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Abstract

Interfacing nanophotonic waveguides with the macro and the nano scales

Oscar Adrian Jimenez Gordillo

Silicon photonics is a powerful technological platform that has advanced with gigantic
steps during the past 20 years. Its applications range from the nanoscale, with biosensing and
spectroscopy, all the way to the macroscale, with optical fiber communications and on-chip
Lidar. However, its commercialization is still hindered by the lack of a cost-effective and
automatable chip packaging approaches. At the same time, the current multiplexing techniques to
increase the bandwidth density of optical communication networks are hitting their theoretical
capacity limits. This has pushed the community to look for additional spatial data transmission
paths through a common optical fiber. At the smaller end of the size scale, the controlled self-
assembly of nanoparticles is the holy grail of nanotechnologists around the globe. Great
advances towards this goal have been demonstrated, but most of the time it is hard to
simultaneously control the many variables involved in the self-assembly processes. Silicon
photonics and compatible wave guiding techniques are the ideal platform to address these issues
thanks to their ability of controlling light in the nanoscale.

Regarding the macroscale, this dissertation presents approaches based on micro 3D
printing to overcome the silicon photonics packaging bottleneck and to access additional spatial
channels to increase the bandwidth density of optical communication channels. Section 2.2
presents the plug-and-play coupling of fibers to waveguides, where a 3D printed optical-
mechanical micro connector is defined directly on top of a silicon photonics chip. This connector

has such a relaxed alignment tolerance, that even the coarse precision of industrial automated



assembly tools is enough to automatically couple a fiber to the waveguide in a robust and passive
way. Section 2.3 shows another 3D printed micro coupler design. This coupler optically bridges
between the higher order modes of a multimode silicon waveguide and those of a few-mode
fiber. These higher order modes can carry different streams of information at the same
wavelength, effectively increasing the amount of data transmitted through the same physical
channel.

Regarding the nanoscale world, there is a very popular but not completely well
understood self-assembly technique called evaporative self-assembly. For the past couple of
decades scientists have been trying to harness it to deposit controlled patterns of nanostructures
(ranging from inorganic nanoparticles to biological elements). The problem with this technique
is that several of the physical variables involved in the evaporative self-assembly process are
coupled to each other, making it difficult to precisely control the particle deposition. Section 3.3
shows a way of depositing a periodic pattern of gold nanoparticle clusters along the top of a
silicon photonics waveguide by assisting the evaporative self-assembly process with optofluidic
transport of particles. The particle trapping and transport along a waveguide is possible thanks to
the strong optical forces in the immediate vicinity of the waveguide core. With this approach, the
evaporative self-assembly deposition pattern periodicity can be controlled simply by tuning only

one knob: the input laser power.

Organization of this thesis

Chapter 1 lays the theoretical background for the two devices presented in Chapter 2.
Chapter 2, in turn, is divided in two main sections where we present the practical aspects and
show the experimental results of the two devices proposed for interfacing nanophotonic

waveguides with the macro scale. Finally, Chapter 3 begins by laying down the foundations to



understand the device presented in section 3.3, where we propose a way to interface

nanophotonic waveguides with the nanoscale world.
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Chapter 1: Integrated Photonics

Mankind has recognized light as way to transmit information since immemorable times.
Since the development of the laser 60 years ago, and the production of low loss optical fibers
some years later, optical communications have advanced technologically at an ever-increasing
rate. Nowadays optical fibers are the standard channels for telecommunication links. Almost all
the information we transmit every day goes through fiber optic networks that connect cities and
continents, there is enough fiber deployed to encircle the earth 140,00 times! A single optical
fiber can transmit up to 40Tb/s of information with different techniques, e.g., like encoding
information in different wavelengths. But this is not enough anymore, the ever-increasing
demand for more data traffic is pushing the community to find ways to pack more information in
each fiber, and this is where spatial division multiplexing promises to play a big role (we will
show an example about it in section 2.2). The community is also witnessing another trend: with
on-board optics, integrated optical elements are getting closer and closer to the computer
processors, increasing connectivity and processing speeds, and overcoming the electrical cables
bottleneck [1]. Before we jump into the ways we are contributing to this push, let us review the

basics! that make posible these wave guiding technologies.

1.1 The wave nature of light

To understand how light propagates through space and through different mediums, we need
the help of electromagnetic theory. This theory came together thanks to the efforts of James

Clerk Maxwell, who in the second half of the XIX century proposed several equations that

11 use three textbooks ([2]-[4]) as a source for the theoretical aspects summarized in this chapter.
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accurately describe how light propagates. These equations relate the relevant physical variables

of electric field (E), magnetic field (H), charge density (p) and current density (J):

V:-D=p 1

V-B=20 2

0B 3
VXE=——
ot

VXH= +6D 4
=] at

where the electric and magnetic fields are related to the electric flux density D and magnetic flux
density B via:

D=¢,E 5
B = u,H 6

where &, is the permittivity of the medium and y,,, is the permeability of the medium. Finally,
the current density J is related to the electric field E through the Ohm’s Law:
] = cE 7
where ¢ is the conductivity of the medium.
Now we have enough elements to derive light’s wave equation. We start by taking the

curl on equation 3 and substituting for B from equation 6:

d
VXVXE = —(VX—B)
at
d
= "HUm ot (VX H)
where we altered the order of the curl and the derivative operators because both functions are

continuous. Now we can substitute for V x H from equation 4:



a_ 9°D 9
VXVXE=—u, a]‘Fﬁ

And by substituting for J and D from equations 7 and 5 we end up with:

0E 10
VXVXE=—u, O'%E-Fé‘mﬁ
using the vector identity
VXxVXE=V(V-E)—V?E 11

and assuming that we are in a charge free non-conducting medium, we arrive to the wave
equation:

) 0°E 12
V°E = ﬂmgmﬁ

This equation describes how the light propagates and has the same general form as the
mechanical wave equation:

0’y 10% 13
0x?  v? ot?

Comparing both wave equations we can see that u,, &, corresponds to the uiz coefficient, where v
is the velocity of the wave. The difference with a mechanical wave is that light can propagate
through vacuum due to its electromagnetic nature. In vacuum, the velocity of light is ¢ =
299,792,458 m/s, but when light propagates through a material with a permittivity and or
permeability larger than vacuum’s, its velocity gets reduced by a factor of n, the index of

refraction:

14

n = UnEm =

S| a



Before we close this section, let’s find a solution for the wave equation. In the rectangular
coordinate system, there is no coupling between each of the orthogonal scalar components of the
vectorial wave equation (eq. 12). Thus, we can rewrite each element as a scalar equation:

V2E; — u,,¢ @=0 1
l ﬂm matz

where i stands for each of the x, y, and z, components and V2 is the scalar Laplacian. We can find

a valid solution for this equation in the form of:

Ei(r,t) = E;(DE(t) 16
= Eje¥Tel@t + c.c

From this solution we can identify several important variables: the electric field amplitude (E,),
the wavevector (k), and the angular frequency (w) that will come handy in the upcoming
chapters. The position vector r is given by:

r=xX+yy+zz 17

1.2 Reflection and Refraction

In the previous section we introduced the concept of index of refraction. This is a very
important physical property that will help us explain two very important phenomena that we
encounter in our everyday life and are essential for our understanding of waveguides: reflection
and refraction.

When light goes from one dielectric material with refractive index n; to other with refractive
index n, through their interface, the solutions to the wave equation in the two materials need to
be connected by means of boundary conditions: the tangential components of the electric and
magnetic fields, and the normal components of the electric and magnetic flux densities, must be

continuous. When light impinges on the interface at an incidence angle of 8,, some of the light



will be reflected and some of it will be transmitted. The relationship between the refractive index
of the two interfaces and the incidence and transmitted angle (8,) is given by Snell’s law:

n, sinf; = n, sin0, 18

The amount of light that gets reflected and transmitted is given by the Fresnel equations:

n, cos 6; —n, cos 6, 19
r. =
*  nycosf; +n,cosb,
ty=1+r,
n, secf; —n, secH, 20
r., =
Y nysecH; +n,sech,
. 1 +1) cos 6,
= r
Y * cos 6,

where r, and t,are the reflection and transmission coefficients for TE polarized waves, and r,,
and t,, for TM polarized waves?.

In the case where n; > n,, there is a point where the reflection coefficient’s magnitude is
equal to one: when 6; = 6., the critical angle, which is given by:

0, = sin‘l(nz/nl) 21

And for any 8, > 6, the reflection’s magnitude will remain always one (the interface becomes
like a mirror), this domain is called total internal reflection and is the basis for the optical

waveguides we will talk about in the next section.
1.3 Waveguides

Waveguides rely on the total internal reflection phenomenon we just described. A simple
ray picture model can help us understand it better, where light rays bounce between the two

interfaces between higher and lower refractive index materials:

2 For more on TE and TM polarized wave see Section 1.3.
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Figure 1. Waveguide in the ray picture: When n; > n, and 6, > 0, light gets trapped
between the material interfaces.

This is the same principle that governs optical fibers: a high purity higher index core is
surrounded by a lower index cladding, trapping the light, and guiding it for very long distances
with very low losses (the groundbreaking achievement of low loss transmission of light through
a fiber got Charles Kuen Kao the Nobel prize in physics in 2009 [5]).

But why stop there? For the past 20 years there has been an incredible push towards
“fiber optics” on a chip. Integrated semiconductor waveguide technology has advanced with
gigantic steps and nowadays is the technology of choice for the transceivers that convert
electrical bits into optical pulses in data centers around the world. These integrated planar
waveguides can confine light in the nanometer scale, making it to interact strongly with the
material as it travels through the waveguide. These enhanced light-matter interactions in
integrated waveguide have given rise to countess technological applications: ranging from on-
chip optical modulators and beam steering, all the way to spectroscopy, biosensing and
optogenetics. Silicon is the material of choice for integrated waveguides, and even though it does
not work well as a light source material due to its indirect bandgap, it takes advantage of decades
of work from the microelectronics industry. Silicon is also a transparent material for the

telecommunications wavelengths, its processing is cheap and very well characterized, is a very



well understood material that can be integrated with electronics, and its native oxide is a perfect

waveguide cladding material.

L 4

Rectangular Strip Ridge

Figure 2. Different integrated planar waveguide configurations. The core high index
material is in black (e.g., silicon) and the cladding lower index material is in gray (e.g., silicon
dioxide)

To get a complete description of waveguide behavior, we recur to electromagnetic theory.
First, we must consider two possible orientations or polarizations of the electric field as it

impinges the interface between two materials: transverse electric and transverse magnetic.

n, TE ™
X
LZ
nS

Figure 3. Transverse Electric (TE) and Transverse Magnetic (TM) polarizations. The
blue region represents the waveguide core and n;y > n; > n.. Adapted from [2] with
authorization from ©Springer.

Figure 3 shows a slab waveguide infinite in y, the electric field for the TE polarization is going
into the page, and x = 0 is placed on the top interface. We can propose a solution to the scalar
wave equation (Eq. 15) in the form of

E,(x,z) = Ey(x)e‘iﬁz 22

Where £ is the propagation coefficient along z. We can find a solution to the wave equation by

plugging Eqg. 22 into Eq. 15:



_f 2_1,2,2 23
E,(x) = Ege piokamix for B > koni
. 2 2_ 2
E,(x) = Eoeil\lk"n‘ P for S < koni

Where Eo is the electric field amplitude. From these two equations we can see that depending on
the value of 3, the solution for E,, (x) can either exponentially decay (outside the waveguide core,
in agreement with total internal reflection), or it can oscillate (inside the waveguide core). The
propagation constant f is a very important parameter that represents the z component of the
wavevector Kk, and for a wave to be guided it must satisfy the following universal condition for
any dielectric waveguide:

kons < B > kons 24

Each allowed solution to the wave equation will have its own £ value, and each of these
solutions is called a waveguide mode. This is a very important concept that we will use for the
remainder of this dissertation. To find the  values that correspond to the allowed modes of a

waveguide we need to solve, either numerically or graphically, the eigenvalue equations:

tan(hk) = —< 15 25
for TE modes Kf (1 - VC—VZS>

for TM modes tan(h;cf) —



Where h is the thickness of the slab waveguide core, k; is the transverse component of k in the

waveguide core, and y; is the attenuation coefficient in the substrate and cladding. All these
parameters depend on £ and are given by:

26
Yi= |B? —kin?

We just showed the characteristic equation for the modes of the slab waveguide, which is
a great didactic example, but in practice most of integrated waveguides have a circular (like
optical fibers) or a rectangular cross-section like the ones in Figure 2. The modes for these
waveguides will then take a little more complex electric field distributions but they are based in
the same principle (see Fig. 4 for some examples of waveguide modes). And similarly, for each
waveguide dimensions and refractive index profiles, there will be a limited number of allowed
modes. Each of these modes will have a unique propagation constant 4, which can also be

expressed as an effective refractive index:

_ 27
Nefr = ﬁ/ ko



TE,,
L= Small 220nm by
1,500nm
=¥ rectangular silicon
== waveguide modes
TE,,
ek 20,000nm
diameter circular

LY optical fiber

= modes

Figure 4. Examples of 2D waveguide modes. The white contours represent the cross-
section of the waveguide, and the varying colors represent the electric field intensity
distribution for different waveguide modes.

1.3.1 Light coupling approaches between optical fibers and waveguides

Chapter 2 is devoted to one of the most important and nontrivial practical problems of
integrated photonics: getting light in and out of an integrated optical circuit with an optical fiber.
It is a straightforward concept, but practically it is very difficult due to the small size (typically
around one micron) of the integrated waveguides. There are two main techniques for coupling
light between fibers and waveguides: Vertical coupling via grating couplers and edge coupling

(See Fig. 5).
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Figure 5. Two main approaches for coupling between fibers and waveguides. A
summary of advantages (green) and disadvantages (red) accompanies the schematic of each
approach.

Grating couplers are periodic perturbations that are patterned directly on top of an
integrated waveguide. These perturbations are designed to match the phase velocities in the
direction of propagation between the input beam and the waveguide mode. The periodic
modulation on the waveguide causes the guided mode to diffract, and it is usually designed to
match its -1 order of diffraction with the input/output beam. This means that the input beam must
be aligned at a specific angle #a. The period of the grating (A) needed to couple to a given

input/output angle is given by:

A
A= ' 28
Nesr — N SING,

where 1 is the light’s wavelength.
Edge coupling techniques involve getting light in and out of a waveguide through its end
facets. The efficiency of light transfer through a waveguide facet mainly depends on the

matching between the optical fields and the misalignment between the waveguides you want to
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couple; but the quality of the waveguide facet and how much light it reflects are also important
parameters to consider.

The matching between two optical fields (E: and E) is given by the overlap integral (I'):

fjooo dy fjooo EiE;dx 29
[0, dy [0 EZdx- [ dy [ EZdx|1/?

This integral tells how well the two optical fields overlap with each other, or in other words, the
amount of coupling between them. The result will be equal to one for perfectly matching fields

and zero for completely different ones.

1.4 Integrated photonics fabrication

In section 1.3 we mentioned that one the advantages of silicon photonics is that leverages
decades of knowledge and experience from the microelectronics industry. Additionally, silicon
processing is cheap and very well characterized, silicon is a material that can be integrated with
electronics, and its native oxide is a perfect waveguide cladding material.

Most of silicon photonics devices are fabricated with the Silicon-on-insulator (SOI)
platform. This platform consists of a top layer of think crystalline silicon (hundreds of
nanometers thick), a middle layer of SiO that acts as insulator (few microns thick), and a silicon
substrate (hundreds of microns thick). There are several ways to fabricate SOI wafers and the
choice depends on the application. Sub-section 2.2.2 shows an example of a fabrication flow we
used for one of the devices presented in this work.

The standard process to fabricate waveguides like the ones in Fig. 2 is as follows.

1. Definition of the waveguide width:
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a. The SOI wafer is initially prepared by cleaning it with piranha solution to
eliminate the presence of any organic contaminant on the surface. After rinsing
the piranha solution and drying the wafer, the wafer is coated with a resist
adhesion promoter.

b. A liquid photoresist is spun on the wafer to distribute it evenly across the whole
wafer surface. The resist thickness is controlled by the choice of resist itself and
the spinning speed. The wafer is then soft baked to improve the resist uniformity
and adhesion, and to remove the solvents.

c. The wafer is exposed to a light source. In this step the waveguides are defined
with either e-beam or UV photolithography, depending on the feature size and the
number of copies to be fabricated. The e-beam is usually used in a R&D setting
where optical circuit designs are usually fabricated once. In an industrial setting, a
mask is used to replicate the same pattern in many wafers using a mask-aligner.

d. The photoresist is exposed to a developing solution and the written pattern is
revealed. A final hardbake is performed to get rid of remaining solvents.

2. Waveguide etching: the etching step removes undesired material in a controlled fashion.
This can be achieved either chemically, physically or with a combination of both. Most of
silicon waveguides are generally etched using a fluorine based low-pressure plasma that
bombards high-energy ions against the wafer, effectively removing unmasked silicon.
After the silicon etching step only the silicon features that were protected by the resist
remain on the wafer.

3. Top cladding: a top layer of SiO is either grown or deposited to protect the waveguides

and to provide strong optical confinement. This layer must be thick enough to avoid the
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leakage of the electric field beyond the cladding and isolate the guided mode from

undesired external perturbations.

Each of these general fabrication steps must be developed, characterized, and performed
with extreme caution to avoid dimensions uncertainty and roughness on the waveguides.
Roughness on waveguide’s top or side walls directly translates in optical loss through
scattering.

In the next sub-section, we present a very versatile fabrication technique that has been
gaining traction in the integrated photonics community for the past few years: 3D

microlithography by 2 photon polymerization (2PP).

1.4.1 3D microlithography

Traditionally, photolithography has been limited to 2D patterning, but the popularization
(and commercialization) of micro 3D printing by 2PP has opened a new door for fabricating
microstructures that few years ago where unthinkable. 2PP enables the highest spatial resolution
(down to hundreds of nanometers) compared to the rest of 3D printing techniques and has found
applications ranging from micro robotics and biosensing, to micro-optics and mechanical
metamaterials [6]. It works by scanning a tightly focused femtosecond pulsed laser beam into a
liquid resin and writing one voxel® at a time (See Fig. 6). The laser beam is scanned in 2D using
a galvo mirror system, and the stage where the objective is mounted can be scanned in 3D by a
piezo system. After the resin is cured by the tight focal spot, it solidifies, creating a free-standing

structure one voxel at a time. After the write is done, the final step consists of developing the

3 A voxel is a 3D pixel.
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sample to get rid of the uncured resin, leaving behind the 3D microstructure. There are many

commercial resins for 2PP, and most of them are based on acrylates or epoxies.

We use a commercial tool based on this versatile technique for 3D printing polymer

waveguides and structures that are essential for the two devices we show in chapter 2: In section

2.1 we show a 3D printed mechanical-optical coupler for connecting a fiber to a waveguide; and

in section 2.2 we use the tool to write a 3D waveguide that tapers both in the horizontal and

vertical dimensions to couple high order modes between a multimode waveguide and a few

mode fiber.

XYz ‘piezoeleclric stage displacement

/ Substrate
Sample holder

Focusing
objective
Femtosecond-pulsed
780 nm laser Galvo mirrors
(fast 2D scanning)

@

(b)

Figure 6. Schematic diagram of 2PP micro 3D printing. a) Scanning and focusing
mechanism of a commercial 2PP micro 3D printer. b) The structure is written into the liquid
resin one voxel at a time. Taken from [6], licensed under CC BY 4.0.
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Chapter 2: Interfacing waveguides with the macro scale

Photonics packaging is currently based on active alignment and on manual assembly,
expensive and slow processes that hinder the scalability and viability for mass production [7].
There is a critical need for passive and pluggable solutions for interfacing fibers (the macro
scale) with integrated photonic waveguides. These solutions must be compatible with standard
fabrication techniques, and should be able to be implemented with standard automated assembly
tools, thus lowering the packaging costs [7]-[10]. At the same time, the dramatic increase of data
traffic demand in optical networks is pushing us to look for additional ways to increase the
bandwidth density on every single optical fiber. In this chapter we leverage commercial micro
3D printing capabilities and present two approaches to address both the silicon photonics
packaging bottleneck (section 2.1) and the demand for increased bandwidth density between

integrated waveguides and few mode fibers (section 2.2).

2.1 Plug-and-play fiber to waveguide interface

As we saw in section 1.3.1, different coupling techniques and materials have been used
with the goal to achieve both low insertion losses and high alignment tolerances between fibers
and waveguides [11]-[17]. The challenge remains: to simultaneously address both the
mechanical and optical tolerance requirements for truly passive fiber to chip alignment.

For this purpose, we show a plug-and-play connector between a fiber and a nanophotonic
waveguide consisting of a 3D polymer structure with a fiber entrance port that simultaneously
achieves mechanical and optical coupling, enabling fiber-waveguide passive alignment within
the placement accuracy of standard automatic assemble tools (AST, £10um). We use a

mechanical and optical co-design, analogous to commercial fiber-to-fiber connectors, which is
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fabricated using a commercial 3D polymer lithographic process. The structure is based on a
polymer with refractive index n~1.53 and is defined directly on top of photonic chips in a single
fabrication step (Fig. 7a). It is composed of a fiber entrance port followed by an acceptance

funnel that terminates at a polymer waveguide facet.

a)

TIR mirror

Fiber

Si grating coupler

Polymer l1 -
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waveguide\
& input \ TIR mirror
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X P \ Light A8
0 0.2
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Grating coupler
= 0

6 12 18 24
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Figure 7: a) Schematic diagram of our 3D funnel coupler defined on top of a grating
coupler. The fiber is inserted all the way into the funnel and edge-coupled to the polymer
waveguide. b) FDTD simulation of the funnel lateral cross-section where the light input is

from the left. The fiber and polymer waveguide mode cross-sections are shown in the insets;
these two modes are spatially matched at the edge-coupling region. We can also observe that
there is no light leakage into the funnel walls in direct contact with the fiber. c) FDTD
simulation of the TIR mirror reflecting light between the polymer waveguide and the grating
coupler.

The polymer waveguide is designed to be mode-matched with the fiber, while the funnel
walls are designed to minimize light leakage by making sure the interaction length with the fiber
is short enough, as shown in Fig. 7b. Following the guiding by the polymer waveguide, light is
then coupled to a silicon waveguide via a grating coupler using a total internal reflection (TIR)
mirror defined at the end facet of the polymer waveguide during the same fabrication step as the

funnel. The TIR mirror takes advantage of the angled facet and of the refractive index contrast
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between the polymer and air to redirect light into the grating coupler at the grating’s diffraction
angle (Fig. 7c). We can use ray optics to determine the angle of the TIR mirror [14]:

_ 90° — ngating 30

2 -
mirror
2

The complementary angle to the resulting 6,,,;,-o» Must be larger than the critical angle to satisfy
the TIR condition, as we saw in section 1.2:

npolymer 31

Ocriticat = sin™! < ) < 90° = Omirror

Ncladding
The acceptance funnel acts as a passive mechanical routing and support structure that
directs the fiber into an optically aligned position for edge-coupling with the polymer waveguide
(Fig. 2a). The fiber is routed into the funnel independently of its exact position relative to the
center of the funnel, enabling extremely wide alignment tolerance. When fully inserted, the fiber

tip (which is thinned down to 10 um diameter on one end) is tightly held at the smaller end of the
funnel, ensuring mechanical stability and maximum optical coupling.

2.1.1 Device fabrication

We fabricate the plug-and-play couplers in a single step using micro 3D printing directly
on previously fabricated diffraction grating couplers. As we saw in section 1.4.1, this fabrication
technique is based on the two-photon polymerization of a photoresist and we use the Photonic
Professional 3D lithography system (Nanoscribe GmbH [18]). We begin the fabrication by drop-
casting the photoresist (IP-Dip negative photoresist, Nanoscribe GmbH [19]) on top of our
photonics circuit chip as received from the foundry. The photonic circuit consists of two TE
grating couplers joined by 200 um of a side cladded silicon waveguide from a standard multi
project wafer (MPW) run from imec (basic fiber coupler TE [FC]) [20]. After an initial

alignment step, we directly write the plug-and-play coupler on top of the silicon grating coupler.
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In Fig. 8, we show scanning electron microscope (SEM) images of fabricated couplers with
funnel apertures that taper from a 20 um diameter at the input down to a 10 um diameter at the
junction with the polymer waveguide. Each coupler is written in 3 minutes; this write time can
be reduced by optimizing the tool’s laser scanning speed and exposure parameters [21]. The
small orifice on top of the funnel (Fig. 3) allows the free flow of resist developer inside the
funnel during fabrication and has no influence on the optical properties of the device. The small
dimensions (23 pum x 23 pum x 160 um, see Fig. 9 for details) of our couplers allow for high

density optical 1/0 arrays with pitches as small as 30 pm.

Fiber coupled into the funnel —»

Figure 8: Scanning Electron Microscopy (SEM) images of fabricated funnel couplers
showing perspective and top views.
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We form the single side thinned fiber with our in-house software-controlled fiber pulling
station based on the heat and pull method [22], [23]. This type of fibers can also be obtained
commercially from companies that offer standard precision glass forming. Note that the platform
is designed to be robust to variations in the fiber diameter (see discussion below). After thinning
the fiber along 1 cm down to approximately 10 um in diameter, we cleave it with a ruby scribe to

obtain two thin fibers with the desired 10 um tip diameter to fit into the funnel coupler.

Side view
23um
20pm P
11.5pm 10um 13pum y = lepm
Top view
23um | 20pum Sum . 10pum 13um 19um
10um 40um 85um x=18.75um

156.75 um

Y7
X

Figure 9: Schematic depicting the polymer coupler dimensions. The dimensions named
and “y” are the ones that define the reflection angle of the TIR mirror.

2.1.2 Results

We measure an average of only 0.05 dB of excess loss induced by the coupler between a
standard single mode fiber and a high confinement silicon waveguide in addition to the inherent
grating coupler loss. To measure the excess loss, we first measure the coupling loss between
standard cleaved single mode fibers and bare grating couplers as received from the foundry. We
measured a set of 11 grating coupler pairs and obtained an average loss of -4.7 dB per grating

coupler at the peak wavelength of 1582 nm. This measurement is done by launching TE
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polarized light through the input fiber and optimizing the input and output fibers’ alignment (at a
10° off-vertical angle from the grating coupler) using high-resolution 3D alignment stages
(Thorlabs MAX312D). We then proceed to characterize our polymer coupler by fabricating the
plug-and-play coupler on top of one the gratings of our photonic circuit. Once the polymer
couplers are fabricated, we use a low-resolution translation stage to manually insert the thinned
fiber into the funnel, using a live microscope image of the chip with a magnification of 10x. We
characterize each polymer coupler-grating coupler pair by sweeping the input wavelength (at TE
polarization) over a range of 100 nm in the C-band, while recording the output power spectrum.
In Fig. 10a, we show the averaged coupling loss for 18 plug-and-play couplers at different
wavelengths in the C-band, normalized to the measured bare grating coupler peak loss of -4.7
dB. In Fig. 10b, we show a histogram of the relative loss distribution of the 18 couplers. The
losses shown are measured at the wavelength of 1544 nm, for which loss is minimum. Our
measurements are done with a wide variety of fiber input positions within the 20 um diameter
funnel entrance, which is within the AST placement accuracy. We measure no excess loss from
misalignment of the fiber at the coupler’s input. This is because the funnel always ensures the
guiding of the fiber into perfect alignment with the polymer waveguide. Note that the observed
variations in loss in Fig. 10b arise mainly from misalignments between the grating and the
polymer coupler due to the tool’s manual alignment process. This effect can be mitigated by
automating the alignment process using computer vision algorithms to increase the accuracy and

precision of the tool.
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Figure 10: a) Averaged plug-and-play coupler loss for 18 devices relative to the
measured grating coupler loss. The dashed lines represent the standard deviation. b)
Histogram showing the distributions of the loss among the different devices, the dashed line
is a guide to the eye that represents a normal distribution. These loss variations are mainly
due to the fabrication misalignment between the couplers and the gratings. Values above 0
dB mean that the coupling efficiency between the grating-polymer waveguide-thinned fiber
was higher than the measured grating-vertical fiber coupling efficiency. c) Measured relative
loss as a function of temperature at a wavelength of 1544nm. d) Simulated excess coupling
loss between the polymer waveguide and the fiber with varying fiber’'s MFD.

The high efficiency of our funnel coupler approach is robust to fiber mode field diameter
(MFD) variations up to £2 um and to temperatures variations between 20°C and 100°C. To
investigate the effect on the coupling efficiency due to possible fiber MFD variations that induce
mismatch between the fiber and the polymer waveguide, we simulate the coupling for different
fiber MFD deviations from the optimal value (10 um). In Fig. 10d, we can see that the toll on the

coupling efficiency is less than 1 dB for the thinned fiber with MFD deviations of +2 um from
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the nominal value. Moreover, the edge coupling between the fiber and the polymer waveguide is
highly efficient over a large bandwidth for both TE and TM polarizations; the choice of grating
coupler used for our approach will determine the polarization dependence of the whole coupler.
To verify the robustness to temperature variations, we varied the chip’s temperature from 20°C
to 100°C and observed loss variations within 0.6 dB for the whole temperature range, as seen in
Fig. 10c (note that commercial silicon photonics transceivers have a maximum operation
temperature of 70°C, see e.g. [24]). Additionally, during the time this dissertation was written,
our couplers where being tested for cryogenic applications as part of a collaboration with Dr,
Karen Grutter from the Laboratory for Physical Sciences at the University of Maryland.
Promising preliminary results show that the funnels survive at least two cycles of cooling down
to 4K and warming up back to room temperature.

2.1.3 Discussion

Our coupling platform offers a passive plug-and-play solution for scalable integrated
photonics fiber-chip packaging. Our 3D funnel couplers are compatible with the placement
accuracy of high-throughput microelectronic assembly tools. The platform relies on one simple
post-process step that does not require a cleanroom environment and can be done at the wafer
level. Our approach enables in-plane coupling via gratings, eliminating the challenge of
integrating fibers coupled to gratings using the traditional off-plane assembly. Additionally, the
fact that the light is coupled through a polymer waveguide, makes this a very versatile approach
to other types of coupling to silicon waveguides (see e.g., Fig. 11).

The passive plug and play solution we present for packaging our chips brings us a step

closer to the ideal of automatically packaged and mass produced integrated photonic devices. In
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the next section we will address the issue of coupling between the very different higher order

modes of optical fibers and integrated waveguides.

Polymer to silicon _~
waveguide butt-coupling

Polymer to silicon waveguide
butt-coupling close up

R

Polymer to silicon
waveguide adiabatic
coupling

Polymer
waveguide

Tapered silicon
waveguide

Figure 11. Top: Plug-and-Play coupling through butt-coupling to a silicon waveguide.
A small step is etched on the chip to center along the vertical axis the two waveguide tips.
Bottom: Plug-and-Play coupling through evanescent coupling to a silicon waveguide taper.
The silicon waveguide has the top-cladding removed to be in direct contact with the polymer
waveguide on the top of it.

2.2 Multimode Chip-to-Fiber Interface
Mode division multiplexing (MDM) is a promising technique to dramatically increase the
bandwidth density of optical fibers and, coupled with on-chip higher order mode manipulation,

could enable high-performance optical interconnects. However, the higher order mode coupling

24



between optical fibers and integrated high-index contrast waveguides is a challenging task due to
the huge mode mismatch between them [25]-[28]. In MDM, a single wavelength carries multiple
data streams encoded in the different spatial modes of a light guiding structure, and multimode
silicon waveguides offer full control on this extra degree of freedom in a platform compatible
with CMOS processing techniques. But to date, direct one to one coupling between higher order
modes in a fiber and those in a high-index contrast waveguide has been a bottleneck hard to
overcome. To realize a full MDM fiber-chip communication link, it is critical to address this
coupling challenge. One approach is to use few-mode fibers (FMF) that support around 10
modes, which potentially increases the communication bandwidth for each mode you add to the
system.

In this section (2.2), | develop the design and experimental demonstration of one-to-one
coupling between higher order modes of a silicon waveguide and those of a FMF using an
intermediary polymer waveguide. The design consists on an adiabatic multi-stage silicon inverse
taper integrated with a low index polymer waveguide [29], [30]. This taper design achieves the
desired mode conversion in two stages: the first one converts the modes between a multi-mode
(MM) Si waveguide and an intermediary rectangular polymer waveguide; the second shapes the
polymer modes both horizontally and vertically for efficient matching to a FMF. Both stages
consist of discretized tapers, where each sub-division is adiabatically tapered to guarantee one-
to-one mode conversion with minimal crosstalk. This is achieved by identifying the mode
hybridization regions along the Si-polymer structure and varying the Si waveguide width
adiabatically around these regions, as proposed by Dai and Mao [31]. The design developed in
sub-section 2.2.1 converts one to one the first 4 TE modes and the fundamental and first order

TM modes of a MM silicon waveguide (220x1100 nm2) in to the TE11, TM11, TE21, TM21,
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TE12, and TM12 modes of a polymer waveguide (22x23 um2). These modes supported by the
polymer waveguide efficiently match the LPO1 and LP11a and LP11b modes of a FMF (Fig. 12).
Next, in sub-section 2.2.2, | will show the fabrication process for a device capable of converting
4 silicon waveguide TE modes into big polymer waveguide modes compatible with the LP
modes of a FMF. Finally, | present in sub-section 2.2.3 the experimental results for the fabricated

devices.
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Figure 12. Schematic diagram of our mode convertor concept. A 3D polymer
waveguide works as an intermediary to bridge between higher order silicon waveguide
modes and those of a FMF.

2.2.1 Device design

In this sub-section I describe the design flow for this kind of one-to-one mode conversion

devices. The mode conversion mechanism was originally proposed by Dai & Mao [31] with a
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SiN waveguide instead of a polymer one. In this work we chose to work with a polymer
waveguide instead of SiN because of its ease of fabrication and wide refractive index

availability.

1. Material selection:

a. Straight polymer waveguide: SU-8 core cladded with NOA148 UV curing
adhesive (Fig. 13a). SU-8 is readily available in cleanrooms, and a very well
characterized material with applications in MEMS, photonics, microfluidics,
among others. Norland NOA adhesives are tailored for optical grade
applications and there is a wide selection of adhesives with different refractive
indexes and viscosities.

b. 3D polymer waveguide: Nanoscribe Ip-dip core cladded with NOA148. Ip-dip
is photoresist specifically formulated for high-resolution 2 photon
polymerization lithography.

2. Selection of a polymer waveguide geometry that supports the desire higher order
modes at the desired wavelength. In our specific case, we design for 6 modes that
have a similar electric field distribution to the modes supported by a few-mode
optical fiber at a wavelength of 1550nm (Figure 13b). These are supported by a

3x5um SU-8 core (n = 1.57) cladded with NOA148 (n = 1.48).
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Figure 13. a) Refractive index profile of the SU-8 waveguide core cladded with
NOA148 on a SiO: substrate. b) Electric field intensity profile for the first 6 modes of the SU-
8 polymer waveguide. Top: TE11, TM11, TE21, bottom: TM21, TE12, TM12.

3. In this step we introduce the silicon waveguide. We need to make sure that the initial
silicon waveguide tip embedded in the polymer waveguide causes a minimum
perturbation to the polymer waveguide modes. We do this by plotting the mode
overlap for different waveguide tip widths and choosing a waveguide tip that is

feasible to fabricate and has a low toll on the mode overlap efficiency (Fig. 14).
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Figure 14. a) Cross-section of the polymer waveguide with the embedded silicon
waveguide. b) Mode overlap plot between the polymer waveguide with and without
embedded silicon waveguide. We chose a silicon waveguide tip of 80nm as a good
compromise between fabrication feasibility and mode overlap efficiency.

4. Now that we have our polymer and silicon waveguide tip dimensions, we can plot the

mode dispersion plot for varying silicon waveguide widths (Fig. 15a). Our aim is to

find a silicon waveguide width where the six modes are confined into the silicon core

(Fig. 15b). In this plot “mode hybridization” regions become apparent, regions where

the effective index of two modes become very similar. Is on these regions where we

will focus to design our mode converter.
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Figure 15. a) Mode dispersion plot for the embedded silicon waveguide in the
polymer waveguide. We can see that the six modes are well confined in the polymer core for
silicon waveguide widths smaller than 200nm. As the silicon waveguide becomes wider, it
starts supporting more modes. The red dashed circles depict the mode hybridization interest
regions. b) Electric field intensity for the modes supported by the silicon waveguide with a
width of 1400nm.

5. Next, it’s time to identify all the mode hybridization regions that we found on Fig.
15a). We do this by plotting the polarization fraction of each of the 6 modes for the
varying silicon waveguide width range that we chose in the previous step. This plot

(Fig. 16) makes it easy to find the mode hybridization regions (they coincide with the
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widths where the mode goes from being TE to TM polarized) that are not apparent

from the previous plot.
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Figure 16. TE polarization fraction vs silicon waveguide width for each of the six
modes of interest. The widths for which the polarization of a mode changes between TE and
TM indicate the hybridization region.

6. To exemplify the method, and for sake of conciseness, we will choose one mode
hybridization region for the Si waveguide width: around 1um. If we zoom in this
region in the two previous plots (Figure 17), we can see the coincidence of where the
two modes get very close in effective index, which is also where they change their
polarization. Now to achieve mode conversion between the desired modes, we choose
two widths around this region to set a silicon waveguide taper that will have these as

input/output widths (see bottom of Fig. 17).
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Figure 17. Mode dispersion and TE polarization fraction for modes 4 and 5 for the
silicon waveguide width around 1um. Bottom: example of silicon waveguide tapering
around this width.

For this example, we chose 900nm and 1050nm as the input and output widths for
our silicon waveguide taper. With this information we can setup an Eigen Mode
Expansion (EME) simulation to sweep the taper length and plot the energy transfer
between the 6 input and output modes in the form of an S-matrix. Our criteria for
choosing an optimal taper length are: 1) maximum coupling between the desired
modes (>95%, in this case between modes 4 and 5, 2) minimum crosstalk to all the
other modes (<10%).

7. Repeat step 6 for all the mode hybridization regions. We end up with multi-stage
silicon taper based on cascading individual tapering regions that correspond to each

of the mode hybridization regions. For this design we obtained a taper with 16 stages:
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Multistage silicon taper composed by cascading the
individual tapers corresponding to the 16 mode

Stage

1

Multi-stage silicon taper

w1 (nm)

1200

w2 (nm)

1100

Length (um)

340

1100

940

370

940

900

120

T . . 2
hybridization regions:

3

Cross sections:
n=1.48 4
5um 5
6
7
8
9

Top view

900

100

180

700

690

90

690

680

470

680

670

310

670

660

50

660

485

140

485

455

220

455

420

130

420

290

170

290

260

20

260

230

25

230

200

35

200

80

210

Total taper length:

2680

Figure 18. The schematic diagram shows the top view of the multistage taper and
several cross-sections along its propagation axis. The table on the right show the
initial and final widths for every stage, as well as its corresponding length.

8. Mode conversion simulation results:

Mode | Silicon Polymer
# mode mode
1 TE11 TE11
2 TE21 TM11
3 TE31 TE21
4 T™M11 TM21
5 TE41 TE12
6 TM21 T™M12

Figure 19. Simulated mode converter performance. The table on the left can be used

silicon modes

1
2
3

4

5
6

1550 nm

Efficiency (%)

80

60

40

20

0
1 2 3 4 5 6

polymer modes

as reference for this sub-section.

9. The final step is the design of the 3D taper that increases the size of the 3x5um

polymer modes to match the core of the FMF (=20um diameter). For this we recur to

a Finite Difference Eigenmode (FDE) simulation to find the 3D polymer output facet

33




dimensions for optimal mode matching to the FMF core. We found that a 22x23um
facet allows for high efficiency coupling for the 6 modes of interest. Finally, we
optimize the tapering to allow for low crosstalk in the shortest possible length. We do
this by dividing the 3D taper into 10 sub-sections and optimizing the length of each

for the six modes with help of an EME simulation (Fig. 20).

g /4\ oy Optimize length for each
o sub-section

Figure 20. 3D polymer taper for efficient mode matching between 3x5um SU-8
waveguide and FMF core. The 3D taper design index is n = 1.53, which corresponds to the
Ip-dip resist for the 3D nanoprinting tool. The optimized length for each sub-section is
shown in the schematic diagram.

With these 9 steps we finalize the design of the mode converter that allows us to couple 6
silicon waveguide modes to 6 modes of a FMF through a polymer waveguide intermediary. To
complete the device design, we need to individually excite the 6 different higher order modes on
a multi-mode silicon waveguide. One way to do this is with adiabatic directional couplers like
the ones proposed by Dave & Lipson [32]. In the next sub-section, we will describe the

fabrication process to achieve a device like this.
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2.2.2 Device fabrication

We demonstrate the mode converter on a standard SOI waveguide platform, with an
added layer of SU-8 (n~1.57) and Ip-dip (n~1.53) polymer waveguides patterned using a
combination of conventional and 3D photolithography. The fabrication process of Fig. 21 is
detailed next:

1. The SOI silicon waveguide layer is defined with e-beam lithography and fluorine
based ICP etching. The patterning of the long multi-stage tapers needs special
attention because of the e-beam field crossings. The stitching between fields was
avoided by applying the field interleaving technique during the file preparation.

2. A chrome etch stop layer is needed to safely unclad the long silicon multi-stage
tapers during step 4, before the SU-8 waveguide patterning. The chrome layer is
deposited via e-beam evaporation to a thickness of 40nm.

3. A 2um thick layer of PECVD SiO: is deposited as a top cladding for the

input/output inverse tapers and directional couplers.

1) Waveguide patterning  4) Top cladding 7) NOA148 cladding
patterning/etching
Si taper rl
5 | ] e (]
2) DepOSItlon/Pattern 5) Chrome removal
chrome etch stop layer
| | - ﬂ\
3) Top cladding deposition 6) SU-8 waveguide
patterning
= M| o |

Figure 21. Device fabrication process.
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4. The top cladding is patterned with photolithography for the subsequent step of
cladding removal. The top cladding is removed with fluorine ICP etching from
the mode conversion regions (clearing the top of the multi-stage tapers).

5. The sample is submerged in chrome etch solution to remove the chrome etch stop
layer.

6. For the mode conversion between the silicon and polymer waveguide, straight
SU-8 waveguides are patterned directly on top of the multi-stage silicon taper
along its whole length. For the second mode shaping stage, where the polymer
modes get expanded in size, we use micro 3D lithography (Nanoscribe Photonic
Professional GT) based on two-photon polymerization to pattern the 3D Ip-dip
waveguide aligned to the Su-8 waveguide output (see Fig. 22).

7. The converters are fully cladded with a UV-curing polymer (NOA148, n~1.47)
layer to provide the designed index contrast for the polymer waveguides. The
cladding process follows the capillarity technique, where a glass slide is fixed on
top of the sample leaving a narrow gap. Then, the UV-curing polymer get
deposited on one side and coats the whole sample via capillary forces, it is cured
with a UV lamp. The devices are finally diced, cladded, and polished.

As mentioned in sub-section 2.2.2, we need to individually excite the higher order
modes of a multimode silicon waveguide to show our mode conversion device. We do
this through a mode multiplexing sage at the input of the multimode waveguide. The
mode multiplexing stage consists of 4 single mode input waveguide that excite the TE11,
TE21, TE31 and TE41 modes of the multimode bus. This multiplexing stage is based on

the couplers proposed in [32] and its experimental performance is shown in Appendix A.
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of silicon taper
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Figure 22. Optical microscopy of fabricated device. The inset shows the SU-8
waveguide patterned directly on top of the silicon multi-stage taper.

2.2.3 Experimental Results

We image the mode profiles at the output of the mode converter for different input Si
waveguide modes. We chose to work only with the TE polarization input modes because of their
relevance for silicon photonics. The 4 higher order TE silicon modes are selectively excited by a
silicon mode multiplexing stage. The excited modes are then converted, resized and edge-
coupled to the LP0OOa and LPO1 modes of a FMF (20um core diameter, 4” long). In Fig. 23 we
show the experimental field intensity distribution for the LP modes at the output facet of the
FMF as imaged with an objective lens and an IR camera. We also imaged the modes at the
intermediary polymer waveguide to show that the mode conversion happens there, and at this
point the modes already have a shape compatible with the LP modes of the fiber. A polarization

beam splitter was used to verify each mode’s polarization.
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Si waveguide Polymer waveguide 3D Polymer waveguide

Figure 23. Experimental mode images at different conversion stages. The mode
images were acquired using a lens and an IR camera to image the output facet of the chip and
the fiber.

We characterize the silicon-polymer conversion efficiency and modal crosstalk by
fabricating two identical devices front to front on the same chip: one working as a mode
multiplexer and the other demultiplexer. This setup allows us to demultiplex the contribution of
each input mode to any other undesired mode for the critical mode conversion step between the

silicon taper and the straight polymer waveguide (Fig. 24).
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Figure 24. Fabricated chip to characterize the crosstalk and efficiency of the silicon-
polymer mode conversion.

2.2.4 Discussion.

The device that we presented in this section, paves the way for an efficient and scalable
solution for the interface between on-chip silicon MDM devices and FMF. We showed a design
that is capable of converting one-to-one 6 modes of an integrated multimode silicon waveguide
to 6 LP modes of a FMF. These sets of modes are very different to each other, not only in size,
but also in their electric field distribution and vectorial basis.

Our current design is for a single wavelength, but as we saw in sub-section 2.2.3, this can
be combined with WDM to increase even more the bandwidth density of our mode convertors.
The next step would be to take this into account, to design for a wide wavelength range. This can
be done by choosing the appropriate input and output widths for each of the taper sub-sections,
these widths need to encompass the mode hybridization regions for each pair of modes for the

desired wavelength range (see, e.g., Fig. 26).
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Effective index

Figure 25. Mode hybridization regions for the same pairs of modes but for different
wavelengths. This needs to be considered for a large conversion bandwidth design.

We also showed the experimental demonstration of our mode converter for the first 4 TE
modes of the silicon waveguide. We ‘saw’ the mode conversion by imaging the modes. The shift
from our design wavelength can be compensated by including fabrication-tolerant considerations
in our design. In conclusion, we showed an integrated platform capable of directly coupling to a

FMF the higher order modes used for on-chip data processing.
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Chapter 3: Interfacing waveguides with the nanoscale.

In this chapter we propose a new way of depositing nanoparticle clusters using
evaporative self-assembly enhanced by the optofluidic transport of particles along a silicon
waveguide. The evanescent field that leaks out of the integrated waveguide cores is an efficient
way to interact with whatever is found in the vicinity of the waveguide. For most application this
interaction is undesired, so much that special care is paid to have thick enough bottom and top
claddings to isolate the evanescent field from any environmental perturbation. At the same time,
there are important applications where we harness the power and sensitivity of this evanescent
field. Two of the most important ones are biosensing and optical trapping. Optical trapping is a
powerful tool for manipulating nanoscale objects, from atoms to virus. The invention of this tool
merited the Nobel prize to Arthur Ashkin in 2018 [33]. In this chapter we show that by
interfacing our waveguides with gold nanoparticles, we can deposit periodic patterns of particles

just by tuning the laser power.

3.1 Optical trapping with waveguides

Optical tweezers are a powerful technique for trapping and manipulation of particles
using optical forces. The optical trapping applications range from atomic physics all the way to
biological physics and have allowed us to understand the molecular foundations of life [33]. The
technique is based on trapping particles in the focal point of a tightly focused laser beam. There
are two main forces acting on the particle: the scattering force, due to the radiation pressure of
the light beam acting along the direction of the beam; and the gradient force that pulls the

particle towards the high intensity focal point [34].
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(a) Free-space optical tweezing

Light in
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field

Waveguide

Substrate
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A 4

(b) Nanoscale optofluidic transport

Figure 26. Comparison between (a) free space optical trapping and (b) waveguide
evanescent field trapping. Taken from [35] with authorization from ©McGraw Hill LLC.

In section 1.3 we learned that there is a rapidly decaying electric field in the cladding of a
waveguide, this is called the evanescent field. The intensity of the evanescent field is very strong
at the interface between the core and the cladding and produces a strong gradient force in the
vicinity on the interface, analogous to the gradient force from the previous paragraph (See Fig.
27). This gives an indication that we can harness this strong gradient force to trap particles in the
vicinity of integrated waveguides [36]. In fact, this has been shown to be an efficient way to trap
and transport micro and nanoparticles within a wide range of waveguide and particle materials
[37]-[40].

It is of special interest for the purpose of this chapter to understand the optofluidic
transport made possible by particle trapping in the evanescent field of integrated waveguides.
When the optical gradient of the evanescent field traps a particle, it partially polarizes it,
resulting in a strong Lorenz force. This attracts the particle to the waveguide. When it is trapped,
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some of the light that propagates through the waveguide will be scattered and some of it will be
absorbed by the particle. These scattering and absorption results in momentum transfer to the
particle, which is pushed along the waveguide with a forward velocity proportional to the light

intensity and slowed by the viscous drag (see Fig. 28).

Optofluidic transport
* Light in a waveguide
exerts 2 forces on a
particle. A trapping force
that pulls it down and a

scattering force that
pushes it along.

Waveguide

Figure 27. Optofluidic transport above a waveguide. Taken from [35] with
authorization from ©McGraw Hill LLC.

When the particle radius is much smaller than the speed of light, we talk about the
Rayleigh regime. This regime assumes that the electromagnetic field is uniform when it interacts

with the particle, and the involved forces can be written as:

8ndl,a2e>/? 32
Fscattering = T34
2me,l 33
Fabsorption = C; . Im(a)
n,a
4
Ftrapping = %Vlo 3
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Where c is the speed of light, I, the electric field intensity, &, is the dielectric constant of the
medium, a = 3V (e, — &) /(& + 2¢,,), and V and &, are the volume and dielectric constant of

the particle. From these equations we can see that the forces depend on the laser power, so tuning

the laser power allows us to control the trapping and release of particles [35].

3.2 Evaporative self-assembly

For the past couple of decades, a growing scientific interest has been paid to the “coffee
ring” phenomena, i.e., the common observation of rings left on substrates after drops containing
solutes dry up. This in turn, has been used to produce patterned deposits of particles with
application in bio- and nanotechnology, among other fields. The deposited pattern can be tuned
by several variables that influence this phenomenon, for example, the confinement of the droplet,
the chemical patterning of substrates, the use of different solutes and solvents, etc. There are
many models that explain with great detail many aspects involved in this phenomenon, but up to
date many issues related to the evaporation induced flow and particle deposition are still not well
understood [41].

An intuitive mechanism for the coffee ring formation was proposed by Srivastava, et al.
[42]. This mechanism considers that the three-phase contact line (TCL) of a droplet with
suspended nanoparticles (NP) undergoes stick and slip motion as the drop evaporates (see Fig.

28):
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Figure 28. Schematic diagram that illustrates the droplet and the TCL during the stick
and slip motion. From left to right: start of the slip stage, end of the slip stage, stick stage.
Taken from [42] with authorization from ©John Wiley and Sons.

1. Particles are deposited at the TCL.

2. Immediately after the deposition, the drop detaches from the deposited particles and its
contact radius R decreases, maintaining a constant contact angle & over the finite slip
time. During this time no NP can reach the TCL and get deposited. This time determines
the spacing between rings.

3. Some NP will make it to the TCL, will be deposited, and stop it from receding. At this
point the contact radius becomes contact and the evaporation becomes mediated by
decreasing the contact angle.

4. At the point when the TCL stops moving by the deposited NPs, the contact angle has
become very small, avoiding the transport of NPs to the TCL.

In summary, when the TCL of a drying drop is pinned, the solution evaporating from the
edge is replenished by solution from inside the drop. This outward flow carries with it the solutes
to the drop periphery, depositing a ring-like structure. The pinning and depinning process (stick
and slip motion) caused by the deposition of particles alternate as the solvent evaporates,
forming concentric rings after the solution is fully evaporated. This is known to happen in the
absence of natural convection and Marangoni flow driven by the surface tension gradient. In the

presence of these flows irregular and random patterns are assembled [43].
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3.3 Laser assisted evaporative self-assembly

As exposed in section 3.2, evaporative self-assembly is a widely used process to
assemble micro- and nanoscale solutes on solid surfaces, but generally these are irregular and
hard to control. Several techniques have been proposed to address this issue and gain control on
the deposition properties. However, most of them focus on controlling the physical-chemical
variables involved in the self-assembly and evaporation process [43]. Here, we show the periodic
deposition of nanoparticle clusters along the surface of a silicon waveguide, proving that we can
use the optical forces in the vicinity of waveguides to assist the evaporative self-assembly

process, even in conditions that usually are not suitable for it to happen®.

Waveguide
without light
—

Laser input
———

Figure 29. Laser assisted evaporative self-assembly. High power light propagating on
a waveguide overcomes the conditions that otherwise wouldn’t allow for a patterned particle
deposition.

3.3.1 Experimental design

We use foundry fabricated straight single mode silicon waveguides without top cladding,
grating couplers are used to couple light in and out of the waveguides. The input laser has a
wavelength of 1550nm, is amplified with an erbium-doped fiber amplifier (EDFA) and its
polarization is optimized with a fiber polarization controller. The output light is collected with

the output fiber, and its intensity is measured with a photodetector. We create a microfluidic

4 This is an ongoing project in collaboration with Dr. Guolong Zhu from Prof. Oleg Gang’s research group.
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chamber on top of the chip by using double sided tape as spacer and a 1x5mm glass coverslip.
We begin by depositing a 1.5uL drop of a solution of 10nm diameter gold nanoparticles (AuNPSs)
functionalized with single strand DNA (ssDNA) on top of the chip and placing the coverslip on
top of the spacer. Some volume of the solution will be contained inside the chamber, and some
of it will be left outside (see Fig. 31). This helps us to define a direction of evaporation of the
drop parallel to the light propagation axis. Next, we align the input and output fibers to the
grating coupler and turn the laser power on. We continuously monitor the coupled power and
compensate for any stage drift. Finally, we wait for the solution to evaporate and examine the

chip under an optical microscope.

Glass coverslip

AuNPs solution

Si waveguides

— Silicon photonics chip

Figure 30. Experimental setup for the laser assisted evaporative self-assembly.

3.3.2 Experimental observations.

This sub-section provides a qualitative description of the observed phenomena
summarized in the table below. It is well known that the coffee ring effect happens in the
absence of Marangoni flow. The key to our experiment is to suppress the coffee ring formation
by inducing a Marangoni flow [44]-[47]. The experimental results show that even in the

presence of Marangoni flow, we can produce a periodic pattern directly on top of a silicon
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waveguide with active light propagation. The way we induce the Marangoni flow is by giving

ssDNA functionalized AuNPs a double purpose: as a surfactant and as the solute to be deposited,

creating a surface tension gradient.

Table 1. Experimental observations on the laser assisted evaporative self-assembly.

Solution of AuNPs without sSDNA

functionalization dries on top of the chip with

laser OFF.

Solution of AuNPs with sSDNA
functionalization dries on top of the chip with

laser OFF.

Solution of AuNPs with sSDNA
functionalization dries on top of the chip with

laser ON.
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As the drop dries, it leaves behind a non-
uniform deposition of particles analogue to the
coffee ring effect over the whole chip surface.

Marangoni flow is suppressed.

As the drop dries, it leaves behind a
completely clean chip surface, with a cluster
of deposited particles in the droplet center.

Marangoni flow is present.

As the drop dries, it leaves behind a
completely clean chip surface, with a cluster
of deposited particles in the region where it
last dried. Marangoni flow is present. Except
on top of the waveguide with light coupled in,
where a periodic deposition of AuNPs clusters

is left behind (See Fig. 30).



Solution of AuNPs with ssDNA We observe different deposition periodicity

functionalization dries on top of the chip with ~ for varying laser powers, see Fig. 32.

varying laser powers.

LaS_

Laser ON

_

- 0 pm

g) Deposition Proportion vs. Laser Power

0.6
0.5
04
03 }
0.2
0.1

Deposition Proportion

Laser Power (uW)

Figure 31. Particle clusters deposition for varying input laser powers. a) 0mW,
b) 250mW, c¢) 300mW, d) 380mW, e) 520 mW, and f) 800mW.

Figure 32 shows that with varying laser powers, we obtain varying deposition
periodicities. The laser power is directly proportional to the force impinged to the trapped
particles, which translates in the speed of the transported particle. Higher laser power means
faster transport of particles towards the TCL. This translates into a faster rate of NPs

replenishment affecting the stick and slip motion.
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3.3.3 Discussion.

Based on our experimental observations we believe we have a powerful tool to deposit
controllable periodic patterns of NPs clusters. The evaporative self-assembly phenomenon is
hard to control due to the many coupled physical variables involved in the process. By trapping
and transporting particles on top a waveguide we are in fact creating a flow of particles towards
the contact line, making this the dominant flow during the drop evaporation. So even though the
conditions are not ideal for the natural deposition of particle at the TCL (low particle
concentration, Marangoni flows due to surface tension gradients...), we are able to make it
happen and control it by tuning the laser power, i.e., by tuning the speed of the particle flow
towards the TCL.

In summary, we have proposed the optofluidic transport of NPs as a new degree of freedom
for the fine tuning the evaporative self-assembly process. This NPs transport is controlled by
tuning the power of a laser. Our proposed platform is based on silicon photonics, a stable and well
characterized technology. We are currently working on a physical model that describes our
experimental observations, but we envision potential applications in the patterning of surfaces and

the self-assembly of particle superlattices.
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Figure 32. Silicon adiabatic directional couplers performance (S-matrix). Each
directional coupler is designed to excite on of the first 4 TE modes of a multimode silicon
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