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Abstract: To address the challenges of developing a scalable system of an on-chip integrated
quantum emitter, we propose to leverage the loss in our hybrid plasmonic-photonic structure to
simultaneously achieve Purcell enhancement as well as on-chip maneuvering of nanoscale emitter
via optical trapping with guided excitation-emission routes. In this report, we have analyzed
the feasibility of the functional goals of our proposed system in the metric of trapping strength
(~8KpgT), Purcell factor (>1000~), and collection efficiency (~10%). Once realized, the scopes
of the proposed device can be advanced to develop a scalable platform for integrated quantum
technology.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Over the recent years there has been increasing interest to implement quantum technologies with
integrated photonic networks which are prerequisites of an on-chip, scalable system of quantum
emitters with enhanced carrier decay rate [1]. There has been extraordinary progress on achieving
large enhancement of nano emitters by analyzing plasmonic nanostructures for efficient coupling
and light-matter interaction [2—4]. While coupling extrinsic emitters to plasmonic structures
adds flexibility in the design of the system, it also requires precise positioning of the nanodots to
access the critically small plasmonic mode volume supporting large Purcell enhancement [5,6].
The traditional approaches of emitter placement near plasmonic nanoantenna in prior seminal
works typically involved either probabilistic drop-casting [2,3] or time- intensive manipulation
with atomic force microscopy (AFM) [4]. Taking advantage of the versatility of plasmonic
nanostructures in optical trapping/tweezing [7—14], simultaneous assembling and coupling
with a dedicated plasmonic tweezer-nanoantenna has opened the opportunities of exploiting
this platform as an on-chip, scalable and compact system for realizing quantum technologies.
Furthermore, in such plasmonic trapping systems, utilization of the plasmonic-loss-induced
temperature gradient in a colloidal system through electro-thermo-plasmonic (ETP) flow [15]
and negative thermophoresis [16—18] has been demonstrated to provide an extra benefit in precise
maneuvering and trapping of nano emitters of size as small as 10 nm [9,19].

However, along with deterministic on-chip integration of quantum emitters, efficient collection
and routing of emitted single photon is also necessary to direct application in quantum information
processing [20]. Some of the prior approaches on building chip-compatible single photon
emitters involved fabrication of an embedded nano emitter adjacent to low-loss photonic
substrate/waveguide to let the SPP coupled fluorescence out-couple to guided modes in the
dielectric [21-23]. Such approaches involve refractive optics based free space excitation lacking
the flexibility of remote operation and incompatible for integrated networks. Therefore, a compact
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system with on-chip control of the functionalities like maneuvering, enhancement, and collection
is desirable for implementation of integrated emitter-based quantum architecture.

Considering the shortcomings of previous approaches, here we are proposing a hybrid photonic
waveguide-coupled plasmonic system configured to ‘trap, enhance and guide’. Our proposed
hybrid system device aims to achieve quick and high-precision trapping of nanoparticles (nano-
emitters) and emission rate enhancement within the same structure with the on-chip operation
flexibility. While the unique features of plasmonic system in nano focusing and field localization
supports the main functionalities like long-range transport (ETP flow [15,24]), short-range
trapping (optical force [25,26] and negative thermophoretic force), and emitter enhancement
(Purcell effect [6]), a low loss dielectric waveguide beneath supports on-chip excitation and
collection via evanescent coupling of the propagating signal. However, in forming a hybrid
system, the effective coupling between plasmonic and photonic system must be ensured which
depends on the effective mode index matching [27-29].To minimize probable scattering loss
induced mode mismatch during excitation and collection by a waveguide, in our design we
chose to work with a tapered plasmonic waveguide of metal-insulator-metal (MIM) configuration
which has been extensively studied for adiabatic mode conversion feature [30,31] and it is placed
and centered on top of Silicon waveguide, as shown in Fig. 1. To enable on-chip compatibility
with existing CMOS technologies, our device design considered a silicon-on-insulator (SOI)
waveguide. The Si waveguide transparency cutoff being around 1.1 um, the system supports
many popular colloidal quantum emitters [22,32-34] operating at room temperature and with
broadband emission spectrums encompassing communication wavelength.

ITO coated glass

H,0 +CTAC
solution

Si0, (buried
oxide)

Fig. 1. Proposed device schematic. Transparency has been added to the layers for visual
understanding.

2. Method

Scheme wise, our system considers achieving the goal of ‘trap-enhance-guide’ in a sequence
of operations. First step is to enable sufficient trapping potential to capture a nano quantum
dot with a diameter of approximately 10 nm. This is accomplished with pump light, polarized
parallel to the surface, being input into the system through Si waveguide to excite the gap plasmon
via evanescent coupling. The excited field hotspot at the tips of bowtie, and the induced local
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temperature gradient from absorption, is then used to execute trapping of colloidal quantum
dots with optical and attractive thermophoretic force along with ETP flow. Once trapping is
ensured at the smallest MIM gap region, the structure aims to support large Purcell enhancement
to the trapped emitter by coupling emission to plasmonic modes. Lastly, with the efficient
energy transitions from the SPP mode to low loss waveguide mode, the emission couples into
the dielectric waveguide to be collected for subsequent routing and processing on-chip. For
this mode of operation, emitter can be ‘printed’ to the device and the system detached from
microfluidic medium. As such, it will not require waveguide excitation for trapping, only for
excitation of the emitter.

Towards the goal of implementing our proposed compact device, in this report we have assessed
the feasibility of the scheme by evaluating the basic performance metrics considered for ‘trap,
enhance and guide’ functions, these are- i. Attainable particle velocity with ETP flow for long
range transport; ii. Trapping potential at hotspot location from conjugate forces (optical and
thermophoretic forces); iii. Purcell enhancement factor at the trapping location; iv. Collection
efficiency through dielectric Si waveguide. The analysis has been carried out by numerical
simulation via finite element method in COMSOL Multiphysics. The following sections includes
the simulation details and findings from the analysis which verifies and predicts the performance
of our proposed scheme.

3. Results and discussion

For the evaluation of the performance metrics respective to the target functionalities discussed
above, we set up a three-dimensional (3D) model of our designed structure and performed a
modal analysis with Wave Optics module to find the suitable guided mode for the launched
excitation. The evolution of mode profile with changing MIM gap along the propagation
ultimately results into field confinement at the smallest gap region (see Supplement 1 section
S1, Fig. S1). Following this, the schemes involving ETP flow and trapping mode operation are
evaluated with a Wave Optics and Heat Transfer coupled Multiphysics model. The evaluation
of Purcell enhancement and waveguide collection efficiency has been performed in a separate
COMSOL model using a point dipole source in Wave optics module only. The values of structure
dimensions used in the simulation are provided in Table S1 of Supplement 1. The detailed
procedures and results of the performance metrics are discussed below according to the execution
order of the overall scheme.

L. Calculation of thermal gradient induced rapid transport velocity via ETP Flow

The optical energy coupled into the MIM plasmonic waveguide experiences ohmic loss within
and raises the temperature of the metal and surrounding fluid. As for the choice of material as
metal and buffer layer (layer separating metal and top of planarized Si and SiO,) to be used in
our proposed device, we have singled out Aluminum thin films and Aluminum Nitride (AIN)
respectively. In case of AIN, we have considered its suitability in reducing refractive index
mismatch at the Si-metal-water interface as well as its high thermal conductivity which plays
an important role in thermal management during the colloidal trapping function with plasmon
excitation. In the simulation model for most of the device materials, e.g. Al, Si, SiO; and water,
bulk optical and thermal property has been assumed as per the general database [35-38], except
for the thermal conductivity of AIN thin film (kan = 80 W/m-K) [39].

To estimate the temperature rise, we carried out a 3D Multiphysics simulation incorporating
Wave-optics and Heat-Transfer modules in COMSOL. Considering 20.15°C as the initial
temperature as for room temperature operation and injection of 10 mW of 1200 nm light through
the side port, initially the steady-state temperature rise has been found to be more than 100°C
at the plasmonic hotspot (see Supplement 1 section S2, Fig. S2). Although the maximum
temperature is still well below the melting point of Al (660°C), such high temperature rise can
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cause natural convection in the fluid medium and hence is not recommended for the control of
fluidic transport. Utilizing the high thermal conductivity of Si, we have considered an additional
heat dissipation path in the design by adding an extra layer of Si below the metal films at
non-interfering distance of at least 150 nm from the central Si WG, to mitigate rapid temperature
rise of overall system (see Fig. 1). With this approach, the temperature rise has been reduced
to a maximum of about 60°C which is sufficient to enable transport and trapping without the
risk of boiling or other non-idealities, see Fig. 2(Left). While this temperature is manageable for
the device, a lower rise of ~20-30°C is desired. This can be accomplished through additional
optimization of the structure to provide more efficient thermal dissipation as well as reducing the
required pump power.

40

20

20 34 50.8

Fig. 2. (Left) Cross-sectional view of plasmon excitation induced temperature gradient
around local hotspot. (Right) Temperature rise from initial room temperature and velocity
of ETP flow induced under the application of an AC field to generate rapid transport to the
hotspot. This is shown as top view.

The next step is to ensure rapid transport of emitters to the trapping site. Here, we utilize
thermal gradient induced by Ohmic loss to produce a variation in the permittivity and electrical
conductivity of the fluid, finally creating local net charge density. Under the application of an AC
electric field, the induced charges respond to the external electric field and non-zero body force
is expressed in:

fer = peE - L|EI*Vey, 4))

After perturbative expansion in the limit of small temperature gradient, the force density is
expressed as [40]:

o+iwe

.fET — %Re {S(Q—B)(VT.E)E* i %galEPVT} (2)

where @ = 1/8g—§ and 8 = 1/0.?1—‘;. € stands for permittivity, o stands for conductivity and w is
AC frequency. This net body force drives the fluid motion along the gradient of the temperature
profile [15,40], which is called ETP flow. ETP flow transports particles to the region of high
temperature rapidly which is the plasmonic thermal hotspot in this context. It is worth mentioning
here that this electrothermal flow has a long working range and can access particles within several
hundreds of micron range. Utilizing ETP flow can ensure fast transport of quantum emitters and
the ability to work with low emitter concentration.

The AC electric field distribution used in the ETP flow body force density term in Eq. (2) is
obtained by solving the Laplace’s equation. By using the results of the temperature profile from
the thermal simulation and AC electric field value from Laplace’s equation, the Navier-Stokes
equation is solved to obtain the velocity distribution due to the ETP flow. The force density term
in the Navier-Stoke’s equation is represented by the ETP flow body force term defined in Eq. (2)
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(see Supplement 1 section S3 for computational details). For an AC electric field strength of
83 kV/m and frequency of 10 kHz, the radial ETP force is found to generate speeds on the order
of 20 um/s directed towards the hotspot, see Fig. 2(Right). This provides sufficient velocity to
enable rapid transport of suspended emitters to the hotspot within seconds.

II. Estimation of trapping potential with conjugate forces

While the ETP flow generates rapid transit of the particle, it cannot provide stable and accurate
trapping. To achieve the accurate positioning of a single emitter, we make use of a combination
of optical gradient forces and negative thermophoretic forces. Theoretically, the strong optical
confinement within the hotspot region generates large field gradients in the adjacent fluidic
environment. When a particle is placed within this strongly non-uniform field, it experiences a
net force pulling it towards the region of high field — called the optical gradient force [26] and in
the quasi-static limit, it is expressed by-

Fyraa = 3@ VE? o a3VE? 3)

where a is the polarizability of the particle and a is the particle radius. We note that the scattering
force, Fooqr < a®E? is negligible in our case due to the size of our emitter (radius ~5 nm).

In addition, we consider making use of the thermal gradient to induce an attractive negative
thermophoretic force that works synergistically with the optical gradient force to increase
trap stability for single emitters regardless of size. Generating the negative thermophoretic
force directed towards the hotspot region will be achieved by introducing a cationic surfactant
Cetyltrimethylammonium chloride (CTAC) to tune the permittivity of the electrical double layer
surrounding the emitter. The equation, for the thermophoretic force is expressed as [18]:

Fiherm = —KgTSTVT “)

where Kg is the Boltzmann constant, St is the Soret coefficient, and T is the temperature (see
Supplement 1 section S4 for computational details). Once the ETP flow of the fluid rapidly
brings suspended emitters near the hotspot, the optical gradient force in the plasmonic cavity
starts to exert trapping force onto the nanoparticle. However, due to the extremely tiny size of
the target particles, like QDs (~10 nm in diameter), the Brownian motion of QDs is intense and
increases the probability for QDs escaping from the cavity, even if the cavity has captured them.
The negative thermophoresis, nevertheless, enhances the trapping stability by bringing in an
additional attractive force into the system.

As target component, we have considered colloidal PbS QDs which are commercially available
with room temperature emission near the telecom wavelength range and hence, appropriate with
our proposed application [41]. In the simulation, the PbS QD is modeled as a sphere of 10 nm
diameter with refractive index of 2.5 and thermal conductivity x = 1.75 W/m-K [42,43]. Water
being an excellent polar liquid and heat dissipater has been considered as submerging medium.
For a particle trapped by a highly localized electric field, the traditional approach of calculating
the induced optical force is to use Maxwell stress tensor (MST) which denotes the time averaged
force density. As COMSOL wave-optics module has built-in MST solver, by integrating the
tensor components over the target particle’s surface area, the optical force components along
Cartesian axes have been evaluated. Next, to assess the stability of the trap, the potential energy
in integration form, U(r) = — [, F(r’) - dr’ has been used to calculate the potential energy
experienced by the particle at varying distances, where r and 1’ are position vector variables
of the particle. On the other hand, by using the temperature profile obtained through thermal
simulation, the negative thermophoretic force has been estimated using the Eq. (4). In both cases,
the particle position has been varied along the horizontal XY plane near the hotspot zone.
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Fig. 3. (Top panel) Contribution of optical force and thermophoretic force along different
directions with respect to the simulation model for a 10 nm QD. The thermophoretic forces
have been magnified to fit the scale of optical force shown in the same plot and the scaling
parameter is mentioned in the respective plot windows. (Bottom panel) Overall trapping
potential at the hotspot calculated from conjugate trapping force acting on 10 nm PbS QD.

As shown in Fig. 3 (top panel) strong trapping forces are felt in the hotspot region due to the
simultaneous localization of thermal and electric fields. Although the thermophoretic forces
appear small near the hotspot, it provides stronger gradients on the micron scale, bridging the gap
between the macroscopic ETP flow and nanoscopic gradient force. As a result, the conjugation
of forces enables a trap depth of ~8 KgT (~2 KgT for negative thermophoretic force and ~6
KgT for optical gradient force) (see Fig. 3) where T is taken as the local temperature in the
trapping region and Kg is the Boltzmann constant. While in literature, a potential of 10 KgT is

often recommended for stable trapping with conventional method with direct irradiation [11], it
has been experimentally observed that with gap-plasmon excitation, nanoparticle trapping of
comparable size is achievable even for potentials well below this threshold [7,44]. From theoretical
perspective, one of the sufficient conditions for stable trapping is to have longer diffusion or escape
time (Tescape) Of a trapped particle from the potential well due to Brownian motion compared to
the trapping time and this is expressed with the Boltzmann factor, exp (—-2Y

KBT) < 1 where AU
refers to the well depth [25]. Our estimated potential fulfills this condition sufficiently assuring
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the chances of target object escaping the trap would still be considerably low and can be redeemed
by slightly compromising with the re-trapping time.

1I1. Emission enhancement & collection

For an emitter located at the tips where the field enhancement is the highest, the predominant
modes available to the emitter are high k (momentum) plasmonic modes in the MIM waveguide
structure which ultimately helps to enhance radiative decay rate leading to a high Purcell factor.
For simplicity, a quantum emitter can be considered as a two level atomic system interacting
with its electromagnetic environment and the interaction with a single-mode can be described in
terms of the dipole moment [45,46]. Hence, the quantum emitter is modeled as a point dipole for
the simulation study. To estimate the spatial Purcell enhancement, the model dipole emitter’s
position was swept through the hotspot region in a 3D FEM simulation with wave-optics module,
and the average power crossing the surface of a sphere of 1 nm radius centered on the dipole

was computed [2]. By comparing it to the outward power for the dipole-sphere placed in air, we

P,,;in hybrid structure
Pyyin air

error of the emitter, Purcell factors for a dipole oriented along the x, y, and z axes were noted
and averaged at each position. As shown in Fig. 4(Left), a strong enhancement of 500 - 4,000
depending on the location is found, averaging 2,000 in the hotspot.

quantified the Purcell enhancement factor (= )[47]. To account for orientation

Contour map of Purcell Factor at mid MIM plane (XY)
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Fig. 4. (Left) Orientation averaged Purcell Factor of a dipole emitter near the hotspot
(trapping region). The dashed white boundary refers to the metal area. (Right) Logarithmic
plot of the power flow from dipole emitter along x direction, parallel to waveguide propagation.
The brighter zone refers to increasing intensity.

To estimate the collection efficiency, the dipole emitter is placed in the middle of gap region.
By taking the ratio of outgoing power through waveguide cross-sections at two port ends to
total power radiated from the emitter dipole, bidirectional collection efficiency is found to be
10%. The routing of power flow through the waveguide has been shown by plotting logarithmic
power density in Fig. 4(Right). The emission could be made unidirectional by including a Bragg
reflector or ring-resonator on one end of the device that is designed to achieve high reflectivity at
the output wavelength of the emitter while transmitting the pump. Through the optimization of
the hotspot region and the plasmonic-to-photonic coupling, there are further scopes to improve
the directionality and collection efficiency.

4. Conclusion

In summary, we have evaluated the preliminary performance outcomes of our proposed scheme
involving simultaneous trapping, emission enhancement and guiding, executed with same
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waveguide coupled hybrid plasmonic structure. With numerical simulation, we have analyzed
the performance of the system in the context of the device features, e.g., long range transport,
trapping, enhancement, and on-chip collection efficiency. Overall, the proposed device estimates
rapid (within seconds), long-range (mm-scale), accurate (<10 nm), and stable (~8 KgT) trapping
of single particles (d ~ 10nm), alongside strong Purcell enhancement (PF ~ 1,000), with
excitation/collection through an on-chip waveguide. Besides the multifunctional features of
the proposed system discussed here, there is also a practical scope for additional testing and
verification feature by tuning the applied field (AC/DC) used for ETP. By appropriately switching
external field nature between AC/DC during ETP flow operation, trapped particles can either
be permanently printed or released from the trapping location [15]. This feature can provide
extra flexibility of testing and verifying the fluorescence lifetime quality and even g® correlation
measurement before permanently ‘printing’ the emitter to device. Therefore, once realized, our
proposed scheme will contribute to developing an on-chip integrated platform of non-classical
light-based applications with low-cost, scalable, and deterministic route to assemble and interact
with single and multiple quantum emitters that is so far missing.
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