glass sub-
strate. The Yagi-Uda nano antenna are fabricated on the TiO, waveguide and
a few colloidal QDs are deposited close to the feed element of the nano antenna.
When QDs are excited by laser beam, the QD fluorescence emission is directionally
coupled to TiOy waveguide through Yagi-Uda nano antenna. The circular TiO,
waveguide can display the scattering pattern of Yagi-Uda antenna at the edge.

We plan to implement the device step by step and improve the coupling quality
until it can be used in the functional photonic device.



Figure 1.8: Experimental design of QD coupling to TiO, planar waveguide assisted
by Yagi-Uda optical antenna. The Yagi-Uda antenna is set in the center of TiO,
waveguide. QD is deposited close to the feed element of Yagi-Uda optical antenna.
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Chapter 2

Optical nanosources integrated on
photonic chip

Introduction

We present the main features of dielectric waveguides and key parameters gov-
erning the coupling between a quantum emitter and a guided mode. We notably
introduce the concept of density of guided modes that reveals physical origins of
the different relaxation channels for coupled emission into the waveguide.

2.1 Guided modes in planar TiO, waveguides

Without going into details, we recall some important properties of planar di-
electric waveguides, insisting on some important concepts useful for describing the
dipolar emission into a guided mode. In an ideal cavity, the electromagnetic fields
have to cancel at the wall mirror (perfect conductors). This leads to a minimal
size for guiding light. In order to overcome this limitation, one can consider total
internal reflection on dielectric instead of perfect conductor. Light can be guided
thanks to reflection (above the critical angle) and the electromagnetic fields no
more need to cancel at the interfaces. Then one could expect to realize a waveg-
uide with a thickness smaller than A/2. We will see that the mode extension is
however still limited by the diffraction limit.

As an example, let us consider a dielectric slab (optical index ny > ny,ng)
sandwiched in between 2 dielectric media (superstrate of optical index n; and
substrate n3), such as TiOy planar waveguide deposited on a glass substrate that
we will investigate in the following chapters. The 2D model setup is shown in Fig.
2.1.
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Ny Air

ns Glass

Figure 2.1: 2D model scheme of guided mode analysis. The electric field propagates
along y axis and is polarized along x axis.

2.1.1 Dispersion relation

We want to establish the conditions to support a guided mode (the so-called dis-
persion relation), as well as the profile of these guided modes. The general method
consists in writing the expression of the electromagnetic field in each medium and
determining their conditions of existence using the boundary conditions.

Field expression

We consider a wave TE-polarised (polarisation TM is analogously considered
working on the magnetic field instead of the electric field). Assuming a polarization
along the x-axis and propagation along y, the electric field expresses

E(r) = E(z)e® e, (2.1)
The wave equation writes

€; (92El .

= S = 0(i=1,23) (2.2)
So that
0?E(z) w?
0z (8% — Gig]E(Z) (2.3)

Before going further, it is useful to bound the range of the propagation constant
to ensure total internal reflection in the dielectric slab (ngky < ) and to support
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a guided wave (8 < noko), hence nzky < 8 < noko. Then 32 — € 3w?/c* > 0 and
f% — eaw?/c* < 0. We deduce the solutions of the previous differential equation

E(z) = Ae " withy, =4/p%2 — elw—2 ,2>0 (2.4)
c
2
E(z) = Ccos(k,z)+ Dsin(k,z) ,k, = 62w_2 —p%,-d<z<0
c

2
w
E(z) = Be® withys =1/ —e3— ,2 < —d
c
Boundary conditions
e tangential component of the electric field is continuous across the interface
The tangential p t of the electric field i ti the interf

A = C (at z=0) (2.5)
Be % = (cos(k.d) — Dsin(k.d) (at z=-d)

Another boundary conditions involves the magnetic field. The magnetic field
expresses from the electric field thanks to Maxwell’s equation

0B

VAE = 5 hence (2.6)
_aE(’Z) ei(ﬁy—wt) — ZCde
0z
0 = wB,

iBE(2)e' Pt = iuB,

In case of non magnetic medium, the tangential and normal component of B are
continues. In particular, the continuity of B, leads to the continuity of 0E(z)/0z.
It comes therefore

—-vmA = k,D (at z=0) (2.7)
v3Be 4 = k. Csin(k.d) + k. D cos(k.d) (at z=-d)

One finally gathers the conditions (2.5) and (2.7) to achieve [38]

tan(k.d) = _kgéjﬁzg)

In addition with v, 3 = /3% — 61,3('5—22 and k, = \/62(2—22 — (32, this relation im-
plicitly defines the dispersion relation § = f(w) that is numerically solved. We
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define the effective index of a guided mode as n.ry = [/ko. A guided mode in
an dielectric slab obeys n; < n.fy < ng. Effective index is therefore a usefull
parameter to characterize the guided mode. It is shown at A = 670 nm for a
TiOs in Fig. 2.2a). We observe a cut-off for each guided mode, corresponding to
nefr — n3. Note that the dispersion relation also admits (complex) solutions for
lower thickness but this corresponds to mode leaking into the substrate (nefr < ns)
limiting the propagation length so that it is defined as the cut-off condition.

3 Effective index TE modes Number of TE modes
3
25 ——--——-—-
257
) TE,
TE 1 2
915 <—---—--—- Z.5!
1 1
0.5} 0.5
0 L L L | o L L L |
0 100 200 300 400 500 0 100 200 300 400 500
d (nm) d (nm)

Figure 2.2: a) Dispersion relation of the guided modes TFE,, in a TiOy planar
waveguide as a function of the thickness. b) Number of modes as a function of
thickness. ny =1 (air), no = 2.56 (TiO2) and ng = 1.50 (glass). A = 670 nm.

Dispersion relation is oftently written with reduced parameters for generality
purpose [39]. It comes (m=0,1..., is the mode number)

/) b
\/1—bV:m7T+tan_1< 1—_b)+tan_1< 1t?)>

V = kod(n? — n2)Y? (normalized frequency) (2.8)
2 _ 2
ng—m
a = —5—— (asymmetry measure)
ng —n3
nﬁf f n3 . Sy
b = —5—— (normalized guide index)

n3 — nj
the cutt-off condition (n.ry = ng) corresponds to b = 0 so that the cutt-off occurs
for V,,, = tan~! y/a +mm. This leads to the thickness cut-off dy = 27 nm, d; = 195
nm and dy = 362 nm, for TE mode as observed in Fig. 2.2. Similarly, TM mode
cut-off is around 100 nm. We observe that the planar waveguide supports a single
mode for thickness 27 nm < d) <100 nm.

The number N of TE modes supported for a given normalized frequency V' (or
thickness d such that V' = kod(n2—n2)1/?) is such that V < Vy = tan™! \/a+ N7 so
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that we can determine the number of modes N = [(1/7)(V — tan™! \/al,,, where
[...];,; refers to the integer just above the number in brackets. The number of
modes is presented in Fig. 2.2b). We will discuss in Sec.2.1.3 the density of guided
mode that is a key parameter to describe the coupling with a nearby emitter.

2.1.2 Mode profile and confinement
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L L
400 -400 -200 0 200
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L
-200 0 200 400 -400
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A
8

Figure 2.3: Mode profile for 3 slab thicknesses. a) d = 50 nm (left), b) d = 150,
¢) d =250 nm. The vertical dashed lines indicate the TiO, slab.

Fig. 2.3 presents the fundamental mode profile modal (T'Ey), deduced from
Eq. 2.4. For thick slab, the field is mainly confined into the slab. However, the
thinner the slab is, the more the field extends into the substrate and superstrate.

A simple criterium to characterize the mode extension consists in the mode
width. It is the distance onto which the electric field amplitude decays of 1/e.
It is presented in Fig. 2.4. For thick waveguide, the mode extension is roughly
one wavelength. Differently, for thin slab, the mode largely spreads out of the
waveguide. To understand this behavior, let us consider the effective index for
thin slab (Fig. 2.4). It is comprised between the optical indices of the external
media and the slab core. For thin slab, the effective index tends towards the
optical index of the substrate. The mode extension in the substrate is given by

§=1/vy3 =1 2 i = e lling that -
/73 /1) B? — €3% S oo since 3 o €3%y recalling that (neysy o n3)

and mode extension diverges as well. Finally, we observe that the minimal mode
extension is roughly A/ng, for a slab thickness of about A/2ny. Therefore high
index material will be preferred to achieve high mode confinement. However, the
control of the light propagation will be possible only for sizes above the diffraction
limit.
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TE mode extension

800

100 200 300 400 500
d (nm)

Figure 2.4: TE modes extension as a function of the slab thickness. The oblique
line refers to a mode confinement equal to the thickness of the film.

2.1.3 Density of guided modes (system 1D)

Let us consider a guided mode propagating in the (x,y) plane with a propaga-
tion constant 3. We look for the number of modes in the range [k|; k| + dky] in the
reciprocal space (k;, k). We follow a derivation similar to the Planck’s derivation
of the energy density of blackbody radiation. Let us consider a square of length L
(arbitrary length, intermediate of calculus) in the direct plane.

ky

[ L] ° L]

+—>
lE]

[ [ ] ° °

C

>
kyx

Figure 2.5: The supported modes constricted by the boundary conditions.

The boundaries conditions lead to

ky = nx% Ky = ny% (ng,ny =1,2,3,...). (2.9)
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Hence -

Ak, = Ak, = 7. (2.10)
In the kj-space, a mode occupies the surface Sy = (7/L)?. The number of modes
in the range [k}H; k}H + dl{?”] (i.e. in 1/4 disk area dSy = 27Tk||d]€||)

2
_ 454 L—k”dkH. (2.11)

dN =
Sk 2T

The number of modes per unit area (in reciprocal space) is therefore

AN K
— = ~Ldky. 2.12
72 = 3,k (2.12)

Finally, we use the dispersion relation that characterizes the guided modes

N (ky)dky) =

w

i = mess, (2.13)
w
N(kj) = , (2.14)
I 27,

where v, = ¢/n.ys is the phase velocity of the guided mode. Then

dky|
N = N(kj)— 2.15
(w) (k)= (2.15)
w 1
= — 2.16
2T VU, (2.16)
where v, = gT“"l is the group velocity of the guided mode.

The density of states obeys N(w) o 1/0w/0k so that it diverges close to the
cut-off(photonic analog of electronic van Hove singularities).

2.2 Dipolar emitter and relaxation channels

2.2.1 Fermi’s golden rule and local density of states

The spontaneous emission at the angular frequency wqg from the excited state
le) to the ground state |g) of an excited atom presents a decay rate that follows
Fermi’s golden rule

_27T

I(r) = 72

(91p - E(r)[e)[*3(w — wo). (2.17)

The operators p and E refer to the atomic transition dipole moment and the
electric field, respectively. In the following, we are interested in the effect of the



14CHAPTER 2. OPTICAL NANOSOURCES INTEGRATED ON PHOTONIC CHIP

cavity on the spontaneous emission rate. In the case of a lossy system, the Dirac
distribution in (2.17) is replaced by the density of modes per unit angular frequency
§(w — wy) — N(w). Moreover, the interaction Hamiltonian —p - E(r) reveals
that the coupling between the excited atom and its environment depends on the
position. In particular, efficient coupling occurs at the anti node of a mode. In
particular a quantum emitter couples to a guided mode if it is located at the
maximum of the electric field profile (center of the waveguide for the TE, guided
mode, see Fig. 2.3). This leads to introduce the local density of states (LDOS)
that includes the mode profile and the density of modes. The electric-field operator
associated to mode writes [40]

A hw
E(r) =1 f(r)a .C. 2.1
(r) =14/ Se0e,V (r)a+ h.c (2.18)

where V' is the quantization volume, ¢, = n? is the dielectric constant a is the
boson operator and f(r) describes the spatial variations of the mode into the cavity
[|[f(r)] = 0 at a node and |[f(r)| = 1 at an antinode]. To achieve this expression,
the classical electric field is expressed

E(r,t) =14/ 26Z:1Vf(r)6_m +c.c (2.19)

and is normalized with respect to the energy((...) refers to time-average quantities)

o = / leoe(r) (E2(r, 1)) + uo (H(x, 1))dr (2.20)
hw 2
s EOIRCIE (2.21)

where we assumed a non dispersive medium (with equipartition of electric and
magnetic energy). Finally, the mode volume obeys

V = 6—11/5(1“)|f(r)|2dr. (2.22)

In presence of a lossy and dispersive medium, the modification of the decay
rate can be described either within classical Lorentz model of an oscillating dipole
[41] or within the full quantum description [42]. In both cases, this leads to the
following expression for the rate modification

Ly(r) 67

= —1 Guu yLyWem )| 2.23
) (G T ) (2:23)

where G is the Green’s tensor associated to the emitter surroundings and G,
refers to its diagonal components along the dipolar direction u. This expression
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quantifies the modification of the decay rate in a complex surroundings and will be
our starting point to determine the effect of planar waveguide on the fluorescence
decay rate. The expression (2.23) is a generalization of the Fermi’s golden rule to
dispersive and lossy surroundings. It is well-known from scattering formalism that
the partial local density of states (P-LDOS) is related to the Green’s dyad [43]
(r ) g Im[G(r,r )] (2.24)
ulls Wem ) = — LM |Gy \L, Ty Wem .
P W
so that Eq. (2.23) and (2.17) are fully equivalent in a non-absorbing medium. The
P-LDOS also writes from cQED considerations

Ju(r)

pu(r,w) = 2€1VN(w). (2.25)
Therefore, the P-LDOS grasps the spatial dependency of the coupling to the
cavity mode by f,(r) and the density of available modes for light emission
p(w) = N(w)/V, per unit angular frequency and unit volume. The decay rate
of a dipole emitter in the vicinity of a waveguide is governed by the density of
guided modes. In particular, it is strongly enhanced close to the cut-off (See
Eq.2.16).

2.2.2 Decay rate near a planar waveguide

45,
4 L
35 —/
—1
o
N random
c
= 25F
2
1.5,
1 I I I
0 100 200 300 400 500
drioz (M)

Figure 2.6: Decay rate as a function of the waveguide thickness. The dipolar
emitter is in-plane(||, along x), out-of plane(L, along z) or randomly oriented.
The dipolar emitter is 7.5 nm above the waveguide (corresponding to the center
of e.g. a 15 nm QD or NV nanodiamond).
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Fig. 2.6 presents the dipolar total decay rate as a function of the slab thickness
[44]. For a in-plane dipole, we observe an increase of the decay rate near the TE
mode cut-off since it opens new relaxation channels. Similar features is observed for
out-of plane dipole that preferentially couples to TM modes. Random orientation
is obtained as the average (2G| + G 1)/3 and follows similar behavior.

Relaxation channels

The various contributions to the total decay rate are determined from the
Sommerfeld expansion of the dipolar emission [45, 44]. Indeed, it is possible to
expand the Green’s dyad over the wavenumber k| so that the total decay rate
(Eq. 2.23) obeys

5:;1(;10) = /OOO P(k”)dk‘H , with (2.26)
Pl) = o) 227

Py = wjlp|?/12mepc® is the power radiated by the oscillating dipole in vacuum.
P(k)) is the dipolar emission power spectrum (in the kj-space). The different

x 10"
5
P//
4r Pa|f
3t
°
& 2
[N
1t
0 jM
I ‘ ‘ ‘ ‘
0 0.5 1 15 2 25

k//lkO

Figure 2.7: Dipolar emission as a function of the wavector parallel to the surface.
The thickness is d = 80 nm. Losses have been added to avoid singularities at
the guided mode effectives indices (e; = n? = 2.375% + i1.10072). Free-space
contribution is not included so that negative values corresponds to emission lower
than in free-space.

relaxations channels can be inferred from the dipolar emission power spectrum
represented on Fig. 2.7. For in-plane dipole, we observe strong emission peaks at
ks//ky = 1.51 and 1.83 correspondings to TM, and TE, modes, respectively (see
also Fig. 2.2). Out-of plane dipole couples to TM mode only.
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2.2.3 Coupling efficiency

The Sommerfeld expression (see Fig. 2.7) also reveals the mode contribution
to the total decay rate. We can therefore estimate the coupling efficiency, so called
B factor, to a guided mode:

_ Jre PR 59
= PRk 229
and similar expression for TM mode channel.

Fig. 2.8 represents the coupling efficiency on out of plane dipole as a function
of the distance to the planar TiOy waveguide. We observe up to 55% coupling
efficiency in TE mode for a in-plane dipole. Half of the coupled power (so 27.5%
of the emission) will propagate to the right and half the the left of the waveguide.
It drops to 25% (12% left and right) in case of random orientation(not shown).

2.2.4 Conclusion

We have numerically investigated direct coupling efficiency of QD to a TiOq
planar waveguide. We obtain 55% coupling efficiency but not directional. We will
explore Yagi-Uda mediated and increase the directional propagation for on chip
applications.

0.7
—— TEOx
L ——TE0z
08 TMOx

—— TMO0z
0.5

0.4~
@
0.3

0.2-

0.1;

0
0 100 200 300 400 500 600 700 800

z (nm)

Figure 2.8: Coupling efficiency of different modes as a function of the thickness of
TiO, waveguide.
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Chapter 3

Integrated Yagi-Uda
nano-antenna

3.1 Introduction

In this chapter, we present rules for designing Yagi-Uda nano optical antenna
load by quantum dots emitters. Both analytical and full numerical simulation
approaches are considered. Finally Yagi-Uda nano antenna supported on glass are
fabricated and experimentally characterized.

Yagi-Uda antenna is the core component of our design. Looking into the plas-
monic Yagi-Uda nano antenna(see Fig. 3.1), 5 gold nanorods are aligned. The
antenna has 3 functional parts: reflector, feed and directors. Feed element is reso-
nant to the excitation light of a nearby QD. The resonant wavelength of reflector
and directors are red and blue shifted so that their interaction with resonant light
results in a phase difference. The resulting interferences enhance light scattering
along one direction of the antenna and suppress light in the opposite direction.

x / Rod axis

L ]

Lr i ; La | : y / Antenna axis

Figure 3.1: Scheme of Yagi-Uda antenna.
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3.2 Design of Yagi-Uda antenna

3.2.1 Design rules

The design rule of Yagi-Uda antenna have been extensively studied in the
radio frequency range[46, 47| and scale law approach have been proposed for down-
scaling to nano-optics[34, 48, 49]. The dimensions (length) of the antenna elements
(feed, directors and reflector) govern the antenna resonance whereas their spacing
govern the antenna directivity. Rough dimensions of Yagi-Uda antenna are firstly
estimated by semi-analytical method, which can save simulation time. The design
is then simulated and optimized by finite element method (FEM).

Antenna resonance

The antenna resonance should be close to the QD emission wavelength, Ay =
670 nm.

The feed is the main element interacting with QD emitters. The feed length L
is such that it is resonant at the working wavelength. According to antenna theory,
the feed length should be half effective wavelength to support a dipole resonance.

The rod resonance can be determined as following. The effective wavelength
Aspp Of the SPP supported by an infinite Au rod is first determined. Then Fabry-
Perot like resonances for finite rod length L corresponds to

Ao

Tspp

L+26:m)\spp:m2 m € NT, (3.1)

where § refers to the field penetration depth into air[50].

Finally[34],
Lm0 _ 29,
2N gpp
A
form=1 L~ -—" —2R. (3.2)
Tspp

where ngy, is the effective index of the surface plasmon polariton (SPP) supported
by the nanorod. R is the radius of the nanorod. In Eq. 3.2, the substraction 2R
is an approximation considering the reactance of the end of nano-rod.

The nanowire has a radius R = 20 nm. Gold dielectric constant is taken
from experimental tabulated data[51]. We obtain ng,, = 1.98 at A\ = 670 nm
(see Fig. 3.2). The theoretical resonant length of nano-rod is L = 129 nm. This
analysis gives a rough estimation of the resonant feed length that can be refined
thanks to full numerical simulations (see Sec. 3.2.2).
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Figure 3.2: Electric field mode profile |E|? of the SPP supported by a gold
nanowire. R = 20 nm, A = 670 nm.

The length of reflector (L,) and director (L,) are determined as[31, 49]

L, =125L; = 161nm, .
Lq=0.9L; = 116nm. (3.4)

Antenna Directivity

—

For a directivity along the antenna axis (diffracted wavevector k = kouy),
spacings of feed to reflector and feed to directors are:

Yr = Ao/4.4 = 152nm, (3.5)
Ya = Ao/4 = 168nm, (3.6)

where A\g = 670 nm is the QD emission wavelength in vacuum. y, is the distance
between feed and directors as well as the period between directors, y, is the distance
between feed and reflector.

3.2.2 Optimization of the antenna design

The design of the Yagi-Uda antenna with dipole source contains two opti-
mization targets. First of all, the antenna needs to be resonant at the emission
wavelength. Then the scattering of the antenna needs to be unidirectional. We
define some parameters of interest for the optimization.
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Absorption Power

The absorption of the nanorod (Pppsorption(w)) is the time averaged power ab-
sorbed by the Yagi-Uda antennal[41].

(Pasorpiion () — —% /V Re{§*(r) - E(r)}dr, (3.7)

where j is the current density, FE is the electric field.
The absorption power reflects the resonance strength of the antenna excited
by the QD dipolar emitter.

Gain and directivity

Yagi-Uda antenna modifies the dipole emission to unidirectional scattering.
In order to measure the ability of unidirectional scattering, we introduce gain in
antenna theory. For conventional antenna, gain is defined as[52]

Pmaz47T
G = e, (3.9)

Pmaz = max{p(@, ¢>}7
(3.9)

where P,,4 is the radiation power in full space, P, is the maximum power density.
p(60, @) is the angular power density of the radiated power. For dipolar emitter in
free space, G=1.6.

Power front-to-back ratio

A simple directional measurement giving the power scattered in one direction
is F/B power ratio to determine whether the scattering is unidirectional or bidi-
rectional. F/B = Ppront/Poack, Where Pprop and Py, refer to scattering along
directors and reflector direction respectively (see Fig. 3.3).

In practice, the front and back power are substituted by far field power.

fsfront P(G’ ¢)d8 — Pf”’ont
beack P<67 (b)dS Pback ’

According to the definition of Poynting’s vector I1. The power of far field can
be calculated by

P(0,¢) = ro - II(0, ) = r¢ - Re(Ejq x Hj,,) B far|?, (3.11)

F/B = (3.10)

where rj is a unitary vector along the direction (6, ¢), E,, is the amplitude of the
far-field asymptotic approximation for the electric field defined such that E(7) ~
@ when r > \.
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Figure 3.3: Model of simulation domain in free space. Red arrows represent inte-
gration surface of far-field power.

3.2.3 Finite element method

In practical work, it is difficult to obtain analytical solutions of light propaga-
tion in asymmetric model and inhomogeneous medium. The finite element method
is a well-developed technique to solve complex boundary value problems[53]. We
introduce the method and main technical details in this section.

Model

The simulation is based on 3D finite element method using COMSOL
Multiphysics®[54]. The initial model is built according to analytic design rule
described in Sec.3.2.1. Antenna elements are modeled by cylinders with two half
spheres merged at both ends. Quantum dot is modeled as a single oscillatory
dipole fixed at 5 nm from the end of the feed rod. The dipole moment is parallel
to the long axis of the feed rod.

Discretization

In order to make the wave equation numerically solved, the model is discretized
into small elements. Normally the surface and volume of model are divided into
triangle elements (on surface) and tetrahedron (in volume). The discretization is
performed by mesh function in COMSOL.

In the simulation, the calculation time is sensitive to the model design and
mesh. In our model, the size of antenna is 300 nm, the smallest structure is
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40 nm. In order to obtain precise simulation result, the finest mesh size need
to be 5—10 times smaller than the finest feature ({5 ~ 5 nm). The coarsest

size is also limited by the wavelength 670 nm (3¢ ~ 70 nm). If we put the
50 um waveguide and antenna in the same model, the mesh of waveguide will
significantly increases the scale of matrix. Besides, the dipole emission coupling,
scattering and interference occur in the domain around the antenna. The long-
range propagation can be estimated from the far field asymptotic approximation
at the edge of boundary. Therefore our model is wrapped by a spherical shell
(see Fig. 3.3). The computation window diameter equals twice the fluorescence

wavelength.

Boundary condition

The FEM is solving a boundary value problem. When we simulate field in
infinite space by finite domain, we need to add proper boundary condition to
avoid the reflection on the boundary.

In COMSOL Multiphysics®, there are two ways to establish the boundary of
the computational window: Perfectly matched layer (PML) and scattering bound-
ary condition. PML is a layer of finite thickness surrounding the region of interest
that is non reflecting and absorbing. It is implemented by geometric transforma-
tion that leads to equivalent € and p (that are complex, anisotropic and inhomo-
geneous) and mimick an equivalent medium with the same impedance than the
initial ambient medium.

The scattering boundary condition is based on the Sommerfeld radiation con-
ditions which ensures the radiation scatters into infinity[55].

The efficiency of these boundaries reflection depends on the incident angle. The
boundary has the largest absorption for normally incident light. At large incident
angle, perfectly matched layer performs better than scattering boundary condition.
On the other hand, the perfectly matched layer consumes more memories due to its
complex structure. It will also introduce calculation complexity in our simulations.
The utilization of perfectly matched layer takes longer calculation time and it is
harder to reach the convergence. The Yagi-Uda antenna assisted dipole emitter is
a subwavelength structure. When the boundary is far from the source, scattered
light behave as spherical wave so that we use a spherical scattering boundary
condition to wrap the domain.

3.2.4 Optimization of the design in free-space

We first establish single rod resonance. The curve in Fig. 3.4 shows scattering
and absorption power of single nanorod with respect to its length. The resonant
rod length is 128 nm, close to our theoretical estimate of 129 nm.
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Figure 3.4: Absorption and scattering power of single nanorod in free space. The
rod is excited by a dipole located 5 nm from its extremity. A =670 nm.
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Figure 3.5: Absorption power spectrum of single nanorod excited by a dipole in
free space. The rod length are L = 94 nm, 117 nm or 128 nm.

The spectra of 94 nm,117 nm,128 nm nanorods are shown in Fig. 3.5. We
check that the 128 nm rod is resonant at A = 670 nm. The power distribution
and far-field polar diagram are shown in Fig. 3.6. We observe that the scattering
pattern is perpendicular to the nanorod axis. The F/B ratio is 1, gain is 2.86.

Once we have obtained the optimal dimension of resonant nanorod, we consider
a Yagi-Uda antenna. Lengths of reflector and directors are calculated according
to Eq. 3.3, 3.4.

The scattering behavior of the Yagi-Uda antenna depends on the rod length
and the spacing D between rods. The rod length governs the resonance of the
antenna whereas spacing governs the directivity.
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Figure 3.6: Normalized power distribution of single rod scattering in free space.

Table 3.1: Optimized dimensions of Yagi-Uda antenna (”"Theory” refers to the
scale law approach considering effective wavelength).

Size
Type Lfeed Ldi’/‘ector Lreflector Ddir Dref
Free space (Theory) 129 nm | 116 nm | 161 nm | 168 nm | 152 nm
Free space (Simulation) | 128 nm | 115 nm | 136 nm | 151 nm | 137 nm

Based on the theory of optical antenna [41, 31], we initialized the correction
factor and sweep the rod length to the estimated value before parametric study.
After the rod length is optimized, we sweep the correction factor and cross-check
the optimization of rod length.

The correction factor is defined as the factor between the actual spacing be-
tween antenna elements and the spacing. In simulation, the correction factor is
compared to theoretical spacing:

A
Dactual =— X9 (312)
a

where D, is the actual spacing used in simulation. A = 670 nm is the wave-
length in free space. ¢ is correction factor. a is the theoretical factor of spacing.
For reflector and directors, a is 4.4 and 4.0 (Eq. 3.6 and 3.5), respectively.

The influence of the correction factor is shown is Fig. 3.7. The forward scat-
tered light power reaches its maximum when the correction factor is 0.9. The
forward scattered power decreases from 81% to 50% when correction factor in-
creases from 0.9 to 2.6. As an optimized result, a 3D far field distribution is shown
in Fig. 3.8. The directivity along antenna +y axis is improved significantly af-
ter optimization. The optimized dimensions of Yagi-Uda antenna are shown in
Tab. 3.1. The value of gain G = 8.37 and F'/B = 4.26.
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Figure 3.7: Forward power ratio as a function of correction factor ¢ of Yagi-Uda
antenna in free space.

A 1.04%x10%°
x10%°
1

0.8
0.6
0.4
0.2

Ly V¥ 1.56x10’
Figure 3.8: Simulated 3D far field distribution of Yagi-Uda antenna in free space.
Dimensions are given in the first row of Tab. 3.1.

Robustness to fabrication error

The rod length variation can affect the antenna performance. As we know,
the dimension of antenna approaches the lower limit of fabrication. The fabrica-
tion procedures will introduce errors. It is necessary to estimate the influence of
fabrication error on resonance and the directivity. The resonance position with
respect to feed length has been already studied in the previous section. We take
the FWHM of the peak as the tolerance. When length error is within +8 nm, the
absorption power drops by half (see Fig. 3.4).

Here we focus on reflector and directors. Since the function of directors and
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reflector are correlated, we make a combine parameter sweep on Lr and Ld.

FIB with different Lr and Ld

FiB

P8 08 08 09 1 105 14 145

Ld/Lf
Figure 3.9: F/B ratio of far-field power with different Lr and Ld in free space. Lr
sweep result is shown in lines with different colors.

As shown in Fig. 3.9, when Lr is fixed, the F/B ratio reaches its maximum
at Ly/L = 0.9. The optimal director length is consistent with free space models.
Moreover, the F/B ratio is worse for too long directors (Lg > 0.9L) than too short
ones (Lg < 0.9L). In fabrication, the designed director length should be away the
sensitive region. The situation of reflector is not the same as directors. We obtain
the optimal F/B at Lr = 1.06Lf (instead of L, = 1.25L in antenna theory), the
optimal F/B ratio is 4.3. Similarly, when the reflector length gets shorter (close to
the feed length), F/B ratio decreases faster than when the reflector length is too
long.

3.3 Nanoantenna deposited on glass substrate

Considering the TiO4 planar waveguide fabrication process is an additional step
that is time consuming, we choose to investigate first QD coupled to a Yagi-Uda
antenna on glass substrate to benchmark our results.

3.3.1 Simulation

Optimization of Yagi-Uda antenna

The simulation of Yagi-Uda antenna on glass is similar to the free-space case.
But we add glass layer to it. The effective index ngy, of a plasmonic rod is modified
to 2.28 leading to an effective feed length = A\/2ng, — 2R = 107 nm. The
simulations of absorption and scattering power as a function of wavelength shown
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in Fig. 3.10. We observe a resonant feed length L ~ 110 nm close to the expected
value.

The spectra of 90, 110, 130 nm nanorods are shown in Fig. 3.11. We notice
25 nm of rod length variation results in 250 nm of spectral shift. The optimized
antenna dimensions are listed in Tab. 3.2.

Table 3.2: Optimized dimensions of Yagi-Uda antenna.

Size
Type Lfeed Ldirector Lreflector Ddir Dref

Glass 110 nm | 99 nm | 117 nm | 91 nm | 83 nm

Normalized power

90 100 10 120 130 140 150

Lffnm
Figure 3.10: Absorption (red) and scattering power (blue) as a function of the feed
length.

Simulated far field distribution is shown in Fig. 3.12. Comparing to the far
field in free space (Fig. 3.8), we check that more far field is coupled to glass layer
(-z direction) rather than vacuum (+z direction). The scattering keeps its unidi-
rectional property in glass layer. Far field power to +y direction is higher than -y
direction. This is in agreement with literature[24, 31]. We also make the correction
factor sweep on the model with glass substrate.. Form. 3.12 is modified to

Aglass
Dactuar = % X 6a (313)

where A5 is the effective wavelength in glass. Ajigss = A/Ngiass = 670/1.5 = 447
nm. The result shows the optimal correction factor is 0.9 (see Fig. 3.13). The
simulated gain G' = 7.49 and F'/B = 4.00.
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Figure 3.11: Spectrum of nanorod on glass substrate.
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Figure 3.12: Simulated 3D far field distribution of Yagi-Uda antenna scattering on

glass. The antenna is excited by a single dipole. Dimensions are given in 2nd row
of Tab. 3.1.

QD alignment tolerance

During the fabrication process, quantum dots cannot be exactly deposited on
the designed position. It is necessary to examine the coupling when quantum
dots are deposited on different positions near the feed element. In our model, the
distance between the single dipole and the feed element tip is swept from 1 nm to
32 nm. The simulation result in Fig. 3.14 shows the F/B ratio slightly decreases
from 72% to 68%. The distance of single dipole does not significantly change the
F /B ratio in 30 nm range, but the far-field power decreases by 97% when the single
dipole moves from 1 nm to 30 nm (see Fig. 3.15). Since the interaction between
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Figure 3.13: Forward power ratio as a function of correction factor ¢ of Yagi-Uda
antenna on glass substrate.
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Figure 3.14: F/B ratio as a function of QD-rod distance.

dipole and antenna is in near field range E ~ 1/D3, we fit the decrement by D=6
function.

3.3.2 Nanofabrication of the nanoantenna

Yagi-Uda antenna is fabricated by e-beam lithography, see Fig. 3.16. Poly-
methyl methacrylate(PMMA) photoresist is spin coated on glass substrate as a
sacrificial layer. Then electron beam of SEM writes pattern on the sample. The
exposure of e-beam induces polymeric chain scission in PMMA and make it soluble
to developer. Then the sample is immersed in the developer, so that exposed parts
are dissolved. Gold is deposited onto the sample surface and sample is immersed
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Figure 3.15: Normalized far-field power of QD as a function of distance between
QD and rod. The line is a 1/D" fit.

into the remover solution so that the PMMA and Au on it is lift-off. Only Au
deposited in slots remains on the substrate. Finally the design is transferred to
Au pattern.
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Figure 3.16: Procedures of e-beam lithography to deposit Au on glass substrate.

As we mentioned previously, Yagi-Uda antenna consists of five nanorods with
~ 100 nm center to center spacing. Antenna directivity is very sensitive to the
spacing (see Fig. 3.7) so that care has to be taken on the nanofabrication process.
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The average size of each spot in e-beam lithography is 10~20 nm. Error of 20 nm
in rod length (90 nm spacing) can lead to a decrease from 65% to 50% for F/B
ratio.

Antenna pattern can be formed by area or single pixel line. In conventional
area pattern, each nanorod is represented by a rectangle. In e-beam lithography;,
e-beam control software divides area block or spot line into elemental spots. The
electron gun exposes each spot in specific order (see Fig. 3.17). The dose of a spot
is increased by its adjacent spots due to the proximity effect. The effect turns to
be significant when there are only a few spots in the grid. A comparison between
area pattern and line pattern can help us to understand the effect better.

Single pixel line

/ Electron focal spot move ; N\

Pattern Single exposure grid
Area

Figure 3.17: Comparison of e-beam spot of single pixel line and area pattern.
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Figure 3.18: Test design of Area and single pixel line pattern. The color bar
represents the dose factor of the exposure area.

The test design is shown in Fig. 3.18. According to our test, area pattern
provides more accurate length control while single pixel line provides consistent
width. In the matrix, we consider all combinations of dose factors and patterns.
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After e-beam lithography, SEM image of Yagi-Uda antenna is shown in
Fig. 3.19 and 3.20. Fig. 3.19 corresponds to area patterning and small exposure
dose. Fig. 3.20 corresponds to single pixel line patterning and large exposure dose.
We observe rounded nanorod only for single pixel line pattern. Average width of
the rods lithographed by area patterning exceeds 50 nm (see Fig. 3.19). We priv-
ileged single pixel line since it leads to shapes permitting better coupling to a
nearby QD. As the designed spacing between rods are around 40 nm, the spacing
between rods will be very small or rods may be interconnected when the dose
is increased. When the dose factor is small, we have observed that elements are
missing due to underexposure. This suggests to use the single pixel line with high
dose factor. The average width is 40~50 nm which fits well the design.

L Lf=102nm

Figure 3.19: SEM image of lithographed Yagi-Uda antenna with the area e-beam
exposure pattern. Measured feed length is 98 nm. Widths are 56~67 nm. A
conductive gold layer has been sputtered before SEM imaging(but after optical
characterization).

The dose factor of single pixel line is slightly increased to adjust the rod width.
In order to compensate the rod length, we measure average length of reflector, feed
and directors for several samples (see Tab. 3.3).

We notice that nanorods are generally lengthened compared to the design. We
reduce the corresponding lengths of the nanorods repeatedly to approach the target
design. The average decrement of lengths are 27 nm. The comparison between
the measured and designed dimensions are shown in Tab. 3.3.

The directivity of the antenna is sensitive to the length of the feed, director and
reflector rod. As the experiments were progressing, we found it is harder to reduce
short nanorods such as directors comparing to longer ones such as the reflector.
There are two main restrictions: step size and proximity effect.
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Ld=116nm

Figure 3.20: SEM image of single pixel line pattern result. Measured feed length
is 116 nm. Width is 34~38 nm.

Length/nm | Reflector | feed | directors
Measurement | 131 nm | 120 nm | 116 nm
Design 112 nm | 90 nm 84 nm

Table 3.3: Fabricated and designed rod lengths.

We first change the step size from 10 nm to 6 nm and 4 nm. Since the exposure
size of a single spot is close to 10 nm, the overlap between spots is large. In the
meantime, the dose factor need to be modified. Reduced step size improves the
control of the rod length. Therefore spots at both ends can be precisely controlled.

Proximity effect correction

In parallel, we explore the possibility of using proximity effect correction
(PEC). In e-beam lithography, each exposure spot affects its adjacent spots due
to the backward scattering known as the proximity effect. The proximity effect
is unavoidable in photoresist. Fortunately, we can predict or measure the influ-
ence of backward scattered electrons. One conventional method is to simulate the
electrons scattering using Monte-Carlo method. The trajectory and energy of elec-
trons simulated by Raith nanoPECS™ is shown in Fig. 3.21. We can distinguish
forward (blue trajectories) and backward (red trajectories) scattered electrons and
estimate the energy distribution which is called point spread functions (PSF). The
energy absorption of photoresist can be clearly mapped in PSF (see Fig. 3.22).
There are normally 3 plateaus in PSF corresponding to forward scattering and
backward scattering in the substrate. We can fit the PSF with three Gaussian
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functions. The fitting parameters can be used in proximity effect correction soft-
ware. The curve fitting is also shown in Fig. 3.22. In the fitting procedure, we use
3 Gaussian and a exponential function to fit the simulated energy distribution.

Figure 3.21: Monte-Carlo simulation of electrons scattering trajectory in the pho-
toresist and substrate.
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Figure 3.22: Point spread function of the electron beam scattering in PMMA and
glass substrate as a function of the beam radius.

By applying PEC curve and the photoresist contrast function to the designed
pattern, we can predict the photoresist profile after development. One simulation
profile is shown in Fig. 3.24.

Then the correction algorithm is applied to a specific pattern. The correction
algorithm divides blocks or lines to smaller elements and the dose of each element
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Figure 3.23: GDSII design of antenna after proximity effect correction. The color

bar represents the dose factor of the exposure area.
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Figure 3.24: Simulated photoresist profile of a) area b) single pixel line design.

is adjusted to approach their designed shape. As an example, a design after PEC
is shown in Fig. 3.23.

We achieved antenna with required dimensions. Elements close to the center of
nanorods have smaller dose factor than elements at both ends. Fig. 3.25 shows the
SEM image of Yagi-Uda antenna sample designed after PEC. Comparison of the
fabrication results of SPL patterns with (Fig. 3.25) and without PEC correction
(Fig. 3.20) reveals that the nanorod width is more stable in the PEC-corrected
sample than in the sample without PEC correction.
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Figure 3.25: SEM image of PEC corrected Yagi-Uda antenna.

3.4 Deposition of QDs

The design requires a precise deposition of quantum dots close to the antenna

feed. The precise deposition of colloidal quantum dot is a challenge. Several
methods have been established in the literature:

o Surface functionalization is a method using organic ligands to bind quantum

dots and surface. Small holes are fabricated on target positions by e-beam
lithography, the metal layer or structure in the hole is functionalized by
special ligands. Quantum dots is also modified by complementary ligands.
After QD spin coating ,quantum dots is fixed to the functionalized area.
The distance between QD and the antenna can be controlled within a few
nanometers[56].

Photopolymerzation of QD doped polymer close to plasmonic structures[57].
QD doped polymer is spread on the substrate with plasmonic nano struc-
tures. When the nano structures are excited by the resonant laser light, the
plasmonic resonance of nano structure creates strong local field following the
mode profile. High local field triggered polymerization of QD doped polymer
within 10~30 nm around the nano structure.

Capillary force method: when quantum dots suspension shrink on sample
surface, quantum dots in solvent can be driven by the capillary force and be
pushed into 17~30 nm gap in photoresist[58, 59)].

Direct deposition: Lithographed holes on photoresist are filled with quantum
dots by using spin coating. Following the lift-off process of the photoresist,
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the quantum dots are selectively deposited at the precise positions of the
lithographed holes. The number of quantum dots and deposition quality is
controlled by deposition time, hole size and suspension concentration. This
is similar to the first method but without functionalization[60]. We develop
this method at ICB.

« Active scanning focal probe: A fluorescent emitter is attached at the extrem-
ily of the near-field probe and approached close to the object[61, 62, 23].

« In situ lithography technique[63, 17]: After depositing QD onto the sub-
strate, they are imaged by fluorescence microscopy. Excitation power is
increase to expose the resist close to the QD before revealing the resist and
evaporating gold. 50 nm positioning is achieved.

o AFM-nanoxerography: Recent study[64] introduces AFM-nanoxerography
to nano diamonds (ND) deposition. The ND is positively charged. The
substrate is selectively negatively charged by AFM tip. The method permits
single emitter deposition below 50 nm precision.

Fabrication

_— QDs %o o
Spin @
PMMA coating
H = i-i = ki

® PMMA removal

® PMMA Spin coating ® (Ds spin coating
® E-beam lithography

Figure 3.26: Procedures of depositing QD on the substrate.

Direct deposition is based on electron beam lithography. The procedure is
shown in Fig. 3.26. The deposition of quantum dots relies on intermolecular force,
for instance, Van der Waals’ forces between QD and substrate. Therefore depo-
sition and lift-off require special operations to avoid quantum dots being washed
out or shifted. The original direct deposition recipe was successfully used for mak-
ing 300 nm quantum dots aggregates in the lab[60]. The scale of 300 nm hole is
relatively large compared to single quantum dot size (~10 nm). Each 300 nm hole
contains more than thousand quantum dots (see Fig. 3.27). In order to reduce
the hole size, we pattern square hole of different dose factor and sizes in a matrix
(see Fig. 3.28). Square hole sizes vary from 300 nm to 100 nm. For each hole size,
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we divide the grid to 6 areas to test different dose factors from 1.5 to 4.5. The
thickness of PMMA photoresist layer varies from 100 nm to 300 nm depending on
the hole size. After e-beam lithography, the sample is cleaned by oxygen plasma
cleaner. Plasma cleaner can remove tiny residue on sample surface and sidewalls.
The surface charge produced by oxygen plasma can also improve the adhesion of
quantum dots.

From the primary result, quantum dots in 300 nm to 150 nm holes are observed.
QD in 100 nm hole are sometimes observed when the dose factors are above 3. The
large dose factor leads probably to hole size above 100 nm. No QD was successfully
deposited in 50 nm hole.

Figure 3.27: SEM image of deposited quantum dot aggregates with high quantum
dots concentration. Hole size is 300 nm.

It is necessary to look into the deposition procedures. When quantum dots
suspension is spin coated on photoresist surface, quantum dots accumulate at the
bottom and side walls of the hole. During the lift-off process, most of quantum dots
which were deposited to the photoresist layer are removed. Quantum dots on the
substrate are preserved. Lift-off time needs to be controlled to guarantee that the
photoresist is totally removed and quantum dots are not washed out. Therefore the
number of quantum dots in single hole depends on the quantum dots concentration,
the hole size and hole contrast (height /width ratio). The concentration determines
the total number of quantum dots per unit area. We first gradually reduce the hole
size. Then we increase the contrast of hole to reduce the probability of quantum
dots deposition.

Besides, The PMMA layer can be slowly dissolved by the solvent of the QD
suspension (hexane/heptane). We use 950k PMMA to delay the dissolution pro-
cess. Then we control the thickness of the PMMA layer between 2 ~ 3 times of



3.4. DEPOSITION OF QDS 41

Figure 3.28: Dark field microscopy image of quantum dots deposition test pattern.
The hole sizes are a)300nm, b)250nm, c¢) 200nm, d) 100nm. For each matrix, the
dose increases from top to bottom.

the hole size (100 ~ 300 nm).

By balancing between nano hole contrast and quantum dots concentration, we
are able to deposit quantum dots into 60 nm nano hole. SEM image of deposited
quantum dots is shown in Fig. 3.29. We notice that quantum dots are confined in
100 nm area. The size of the QDs aggregates is larger than the hole due to the
disturbance in the lift-off process. By reducing the concentration of QD suspension,
we can deposit 1 to 10 quantum dots in a single hole (2 QDs in case of Fig. 3.29).

3.4.1 Optical characterization of deposited quantum dots

We use confocal scanning microscopy to observe the fluorescence of QD sam-
ples. The scheme of confocal microscope is shown in Fig. 3.30. The sample is
mounted on a 2 axis piezo translation stage. The laser light is focused by a high
N.A. objective on the sample. The fluorescence of quantum dots is collected by
the same objective. The dichroic mirror blocks the laser light. The fluorescence
light is focused on an APD. The sample is scanned to acquire a confocal image. A
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Figure 3.29: SEM image of deposited quantum dot aggregates with low quantum
dots concentration. Only two quantum dots are observed. Hole size is 60 nm.

Out of focus

Focused

DM

P: Pin hole

FP: Focal plane
(On specimen)

DM: Dichroic mirror

L:  Objective lens FP

Figure 3.30: Scheme of confocal microscope. Blue light ray is reflected by dichroic
mirror and focused on the sample. Fluorescence (ray in red) is collected by the
same objective and pass through the pinhole. Out-of-focus light (ray in orange) is
filtered by the pinhole.
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confocal scanning image is shown in Fig. 3.31.

5 um

Figure 3.31: Confocal scanning image of QDs deposited on glass substrate.

By using confocal microscopy, we are able to selectively investigate the fluo-
rescence signal of each quantum dots aggregates. We first navigate to metal grid
marks around quantum dot aggregates. Each bright spot in the image corresponds
to an aggregate of QDs. It is important to mention that the confocal scanning
image is the spatial convolution of the laser beam shape and the quantum dots ag-
gregate. When the piezo stage moves to a new place, the excitation and collection
points are both changed.

Once the position of quantum dots is found, we can switch the output to a
spectrometer. A spectrum of quantum dots fluorescence is shown in Fig. 3.32.
The emission wavelength of QD is 674 nm, band width is 84 nm.

Back focal plane imaging

Back focal plane(BFP) imaging is a simple but efficient way to characterize an-
tenna directivity[65, 56, 66]. The scheme of the optical setup is shown in Fig. 3.33.
The optical path is designed to switch between back focal plane and image plane.
Light output from port P is focused at plane F1. Lens L1 and L2 are the beam
expander. L3 is the Fourier lens whose focus coincide with the focus of L2. The
camera is put at the focus of L.3 which is the back focal plane of lens L2.

L4 is a flipping lens which can switch the camera image between image and
back focal planes. The focal length of L3 is half of focal length of L2, L4 is put in
the middle between L2 and its focal plane. Therefore the focus of L2 and L4 are
coinciding. When L4 is inserted, the plane F3 is the image plane.
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Figure 3.32: Fluorescence spectrum of quantum dots on glass.

Sample Tube lens L1 ; L2 L3 Ccb
2 H
| | 1 |
Objective Beam expander Fourier lens
Sample L Tube lens, L1 : L2 L4 L3 .CCD
i f2 f2 f3 f3
| | I |
b) Objective Beam expander Beam expander

Figure 3.33: Optical setup for back focal plane imaging. a) CCD detect back focal
plane image. b) CCD detect real plane image with the flipping mirror L4.
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) b) c)

Figure 3.34: Back focal plane images of a) laser spot, b)quantum dots aggregate,
¢) single quantum dot.

A Fourier plane image of the focused laser is shown in Fig. 3.34a. The image
is a laser spot used for calibration. The bright ring correspond to total internal
reflection so to incident angle 6; in the range

1< nsinf; < N.A. =149, (3.14)

The outer edge of the ring is limited by the numerical aperture of the objective
(N.A.=1.49). The inner ring is limited by the total inner reflection on the substrate
(refractive index n = 1.51). One can use the ring to align the lens. In wavevector
space, the ratio between diameters of inner and outer rings follows

k outer . emax
louter _ S0 7maz _ nr 4 (3.15)

kHinner sin ec

where 6,,,.. is the maximal collection angle of the objective, . is the critical angle.
If the ratio equals to N.A., the focusing of back focal plane optics is properly
aligned.

Fig. 3.34b is the BFP image of large number of quantum dots. Its distribution
is isotropic. Fig. 3.34c is BFP image of a sample which contains 1 quantum dot
(the number is estimated by antibunching measurement). We observe 2 main lobes
corresponding to a dipole-like directional emission.

So far the quantum dots can be deposited in 60 nm area, its optical properties
can be measured by confocal scanning and back focal plane imaging. Then we
consider to integrate quantum dots and nano antenna.

3.4.2 QD as single photon emitter

As a single photon emitter, the fluorescence of quantum dot originates from
the recombination of electron-hole in the confined band structure[67, 68, 69]. In
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its band structure (a simplified model is shown in Fig. 3.35), electron in ground
state |G) is excited to higher electron state. The electron transit to exciton state
|X') with non-radiative decay. Then the electron transit to ground state and emit
single photon.

- h

l XX> Excitation
/1XX A =515nm
Fluorescence
v 4 X> —
| A~ 670nm
Ay e, , Non-radiative
decay
v |G>

Figure 3.35: Simplified scheme of the band structure of QD fluorescence. QD
absorbs a 515 nm photon (green arrow) and an electron at ground state is excited
to exciton state |X). The excitation of biexciton state | X X) includes single or
multiple photon process (which are not shown in the scheme for simplicity). The
exciton or biexciton transition wavelength are both around 670nm.

Lifetime measurement

The measurement of lifetime uses time correlated single photon correlation
(TCSPC) and confocal microscope as we introduced in Fig. 3.36. The focus of
confocal microscope is fixed at the position of quantum dot. In each cycle, pi-
cosecond laser pulse is is used to excite QD and fluorescence. APDs collect photon
counts data. The pulsed laser send its synchronization signal to Picoquant TC-
SPC device. FEach laser pulse triggers the start signal, as it is synchronized to the
Picoquant TCSPC device. Time delay of fluorescene photon is recorded in the
device, building a fluorescence histogram as schemed on Fig. 3.37.

TCSPC requires to prevent taking photons from previous cycles into account.
Overlapping between subsequent fluorescence decay curves will cause overfitting
during the calculation of lifetime. So that the repetition rate of laser pulse need to
be small enough. The typical decay time of quantum dots is 10ns. The repetition
rate of laser pulse should not be larger than 100MHz. We use 40MHz or 20MHz
pulsed laser.

The measured decay curve is the convolution of real time response signal and
the IRF. The instrument response function (IRF) is measured by sending the laser
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Figure 3.36: Optical setup for lifetime and photon antibunching measurement.
Lifetime measurement: Synchronization signal from pulsed laser and one APD are
used to make lifetime measurement. Photon antibunching measurement: Hanbury
Brown and Twiss interferometry setup. Signals from bomth APDs are sent to
correlator to make photon antibunching measurement.

pulse through the instrument. It is limited by the pulse duration, optical setup
and APD rising time. IRF is represented in Fig. 3.38. It is of 350ps so that ns
decay rate is measurable.

Fluorescence measurement and decay rate fit for QDs deposited in holes of
100 nm (aggregates size ranging from 100 to 150 nm) or 300 nm (aggregates sizes
between 300 and 450 nm) are shown in Fig. 3.38. They corresponds to samples
previously mentioned in Fig. 3.27 and 3.29. Biexponential fitting were necessary,
with long and short lifetimes 7x and 7xx corresponds to exciton lifetime and
biexciton lifetime, respectively. Typical value is given in Tab. 3.4.
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Figure 3.37: Signal diagram (left) and corresponding histogram of TCSPC process.
Between two synchronization triggers, the time delay 7 of the fluorescence photon
is recorded. In each cycle, detected photon will add one count to the corresponding
time bin in the histogram.

10
e |RF
single QD
a few QDs

£

=

o

(5]

c

=] ‘i
-
a 10 | -
(] |
M o
©
E
[=] nd
-4 3

- l - o -
0 2 4 6 8 10 12

time delay/ns

Figure 3.38: Lifetime measurement of single quantum dot (green) and a few quan-
tum dots (blue) in 100 nm holes. Dots refers to experiment data and solid lines are
biexponential fit. IRF=350ps (red). Fitting parameters for a few QDs: 7x = 4.1
ns, Txx = 0.27 ns; Fitting parameters for single QD: 7x = 2.2 ns, 7xx = 0.19 ns.

3.4.3 Photon antibunching

Photon bunching and antibunching refer to the temporal statistics of photons.
Photons can be emitted one by one (antibunching) or by group (bunching). The
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Sample Tx/ns | Txx/ns
Single QD | 2.2 | 0.19

Table 3.4: Measured Lifetime of single QD sample.

photon statistics reflect the property of photon source.

The photon bunching and antibunching can be distinguished by coincidence
measurement using Hanbury Brown and Twiss (HBT) interferometer. The setup
is shown in Fig. 3.36. Input light passes through a beam splitter and is detected
on two APDs with the time delay recorded. If photons are antibunched, no coin-
cidence is measured at zero time delay.

The result can be quantified by the second order correlation function ¢ (7):

(N1(t)No(t + 7))
(N1(8)) (No(t + 7))

g?(r) = (3.16)

where (Nyo(t)) refers to the time average of photon count events observed in
detector 1 and 2.

The value of ¢g®(7) at zero time delay reflects correlation of photons. If
g?(0) > 1, it corresponds to photon bunching, the photon bunching is observed
from thermal light sources. g (0) < 1 corresponds to photon antibunching. Pho-
ton antibunching is associated to single photon emitter(single atom, quantum dot
or color center). ¢®(0) = 1 is the random case (Poissonian statistics) and is
observed for laser light source.

In ideal case (ideal QD and no noise), single photon emitter have g?(0) =0 .
With the number of emitter increasing, g (0) increases by|[70]

g?0)=1— (3.17)

N
where N is the number of photon emitter. We can determine the number of QD
emitter through Eq. 3.17.

Fig. 3.39 shows the ¢® (1) curve of single QD. The red curve is a guide for
the eyes. ¢?(0) at zero time delay is 0.386, which corresponds to a single photon
emitter.

3.5 Depositing QD close to a nanoantenna

3.5.1 Fabrication

By depositing QD to Yagi-Uda antenna, we are able to make primarily test
on the coupling between QD emission and nanoantenna. The fabrication can be
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Figure 3.39: ¢® () curve calculated from coincidence measurement of single QD
fluorescence.

implemented by two layer e-beam lithography. The first layer is gold antenna with
alignment marks. The second layer is quantum dots deposited close to the feed of
the antenna.

Figure 3.41: SEM image of fabri-
cated gold mark. The zoomed im-
age shows the alignment crosshair
(green) aligned to the shifted mark.

Figure 3.40: SEM align mark design
for QD-antenna alignment.

The difficulty of integration is the alignment of quantum dots layer. As we
mentioned in Chapter 2 and Sec. 3.3.1, the coupling is very sensitive to the po-
sition of quantum dots. Since the width of nanorod is 40 nm, maximal tolerable
error is 20 nm (see also Fig. 3.15). The sample is first aligned by the three points
alignment. Three points alignment is a software implemented function to calculate
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the transformation between specimen and software coordinates system by using
three points taken on both system at the same position. To achieve more accurate
alignment, we program auto and manual writefield alignment in each grid. The
writefield alignment directly corrects the coordinates of e-beam (writefield coordi-
nates) before each exposure so that the correction is adapted to every exposure
field. In order to meet the alignment resolution, the finest feature of writefield
mark is adjusted to 100 nm. The mark is designed as in Fig. 3.40. They are con-
stituted by single pixel line cross shape. The center of manual alignment region is
set at the center of the cross. SEM image of fabricated mark is shown in Fig. 3.41.
We use shifted mark (bottom left) instead of in-line mark (top left) to gain align-
ment accuracy. We shifted alignment upper and lower rods of the mark by half
the rod width to right and left, respectively, to make the left edge of the upper
rod and right edge of lower rod in-line (left and right rods are shifted in the same
way). In the shifted mark, the fabrication error of rod width are compensated and
we can align the crosshair to the edge of rods (see the zoomed image at the bottom
right of Fig. 3.41) instead of estimating the middle point of rods (see the top left
mark of Fig. 3.41).

a) b) c)

Figure 3.42: SEM images of quantum dots deposited to Yagi-Uda antenna a) 60 nm
hole, b) 100 nm hole before optimization, ¢) quantum dots slightly off-deposited.

The single pixel line mark significantly improves the deposition precision.
Fig. 3.42b shows a 100 nm quantum dots aggregates deposited close to the Yagi-
Uda antenna. The center of aggregates is exactly located on the end of feed
element. We also found 100 nm hole is still too large to obtain a good coupling
efficiency. In the meantime, we observed that quantum dots have better adhesion
to gold nanorod than on glass substrate.

After gradual improvements, we finally obtain quantum dots confined in 60 nm
hole, see Fig. 3.42a. Comparing to Fig. 3.42b, quantum dot aggregates are smaller
and closer to gold nanorod which corresponds to better coupling. But there are
still a few misaligned samples with quantum dots shifted with respect to the end of
the nanorod (see Fig. 3.42c¢). Fabricated sample firstly need to be observed under
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SEM. To protect quantum dots from bleaching, the acceleration voltage is set to
3kV and the observation time is limited to one second. Quantum dots are not
bleached according to following optical characterization.

3.5.2 Optical characterization of quantum dots - Yagi-Uda
antenna coupling

As a reference of quantum dots - antenna coupling, we first measure the cou-
pling between quantum dots and single nanorod. The coupling to single nanorod
can give information of polarization, enhancement and directivity. More impor-
tantly, we can check the rod length is resonant with the QD emission. We fabricate
nanorods with lengths varying from 80 nm to 150 nm and characterize their reso-
nance property.

Quantum dots coupled to single rod are characterized under confocal micro-
scope. Resonant nanorod enhance dipole emission of quantum dot. The polar-
ization of quantum dot emission is also modified[56, 71]. In order to analyze the
polarization state, the output light is split using a polarization beam splitter. We
measure the polarization along and perpendicular to the rod axis, on the two chan-
nels, respectively. The information can be combined in the same image by using
color coding [56]. Color coding method normalize both channels and transform
them into red and green channel in the same image. Perpendicular or parallel
polarized emission spot will be in red or green. If both polarization components
have similar intensity, the spot will be yellow.

|
b

90 nm 105 nm 115 nm

Figure 3.43: Color coded image for QD-nanorod coupled system calculated from
confocal scanning image. Rod lengths of each rows are 90 nm, 105 nm and 115
nm.

Fig. 3.43 shows color coded images of confocal scan for different rod lengths.
Emission of 90 nm nanorods presents polarization parallel to the nanorod orienta-
tion (red false color). If the rod length is increased from 90 nm to 115 nm, the spot
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Figure 3.44: Back focal plane image of single quantum dot emission coupled to 90
nm nanorod. a) Parallel polarization, b) Perpendicular polarization, ¢) Numer-
ical simulation of the far-field electric field polarized parallel to the nanorod, d)
Numerical simulation of the far-field electric field polarized perpendicular to the
nanorod. For the simulation, the dipole oscillates along rod axis and is 5 nm away
the rod.

color gradually changes from red (parallel polarization) to yellow (unpolarized).

These color coded images confirm that resonant nanorod can modify the po-
larization of quantum dots along its orientation. The optimal rod length (90 nm)
observed in the experiment is shorter than the simulated optimal value (110 nm).
The difference can originate from the overall fabrication error, different permit-
tivity of evaporated gold material or difference of shape between simulation and
experiment.

The directivity is the investigated by back focal plane imaging. We add an
analyzer before CCD camera in the setup described in Fig. 3.33. In Fig. 3.44a b,
the Fourier rings present different shape depending on the polarization. The par-
allel component has two lobes which are perpendicular to the orientation of the
nanorod. It shows a typical dipole-like emission pattern. The perpendicular com-
ponent has four lobes, but its intensity is five times less than the parallel po-
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larization. The simulated far-field distribution (Fig. 3.44c,d) fits in qualitative
agreement with the experiment.

Color coded DOLP

Figure 3.45: Color coded of Yagi-Uda antenna excited by QDs.

Once the polarized scattering of single nanorod is observed. The same proce-
dure is repeated on Yagi-Uda antenna. Fig. 3.45 shows the color coded confocal
scanning image. Approximately, 50% of QD-antenna system presents the expected
polarization along the rod axis. Under SEM, we observed that some quantum dots
drift after deposition. It could happen during the lift-off procedure. Antenna ele-
ments are very close to each other, small drift causes the adhesion to other antenna
elements (mainly reflectors). Since reflectors and directors are not resonant, we
cannot observe polarized light in these spots.

The back focal plane image of QDs coupled to nanorod is shown in Fig. 3.46.
The overall intensity of the parallel(left image) polarized component is larger than
the perpendicular(right image) polarized component. The ratio is 3.33/1. There-
fore the parallel component is the main part of the scattering. The parallel com-
ponent still has two lobes but light intensity on right side is larger than on the
left. This is a clear sign of directional scattering, and is better seen on the polar
plots (bottom figure of Fig. 3.46).

We also observe the spectrum of QD coupled to nanorod and Yagi-Uda antenna
and compare them with the spectrum of QD. In Fig. 3.47, the spectrum of QD, QD
with single rod and QD with Yagi-Uda antenna have similar central wavelength but
the band width of QD with single rod and QD with Yagi-Uda antenna decreases
from 84 nm (free space) to 53 nm and 58 nm, respectively. We also notice an
increase of the emission in presence of rod or antenna but no direct comparison is
possible since the number of QD into the aggregates can be different.
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Figure 3.46: Back focal plane image of quantum dots emission coupled to resonant
Yagi-Uda antenna. Polar plots are extracted from the integration of photon counts
of Fourier ring. The ratio of total photon counts between parallel and perpendic-
ular polarized component is 3.33/1.

3.5.3 Lifetime measurement

We observed the modification of QD emission directivity caused by the assis-
tance of nanorod and Yagi-Uda antenna. As we know, there is also modification
on lifetime for QD close to the resonant nanorod. In order to study the lifetime
modification, we measured the lifetime of QD on glass substrate and QD close to
Yagi-Uda antenna. The measurement and fitting are shown in Fig. 3.48. The data
is fitted by convolution of IRF with bi-exponential decay curve. Corresponding
lifetime is listed in Tab. 3.5. The exciton and biexciton lifetime 7x and 7xx of
QD close to antenna decrease by factor of 0.75 and 0.32, which is a significant
difference. Since biexciton lifetime can be affected by more process such as Auger
recombination and charge to be checked, we only take exciton lifetime to estimate
Purcell factor. The exciton lifetime of QD emission on glass and close to antenna
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Figure 3.47: Fluorescence spectrum of quantum dots on glass (red), single nano
rod (black) and antenna (green).

Table 3.5: Lifetime fitting result of QD on glass substrate and QD close to Yagi-
Uda antenna

Fitting

Type Tx/ns |Txx/ns| Ax Axx
QD on glass 8.9 0.88 15 28
QD close to antenna 2.9 0.60 15 2333

are Tygss = 8.9, Tantenna = 2.9. The lifetime of QD emission close to antenna is
three times smaller than its lifetime on glass. The Purcell factor of antenna can be
estimated as F, ~ (Tyiass) / (Tantenna) = 3. In the experiment, the QD size varies
from 10 nm to 30 nm. The lifetime of each sample has large dispersion. There-
fore more accurate Purcell factor can be estimated by using QDs with smaller size
dispersion.

3.5.4 Purcell factor of QD - antenna coupling

When a emitter is coupled to a nanorod, the resonant surface plasmon intro-
duces new relaxation channels so that decay rate is modified.
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Figure 3.48: Lifetime measurement of QD on glass substrate (red) and QD close
to Yagi-Uda antenna (green).

Purcell effect describe the decay rate modification[13]:

Fantenna
F,=—- 3.18
P nmedFQD 7 ( )

In classical simulation, the decay rate can be calculated by
w
I'= Elm{u*E}, (3.19)

where w is the frequency, /i is the dipole moment and E is the electric field at the
dipole’s origin.

By using Form.3.18, the decay rate can also be calculated by using the relation
['/Ty = P/P, where P is the far-field power in presence of the antenna.

We calculate Purcell factors of dipole coupled to Yagi-Uda antenna separation
oscillating as a function of the distance, as presented in Fig. 3.49. The reference I'y
and Py are taken from the single dipole on glass. The curve is shown in Fig. 3.49.
The Purcell factor of antenna from 5 nm to 50 nm decreases from 1000 to 1.5.
Smaller QD separation leads to larger Purcell effect. Since the lifetime of QD
samples disperse with QD size and the dipole orientation is not controlled, we are
not able to estimate the QD distance according to the simulation.
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Figure 3.49: Purcell factor of QD coupled to Yagi-Uda antenna with QD separation
from 5 nm to 50 nm. The Purcell factor calculated by I'/T'y is consistent.

3.6 Conclusion

In this chapter, we prepared QD deposition technique and the QD-antenna
system on glass substrate for the final integration. We numerically optimize the
Yagi-Uda antenna design and experimentally check by confocal imaging. Optical
characterization of the QD-antenna system shows the F/B power ratio F/B ~ 4.
Sixfold polarized polarization decay rate enhancement has been demonstrated on
glass substrate.

We will investigate in the next chapter application to TiOy waveguide excita-
tion.



Chapter 4

Antenna assisted QD emission
into TiO2 waveguide

4.1 Introduction

In this chapter, we first design antenna for coupling QD emission into TiO,
planar waveguide. Then we present the nano-fabrication of the full design. The
dimensions of experimental sample is adjusted according to the optimization. The
optical characterization presents unidirectional coupling direction parallel to the
antenna axis but also parasitic coupling in the perpendicular direction. Numerical
simulations suggest that the most probable reason for the perpendicular coupling
is the misalignment of QD.

4.2 Design of Yagi-Uda antenna on TiO2 waveg-
uide

Extending the design of Yagi-Uda antenna in free space and on a glass sub-
strate, we optimize the antenna on TiO, waveguide. To save calculation time,
we separate the simulation work into proximate scale simulation to design the
antenna on planar waveguide and full scale simulation to characterize scattering
at the edge of the waveguide (see Fig. 4.1). The simulation of QD-antenna-TiOq
coupling is in 1 um scale, and the guided mode scattering at the edge of TiO, is
in 16 pm scale. Finally we combine the two simulations to estimate the coupling
efficiency and compare to our experimental results.

29
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Figure 4.1: Diagram of separated simulation regions.

4.2.1 Proximate scale study: Optimization of the Yagi-Uda
antenna on TiO, waveguide

The proximate scale study focus on the optimization of the Yagi-Uda optical
antenna. The setup of model is shown in Fig. 4.2. After the optimization we
can distinguish 1) QD emission in air (direct or scattering on the antenna, P, ),
2) fluorescence emission into the substrate (Pg,) and 3) fluorescence coupled to
guided modes (P,,). The light power in these three channels will be used to
calculate coupling efficiency in the full scale simulation.

1 Pair
Air
TiO2 Pwg
Substrate
M Psub

Figure 4.2: Three scattering channels of Yagi-Uda antenna on TiO, planar waveg-
uide in the proximate region.

The simulation of Yagi-Uda antenna on TiO, is adapted from the simulation
of Yagi-Uda on glass substrate. We add a TiOy layer (nri0, = 2.375, thickness=80
nm) in the simulation region. The effective index ngy, is modified to 3.64. The
effective wavelength is Ay, = Ao/nspp, = 184 nm. We expect resonance for L =
’\% = 92 nm (we neglect the reactance term since it originates from penetration
depth that is low for high effective index).

We repeat the robustness simulation again on the full integrated model (see
Fig. 4.3). The optimal reflector and director lengths are found to follow the same

rule as in the free space case L, = 1.06L = 98 nm and L; = 0.9L = 82 nm,
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Figure 4.3: F/B ratio of far-field power with different Lr and Ld on full integrated
model. Lr sweep result is shown in lines with different colors.

respectively. The directivity of the antenna is controlled by the spacing between
the feed, the reflector and directors. To couple emission into TiOsy guided mode,
the spacing is modified to

Yd = Awg/4 = 9Tnm, (4.1)
Yr = Aug/4.4 = 89nm, (4.2)

where A,y = Ao/ is the guided mode effective wavelength. We use effective
index n,, = 1.72 for a TE mode in the waveguide. By applying Form. 3.13
using the effective wavelength of A0, = 670/1.72 = 390 nm and performing a
correction factor sweep, we determined the optimal correction factor for the 80 nm
TiO, waveguide model to be 0.8. (see Fig. 4.4). Therefore we have

Yd = Awgd/4 = T8nm, (4.3)
Yr = Mg /4.4 = Tlnm. (4.4)

We simulate the absorption power as a function of L in Fig. 4.5. The maximum
absorption power is achieved for L = 92 nm as expected. This is valid for both
single rod and full antenna. The spectrum of resonant nanorod (L = 90 nm, 92
nm, 94 nm) is shown in Fig. 4.6. We observe a strong sensitivity of the resonant
position with the rod length (an error of 2 nm on the rod length leads to a resonant
shift of about 50 nm). However, the resonant width is large so that it is not critical
to couple QD fluorescence. A comparison of optimal antenna dimension in free
space, on glass and TiO, waveguide is shown in Tab. 4.1.

The spectrum of single dipole coupled to Yagi-Uda antenna is shown in Fig. 4.7.
The total far-field power is the integration of the far-field power over full space
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Figure 4.4: Forward power ratio (in slab) as a function of correction factor ¢ of
Yagi-Uda antenna on TiO, waveguide.

Table 4.1: Optimized dimensions of Yagi-Uda antenna in free space, on glass and
on TiO, waveguide.

Type Size Lfeed Ldirector Lreflector Yd Yr Gain F/B
Free space 128 nm | 115 nm | 136 nm | 151 nm | 137 nm 8.4 4.3
Glass 110 nm | 9 nm | 117 nm | 91 nm | 83 nm 7.5 4.0
TiO, 92nm | 82nm | 98 nm | 78 nm | 71 nm 6.3 4.7 (in slab)
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Figure 4.5: Normalized scattering power (blue) and absorption power (red) of
different feed length varying from 70nm ~130 nm of YagiUda antenna.
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Figure 4.6: Spectrum of single nanorod excited by a dipole on TiO, planar waveg-
uide.

(solid angle of 4wsr). It represents the scattering spectrum. We check that the
antenna is optimized for A = 670 nm.

Fig. 4.8 presents a cross section of QD-TiOy waveguide coupled emission medi-
ated by the optimized Yagi-Uda antenna. The light scattered into the waveguide,
air and substrate can be clearly observed. The light is confined in TiOy waveguide
and the light power propagates mainly towards the right side.

Simulated 3D far field distribution is shown in Fig. 4.9. Comparing to Fig. 3.12,
the far field power is constrained in the waveguide film (+y direction).
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Figure 4.7: Normalized scattering power spectrum of optimized Yagi-Uda antenna
on TiO, waveguide with local excitation.
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Figure 4.8: Electric field norm distribution for a single dipole p = p¥ coupled to
Yagi-Uda antenna. The light scattered to the right side is larger than the power
scattered to the left side.

Gain and directivity

The gain of Yagi-Uda antenna on TiOy waveguide is 6.3 (8.4 in free space, see
3.3.1). The maximal direction is along the antenna axis (toward +y direction).

In free space, we use right and left half sphere to define front and back powers
(Form. 3.10). In waveguide coupling case, we only take into account the front and
back light power in the TiOy waveguide layer. The maximal front-to-back ratio
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Figure 4.9: Simulated far field distribution of Yagi-Uda antenna on TiO, with a
dipole excitation.

(F/B) = 4.7 (similar to the free space case), but confined in the 80 nm planar
waveguide.

4.2.2 Full scale study: guided mode propagation and scat-
tering in TiO, waveguide

In order to compare the simulated coupling efficiency with the experimental
measurements, we make full scale (16 pm) 2D simulation to investigate the guided
mode propagation and is scattered at the edge of TiO, waveguide. The antenna
mediated power P,, coupled to the waveguide is injected into the 2D simulation
to estimate the light scattered at the end of the planar waveguide.

2D simulation

We consider a model with an active input port and guided mode propagation
(see Fig. 4.10). The input port emulates the directional light coupled from the
proximate scale simulation (P,,). The guided mode propagation is regarded as
lossless propagation.

The model is simulated by 2D COMSOL simulation (see Fig. 4.11). A 16 um
long, 80 nm thick TiO, waveguide is modeled on glass substrate. The waveguide is
excited by a numerical port at the left edge of the simulation region. We observe
light propagates along the TiOy waveguide and scattering at the right edge.
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Figure 4.10: Three scattering channels of quantum dot fluorescence.
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Figure 4.11: 2D simulation of light (TE mode) scattering at the edge of microdisk.
The output power is integrated over the circle C,4 excluding the TiO, waveguide
part.

Coupling efficiency

In the experiment, we can measured the light scattered at the output of the
planar waveguide and compare it to emission measured at the QD position. This
corresponds to

Pring

. 4.5
Pcenter + P’ring ( )

Nout =

where P,jng and Peeper are light power collected by the objective from the end of
the waveguide or directly from QD, respectively. The simulated coupling efficiency
is calculated in the same way to be compared to the experimental value.
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As we mentioned before, the QD radiative power is divided into three channels:
Prad = Pai’r + Psub + ng- (46)

The coupling efficiency between the quantum dot fluorescence and the waveguide

is
Py

Prad

Nwg = (4.7)
It measures the ratio of the radiated power coupled to the waveguide.
From the proximate scale model, we estimate the fluorescence light emitted
directly from QD (Py,) or at the edge of the waveguide (P,,). The corresponding
coupling efficiency are

Psub
sub — = 0377 4.8
Nsub P (4.8)
Py
Nwg = “; = 0.44. (4.9)

In the optical characterization, the sample is installed on the confocal micro-
scope. The excitation laser beam is focused from the substrate side by an immer-
sion objective. the numerical aperture of the objective lens is N.A. = 1.49, the
refractive index of immersion oil and lens system is n,,,, = 1.51. So the collection
angle is

001 = arcsin( ) = 80°. (4.10)

Nimm
In the full scale simulation, the collected power is defined by the far-field power
integration over spherical crown with 160° opening angle.

950[
Poy = / P(6)df. (4.11)

_ecol

We calculate the collection efficiency of light scattered at the edge of the disk
as

i _ ffgjﬂl out(e)de
ring fcwg Pout(e)de )

(4.12)

where P, is the light scattered at the output and C,, is a circle excluding the
waveguide (see Fig. 4.11). We obtain 7,,, = 0.74. The collection efficiency of the
light directly scattered into the substrate 7, is calculated in the same method
Neenter = 0.49.
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The final ratio between the scattering collected in the center and at the edge
is

Pu;gnring _ nm'ngnwg _ 64%
Pradnsubncenter + ngnring NringThog + TcenterTsub

Nsimulation =

We can reasonably assume that P, originates mainly from the uncoupled QD
emission Therefore Ngmuiation = 64% gives a rough estimation of the light coupled
to the waveguide.

4.2.3 Robustness of Yagi-Uda antenna

During the transition from the design to fabrication, we also considered the
effect of changes in the antenna design. High order modes antenna supported by
longer rods could be easier to fabricate and characterize. We also examined the
impact of missing antenna elements.

Higher order resonant modes

In the initial design, we only consider the first order mode of plasmon reso-
nance in nanorod. It is also interesting to investigate high order resonance modes
achieved for rod length L = k),,,/2 (K = 1,2,3...). The dimensions of higher
order mode design is larger than the first order mode. It is easier to be fabricated
and characterized.

Director and reflector position are fixed since they are governed by the guided
mode propagation constant in TiOs (f5,,). Their length are modified according to
Ly =009L and L, = 1.25L. Absorption cross section is shown in Fig. 4.12 varying
the rod length from Ay,,/2 to 4 X Ay, /2.

The four peaks correspond to four resonance modes of antenna as already
seen from the electric field map on Fig. 4.13. We found the resonance strength
decreases with the order of the mode. Mode profiles for each high order mode show
multiple nodes between two tips of nanorod. The number of nodes equals to the
order of the mode. The F/B ratio, shown in Fig. 4.12b, presents clear directivity
for dipolar mode only. This is attributed to the fact that reflector and directors
length have been designed for a dipolar mode. Further investigation would be
needed to estimate the phase shift needed for other modes (governed by length L,
and Ly).

Impact of missing antenna elements

The function of antenna elements can be checked by removing reflector, di-
rectors and feed element. The far-field scattering with one element removed is
shown in Fig. 4.14. Comparing to no-feed case, the field strength is significantly
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Figure 4.12: Front and back scattered far-field power for different length factors
of antenna elements. L = k\,,,/2; director length Ly = 0.9L; reflector length
L, =1.25L x 0.85.

Figure 4.13: Electric field of high order resonant mode. a)Second order and b)
Third order.

enhanced when the feed element is added. When we remove reflector or directors,
the F'/B ratio are smaller than the complete antenna case. The quantitative data
are shown in Tab. 4.2.

We also notice that (F/B)antenna > (F/B)no—ref X (F/B)no—air- There is syn-
ergy effect between reflector and directors.
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Figure 4.14: Polar diagram of antenna model with elements removed: no feed
element (brown), no directors (blue), no reflector (green) and complete antenna
(red).

Variation | Front power | Back power | F/B ratio
no reflector 247.00 263.95 0.94
no directors 389.97 127.59 3.05

no feed 1.03 0.36 2.86

antenna 540.17 115.28 4.70

single dipole 1 1 1

Table 4.2: Front and back power and F /B ratio in TiO, waveguide when differents
antenna elements are removed. The power at the front and back in the TiO,
waveguide is normalized with respect to the power at the front and back of a
single dipole on TiOs.

4.3 Yagi-Uda on TiO2 microdisk

4.3.1 Fabrication of TiO, planar waveguide

We use circular microdisk as the waveguide so that the optical paths from its
center to every directions are the same. The light scattering at the edge can display
the distribution into the waveguide. We can use it to measure the directivity and
front-to-back ratio in all directions. The material of waveguide need high optical
density and low absorption. TiO, is an easy to get and manipulate material in our
lab. The refractive index of the TiO, film deposited in our lab is typically 2.38 or
2.5 depending on the deposition methods. We use TiO, with 2.38 optical index
whose deposition method produces smoother surface. The feature of waveguide is
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relatively large (diameter ~ 50 um). Therefore we fabricate it by UV lithography.
The fabrication adheres to the procedures outlined in the literature[72]. The TiO,
layer is firstly deposited on the substrate using PVD. Then we spin coat positive
UV sensitive photoresist AZ MiR 701. The sample is then exposed through a
prefabricated photomask which contains microdisk pattern. After baking and
development, we use reactive ions etching (RIE) to selectively etch TiOy which are
not covered by photoresist.

Figure 4.15: Design of TiOy planar waveguide and rectangular waveguide.

In optical lithography, all patterning information is written on the photomask.
The photomask is prepared by commercial manufacture according to our design.
The design is shown in Fig. 4.15. In the pattern, we use 100 pm grid. In each
grid, there is a 50 wm circular planar waveguide. We have also fabricated strip
waveguides but it is designed for future applications. We design cross marks at
corners of each grid. The marks will be used to align the antenna on top of the
TiO, disk in the following step.

It is worth mentioning several difficulties during the fabrication. The finest
feature of MJB4 UV lithography is 1 pm. In our primary result, cross marks at
corners were missing. We attribute this to overexposure. In the beginning, we
followed recommended UV dose, but the projection system and the photomask
varies from one to the other. The exposure time need to be adjusted accordingly.
We add an additional factor in the calculation of exposure time:

S Dtotal
P

x k, (4.13)
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a)

Figure 4.16: Exposure test pattern for UV lithography. a) Designed pattern, b)
optimized sample and c¢) overexposed sample.

where D;,q is the total dose suggested by manufacture, P is the measured UV
light power, k is the time correction factor. By changing k and examining the
pattern after development, we can obtain optimized k when the pattern is perfectly
reproduced. In order to check the exposure result, we use special pattern shown in
Fig. 4.16. When the spacing between staggered bars are 0, the optimized pattern
should not have interconnection between their corners. The dose test image is
shown in Fig. 4.16. The optimized k is 0.78.

In MJB4 UV lithography, we have both vacuum mode and hard contact mode.
In the hard contact mode, the photomask is pressed on the sample at controlled
pressure. In the vacuum mode, the air between photomask and sample surface can
be removed to obtain better contact. We use hard contact mode which is sufficient
to achieve 1 um resolution.

The processed sample, following UV lithography and development, is inserted
into an Oxford reactive ion etcher. The gas mixture atmosphere is excited into
inductively coupled plasma (ICP) with precise control over the gas concentration
and plasma excitation RF power. The TiO, are selectively etched by ICP. The
thickness of TiOs is monitored using phase-shift interferometry, and the relative
thickness change is calculated from the interference pattern until the desired thick-
ness is achieved, at which point the RIE procedure is halted. The etch speed can
be modified by adjusting the RF power.

Finally, the sample is immersed in N-Methylpyrrolidone(NMP) solvent to strip



4.3. YAGI-UDA ON TIO2 MICRODISK 73

the remaining photoresist layer. It has been observed that the difficulty of strip-
ping the photoresist depends on the RF power during the RIE process. It is
recommended to use a lower RF power to reduce the adhesion of the photoresist
to the TiO, surface.

A fabrication result is shown in Fig. 4.17. The circular microdisks are TiO,
planar waveguides. We can also observe the cross marks.

Figure 4.17: Dark field image of TiOs microdisks.

4.3.2 Yagi-Uda antenna on TiO; waveguide

The fabrication of Yagi-Uda antenna on TiO, waveguide need two modifications
comparing to the antenna on glass. Cr wetting layer presents lower adhesion to
TiO, than on glass substrate. The dose factor need to be adjusted accordingly.
Then, the antenna layer need to be aligned exactly in the center of TiO, layer
microdisk. In order to make connection between points on sample and points on
the design scheme, we mark points under SEM as (X,Y) and points on the scheme
as (U,V) respectively. The coordinates on the design is three groups of coordinates
and have 6 degrees of freedom. The software can calculate transformation between
the two coordinates. After the alignment, we are able to navigate to specific
position on sample surface by clicking on control software.

Moreover, the imaging of TiO, layer is also a difficulty. The thickness of TiO,
layer is in the range 80nm ~ 150nm. With a 300nm ~ 500nm PMMA layer on
top of it, the contrast between TiO,; and PMMA is low. Similarly, the contrast
between TiO, layer and substrate is also low. Under low magnification, the pattern
is noisy. One solution is to make a scratch from the edge of sample to a cross mark.
The scratched part has distinct scattering property. We can follow it to find the
cross mark. Once the first cross mark is found. We first make a rough alignment
using global marks. Then we navigate to local marks to have a precise alignment.
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After Au deposition and lift-off, the optical image of the sample is shown in
Fig. 4.18.

100nm

SEl  200kV X1,700 10um WD 7.6mm

Figure 4.18: SEM image of Yagi-Uda antenna fabricated on microdisk. L;=92
nm, L;=83 nm, L.,=122 nm, y,=83 nm and y;=90 nm.

Optical characterization

In order to test the scattering property of the Yagi-Uda antenna, we observe
it under dark field microscope.

Fig. 4.19 shows a dark field image of Yagi-Uda antenna on microdisk. We can
measure the scattering spectrum of Yagi-Uda antenna. Scattered light is filtered
by a pinhole and sent to the spectrometer. The background corrected spectrum
is shown in Fig. 4.20. We observe a resonance around 650 nm ~ 700 nm. The
polarization dependence reflects the anisotropic scattering property of nanorods.
The longitudinal resonance (polarization parallel to the feed) is slightly red-shifted
compared to the transverse resonance.

We firstly examine the scattering of Yagi-Uda antenna without local emitter.
The antenna is excited as a whole by using 670 nm laser to examine its scattering
property. 670 nm is close to the central wavelength of CdSe quantum dot fluo-
rescence. The focal size of laser spot is about 300 nm due to the diffraction limit
so that all elements are excited simultaneously. Under dark field microscope, the
antenna appear as a small dot. The sample is mounted on a software controlled
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Antenna
scattering

Figure 4.19: Dark field image of Yagi-Uda antenna on TiO5 microdisk. We observe
scattering at the edge of the TiO, microdisk and on Yagi-Uda at the center. Cross
marks were used for rough alignment and square are PMMA residue after precise
alignment. Dots in white squares are precise marks.
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Figure 4.20: Scattering spectrum of Yagi-Uda antenna in dark field. Blue curve
represents 0° polarization (parallel to the rod axis) and green curve represents 90°
polarization (perpendicular to the rod axis). Spectra are fitted by Gaussian as fits
are used to estimate the resonance peak.

piezo stage. Thanks to the feedback control, the piezo stage can achieve 10-100
nm precision. The laser spot can precisely cover the antenna. Once the antenna
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Figure 4.21: Directional light coupling

in TiOy waveguide through Yagi-Uda an-
tenna. Yagi-Uda antenna is excited as
a whole. The incident light is polarized
along the rod.

Figure 4.22: Simulated far field polar plot
of antenna scattering in TiO, waveguide
for a plane wave excitation.

overlaps the laser spot and the dark field illumination is off, a clear ring can be
observed at the edge of the microdisk. The microscope image is shown in Fig. 4.21.
The bright spot in the center is the laser spot deposited on the antenna. The outer
ring is the light scattering at the edge of microdisk. The polar plot superimposed
on the image refers to light intensity over the waveguide ring. The light is scattered
perpendicularly to the antenna axis, so that no antenna effect is observed. For
comparison, we also make a simulation with planar light excitation on antenna.
The simulated far field in microdisk (see Fig. 4.22) fits the experiment well.

One interesting phenomenon is whether the antenna is locally excited and
excited by plane wave, its far field scattering direction are orthogonal. In the local
excitation case, reflector and directors are excited via the feed element. There are
phase differences between antenna elements. In the plane wave excitation case, all
elements are in-phase so that no antenna directivity is observed.

4.4 Directional QDs emission into planar waveg-
uide

Finally, we have deposited QD aggregates close to the antenna feed, following
the method presented in Chapter 3 (Sec. 3.5).

Antenna mediated QD emission coupled to TiO, waveguide is shown in
Fig. 4.23. Scattered light is collected by a high NA objective (see Chapter 3,
NA=1.49). Light coupled to microdisk propagates in planar waveguide and scat-
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ters out at the edge. Since the light source is a local source in the center, its
directional property can be estimated by the light scattered out at the edge of the
waveguide. The image of scattering ring is shown in Fig. 4.23.a,b.

parallel perpendicular parallel perpendicular

TE b) TE C) ™ d) ™

a)

Figure 4.23: Antenna mediated QD emission in TiOy planar waveguide. a,b)
Image plane for analyzer parallel (a) or perpendicular (b) to the rod axis. c,d)
Back focal plane images for light scattered from the center. Bottom line: angular
cross section of the light scattered at the microdisk edge (a,b) and in the Fourier
plane (c,d).

As we mentioned in Sec.3.4.1, the setup is designed for switching between
the image plane and back focal plane. In our primary result, the number of
quantum dots is not controlled. In this case, we do not expect an efficient coupling
between quantum dots and antenna. But we are able to study the coupling between
quantum dots and TiO, waveguide. The real plane and back focal plane images
are shown in Fig. 4.23. The perpendicular and parallel component are separately
collected.

As schemed in Fig. 4.24, TM mode appears radially polarized in the Fourier
plane but TE mode presents lobes perpendicular to the direction of propagation.
Therefore, we can associate in the Fourier plane 4.23c,d to TM mode and image
plane 4.23a,b to TE mode.

Image plane reveals that mainly TE modes are guided within TiOs film.
Fig. 4.23.c,d presents the back focal plane when the edge is filtered out. We observe
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that direct QD emission (uncoupled light) is mainly TM polarized.

4.4.1 TE and TM mode in planar waveguide

Fourier plane
—

Electric field /n\\
~~\

Scattered light

—_— ( [ ] I
Analyzer direction \

Image plane \J

Figure 4.24: Diagram of dipole scattering in TE and TM modes. The TE/TM
mode electric field are azimuthal /radial in Fourier plane. After the analyzer, the
light on both sides(TE) or inline with the polarization direction(TM) is filtered
out.

We calculated eigenmodes of 80 nm TiO, waveguide on glass substrate. The
effective indices are:

neff(TEo) = 1.72,
neff(TMo) = 1.45.

The effective index of TM mode is below the optical index of glass substrate. It
can therefore leak in to the glass substrate so that it can be observed in the back
focal plane in Fig. 4.23.c,d. Fig. 4.25 shows the Poynting vector distribution of TE
and TM mode. On the left figure, energy of TE mode is confined in the waveguide.
While energy of TM mode extends more in the glass substrate. When the planar
waveguide is very thin (80 nm), the waveguide only support single TE mode. TE
mode light is confined in the waveguide and propagate to the edge. TM mode
light leaks into glass.

4.4.2 Directional emission coupled to planar waveguide

Following previous result, we reduce the number of quantum dots. The back
focal plane and image plane images are shown in Fig. 4.26 and 4.27 for a few
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Figure 4.25: 2D eigen mode analysis of TiO, waveguide on glass. Mode profile of
a) TMy mode, b) TE; mode. Arrows refer to electric field. Color map represents
the mode profile.

180

20

Figure 4.26: Back focal plane image of QD emission scattered by Yagi-Uda antenna
into the substrate.

QD (< 5). The coupling efficiency can be estimated. We measure the scattered
light around the ring and in the center. The coupling efficiency is estimated as
N = Pring/(Pring+ Peenter) = 39%. It is lower than the calculated 7(64%), because of
propagation losses into the TiOy waveguide and lower coupling efficiency depending
on QD-feed distance. Numerical simulations considered a single dipole polarized
along the rod axis so that it overestimate the coupling efficiency compared to
experimental situation.

We observe directional scattering whose intensity on up (120°) and right (0°)
side is more than those on the other two directions. In order to distinguish the
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Figure 4.27: Image of scattering light of TiO, waveguide with Yagi-Uda antenna
assisted QD emission. The inner spot is the light scattered by Yagi-Uda antenna.
The outer ring is the light scattered from the edge of TiO, waveguide.

property on orthogonal directions, we put analyzers before camera and APDs.
Along the orientation of Yagi-Uda antenna, we observe significant forward direc-
tivity with a front-to-back ratio F/B=1.5 (Fig. 4.28a).

Fig. 4.28.c,d presents the TM signal collected in the BFP that is attributed to
the light emitted by uncoupled QDs. We attribute the small right/left directivity
to reflection on the antenna.

However, in perpendicular direction, we also observe anisotropic distribution.
In order to understand the result, we proposed two possible reasons: misalign-
ment, off resonance. Misalignment means the position of deposited quantum dots
are slightly shifted. Off resonance means the feed length is shorter or longer than its
actual resonant length. We have realized numerical simulations for each assump-
tion. The far field power of each polarization components are shown in Fig. 4.30.
The misalignment case (Fig. 4.30a) has comparable far field components in the
direction parallel (x) and perpendicular (y) to the nanorod. We can still observe
the right/left antenna effect for x polarization. Moreover, the misalignment of
QD induced also a dissymmetry perpendicularly to the nanorod for x polarized
component, in fair agreement with our measured data. The off resonance case
(Fig. 4.30b) does not reproduce the experiment. Therefore, the most possible rea-
son is the misalignment of quantum dots. Since the accuracy of QD deposition is
50 nm, it is difficult to deposit QD exactly at the tip of the feed element under cur-
rent experiment method. The lift-off process during the QD deposition can also
shift the QD position. We expect better coupling with more precise deposition
method.
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parallel perpendicular parallel perpendicular
a) TE b) TE c) ™ d) ™

Figure 4.28: Antenna mediated QD emission in TiOs planar waveguide. a,b)
Image plane for analyzer parallel (a) or perpendicular (b) to the rod axis. ¢,d)
Back focal plane images for light scattered from the center. Bottom line: angular
cross section of the light scattered at the microdisk edge.

Figure 4.29: SEM image of Yagi-Uda antenna on TiO, microdisk.
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Figure 4.30: Simulated far field polar plots of possible coupling situations. a)
misaligned coupling b) off resonant coupling.

4.4.3 Lifetime measurement

As we mentioned in Sec. 3.5.3, the lifetime of the emission can be used to
characterize the enhancement of QD emission and the quality of the coupling.
Besides, as is mentioned in [73], it is also interesting to observe the lifetime just at
the photon source and at the edge of the planar waveguide. In order to keep the
excitation in a consistent condition, the laser spot is kept in the same position and
the pinhole and APD are adjusted to the position in the image plane accordingly.

The decay dynamics function is shown in Fig. 4.31. The data is fitted by the
convolution between bi-exponential and the instrument response function (IRF).
The fitting parameters are shown in Tab. 4.3.

Table 4.3: Lifetime fitting result of QDs close to Yagi-Uda antenna.

Fittin
Type & Tx/ns | Txx/ns Ax Axx
Center 8.1 1.36 19.5 47
Back edge 9.21 1.59 0.728 1.83

The lifetime at the edge of TiOy waveguide (after coupling to the guided mode)
is overall longer than the lifetime in the center (for coupled and uncoupled QD).
The differences is not significant but may be attributed to QD emission filtered by
the guided mode (see [73]).
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Figure 4.31: Lifetime measurement of scattered light at the center of photon source
(red), at the back edge of TiOy waveguide (green) and on the left edge of TiO,.

4.5 Conclusion

In this chapter, we tried to demonstrate the unidirectional coupling of quan-
tum dot emission to TiOy waveguide. Each layers are fabricated separately and
then combined. The QD - Yagi-Uda antenna coupling shows efficient unidirec-
tional scattering. In the full integration experiment, we found the quantum dots
fluorescence coupled to waveguide with 39% efficiency. The scattering pattern at
the edge of waveguide show directional emission on two directions. The F/B power
ratio of parallel polarized TE mode is 1.5. The misalignment of QD can explain
the unexpected directional coupling in the perpendicular direction. More precise
coupling requires the alignment error below 10 nm which needs to be improved in
a future work.
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Chapter 5

Conclusion and perspectives

The thesis work implements the QD-antenna coupling to TiOy waveguide step
by step.

We theoretically analyzed the coupling between dipole and TiO, waveguide.
We analyzed the guided mode profile to figured out the rough range of TiOy thick-
ness. The mode analysis calculated the decay rate of dipole in different channels
(TE, TM and their combination). 55% efficiency in TE mode without directivity
is obtained in bare film.

As the first step, we prepared QD deposition technique and QD-antenna depo-
sition on the glass substrate. The QD can be directly deposited in 100 nm hole.
We achieved QD-antenna coupling system with F/B power ratio F//B ~ 4 and
sixfold decay rate enhancement.

Finally we integrate QD, Yagi-Uda antenna and TiO, to demonstrate unidirec-
tional coupling. The optical characterization shows antenna effect in the parallel
polarization direction but we also observed directional scattering in perpendicular
polarization direction. We proposed two probable reasons for the observation. Nu-
merical simulation shows the most probable reason is the misalignment of QD. We
need to further improve the QD deposition method (~ 10 nm) to achieve better
directivity. We conclude that the unidirectional coupling is feasible but requires
more precise QD deposition.

For our future work, we expect to introduce or implement new QD deposition
method to improve the precision. Embedding the Yagi-Uda antenna into the
waveguide would also improve the coupling efficiency to the guided mode but
necessitate planarization of the slab that could be difficult to achieve. A precise
Yagi-Uda antenna mediated QD emission coupling to TiOy can be an efficient
unidirectional integrated photon source.

The well controlled source can be applied to integrated photonic circuits as an
efficient local photon source. We can also improve the control of deposited QD
numbers. The integrated single photon source can be used to implement functional

85
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devices, such as CNOT gate[8], for quantum information.

From the long-term perspective, the efficient integrated single or indistinguish-
able photon source can be the core of the fully integrated quantum information
device. The continuous improvement of integrated single or indistinguishable pho-
ton sources can finally promote the development of integrated quantum devices.
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