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Abstract: Micro-ring resonators made of titanium dioxide 
were decorated with local light sources comprising CdSe/
CdS colloidal quantum dot aggregates. The active micro-
resonators are operated to achieve efficient evanescent 
excitation of nearby co-planar integrated waveguides. Cou-
pled-mode analysis and numerical simulations are used 
to capture the dynamic of the optical interaction between 
locally activated resonators and integrated waveguides. 
In this context, we exemplify the key role of resonator 
intrinsic loss. Next, we show that locally activated or bus-
waveguide excited resonators are in optimum waveguide 
interaction for the same so-called critical coupling condi-
tion, although the physical origin of this property is differ-
ent for each configuration. More importantly, we found that 
a locally activated resonator is a fabrication imperfection 
tolerant configuration for the coupling light of local sources 
into waveguides. This remarkable property originates from 
the opposite change of the power cycling into the resona-
tor and the waveguide coupling efficiency as a function 
of the resonator-waveguide separation gap. By operating 

an 8-µm-radius ring resonator with loaded quality fac-
tors around Q =  2100, we experimentally demonstrate a 
5.5-dB enhancement of the power coupled into the output 
waveguide compared to a direct local source waveguide 
excitation.

Keywords: colloidal emitters; micro-ring resonator; local 
light sources; titanium dioxide waveguide; integrated 
light source resonators.

1   Introduction
Integrated traveling wave resonators (TWRs) such as 
micro-ring or micro-disks are often operated for on-chip 
filtering purposes. The classical TWR excitation configu-
ration relies on evanescent coupling with the modes of a 
nearby placed bus waveguide [1]. Triggered by the devel-
opment of on-chip quantum light sources, the excitation 
of integrated TWR by single emitters has mostly been con-
sidered recently by operating solid state quantum emit-
ters [2, 3] or even organic emitters [4]. At a more practical 
level, many emitters interacting with integrated TWRs [5] 
are relevant for classical light sources. For example, lasing 
under continuous optical pumping has been demon-
strated by integrating colloidal quantum dots (QDs) into 
SiN micro-disks [6]. Monolithic micro-ring lasers directly 
made of colloidal QDs have also been reported [7, 8]. 
Owing to the improvement of emission properties of col-
loidal QDs, nowadays it is clear that combining integrated 
devices with colloidal QDs is a relevant and versatile 
approach for the development of low cost optically active 
devices [9, 10]. In this context, not only laser sources are 
of practical interest. Indeed, for applications targeting 
bio-sensing, for example, broadband incoherent light 
sources relying on QDs fluorescence are already useful 
[11]. Whatever the targeted applications, colloidal QD light 
sources are only of interest if efficiently coupled to the 
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on-chip photonic circuit. Beyond randomly  distributed 
QDs around waveguides [12] or encapsulation into wave-
guides [13–17], placing QDs in a controlled way in weak 
interaction with an optical cavity offers the opportunity 
to tailor their emission properties by means of the Purcell 
effect [18–20]. However, one should not only consider QD 
coupling to cavity modes but also controlled light extrac-
tion from the cavity to the photonic circuitry. In this work, 
we focus on light coupling from a locally excited micro-
resonator to an output waveguide. More specifically, we 
investigate the excitation of ridge waveguides coupled to 
micro-ring resonators optically activated by local light 
sources comprising colloidal QD aggregates. The deploy-
ment of such colloidal QD light sources at the scale of res-
onator arrays is a first step toward the development of a 
new class of highly-parallel, optical alignment free, spec-
trally encoded, resonator-based integrated optics sensors. 
Beyond bio-sensing purposes, a locally excited micro-ring 
resonator in optical interaction with an integrated wave-
guide is a generic configuration that is also of interest for 
quantum applications provided the local light source is 
scaled down to the single emitter level.

Our study is organized as follows. We first derive the 
properties of locally activated resonators interacting with 
output waveguides on the basis of a coupled mode for-
malism. Realistic designs are next considered by numeri-
cal modeling performed with the Fourier modal method 
(FMM) using a line source excitation of the micro-resona-
tors. In Section 3, we report on the experimental charac-
terizations of micro-ring resonators excited by CdSe/CdS 
core-shell colloidal QD aggregates deposited at controlled 
locations. The fabrication process of titanium dioxide 
(TiO2) micro-resonators decorated with QD aggregates is 
described along with the optical characterization proce-
dure. In agreement with our modeling, we show that the 
optimum enhancement factor is obtained for the resona-
tor featuring the lowest optical losses including losses 
originating from the scattering by the QD aggregates 
deposited onto the resonators. For resonators featuring 

moderate loaded quality factors (around 2000), we obtain 
a more than three-fold enhancement of the power coupled 
into the waveguides with the locally activated resonators 
as compared to direct local waveguide excitation.

2   Locally activated 
micro-resonators

The basic understanding of waveguide excitation by 
a locally activated TWRs can be first captured from a 
coupled-mode approach assuming a classical local light 
source exciting resonator modes. For a more realistic mod-
eling of a local emitter weakly coupled to a resonator in 
optical interaction with an output waveguide, we apply a 
fully numerical method in the next paragraph.

2.1   Coupled mode formalism

Let us consider first the standard configuration of a bus 
waveguide coupled to a TWR [see Figure 1A].

Let +
sE  and +

wgE  be the incident and through (output) 
port field, respectively. By correlating those two fields to 
the inner resonator fields, it can be shown that the trans-
mission power function of this “all-pass” configuration is 
given by [21]:
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where + + += * ,wg wg wgI E E  + + += *
s s sI E E  and where r is the Fresnel 

reflection coefficient of the interface describing the non-
lossy coupling region between the resonator and the 
bus-waveguide. The parameters a and φ are the attenu-
ation coefficient and the phase accumulated per round-
trip respectively. For vanishing small optical losses, the 
attenuation coefficient a approaches one. At a resonant 

Figure 1: (A) [resp. (B)] Schematic view of a bus-waveguide excited TWR (resp. locally activated TWR).
Situation (A) corresponds to the classical bus-waveguide excitation of the resonator. The incoming field is evanescently coupled to the 
resonator and back to the output waveguide. In situation (B), the light source is implanted within the resonator. The  local source excites 
contra-directional traveling modes of the resonator that couple back into the output waveguide.
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frequencies (φ =  m2π with m an integer), the through 
port intensity Iwg vanishes whenever r =  a, a condition 
known as critical coupling. In practical situations, r can 
be adjusted by finely tuning the TWR-waveguide sepa-
ration gap to achieve high extinction ratios at resonant 
frequencies.

We focus now on the less conventional situation 
depicted in Figure 1B. We assume a local source implanted 
into the TWR. The local source can be a quantum emitter 
in weak coupling interaction with the resonator or a 
more classical point-like source such as a point-like scat-
terer [22] or the probe of an illumination-mode near-field 
optical microscope [23]. The local source creates initial 
fields +

sE  and −
sE  at the location of the virtual interaction 

interface (dashed line in Figure 1B) between the TWR and 
the waveguide. The field +

sE  (resp. −
sE ) is incident onto the 

interaction interface after a partial counter- clockwise 
(resp. clockwise) round-trip into the TWR. In this respect, 

+
sE  and −

sE  play the same role as the incident field for 
the bus-waveguide excitation configuration shown in 
Figure 1A. The clockwise (cw) and counter-clockwise 
(ccw) mode of the resonator are coherently built-up from 
those two initial fields, respectively. The simultaneous 
excitation of the cw and ccw mode creates a standing 
wave pattern nevertheless the resonator is still a TWR in 
nature [24]. The symmetry of the standing wave pattern 
(odd or even) with respect to the coupling interface is 
at the origin of a frequency shift of the resonances com-
pared to an unidirectional (cw or ccw) excitation of the 
resonator [25]. The frequency shift originates from a non-
zero back-reflection of the coupling interface allowing for 
a fraction of the mode power cycling in one direction to 
contribute to the power flowing in the opposite output 
port (e.g. the ccw mode contributes to the excitation of 
the left side output port). The frequency shift is only sig-
nificant for high quality factor resonators (Q around 105) 
[26] and can be safely neglected in many practical situa-
tions. The resonators considered in the following feature 
moderate quality factors (around 2000) for which the fre-
quency shift is expected to be vanishing small. Disregard-
ing the frequency shift allows us in our model, to neglect 
the back-reflection of the virtual coupling interface. With 
this limitation, it is then sufficient to consider an unidi-
rectional excitation of the resonator given that for initial 
fields +

sE  and −
sE  of same amplitude, the net power trave-

ling into the resonator is zero leading to an equally dis-
tributed power flow on the right and left output port. The 

ccw fields +
inE  and +

outE  on each side of the interaction inter-

face are linked by φ+ +=in outexp( )E a j E  and + + += +out in( ).sE r E E  

From those two equations, it is a simple matter to show 

that 
φ

+
+ ++ =

−in .1 exp
s

s
EE E ra j

 This last equation is readily 

identified as the sum of a geometric series of first term +
sE  

and common ratio raexp(jφ) revealing the coherent build-
up of the total field + ++ insE E  by successive round-trips in 
the resonator starting from the initial source field + .sE  The 

field +
wgE  traveling along the right output waveguide is given 

by + + += + in( )wg sE jt E E  where t denotes the Fresnel transmis-
sion coefficient from the resonator to the waveguide (and 
vice-versa) and where the pure imaginary factor j origi-
nates from the π / 2 phase shift induced by the evanes-
cent coupling. Assuming a non-lossy interaction interface 

+ =2 2( 1),r t  the intensity at the through port Iwg normalized 
to the initial intensity of the source Is is given by:
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At resonance frequencies, the normalized output intensity 

becomes 
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r, one finds a maximum output intensity when r =  a. 
Remarkably, for a given value of the attenuation factor a, 
the critical coupling condition not only corresponds to the 
optimum extinction with bus-waveguide excitation but 
also to the maximum output intensity when the source is 
implanted into the resonator. For such an optimum critical 
coupling condition, the output port intensity reduces to 

+

+ =
− 2
1

1
wg

s

I
I a  suggesting very efficient waveguide excitation 

with low loss (a!1) locally activated resonators. Figure 2A 
shows the normalized output port intensity considering 
either a bus waveguide or a TWR excitation. In both cases 
we assume a ring resonator with an average radius of 
RAV =  8 µm supporting a mode at a free-space wavelength 
λ0 =  670 nm with an azimuthal order m =  119 correspond-

ing to an effective azimuthal index of λ
π

= 0
eff 2 AV

mn R  of 1.58. 

The output intensity features a pronounced dip or peak 
for bus waveguide or TWR excitation, respectively. For 
bus-waveguide excitation, the field evanescently coupled 
in and out the resonator accumulates a π-phase shift and 
interferes destructively with the field directly transmitted 
along the waveguide, leading to the dip at resonance fre-
quencies. For TWR excitation, such a destructive interfer-
ence path does not exist anymore and an intensity peak at 
resonance frequencies are observed similar to the peaks 
found at the drop port of an add-drop resonator configu-
ration [27]. Figure 2B displays the normalized intensity at 
the through port for bus and TWR excitation at resonance 
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(φ =  m2π) when the attenuation is chosen equal to a =  0.85 
and when r is varied. An increasing value of r corresponds 
to a larger amount of field kept in the resonator and can 
be practically realized by increasing the TWR-waveguide 
separation gap. While for the bus-waveguide excitation, 

+
wgI  drops abruptly at critical coupling (r =  a), waveguide 

intensity for TWR excitation features a rather smooth reso-
nance peaked at r =  a. The weak sensitivity of the coupled 
intensity to reflection coefficient r can be qualitatively 
understood from the fact that when r increases, the power 
cycling into the resonator increases as well and thus com-
pensates for the decrease of the TWR-waveguide coupling 
efficiency. This interpretation is supported by eq. (2) if 
one realizes that the power transmission coefficient given 

by t2 =  (1–r2) and the power build-up factor in the resona-

tor (at resonance frequencies) given by 
+

+ =
−

2in
2

1 ,
(1 )s

E
E ra
! !  

respectively, decreases and increases when r increases. 

Figure 3A shows the contour plot of the output intensity 
in the case of local resonator excitation if the coefficients 
r and a are both varied. At a fixed value of a, we indeed 
observe that the output waveguide intensity is maximum 
at r =  a. However, it is also clear that for a fixed value of 
r, the waveguide intensity increases monotonically with a 
at an increasing rate when r approaches 1 [see Figure 3B]. 
In other words, the minimization of the intrinsic losses 
(scattering, absorption, and bent losses) of the resona-
tor equipped with a local source is the primary action to 
conduct in order to achieve an efficient waveguide exci-
tation. For a further optimization, the adjustment of the 
resonator-waveguide coupling strength (by choosing the 
correct separation gap) should be considered.

2.2   Fourier modal method modeling

Our goal in this paragraph is to go beyond the simple 
coupled-mode formalism to investigate the properties of 
locally excited loaded (by the output waveguide) micro-
ring resonators. Such a modeling is not only of interest for 
design purposes but also to support the conclusions of the 
coupled-mode formalism. The local source we consider 
now is an quantum emitter in a weak coupling regime 
with the loaded cavity. Modeling a quantum emitter in 
interaction with a loaded (opened) cavity can be done by 
computing the electromagnetic local density of states at 
the location of the emitter [28] provided the quasi-normal 
modes of the loaded cavity are known [29, 30]. Although 
technically and conceptually challenging, this approach 
is obviously beneficial for physical interpretations as it 
provides expressions for the Purcell factor experienced 
by the emitter in direct connection with the proper-
ties of the cavity. In our case, we adopt a more practical 
approach relying on the computation of the power radi-
ated by a classical dipolar source [31]. The computation 
of the radiated power performed with the FMM [32–34] 
allows us to compare directly our numerical results with 
our experimental measurements. The FMM relies on the 
computation of a scattering matrix of arbitrary shaped 
periodic objects [35]. By applying absorbing conditions 
or perfectly matched conditions at the boundaries of the 
computation cell, non-periodic objects can be consid-
ered as well. In order to keep reasonable computation 
times, we restrict our analysis to two-dimensional (2D) 
 resonators featuring a y invariant axis [see in Figure 4A]. 
As described below, we perform the transition from three-
dimensional (3D) real configurations to 2D computational 

Figure 2: (A) Normalized electric field intensity coupled into the output waveguide (right port) in the case of bus-waveguide excitation and 
local excitation. The computation is performed at quasi critical coupling (r ! a). For bus-waveguide excitation the resonance features a sharp 
dip whereas a broad peak is observed for the locally activated resonator. (B) Output waveguide coupled power resonance at 670.2 nm as a 
function of reflection coefficient r for a fixed attenuation value of a =  0.85. For both configurations, resonance occurs at critical coupling (r =  a).
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configurations by mimicking the effective index method 
[36]. The plane-wave expansion of the electro-magnetic 
field generated in a homogeneous medium by a 2D line 
source located at (x0, z0) is given by (see page 59 in [37]):
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∫ 0
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1( , , ) exp( ( ))4
exp( | |)exp( )

y x
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jA x z t jk x xk
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where ω is the angular frequency of the source, 

= −!2 2 2
0z xk n k k  is the z-component of the wave-vector of 

the plane wave emitted by the source having a kx com-
ponent when the source located in a medium with a 

(complex) refractive index !n and π
λ

=0
0

2k  with λ0 the free-

space wavelength of the monochromatic source. For a 
transverse electric (TE) polarized source the component Ay 
is the electrical field component Ey whereas Ay is identified 
as the magnetic field Hy in case of a transverse magnetic 
(TM) polarization of the field emitted by the source. From 

the numerical point of view, the line source is embedded 
in an artificial layer of vanishing thickness and eq.(3) is 
discretized and truncated such that Ay(x, z, t) becomes:
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where m is an integer ranging from −N to + N and where 

kx(m) =  m × ∆kx. If sampling in kx is chosen equal to π
∆ = 2

xk d  

where d denotes the period of the computing cell along x, 
the numerical effort with the FMM for the computation of 
the scattered field in the presence of a local source is the 
same as in the case of a single plane wave illumination [38]. 
The computation situation we considered is shown sche-
matically on Figure 4A. A micro-ring resonator of R =  8 µm 
average radius (width =  280 nm) is placed in close proxim-
ity to a finite length micro-waveguide (width W =  280 nm). 
The micro-ring and the waveguide are separated by a gap 

Figure 3: (A) Output waveguide coupled intensity as a function of reflection r and attenuation a coefficients. (B) Waveguide coupled 
intensity at fixed values of r =  0.8 and r =  0.9. The dot on each curve marks the critical coupling condition. For a fixed value of r, higher 
coupled intensities are obtained for low loss resonators (a → 1) disregarding the critical coupling condition.

Figure 4: (A) Schematic view of the computational situation for bus-waveguide and TWR excitation configurations. (B) [resp. (C)] Electric 
field intensity distribution at 670.37 nm for a 8 µm radius resonator coupled to a 280 nm wide waveguide. The separation gap is g =  130 nm. 
On both images, the yellow arrow shows the location of the local source.
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g. The experiments reported in the following are con-
ducted for TM polarized modes traveling along structures 
etched in a 160-nm-thick TiO2 layer. To be consistent with 
this situation, our calculations are conducted by attrib-
uting to the 2D resonators and waveguides a refractive 
index equal to the effective index of the TM slab mode of 
the TiO2 layer (around 1.76 at λ0 =  670 nm). This approach 
not only allows us to take into account the thickness of 
our devices in our 2D calculations but also to consider 
dispersion of TiO2 by adjusting the effective index of the 
TM slab-waveguide mode for each wavelength of interest. 
Note that FMM computations for the 2D situations must be 
conducted with TE polarized fields to model TM polarized 
modes sustained by 3D configurations. In this way, both 
TE polarized-2D and TM polarized-3D waveguiding config-
urations are such that the dominant electric field compo-
nent is tangential to the lateral flanks of the waveguides. 
Finally, for subsequent computations, we place an artifi-
cial full-absorber segment at the end of the finite-length 
output waveguide to prevent a significant back-reflection 
of the forward (toward positive x values) propagating 
mode. The images displayed in Figure 4(B) and (C) show 
the electric intensity distribution at a resonant free-space 
wavelength of 670.37  nm for the local source located 
within the bus waveguide or the resonator, respectively. 
Both intensity distributions are normalized with respect 
to 2 ,sE  the maximum intensity produced by the local source 
radiating in free space. Our numerical model accounts for 
resonator bent losses. In order to account for extra-loss 
channels (such as scattering, for example), we apply an 
artificial non-dispersive imaginary part κ to the refrac-
tive index of the resonators. The results in Figure 4B and 
C were obtained with this extinction coefficient equal to 
κ =  2 × 10−4. For bus-waveguide excitation, the destructive 
interference leads to a vanishing signal at the output port. 
The intensity build-up factor into the resonator is about 4 
to 5 dB. When the source is now located into the resona-
tor, the build-up factor increases to 10 dB and the left and 
right output waveguides are efficiently excited.

For a more quantitative analysis, we plot in 
Figure 5A and B the resonance observed around 670 nm 
in case of bus and TWR excitation, respectively. Typical 
quality factor for the loaded resonator around Q =  2500 are 
obtained with κ =  2 × 10−4. The effect of the resonator on the 
output signal is evaluated relative to a reference situation 
where a bare waveguide (no resonator) is excited by the 
local source placed within the waveguide. We compute the 
Poynting vector flux Φref through a relevant surface to assess 
the power traveling along the reference waveguide. We cal-
culate in the same way the Poynting vector flux Φx at the 

end of the output waveguide in the case of bus-waveguide 

or TWR excitations. The ratio Φ
Φref

x  denotes an extinction 
factor EF (EF <  1) for bus-waveguide excitation and an 
enhancement factor (EF can be > 1) for resonator-mediated 
excitation. Whatever the excitation configuration, EF char-
acterizes the impact of the resonator in comparison with 
bare-waveguide reference situation. For bus-waveguide 
excitation [Figure 5A], EF is close to unity far enough from 
the resonance and drops below 3% (−15 dB) at resonance 
(670.37 nm) for gap g =  130 nm. For the same gap, in the 
case of TWR excitation [Figure 5B], we find a maximum 3.5-
fold enhancement of the power at the output waveguide 
compared to the reference configuration. By monitoring EF 
for the resonance around λ0 =  670 nm, we obtain the curve 
plotted in Figure 5C demonstrating the critical coupling at 
g =  130 nm. For TWR excitation [Figure 5D], maximum EF 
(5.4 dB) is indeed obtained for critical coupling in agree-
ment with the conclusion of coupled-mode approach. In 
addition, as anticipated from the coupled mode analysis, 
for TWR excitation, EF depends only weakly on the separa-
tion gap. This result is of key practical interest as it indicates 
that TWR excitation of waveguides is robust against fabri-
cation deviations. Finally, if κ is reduced to 1 × 10−4, critical 
coupling is verified at g =  170 nm and a maximum enhance-
ment factor about EF =  7.4 dB is obtained, the quality factor 
of the resonance around λ0 =  670 nm (not shown) being in 
this case around 5500. Hence, we conclude once again that 
efficient waveguide excitation can be obtained with locally 
activated TWR at the cost of resonator intrinsic losses mini-
mization. For low loss resonators, we note that a deviation 
from the critical coupling condition has a marginal detri-
mental impact on the enhancement factor EF making this 
configuration of key practical interest.

To conclude this numerical study, let us note that 
the computations have been conducted in the context of 
a quantum emitter in a weak interaction with a loaded 
cavity. In this case, the enhancement EF is interpreted 
in terms of the Purcell factor and the corresponding 
enhancement of the emitter decay rate into the loaded 
cavity modes as compared to the decay rate of the same 
emitter into waveguide modes. However, the same 
enhancement factors EF are also expected if, for example, 
a classical local source such as the tip of an illumination 
mode near-field optical microscope is operate to excite the 
resonators (provided however that the presence of the tip 
does not deteriorate the quality factor of the resonator). 
In this case, the enhancement factor EF is understood 
from an enhanced coupling of the near-field tip with the 
cavity modes and the concomitant decreases of the back 
reflected, absorbed, or diffracted light. In other words, the 
results we describe in this study hold for any kind of point-
like sources (quantum emitter based in weak coupling 
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regime or classical local source) as long as specific emis-
sions properties of emitters (lasing, amplified spontane-
ous emission…) are not involved.

3   Experimental methods

3.1   Sample fabrication and light sources 
deployment

The fabrication of micro-ring resonators equipped with 
local colloidal light sources is a two-step process. Once 
the integrated optics devices are obtained, the colloidal 
light sources must be accurately deposited at chosen loca-
tions. A TiO2 layer is first deposited onto a 170-µm thick 
glass slide by sputtering of a 99.99% pure titanium target 
using an argon-oxygen mixture. The deposition process 

leads to TiO2 mostly in anatase phase. Next, we operate 
an electron-beam system and a standard lift-off process to 
form a 25-nm thick chromium hard mask at the location 
of the final structures. The unprotected areas are etched 
by reactive ion etching using a mixture of argon and SF6 
gases at a rate of 50 nm/min. Finally, the remaining hard 
mask is removed by wet-etching and typical structures 
shown in Figure 6(A) and (B) are obtained. The struc-
tures we consider next are comprised of a waveguide 
(width W =  280 nm) coupled to an R =  8 µm ring resona-
tor (width W =  280 nm). The gap between the waveguide 
and resonator is changed by a step of 10 nm from 60 nm 
to 140 nm. Bus waveguides are connected to grating cou-
plers by means of a tapered waveguide. As detailed in 
the following, the grating coupler is intended for inves-
tigating bus-waveguide excitation of the resonators. The 
light sources we use in this work are colloidal CdSe-CdS 
core-shell quantum dot aggregates deposited onto the 

Figure 5: (A) [resp. (B)] Spectra of the power traveling along the output waveguide normalized to the power of a reference waveguide (with 
no resonator) in the case of bus-waveguide (resp. TWR) excitation for separation gaps of 100 nm, 130 nm, and 160 nm. The computations 
are conducted by imposing an extinction coefficient of κ =  2 × 10−4 to the refractive index of the 8 µm radius resonator.(C) Extinction factor 
(EF) (output waveguide power normalized to reference waveguide power) for bus-waveguide excitation of the resonator. The critical coupling 
condition is achieved for a separation gap of g =  130 nm (κ =  2 × 10−4, Q =  2500). (D) Enhancement factor (EF) (output waveguide power 
normalized to reference waveguide power) in the case of local TWR excitation. For an extinction coefficient of κ =  2 × 10−4, the enhancement 
factor is maximum at g =  130 nm corresponding to the critical coupling condition [see (C)]. By reducing resonator intrinsic losses (κ =  1 × 10−4, 
Q around 5500) the enhancement factor rises above the optimum value obtained for κ =  2 × 10−4 whatever the separation gap.
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integrated optics structures of interest. The deterministic 
deposition of the aggregates is achieved once again by 
electron-beam lithography following a procedure dem-
onstrated in a previous work [39]. Figure 6C shows a low 
magnification scanning electron microscope (SEM) image 
of QD aggregates deposited onto a tapered waveguide. The 
aggregates appear well-defined, semi-spherical in shape 
with a radius around 200 nm [Figure 6D).

3.2   Optical set-up for active resonators 
characterizations

Optical characterizations of the samples are conducted 
using the set-up described in Figure 7A. It consists in an 
inverted microscope equipped with a high numerical 

aperture (100×, 1.49 NA) immersion oil objective and an 
up-right microscope column mounted on an accurate 
three-axis stepper motor stage dedicated to the illumina-
tion of the samples. The light sources we operate in the 
following can be either a broadband light emitting diode 
(LED) peaked at 680 nm or a 405-nm continuous wave 
(CW) low power laser diode (LD) (< 100 µW). The fiber light 
sources (LED or LD) are moderately focused using a 10×  
microscope objective. The LED is used for bus-waveguide 
excitation configuration whereas the local QD aggregates 
are pumped with the 405  nm LD. QD fluorescence col-
lected by the high-NA microscope objective is transmitted 
through a high-pass filter (cut-on 550 nm wavelength) and 
a polarization analyzer. Next the fluorescent signal is split 
and directed on a charge-coupled device (CCD) camera 
and the 10-µm wide entrance slit of a 500-mm focal 

Figure 6: (A) Bird-eye view scanning electron image of the integrated TiO2 resonators on glass (scale bar =  100 µm). The samples are 
comprised of grating couplers, a tapered region connected to a 280 nm-wide waveguide in interaction with ring resonators. (B) Top view 
SEM image of a ring resonator equipped with a CoQDs aggregate (scale bar =  5 µm). (C) SEM image of CdSe/CdS colloidal aggregates 
deposited at controlled locations marked by the yellow arrows (scale bar =  10 µm). (D) SEM image of the aggregate surrounded by the  
square perimeter in (C). The aggregate is roughly semi-spherical with a radius around 200 nm (scale bar =  1 µm).
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length spectrometer fitted with a 1200 lines/mm grating. 
The spectral resolution of our configuration is around 
70 pm. Figure 7B shows the SEM image of a tapered wave-
guide decorated with three QD aggregates. By defocus-
ing the incident blue LD, the fluorescent image shown in 
Figure 7C is observed on the CCD camera. Apart from the 
light sources, one can see the edges of the tapered wave-
guide revealed by the scattering of the fluorescent light 
coupled into the waveguide. More importantly, at the exit 
end of the ridge waveguide a scattering spot (highlighted 
by yellow circle) is clearly visible. This scattering spot 
is still perfectly visible when the incident 405-nm LD is 
focused onto a single aggregate [Figure 7D]. The scattering 
spot at the output end of the waveguide can be detected 
by the high NA objective and directed onto the entrance 
slit of the spectrometer. The sample being mounted on 
three-axis piezo electric stage, an optimization of the 
signal collected by the spectrometer is conducted by 
iterative adjustment of the scattering spot relative to the 
spectrometer slit. We note that the signal collected by the 
spectrometer is emitted by a region below 1 µm in length 
along the waveguide (for a perpendicular orientation of 

the spectrometer slit relative to the waveguide). In this 
way, the signal at the scattering spot is characteristic of 
the fluorescent light coupled into the waveguide and 
contains a marginally small contribution from free space 
traveling fluorescent light.

3.3   Optical characterizations of locally 
activated ring resonators

Resonators equipped with local colloidal light sources 
have been fabricated according to the process described. 
Figure 8A displays a white light optical transmission 
image of one of the resonator. A QD aggregate is deposited 
onto the resonator at the location marked by the yellow 
arrow [see Figure 8A]. Under optical microscopy inspec-
tion, QD aggregates are perfectly visible and up to 80% 
of the resonators are equipped with light sources. Under 
cw 405-nm LD pumping, the QD aggregate generates an 
intense fluorescent spot but also a very neat excitation of 
the resonator and eventually light injection into the wave-
guide as shown by the intense exit end scattering spot 
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Figure 7: (A) Optical characterization set-up (F: high-pass filter, A: polarization analyzer). (B) SEM image of a tapered waveguide with three 
sources placed at the locations indicated by the yellow arrows. (C) [resp. (D)] fluorescent image recorded with the CCD camera in the case of 
collimated (resp. focused) optical pumping (at 405 nm) of the sources. The scattering spot (highlighted by a yellow circle) at the end of the 
waveguide demonstrates fluorescent light coupling into the waveguide. [Scale bar =  10 µm on (B), (C), and (D)].
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[see Figure 8B]. The QD aggregates deposited on top of the 
resonators overlap significantly the modal field of both 
TE and TM polarized modes of the resonators and there-
fore the deposited QD aggregates allow for simultaneous 
excitation of both polarization modes. We separate the 
two contributions by polarization analysis. In all the fol-
lowing, we restrict our discussion to the results obtained 
under TM analysis corresponding to TM polarized modes 
traveling within the output waveguide (dominant electric 
field component perpendicular to the substrate surface 
and hence parallel to vertical waveguide flanks). Spectral 
analysis of the TM polarized light collected at the end of the 
bus waveguide leads to the spectra plotted in Figure 8C. 
Some residual contributions of TE polarized resonances 
are also observed on those spectra. Indeed, polarization 
filtering of the light scattered at the output port can be 
incomplete if light scattering occurs perpendicular to the 
waveguide axis. However, given that TE contributions are 
of small amplitude and do not overlap with TM peaks, 
they do not impact the analysis of the TM spectra. At this 
stage, it is necessary to detail the procedure used to obtain 
the spectra of Figure 8. The signal recorded at the output 
waveguide end is first normalized to the total fluorescent 
power collected by the high NA objective and measured 
with a sensitive powermeter placed on the detection path 
of our microscope. It is reasonable to assume that this 

total power (in the range of 10 nW in our case) is propor-
tional to the power that the source can delivered to the 
micro-ring resonator. Thus, this total power normaliza-
tion procedure is needed to perform quantitative compari-
son of spectra recorded on different structures equipped 
with different sources. The same normalization procedure 
applied to bare reference waveguides (with no resonator) 
equipped with local sources deposited at their entrance 
leads to an average reference spectrum characterizing the 
efficiency of colloidal sources for direct waveguide excita-
tion. Finally, the comparison of bare waveguide reference 
spectrum with the normalized spectra collected at the 
output port of the QD activated ring resonator configura-
tions allows us to assess quantitatively the added-value of 
locally activated resonators for waveguide excitation. In 
this respect, our experimental results can be compared 
to the numerical results of the previous sections. The 
enhancement factor displayed in Figure 8C is then rela-
tive to the reference bare waveguide. By considering the 
resonance at 670.5  nm, we note that EF increases by a 
factor 5 when the gap is changed from 60 nm to 100 nm 
and reaches a maximum of 3.5 for the resonator separated 
from the output waveguide by a gap of 120 nm. By compil-
ing the results obtained for the resonance close to 670 nm 
for all gaps, we obtain the curve plotted in Figure 8D. The 
enhancement factor features a non-monotonous change 

Figure 8: (A) Optical microscopy image of a resonator decorated with a colloidal QD aggregate deposited at the location shown  
by the arrow. (B) Fluorescent image showing the local activation of the resonator, and the scattering spot at the output waveguide end.  
(C) Enhancement factor spectra (reference taken from bare waveguide with no resonator) obtained for different separation gaps. Typical 
quality factor of the resonance around 2000–2500. (D) For the resonance close to 670 nm, enhancement factor of the output waveguide 
intensity spot relative to reference bare waveguides for increasing separation gaps.
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as a function of g and is maximum at 5.3  dB (×3.5) for 
g =  120 nm. If we refer to the our numerical results, the 
unexpected non-monotonous behavior of EF versus g 
imposes a further investigation.

It is instructive to correlate the properties of locally 
activated micro-rings to bus-waveguide excitation of the 
same resonators. Bus waveguide coupling is performed by 
focusing a broadband LED source peaked at 680 nm onto 
the grating couplers [see Figure 6A]. Figure 9A shows an 
optical image captured with the CCD camera in the case of 
bus-waveguide resonator coupling. Light traveling along a 
bus-waveguide is clearly visible whereas light coupled into 
the resonator manifests itself through the scattering spot 
(arrow) at the location of the QD aggregate. Light coupled 
out from the exit end of the bus waveguide is once again 
collected to record the spectra. Figure 9B  displays spectra 
obtained by detecting light coupled out of five reference 
bare waveguides. For each spectrum, we observe an inter-
ference pattern (period around 0.6 nm) attributed to the 
Perot-Fabry cavity formed by the finite length waveguides. 

We average those spectra to produce a reference spec-
trum of a bare waveguide. Similarly to the local activation 
situation, we normalize the spectrum of each resonator 
by this reference spectrum in order to extract the prop-
erties of the resonators relative to the average reference 
waveguide. The normalized spectra for gaps of 60  nm, 
100 nm and 120 nm are shown in Figure 9C. We observe 
resonance dips with an extinction factor in the range of 
−10 dB. We emphasize that the patterns we consider here 
are the same as in the case of the local source activation 
meaning that the spectra we observe with LED illumina-
tion account for the presence of the QD aggregates onto 
the resonators. Once again we consider specifically the 
resonance close to 670 nm and we plot in Figure. 9(D) the 
extinction factor and the quality factor Q of the resonance 
dip for each gap value. EF is minimum at g =  80 nm and 
features a non-monotonous change as a function of g. On 
the basis of this observation, we conclude that the con-
figuration verifying a condition close to the critical cou-
pling is obtained at g =  80 nm. However, when considering 
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Figure 9: (A) Optical image captured on the CCD camera for bus-waveguide excitation of a resonator. The scattering spot at the location 
of the arrow results from scattering of light coupled in the resonator by the QD aggregate.(B) Raw spectra recorded at the end of reference 
bare (no-ring) waveguides. (C) Spectra recorded at the output port under bus-waveguide excitation of the resonators for different separation 
gaps. The spectra are plotted relative to the average reference bare waveguide spectrum. (D) Quality factor and extinction factor (relative 
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correspond, respectively, to the critical coupling condition and lowest loss configuration.
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the local excitation situation [see Figure 8C], we note that 
this gap does not lead to any enhancement of the power 
coupled into the waveguide (compared to the reference 
waveguide) in disagreement with the numerical results 
discussed above. To resolve this apparent discrepancy, we 
consider the quality factor Q in Figure 9D and we note that 
once again the quality factor does not increase monoto-
nously with increasing g as it would be expected for an 
ideal bus waveguide/resonator configuration. Our under-
standing of this behavior speculates that the quality factor 
of each configuration not only depends on gap g but also 
on losses created by each QD aggregate acting as a scat-
terer. Because we do not control the size of QD aggregates 
at the scale of few tenths of a nanometer, it is likely that 
the contribution of each source to resonator losses differs 
from one structure to the other. In such a situation, a given 
structure can incidentally verify critical coupling condi-
tions (high extinction factor) and at the same time lead 
to a poor enhancement factor when the locally activated 
resonator configuration is used owing to high intrinsic 
losses. Indeed, as is explicitly shown by our analytical and 
numerical results, resonator intrinsic losses (described by 
attenuation coefficient a in the coupled modes approach) 
have a severe impact onto the enhancement factor for res-
onator-mediated waveguide excitation. Pushing further 
this interpretation, we should conclude that for reasona-
ble gaps, the optimum enhancement factor under resona-
tor-mediated excitation should be obtained for the lowest 
loss configuration. This last conclusion is actually directly 
supported by our experimental results. Indeed, we note 
that for g =  120 nm, the highest quality factor (Q =  2100) 
measured in the case of bus-waveguide coupling (indica-
tive of a low loss configuration) also corresponds to the 
largest enhancement factor observed with resonator-
mediated waveguide excitation, in agreement with our 
numerical results.

4   Conclusion
In summary, we investigated analytically, numerically, 
and experimentally the excitation of an integrated TiO2 
waveguide by means of a resonator equipped with a local 
light source. On the basis of a coupled-mode approach and 
numerical results, we conclude that the intrinsic attenu-
ation of the mode within the resonator is the dominant 
parameter that controls the excitation efficiency of the 
output waveguide. For a given attenuation, the optimum 
coupling condition is obtained, for the so-called criti-
cal coupling. Matching the critical coupling condition is 

however of much less importance for resonator-mediated 
waveguide excitation as compared to bus-waveguide 
excitation of a resonator. This conclusion can be quali-
tatively understood from the fact that for locally excited 
resonators, the coherent build-up of the power within the 
resonator and the coupling efficiency to the output wave-
guide change in opposite direction versus waveguide- 
resonator separation gap. For example, for a locally 
excited resonator which is under-coupled to the output 
waveguide, the high power in the resonator compensates 
for the low amount of power delivered to the output wave-
guide. Ultimately, the intrinsic losses of the resonator 
imposes the maximum value of the power build-up factor 
and hence the range of the separation gap over which the 
resonator-waveguide configuration is effective. By deter-
ministically depositing colloidal QD aggregates on top 
of integrated micro-ring resonators, we demonstrate up 
to three-fold enhancement of the coupled power for the 
resonator-mediated configuration compared to the direct 
excitation of the waveguides. This moderate improve-
ment is attributed to the very large losses created by the 
QD aggregates acting as local scatterers on our resona-
tors. However, based on our design rules for optimum 
resonator-mediated waveguide excitation, we now target 
an improvement of the fabrication and integration of the 
local sources to minimize the losses while keeping the 
power delivered by those sources at a sufficient level for 
practical applications.
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