Metal-Assisted Electrochemical Nanoimprinting:
Delivering Resolution and Throughput via Engineered Stamps
by

Aliaksandr Sharstniou

A Dissertation Presented in Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy

Approved November 2022 by the
Graduate Supervisory Committee:

Bruno Azeredo, Chair
Candace Chan
Konrad Rykaczewski
William Petuskey
Xiangfan Chen

ARIZONA STATE UNIVERSITY

December 2022



ABSTRACT

Recent advancements in the field of light wavefront engineering rely on complex
3D metasurfaces composed of sub-wavelength structures which, for the near infrared
range, are challenging to manufacture using contemporary scalable micro- and
nanomachining solutions. To address this demand, a novel parallel micromachining
method, called metal-assisted electrochemical nanoimprinting (Mac-Imprint) was
developed. Mac-Imprint relies on the catalysis of silicon wet etching by a gold-coated
stamp enabled by mass-transport of the reactants to achieve high pattern transfer fidelity.
This was realized by (i) using nanoporous catalysts to promote etching solution diffusion
and (ii) semiconductor substrate pre-patterning with millimeter-scale pillars to provide
etching solution storage. However, both of these approaches obstruct scaling of the process
in terms of (i) surface roughness and resolution, and (ii) areal footprint of the fabricated
structures. To address the first limitation, this dissertation explores fundamental
mechanisms underlying the resolution limit of Mac-Imprint and correlates it to the Debye
length (~0.9 nm). By synthesizing nanoporous catalytic stamps with pore size less than 10
nm, the sidewall roughness of Mac-Imprinted patterns is reduced to levels comparable to
plasma-based micromachining. This improvement allows for the implementation of Mac-
Imprint to fabricate Si rib waveguides with limited levels of light scattering on its sidewall.
To address the second limitation, this dissertation focuses on the management of the
etching solution storage by developing engineered stamps composed of highly porous
polymers coated in gold. In a plate-to-plate configuration, such stamps allow for the

uniform patterning of chip-scale Si substrates with hierarchical 3D antireflective and



antifouling patterns. The development of a Mac-Imprint system capable of conformal
patterning onto non-flat substrates becomes possible due to the flexible and stretchable
nature of gold-coated porous polymer stamps. Understanding of their mechanical behavior
during conformal contact allows for the first implementation of Mac-Imprint to directly
micromachine 3D hierarchical patterns onto plano-convex Si lenses, paving the way
towards scalable fabrication of multifunctional 3D metasurfaces for applications in

advanced optics.
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CHAPTER 1

INTRODUCTION

Three-dimensional (3D) hierarchical structures allow to tailor surface properties of
the materials and achieve unique applications in metasurface-based plasmonics (1, 2),
optoelectronics (3, 4), bio-inspired conventional (5) and planar (6-8) optics and more. For
example, a linear grating with variable grove depth, width and period directly machined on
the sidewall of terahertz quantum cascade lasers (Figure 1A) using focused ion beam (FIB)
milling has significantly reduced the divergence of laser’s beam (Figure 1B)(1). Si
waveguides with non-rectangular cross-sectional profile fabricated via gray-scale electron
beam (e-beam) lithography (Figure 1, C and D) have demonstrated reduction of the inter-
mode coupling in the multimode waveguide bends (3). The hierarchical structure of the
compound moth eye (Figure 1E) has inspired fabrication of plano-convex polymer lenses
with superior antireflection properties in the broadband wavelength range (Figure 1F) and
hydrophobicity for self-cleaning applications (Figure 1G) (5). Flat lenses with multi-level
microstructures fabricated by the grayscale lithography have demonstrated broadband light
focusing with correction for chromatic aberration (Figure 1H-J) (6).

Up to date such devices were fabricated on a lab scale with little effort being put
towards their integration into the large-volume industrial production. The reason behind it
lies in the complexity of the processes involved in the manufacturing of such devices that

often compromise between three-dimensionality and scalability of the fabricated patterns.
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Figure 1. Examples of functional 3D structures. A —SEM image of the facet of the quantum
cascade laser demonstrating micromachined linear grating with variable grove depth, width
and period (highlighted in the schematics on the right). B — The measured 2D far-field
intensity of the device highlights beam divergence angles of ~12° and ~16° in vertical and
lateral directions, respectively. Reproduced with the permission from (1). C — Bird’s view
SEM image of the 3D Si waveguide bend fabricated by gray-scale e-beam lithography with
inset in the top right corner demonstrating it’s optimized refractive index profile. D — AFM
scan of fabricated bend. Reproduced with the permission from (3). E — SEM images of
polymeric replica of the compound moth eye structure demonstrating it’s hierarchical
nature. F — Demonstration of it’s broadband antireflection in the visible range. G —
Comparison of the water droplet contact angle on the smooth polymer sphere (left) and
moth eye replica with the same radius of curvature (right) highlighting it’s hydrophobicity.
Reproduce with the permission from (5). Schematics of the flat lens with multi-scale and
multi-level periodic structures and it’s anticipated focal length for the different wavelength
of light. I — Bird’s view SEM images of fabricated structure. J—It’s 3D profile. Reproduced
with the permission from (6).

For instance, direct-write micromachining (i.e., FIB milling, e-beam lithography) can

fabricate patterns with superior 3D control on the wide range of substrates (i.e., polymers,
2



semiconductors, metals), but is plagued by the slow-throughput. On the other hand, parallel
micromachining methods such as various types of ultraviolet (UV) photolithography (i.e.,
extreme, deep) can scalably fabricate 2D patterns on the surface of polymer films with sub-
10 nm in-plane resolution (9), which are subsequently used as a sacrificial masks for
pattering of various substrates using plasma-based reactive ion etching (RIE). The latter,
however, (i) struggles to provide simultaneous and independent control over lateral feature
size and etch depth due to the aspect ratio dependent etch rates (10, 11) which is
exacerbated on the non-planar surfaces (12, 13) and (ii) induces sidewall roughness of the
etched structures also known as scalloping effect (14, 15). This is particularly detrimental
for the photonic structures where optically smooth surfaces are critical to minimize light
scattering losses (16, 17). The only process that can scalably fabricate various 3D patterns
with sub-10 nm resolution is nanoimprint lithography (NIL) which utilizes stamps to
plastically reflow polymer substrates upon mechanical contact between former and latter
(18, 19).

Its electrochemical version, called Metal-Assisted Electrochemical Nanoimprinting
(Mac-Imprint) extends the process onto inorganic semiconductors (i.e., Si, GaAs) (20, 21).
In Mac-Imprint, the pattern transfer from the stamp to the substrate relies on the metal-
assisted chemical etching of semiconductors (MACE) (22), which is localized at the points
of contact with catalytic metal-coated stamp in the presence of etching solution. This
process is advantageous over other semiconductor micromachining techniques because it
allows to by-pass the need of RIE. Moreover, Mac-Imprint (i) operates below elastic limits

of stamp and substrate materials and (ii) retrieves catalytic metal upon the imprint, both of



which improve the stamp’s reusability (20). Despite its advantages, one of the major
limitations of Mac-Imprint is mass-transport dependency of the process which has been
studied under the literature on MACE. This prevents scaling of the technique in terms of
(i) minimal achievable pattern roughness and resolution and (ii) maximum patternable area.
Up-to-date, few studies have been conducted to understand and address both of the
abovementioned limitations which prevents Mac-Imprint from becoming an industrial
micromachining processes. These problems have motivated two major directions of the

dissertation.

1.1 Motivation

First, this work is motivated by the pursue of understanding fundamental
mechanisms behind resolution limit of Mac-Imprint which directly affects its ability to
fabricate functional optical devices for silicon photonics, co-packaged optics and optical
interconnects. Second, this work is motivated by the management of macroscopic etching
solution storage during Mac-Imprint that is paramount for extending it to chip- and wafer
scale applications. The subsections below elaborate on the specific problems behind these

two topics.

1.1.1 Understanding Resolution Limit of Mac-Imprint Towards Fabrication of

Optoelectronic Devices

Since the development of Mac-Imprint, research efforts have been focused on the
fabrication of various 3D microscopic patterns with high pattern transfer fidelity. Owning

to the wet nature of the process, it was established that the latter requires free exchange of



the reactants and byproducts throughout the microscopic metal catalyst/semiconductor
contact interface (20). If the metal catalyst layer is solid, mass-transport through its grain
boundaries is typically not sufficient which leads to the semiconductor substrate
porosification and results in poor pattern transfer fidelity (20). This issue has been by-
passed with the aid of nanoporous catalytic films which allowed one to Mac-Imprint arrays
of inverted pyramids (23) or parabolic concentrators (24).

While necessary, this approach results in the nanoscale roughening of the Mac-
Imprinted surfaces which occurs because the pore size of the nanoporous catalysts exceeds
the resolution limit of the technique. The surface roughness is especially critical for the
optoelectronic devices due to the high light scattering losses and has to be minimized if
Mac-Imprint were to be implemented for the fabrication of functional optoelectronic
devices. Until now, this issue has not been properly addressed due to the insufficient
understanding of the fundamental mechanisms behind the etching resolution of MACE and

Mac-Imprint.

1.1.2 Advanced Mac-Imprint Stamps for Etching Solution Management Towards Full-

Wafer Planar and Curvilinear Substrate Patterning

On the microscopic level, the management of the etching solution mass-transport
through the nanoporous catalysts offers clear improvements to the pattern transfer fidelity
of Mac-Imprint. This approach, however, fails on the macroscopic level due to limited
etching solution storage capacity of the nanoporous thin-film catalyst. Specifically, upon
the contact between the centimeter-scale stamp and the substrate, the initial amount of

etching solution stored in the porous thin-film catalyst or in the microscale liquid gap
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entrapped between the stamp and substrate is quickly depleted which leads to limited etch
depths of less than 1 micrometer, and uneven etch depth throughout the stamp/substrate
contact interface with shallower etch depth in the center and deeper close to it’s edges (25).

This issue has been previously addressed by designing arrays of macroscopic pillars
(i.e., 500x500%x200 um) on the surface of the semiconductor substrate prior to performing
Mac-Imprint. The spacing between them provided etching solution storage volume
uniformly distributed throughout the contact interface between stamp and substrate. Thus,
each individual semiconductor pillar was successfully patterned with arrays of parabolic
concentrators (24) or waveguides with high etch depth uniformity (25). This approach,
however, limits the footprint of the fabricated devices and does not allow for “true” full-
wafer patterning which is required for Mac-Imprint’s integration into industry.

A potential solution to this problem is the use of fully porous stamps that can
simultaneously (i) provide diffusional pathways to the bulk of the etching solution and
(if) act as a solution storage reservoirs. However, the attempt to employ stamps made
completely out of porous catalyst was not entirely successful due to the formation of the
porous Si defects during Mac-Imprint which was associated with the high surface area of
the catalyst (23, 26). Moreover, the hard nature of such stamps limits Mac-Imprint to planar
substrates as it does not allow for the conformal contact to curvilinear surfaces. The latter
can be achieved if the stamps are made out of flexible and stretchable materials analogously
to the conformal formats of regular NIL (27). Both of these issues require re-thinking of
Mac-Imprint stamp fabrication with a renewed emphasis on (i) high pore-volume fraction

materials with (ii) chemical inertness and (iii) flexibility.



1.2 Scope of Research and Dissertation Outline

In light of the discussed motivation, this dissertation pursues two objectives. At
first, it investigates the resolution limit of Mac-Imprint and it’s effect on the reduction of
the nanoporous catalyst-induced Si roughness. This knowledge is then applied for the first
time to fabricate functional Si rib waveguide using Mac-Imprint. Secondly, a new class of
flexible stamps made out of fully porous polymer membranes is developed and employed
for the centimeter-scale Mac-Imprint of Si chips and plano-convex Si lenses.

The first part of the dissertation is focused on the reduction of the surface roughness
induced by the morphology of the nanoporous catalysts and it’s effect on the fabrication of
Si waveguides. At first, it was demonstrated that the waveguide-specific geometries can
not be Mac-Imprinted onto the pre-patterned silicon-on-insulator (SOI) wafers with high
pattern transfer fidelity using solid catalysts due to the restricted mass-transport in the
direction perpendicular to the primary axis of the waveguide. Consequently, nanoporous
catalysts made by dealloying of Au/Ag alloy were implemented as a mass-transport
enabling media which allowed to Mac-Imprint arrays of Si waveguides with high pattern
transfer fidelity and etch depth uniformity. Next, the theoretical resolution limit of Mac-
Imprint is hypothesized to be proportional to the Debye length and discussed in the context
of existing literature on the electrochemical (28) and MACE (29) etching of Si. Based on
this hypothesis, nanoporous catalyst-induced Si surface roughness was minimized by the
reduction of the catalyst’s pore sizes to approach the resolution limit of Mac-Imprint. At
the smallest pore size, the grain morphology of the nanoporous catalyst was distinguished

on the surface of the Mac-Imprinted Si which further supports the proposed hypothesis. It



was established that the sidewall roughness of the fabricated Si waveguides is proportional
to the surface morphology of the catalyst and at its smallest levels is comparable with that
of the waveguides fabricated by conventional photolithography and RIE. Lastly, the
functionality of the fabricated Si waveguides was demonstrated in the light propagation
tests which revealed single mode light propagation with limited levels of sidewall
scattering closely matching simulation results.

The second part of the dissertation is focused on the development of the next
generation of Mac-Imprint stamps with (i) enhanced etching solution storage capacity and
(ii) flexibility and stretchability. Gold-coated highly-porous polyvinylidene fluoride
(PVDF) membranes are proposed for this task. At first, commercially available porous
PVDF membranes were employed for the plate-to-plate Mac-Imprint of centimeter scale
Si chips and the results are discussed in context of both microscopic pattern transfer fidelity
and macroscopic patterning uniformity as well as anti-reflective optical properties of the
imprinted surfaces. Based on these preliminary results, this thesis explored patternable
porous PVDF membranes made by thermally-induced phase separation as an ideal material
for Mac-Imprint. Such membranes with hierarchical periodic patterns are subsequently
fabricated and tested in the plate-to-plate configuration. Next, a pressure actuated Mac-
Imprint setup has been developed for conformal imprinting of flat and curvilinear Si
substrates. In this context, the mechanical stability of the flexible PVDF stamps becomes
paramount due to the development of the bi-axial stresses upon the stamp inflation which
could lead to the cracking and delamination of the thin-film catalyst layer. Thus, the

integrity of the thin film catalyst was investigated using the electrical conductance



measurements as a function of the catalyst film thickness and applied air pressure. Next, a
finite-element elastic model has been developed to predict the stress and strain levels in the
membranes upon inflation and has been validated using experimental data. Implementation
of this model allows to establish range of Mac-Imprint operational conditions upon which
stamps do not overcome elastic deformation limits which assures membrane’s reusability
and reproducibility of the imprint results over many imprinting cycles. The implementation
of the model for the prediction of the stamp’s pattern distortions and necessity for its
reverse engineering upon membrane fabrication is discussed in the context of the future
work. Lastly, the pressure-actuation Mac-Imprint setup has been implemented for the
conformal Mac-Imprint of flat Si chips and plano-convex Si lenses with radius of curvature
of 36.4 mm.

The last part of the dissertation summarizes its major outcomes and provides
recommendations for the future directions of Mac-Imprint development towards
(i) roughness minimization, (ii) improvement of the large-area patterning and (iii)

integration with the existing commercial micromachining processes.



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

The objective of this chapter is to introduce Mac-Imprint as a method and to provide
its current state-of-the-art and limitations. At first, this chapter focuses on the in-depth
review of the fundamental mechanism behind Mac-Imprint which is MACE. Here, the
electrochemical reactions of the Si dissolution catalyzed by the noble metal are presented.
Next, the stoichiometric balance between these reaction is discussed in the context of the
rate of electrochemical etching as well as the formation of porous silicon defects. The
discussion continues with the introduction of the current understanding of the mass-
transport mechanisms behind these reactions and its relation to the pattern transfer fidelity
and formation of porous silicon defects. Next, motion of the catalyst during Si dissolution
controlled by the attraction forces between former and latter and independent from the
crystallography orientation of Si is presented as a way to fabricate arbitrary 3D patterns.
After the discussions of MACE, the chapter transitions to the historical perspective of Mac-
Imprint and challenges associated with its development. Here, the importance of the mass-
transport for the high pattern transfer fidelity inherited and exacerbated from MACE is
presented and discussed in the context of the first successful Mac-Imprint of intentionally
porosified Si substrates. The chapter continues with the discussion of different approaches
aimed to overcome diffusional limitations of Mac-Imprint which were focused on the
management of mass-transport. Lastly, current best method for the Mac-Imprint of
monocrystalline Si substrates is presented and its results and limitations are discussed in

the context of the motivation for this dissertation.
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2.1 Fundamentals of Metal-Assisted Chemical Etching

In 1997, Dimova-Malinovska et al. (30) has firstly reported the results of porous Si
fabrication in the etching solution of HF:HNO3:H.0 = 1:3:5, where etching was facilitated
by the presence of thin Al film on the surface of Si wafer. The authors came to this
conclusion because the Si etching in the similar solution without Al presence required so-
called “incubation” time, a delay between Si immersion in the solution and beginning of
the etching. In 2002, X. Li and P. W. Bohn (22) investigated the influence of the Au, Pt or
Au/Pd nanoparticles on the etching of Si in the aqueous solutions of HF, H.O, and EtOH
(1:1:1 by vol.) demonstrating the concomitant anisotropic etching of silicon underneath the
catalyst-semiconductor interface and porous silicon formation. They also introduced, for
the first time, the method and term “Metal-assisted chemical etching” in literature. They
have established that Si etching was localized around catalytic metal particles resulting in
the formation of porous Si layer with interconnected or columnar pore structure in p* or p
and n* silicon, respectively. It was proposed that the localized etching is the result of two
electrochemical reactions occurring simultaneously on the catalytic metal particles
(cathode sites) and Si surface (anode site). Cathodic reaction is described by the reduction
of the hydrogen peroxide, catalyzed by metal nanoparticles (22, 31) during which positive

charge carriers (holes) are generated:

H,0, + 2H* - 2H,0 + 2h* E,= +1.76 V/NHE (1)

11



Next, the holes are injected into the Si under the catalyst nanoparticles through
metal/Si Schottky junction (32, 33). The heights of the Schottky barrier strongly depends
on the work function of the used metal (Cu, Au, Ag, Pt, Al), doping type and level of the
Si substrate, as well as externally applied bias (32, 33). These holes are subsequently

consumed during the anodic reaction of Si dissolution (31):
4—n
Si+ 6HF + nh* - H,SiF, + nH* + [T] H, (2

Thus, the overall balanced reaction of the MACE process can be written as

following (22, 31):
. n . 4 —n
Sl + 6HF + §H202 g HleF6 + nH20 + [T] HZ (3)

The kinetics of the cathodic and anodic reactions plays critical role in the MACE
of Si. Chartier et al. in 2008 (31) has established that the ratio of the HF to H2O: in the
solution affects the rate of Si dissolution as well as the confinement of the etching in the
proximity of the catalyst nanoparticles. He came up with solution parameter p, a ratio of
the molar concentration of HF to HF and H20,, which has been coined as the “Chartier-

Bastide ratio”, and can be described as follows:

p = [HF]/([HF] + [H,0,]) (4)

12
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Figure 2. A — Etch rates as a function of p. Open circles: penetration rate of Ag particles.
Filled squares: etch depth after NaOH treatment. B — Bird’s eye SEM images of Si surface
etched at different p values. Reproduced with the permission from (31). Copyright 2008,
Elsevier.

It was firstly established that the Si etching was localized around catalyst

nanoparticles and their penetration rate into Si substrate of the was maximized at p ~ 75%
(Figure 2A, open circles) due to the reactions (1) and (2) existing in stoichiometric balance.
This result holds true if the particles are small (<100 nm) and do not pose mass-transport
limitations. With the reduction of the H202 concentration and increase of p beyond 75%,
the catalyst nanoparticle penetration rate decreased because rate of hole generation
becomes smaller than of its consumption. The etching, however, remains highly localized
around catalyst nanoparticle. On the other hand, the increase of the H>O2 concentration

from its stoichiometry values (9%< p < 75%) leads to formation of the porous Si around
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catalyst nanoparticles was (Figure 2B). At the p <7% MACE has entered so-called
“polishing” regime, where Si surface becomes macroscopically smooth. It was proposed
that with the increase of H>O, concentration injected holes are able to diffuse away from

metal/Si contact interface and participate in the secondary reaction of Si porosification.

2.2. Mass-Transport Mechanisms During Metal-Assisted Chemical Etching

Another important aspect that has attracted a lot of attention during the study of the
MACE process is a mass-transport phenomena during Si dissolution. Currently, three main
models are considered (33, 34) (Figure 3): (i) diffusion of the reactants and by-products
through thin catalyst (35-37); (ii) diffusion of the reactants and by-products through thin
porous Si layer underneath the catalyst (38, 39), and (iii) diffusion of the Si atoms through
catalyst film, their catalytic oxidation and subsequent dissolution on the surface of metal
film (40). In support of the first model Li et al. (35) has conducted MACE of Si under two
different conditions. Specifically, 20 nm thick and 1.1 um wide (Figure 3B) and 10 nm
thick and 2 um wide (Figure 3C) Au strips were used to pattern trenches in Si substrate. It
was observed that when Au layer thickness reaches a certain threshold value (20 nm in
current study), the mass-transport of the reactants through its grain boundaries can no
longer be supported to achieve uniform Si dissolution which leads to faster etching around
the edges of the strip (Figure 3B). However, when the catalyst thickness was kept below
20 nm the trench in Si was etched uniformly throughout the entire catalyst/Si interface
(Figure 3C) thus supporting the first mass-transport model. With regards to the second
mass-transport model (Figure 3D), Geyer et al. (34) has tested MACE of Si with Au strips

which had fixed thickness of 40 nm and different width of 390 nm and 710 nm (Figure 3,
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Figure 3. A-C — Model of the reactants diffusion through thin Au film; B — bird’s eye SEM
image of the Si etched with 20 nm thick, 1.1 pm wide Au film; C - bird’s eye SEM image
of the Si etched with 10 nm thick, 2 um wide Au film (34, 35). D-E - Model of the reactants
diffusion through thin porous layer; E — cross-sectional SEM image of the Si 40 nm thick,
390 nm wide Au film; F — cross-sectional SEM image of the Si etched with 40 nm thick,
710 nm wide Au film (34). A, D-E, F - Reproduced with the permission from (34).
Copyright 2012, American Chemical Society; B, C - Reproduced with the permission from
(35). Copyright 2014, American Chemical Society.

E and F respectively). In the former case, a uniform vertical etching was observed (Figure
3E) indicating that the mass-transport of the etching solution was not restricted.
Additionally, high magnification SEM images revealed the formation of thin porous Si
layer underneath metal catalyst stripe even though the etching solution used in the study
had very low H>O; concentration (p ~ 98%). On the other hand, MACE with 710 nm wide
strip resulted in the non-uniform etch profile with etching being more pronounced near the
edges of the strip (Figure 3E), although porous Si layer was also observed in this case. The
increase of the strip width beyond 1 um further exacerbated the problem. Following

observations lead to the conclusion that the proposed model is valid, albeit the thin porous
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Si film can only support constant mass-transport required for the uniform etching on the
length scales of around 500 nm. As of now there is no direct evidence for either of the
models being dominant during MACE of Si. In fact, both of them could be simultaneously
happening, competing with each other and prevailing in particular MACE cases (catalyst

geometry and etching conditions).

2.3. Controlled Catalyst Motion During Metal-Assisted Chemical Etching Towards

3d Patterning of Silicon

The ability of MACE to etch different crystallography orientations of Si (41-43)
makes it of particular interest for low-cost and high-throughput fabrication of various 3D
patterns using 2D templates. In 2011 Hildreth et al. (44) demonstrated the out-of-plane Si
etching using patterned pinned catalyst with controlled geometry. It was established that
by varying the distance between pinpoints as well as width of the catalyst arm it was
possible to achieve full 3D control of the etch profile (Figure 4A-J). This was attributed
the attraction forces between Si and catalyst during MACE and their competition with
geometric constraints of the catalyst patterns. Specifically, based on the analysis of the
catalyst deformation performed using the SEM images, these forces were calculated to be
within 0.5-3.51 uN with corresponding pressures ranging between 0.5-3.9 MPa. These
findings ruled out the possibility of gravitational nature of catalyst motion. Thus, several
other forces were proposed and compared to the previous research including
electrophoresis and van der Waals with fast electrophoresis being a most likely candidate
for the catalyst driving force during MACE. The authors, however, highlighted that their

results were not adequate for the determination of the specific catalyst driving forces.
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Figure 4. 3D catalyst motion during MACE. A-E — Schematics of pinned catalyst with
denoted rotation angle. F-G — Top-down SEM images of pinned catalyst motion during Si
etching for 4 minutes. A-J reprtinted with permission from (44).K — Schematics and SEM
images of the free-standing FIB pre-defined catalyst. L — Schematics of the catalyst motion
during MACE. M and N — SEM images of the motion of the catalyst with side length of
350 nm and 700 nm, respectively. K—-N reprinted with permission from (45).

Another study on the control of catalyst motion during MACE was conducted by

Rykaczewski et al. (45) in which the catalyst film was not intentionally restricted, but it’s
shape was predefined using FIB milling (Figure 4K). The study was also able to achieve
3D etching with high catalyst motion control which was attributed to the difference in the

Si etch rates under the catalysts with mismatched characteristic dimensions (Figure 4L-N)
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Figure 5. Analysis of the attraction forces between catalyst and Si in MACE. A —
Schematics of the experiment setup in which gold catalyst is pinned and it’s deformation
upon etching is measured using AFM. B — AFM measurement of catalyst beam
deformation upon etching. C — Calculated pressure (o) distribution throughout catalyst/Si
contact interface. D — Dependence of the 6 and etch depth (s) on the concentration of the
hydrogen peroxide. E — Etch rate (v) as a function of the hydrogen peroxide concentration.

Reprinted with permission from (46).

as well it’s shaping prior MACE aimed to facilitate bending motion. These examples
highlight versatility of MACE which allows fabrication of arbitrary 3D dimensional
structures. These approaches, however possess several disadvantages that are associated
with the (i) necessity for careful experiment design to achieve desired etching profile and

(i) non-reusability of the catalyst.

With the purpose of better understanding the mechanism behind the catalyst motion
in MACE, Lai et al. designed and conducted series of experiments (46) in which the

catalyst was also pinned on the both sides (like in the studies of Hildreth et al. (44)). It’s
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geometry, however, was simplified to a single beam in order to avoid rotational movement
and only allow for the elastic deformation, which was accurately measured ex situ using
the AFM (Figure 5A). Upon the etching the catalyst beam deformation was observed with
the maximum deflection happening in the middle point between two pin-points (Figure
5B). Based on these measurements the pressures (o) were calculated to be ~2 MPa (Figure
5C) which falls in the range of values estimated by Hildreth et al. (44). Careful analysis of
the o and etch rate (v) as a function of the hydrogen peroxide concentration revealed the
inverse relation in the former (Figure 5D) and direct relation in the latter (Figure 5E). These
findings contradicted hypothesis of the electrophoretic motion of the catalyst as o is
expected to be proportional to v, thus it was concluded that the van der Waals forces are

the main mechanism behind catalyst motion in MACE.

2.4 Fabrication of the Functional Optical Devices Using Metal-Assisted Chemical

Etching

The ability of MACE to fabricate high aspect-ratio structures (i.e. Si nanowires)
with sub-10 nm resolution was exploited to fabricate zone plates for X-ray optics (47, 48).
An important requirement for it was to achieve control over vertical directionality of
etching. In 2014 Chang et al. (47) has demonstrated the use of sacrificial catalytic structures
acting as an electron-hole concentration balancers which allowed to achieve uniform
concentration profile of injected electron-holes throughout the catalyst/Si contact interface
and significantly improve vertical directionality of etching (Figure 6A and B). This
approach allowed vertical etching with 100:1 aspect-ratio which was used to fabricate non-

linear patterns for high-performance X-ray zone plates (Figure 6C). Another interesting
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hot plate

<100> bulk silicon

the Si substrate etched without vertical directionality control structures. B — Cross-sectional
SEM image of the Si substrate etched with vertical directionality control structures (i.e. 10
pum wide catalyst stripes on the sides of the pattern). C — Top-down SEM image of the X-
ray zone plate with non-liner pattern. A-C reprinted with permission from (47). D —
Schematics of the MACE in vapor phase. E-G — SEM images of the X-ray zone plates. D-

G reproduced with permission from (48).

approach was demonstrated by Romano et al. (48) in which MACE was performed in the
vapor phase with the schematics of the process demonstrated on Figure 6D. Here, the
etchant was supplied through the evaporation of the diluted HF acid while the O, was used
as an oxidant and was supplied from the continuous airflow. At first, this technique allowed
to fabricate vertically aligned Si nanowires with high aspect ratio and reduced
agglomeration comparing to the classical MACE in liquid phase. This process then was
extended to fabricate X-ray zone plates with aspect-ratio of about 80:1.
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A

Figure 7. The results of the first attempt for direct patterning of Si using catalytic structures.
A and B - top-down low magnification SEM images of stamp with groove structure and
etched Si, respectively. C and D — cross-sectional high magnification SEM images of
groove structure and etched Si, respectively. Reproduced with permission from (49). E —
bird’s eye SEM of Si substrate etched with Pt mesh with porous sponge as a backing
material. F — cross-sectional SEM image of individual groove highlighting rough surface.

Reproduced with permission from (50).

2.5 Direct Electrochemical Micromachining of Silicon

The necessity of the defect-free low-cost and high-throughput Si patterning with
optically smooth 3D structures pushed the development of novel nano- and
micromachining techniques. In the 2011 Fukushima et al. (49) has firstly reported the
patterning of mono- and polycrystalline Si wafers with Pt-coated pyramidal structures in
the presence HF/H>O: etching solution. Authors have observed the transfer of the
pyramidal structures onto Si (Figure 7, A-C) around the perimeter of the stamp and
attributed it to the insufficient etching solution in the center of the stamp/Si contact. This

method was called “Surface structure transfer”. Two years later the same group has
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published a results of Si surface patterning with Pt mesh (50). In the study Pt mesh was
attached to the porous material and brought in full contact with 6 Si wafer. The etching
solution of HF and H.O> was supplied through the back of porous material using syringe.
This technique allowed to pattern Si surface with 200 um wide groves with etch depth
varying form 5 to 80 um depending on the contact time and etching solution composition
(Figure 7, E and F). In both reported cases the patterning was accompanied by the
formation of the Si nanoctrystalline layer. Although it was favorable to the goal of the
research (reduction of the Si reflection in the visible range), this could be critical for the
fabrication of devices, where optical smoothness is required. Moreover, these studies did

not focus on the microscopic mass-transport limitations of the process.

2.6 Mass-Transport Investigation in Mac-Imprint of Porous Si

In 2016 Azeredo et al. (20) demonstrated patterning of porous Si with diffraction
gratings, parabolic cylinders and paraboloids. It was achieved by the implementation of
Mac-Imprint, a combination of MACE and nanoimprint lithography. In this method, Au-
coated polymer stamps possessing 10 um wide 3D features (parabolic cylinders and
paraboloids) as well as diffraction gratings with period of 1 um were brought in contact
with the intentionally porosified Si wafers, prepatterned with 400 pum wide pillars spaced
by 900 um in the presence of the etching solution. The imprinting is a result of two
simultaneously occurring cathodic (1) and anodic (2) reactions. The solution parameter p
was kept high (between 90 and 98 %) in order to confine the etching reaction around
catalyst/porous Si contact interface. In the work, the authors have established the necessity

of the porous Si layer for the facilitation of the mass-transport (Figure 8A). In particular,
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Figure 8. A — The results of Mac-Imprint onto monocrystalline Si (left column) and porous
Si (right column). B — AFM scans of sinusoidal Mac-Imprint stamp (top) and imprinted
porous Si surface (middle) at the complimentary locations and their difference (bottom). C
— Schematic of the mass-transport processes during porous Si imprinting. D — porous Si
etch rate as a function of porous layer thickness. E — volume of porous Si removed a s a
function of pillar heights. Reproduced with the permission from (20). Copyright 2016,
Willey-VCH.

the attempt to Mac-Imprint parabolic cylinder with width of ~10 pum onto monocrystalline

nonporous Si wafer with a solid and impervious gold-coated stamp resulted in lack of
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pattern transfer fidelity (Figure 8A, left column). Moreover, unintentional porosification
of Si near it’s contact interface with the catalyst was observed. These results are consistent
with the mass-transport model 11, discussed in the previous section dedicated to mass-
transport mechanisms in MACE. However, when the porous Si layer with controlled
thickness was intentionally fabricated prior Mac-Imprint (Figure 8A, right column), the
imprinted pattern matched the shape of the used stamp due to the facilitated mass-transport
(Figure 8C). The high pattern transfer fidelity was further confirmed by comparing the
AFM scans of Mac-Imprint stamp with sinusoidal patterns and imprinted porous Si,
acquired in the complementary locations (Figure 8B). The RMS of height difference
between former and latter was found to be 11 nm which highlighted the accuracy of the
process. It was also observed that the etch rate during Mac-Imprint does not scale linearly
with the etch time which was attributed to the gradual depletion of the etching solution
species resulting in the reduction of the etch rate (Figure 8D). Additionally, the etch rate
and imprint depth was investigated as a function of the thickness of porous Si layer. It was
found that use of thicker porous Si layers resulted in faster and deeper etching (Figure 8D,
black and blue curves) which was explained by (i) better mass-transport of etching solution
and (ii) larger quantities of etching solution stored in the porous Si in the proximity of the
etching reaction. In addition to the previous findings, it was also proposed that Si wafer
prepatterning with 400 pum wide pillars spaced by 900 um is necessary in order to provide
solution storage confined between stamp and substrate in the close proximity to the etching
interfaces. Figure 8E represent the dependence of the etched porous Si volume as a function

of pillar heights. The etching conditions (i.e. p, time and contact force) were kept constant
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throughout the experiments. As can be clearly seen from the diagram, the amount of the
stored etching solution is in direct positive relation with the volume of the etched porous

Si, or, in other words, etch depth.

2.7 Mac-Imprint of Monocrystalline Si

The findings of Azeredo et al. (20) have demonstrated the importance of mass-
transport for the high pattern transfer fidelity in Mac-Imprint. The authors also highlighted
its difference from the classical MACE in which the etching solution is abundant around
the catalyst/Si contact interface. These findings paved the way for the Mac-Imprint of

monocrystalline Si which was independently developed in two directions.

2.7.1 Mac-Imprint with Solid Catalysts

In 2017 Zhang et al. (51) demonstrated the Mac-Imprint of monocrystalline Si with
sub-micrometer pillars fabricated by NIL. It was observed that the relatively small lateral
sizes of the pillars (i.e., ~340 nm) were accurately transferred onto monocrystalline Si
without observable porous Si formation (Figure 9A-D) which is in agreement with the
mass-transport model 11 in classical MACE. Additionally, the etch depth in this case was
equal to ~112 nm which is only 20% of the height of the stamp pillars. At this heights, the
diameter of the etched Si hole was equal to 364 nm. In the same study the stamp’s pattern
size was increased to several micrometers (i.e., 3.5 um) and the pattern transfer was still
observed with imprinted details as small as 110 nm (Figure 9E-H). However, in this case
an extensive formation of porous Si during Mac-Imprint was detected (Figure 9H). These

experimental results are in good agreement with the findings of Azeredo et al. highlighting
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Figure 9. Results of monocrystalline Si Mac-Imprint with solid catalysts. A and B — top-

down SEM images of stamp and imprinted Si, respectively. C and D — AFM line scans of
stamp and Si, respectively. E and F — top-down SEM images of stamp and imprinted Si,
respectively. G and H — AFM area scans of stamp and Si, respectively. High-magnification
SEM image highlight formation of porous Si. A — H are reproduced with permission from
(51). I — schematics of the Mac-Imprint stamp design. J and K — top-down SEM images of
stamp and imprinted Si, respectively. Scale bars are 200 nm. L — results of simultaneous
Mac-Imprint of various patterns: lines (L-2), dots (L-3) and rectangles (L-4). Scale bars for
L and L-1 are 25 pm. Scale bars for L-2 — L-4 are 600 nm. | — L are reproduced with

premission from (52).
the restricted mass-transport in the Mac-Imprint of features whose lateral size exceeds
several hundreds of nm.

In 2019 Li et al. (52) has performed a series of experiments in which the stamps
possessed nanoscale patterns with different geometry, which highlighted several important
aspects of Mac-Imprint. At first, the successful transfer of features as small as 20 nm by

60 nm was demonstrated (Figure 91-K). Secondly, it was possible to Mac-Imprint
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structures with different lateral sizes in the same cycle with the uniform etch rate dictated
by the largest pattern size (Figure 91-J). Thirdly, arrays of trenches as long as 76 pum were
successfully Mac-Imprinted. Importantly (Figure 9L), in every case the width of the
patterns was kept below 250 nm. This geometry allowed for the efficient mass-transport of

the etching solution with limited levels of porous Si formation.

2.7.2 Mac-Imprint with Porous Catalysts

Torralba et al. (26) in 2017 has firstly reported the combination of nanoporous Au
films and anodic-formats of Mac-Imprint — obtained by externally biasing a Pt counter
electrode in the solution against the gold catalyst - as another way to pattern
monocrystalline Si without mass-transport restrictions. The stamps were electrically
connected to the potentiostat and brought in light contact (0.04 Ibf) with the
monocrystalline Si wafer in the presence of 5M HF aqueous solution (Figure 10A). In this
study the 3D etching capability of Mac-Imprint was highlighted by using stamps with
pyramidal structures with the dimensions approaching 15 um in all three directions. The
stamps were made out of fully porous gold films with total radius of 10 mm, patterned
central area of 64 mm? and overall thickness of 350 um. Such stamp design was achieved
by sintering AuAg powders in patterned Si mold and subsequent electrochemical
dealloying of sintered film at elevated temperatures. These dealloying conditions resulted
in highly developed porous Au networks (Figure 10, B and C) with total surface area of 9-

11 m?.g’. The experiment established the relation between externally applied bias and etch

27



A Pressure Potentiostat

VW

E P

Figure 10. Results of the monocrystalline Si Mac-Imprint with nanoporous Au stamps. A
— schematics of the Mac-Imprint setup. B and C — Top-down SEM images of nanoporous
Au pyramidal pattern D —bird’s view SEM images of the imprinted Si surface. Reproduced
with the permission from (26). Copyright 2017, Elsevier.

rate with the highest etch rate of 0.5 um-min™ achieved at positive biasing of 0.3 V against
Mercury/Mercurous Sulfate Reference Electrode (SME). These conditions yielded uniform
Si substrate patterning with inverted pyramid structures with the opening areas of ~25 pm?
and etch depth of ~3.6 pm. (Figure 10D) over the 1 mm? area. The imprinted pattern also
maintained original period of the stamps. These results were attributed to the fully porous
nature of the stamps which allowed for unrestricted mass-transport. It should be noted that

albeit the pyramidal pattern was transferred uniformly, the imprinted Si surface was
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significantly porosified and roughened which was explained by misbalance between hole
injection and consumption rates resulting in the delocalization of the etching reaction.

In 2019, two independent studies on the Mac-Imprint of monocrystalline Si with
nanoporous Au catalysts with variable pore sizes were reported. The first work of Bastide
et al. (23) was focused on Mac-Imprint of inverted pyramids and groves onto the surface
of Si using nanoporous Au stamps with coarse (Figure 11B) and fine (Figure 11C) porosity
with and without external biasing. The stamp fabrication strategy remained the same as in
(26) except stamps with the coarse porosity were dealloyed without external biasing. All
of the approaches reported successful pattern transfer (Figure 11D-G). Remarkably, a
complete pattern transfer of the pyramidal structure was achieved with coarse gold
electrode (Figure 11D) under positive biasing of 0.2 V against SME during 20 min with
maximum etch rate of 0.36 pm-min. Similar results were achieved during the Mac-
Imprint without external biasing. However, both Si surface roughening and Si surface
porosification was observed with the latter being exacerbated in the case of catalyst with
fine porosity (Figure 11, E and G). This observation was attributed to incomplete Ag
removal during the dealloying which lead to it’s re-deposition on the surface of Si and
delocalization of the etching.

In the second work (24) arrays of parabolic cylinders with lateral sizes of 8 um
were imprinted onto the monocrystalline Si substrate predefined with pillars similarly to
(20). Stamp’s parabolic patterns were fabricated using photolithography and dewetting of
the photoresist with subsequent sputter-coating of thin Ag/Au layer and it’s dealloying. By

varying dealloying conditions the work has investigated influence of the pore volume
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Figure 11. Results of the monocrystalline Si Mac-Imprint with nanoporous Au stamps. A
— schematics of the Mac-Imprint setup. B and C — Top-down SEM images of coarse and
fine nanoporous Au electrodes, respectively. D and E — Top-down SEM images of the
inverted pyramids imprinted with coarse and fine electrodes, respectively. F and G — Top-
down SEM images of the grooves imprinted with coarse and fine electrodes, respectively.
Reproduced with the permission from (23).

fraction (PVF) of the nanoporous catalysts on pattern transfer fidelity and the etching

kinetics during Mac-Imprint. At first, the parabolic cylinders were successfully transferred
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Figure 12. Results of the monocrystalline Si Mac-Imprint with nanoporous Au stamps. A
— Top-down optical images of pillar arrays Mac-Imprinted with stamps with different PVF,
denoted in the top right corner. B — Comarison between AFM scans of stamp and Si
imprinted with PVF = 68% stamp. C — Top-down SEM images of the porous Au with
different pore volume fractions (top row) and corresponding imprinted Si surface (bottom
row). D — Influence of the catalyst surface area on the amount of the etched Si. Reproduced
with permission from (24).

onto the Si pillars for the whole range of studied PVF (Figure 12A) with high pattern

transfer fidelity achieved at PVF =68% (Figure 12B). Secondly, the direct positive
correlation between stamp’s pore size and imprinted Si surface roughness was established

(Figure 12C). In addition, the porosification of the imprinted surface has been observed for
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stamp’s PVF of <68% (Figure 12C) and was explained by the insufficient mass-transport
through undeveloped porous catalyst network that lead to the delocalization of the etching
reaction. Moreover, it was established that the increase of the catalyst surface-to-contact
area ratio scales the rate of H2O2 reduction which shifts it’s balance with the anodic reaction
of Si dissolution away from stoichiometry and results in etching delocalization and
formation of porous Si (Figure 12D).

Despite recent advancements in the Mac-Imprint of monocrystalline Si described
in the previous paragraphs several remaining challenges associated with mass-transport of
the etching solution are restricting its application for fabrication of functional 3D
optoelectronic devices and large-area 3D metasurfaces. In the next chapters this
dissertation presents and discusses steps in understanding fundamental mechanisms behind
Mac-Imprint and their effects on the fabrication of new generation of advanced stamps for

major technique improvement.

2.8 Improvements to the Mac-Imprint System

Recently, an extensive work has been conducted aimed to improve the throughput
and accuracy in Mac-Imprint of GaAs (53, 54) and these findings are also translatable onto
Si. With respect to the Mac-Imprint throughput Meng et al. investigated the importance of
the stamp-to-substrate alignment for the macroscopic uniformity of Mac-Imprint with up
to 12 mm wide stamps (53). Specifically, the Mac-Imprint system was modified with two
elastic cushions being added underneath the GaAs substrate and above the stamp (Figure
13A) in order to self-balance and compensate for tip-and-tilt misalignments and the imprint

results were compared to those of the unmodified system. It was demonstrated that
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Figure 13. Modulation of the contact uniformity during Mac-Imprint. A — design of the
Mac-Imprint system with double cushion for the compensation of misalignments. B-D —
schematics and imprint results of unmodified system (B), single cushion system (C) and
double-cushion system (D). E — Photograph of the Mac-Imprint stamp and imprinted GaAs
substrate highlighting the macroscopic contact uniformity. F — Optical image of the
imprinted microlens array. G — Depth profile of the microlenses imprinted in the four

corners of the stamp. Reprinted with permission from (53).
macroscopic contact uniformity with one elastic cushion was improved from 78.1% of total
stamp area (i.e., unmodified Mac-Imprint system) to 85.3% with some tip-and-tilt
misalignment still present (Figure 13B and C). The addition of another cushion underneath
the GaAs lead to further improvements with 94.7% (Figure 13D and E) of the total stamp
area being uniformly imprinted (Figure 13F) with high microscopic pattern transfer fidelity
(Figure 13G).

The influence of the oxidant concentration on the cathodic potential of the catalytic

stamp and it’s effect on the pattern transfer fidelity during Mac-Imprint of GaAs was
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Figure 14. Mac-Imprint system improvements. A — Schematics of classical Mac-Imprint
system. B — Potentials on the catalyst (blue) and GaAs (red) interface. C — SEM image of
the imprinted surface. D — cross-sectional height profiles of the imprinted hole (blue) and
stamp’s pillar (red). E — Schematics of spatially-separated Mac-Imprint system. F —
Potentials on the catalyst (blue) and GaAs (red) interface. G — SEM image of the imprinted
surface. H — cross-sectional height profiles of the holes imprinted with spatially-separated
(blue) and classical (red) Mac-Imprint. 1 — Schematics of spatially-separated phot-
enhanced Mac-Imprint system. J — Potentials on the catalyst (blue) and GaAs (red)
interface. K — SEM image of the imprinted surface. L — cross-sectional height profile of

the imprinted hole. Reprinted with permission from (54).

studied by Xu et al. (54). Specifically, it was discussed that the depletion of the oxidant
near the catalyst/GaAs interface in the classical Mac-Imprint setup (Figure 14A) leads to
the decrease of the cathodic overpotential on the catalyst/electrolyte interface (Figure 14B).
This effect slows down the rate of cathodic reaction leading to the disbalance of the anodic
reaction of GaAs dissolution. Overall this results in the shallow etching (Figure 14C) with

poor patter transfer fidelity (Figure 14D). In order to overcome this limitation an improved
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Mac-Imprint system was developed in which the reduction reaction was spatially separated
from the anodic reaction as is demonstrated on (Figure 14E). This approach allowed to
stabilize the potential on the catalyst/electrolyte interface (Figure 14F) which lead to the
~2.5 times improvement of the etch depth (Figure 14H) as well as better confinement of
the etching reaction (Figure 14G). The addition of the back illumination (Figure 14I)
increased the rate of the anodic reaction (Figure 14J) which lead to the ~1.6 times deeper
etching (Figure 14L) comparing to the non-illuminated spatially-separated Mac-Imprint
setup. The confinement of the etching reaction was maintained similar to the pervious case
(Figure 14K). It should be noted that while spatially-separated Mac-Imprint system helped
to improve both etch depth and the confinement of the etching reaction, it also allowed to
avoid substrate contamination with the byproducts oxidant reduction reaction. Both of
these studies are presented to highlight the necessity for the improvement of the Mac-

Imprint systems.
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CHAPTER 3

ROUGHNESS SUPPRESSION IN ELECTROCHEMICAL NANOIMPRINTING OF SI

FOR APPLICATIONS IN SILICON PHOTONICS

The results presented in this chapter have been largely reproduced form previously
published work (25).

Metal-assisted electrochemical nanoimprinting (Mac-Imprint) scales the
fabrication of micro- and nanoscale 3D freeform geometries in silicon and holds the
promise to enable novel chip-scale optics operating at the near-infrared spectrum.
However, Mac-Imprint of silicon concomitantly generates mesoscale roughness (e.g.,
protrusion size ~ 45 nm) creating prohibitive levels of light scattering. This arises from the
requirement to coat stamps with nanoporous gold catalyst that, while sustaining etchant
diffusion, imprints its pores (e.g., dave ~ 42 nm) onto silicon. In this paper, roughness is
reduced to sub-10 nm levels, which is in par with plasma etching, by decreasing pore size
of the catalyst via dealloying in far-from equilibrium conditions. At this level, single-digit
nanometric details such as grain boundary grooves of the catalyst are imprinted and
attributed to the resolution limit of Mac-Imprint which is argued to be twice the Debye
length (i.e., 1.7 nm) — a finding that broadly applies to metal-assisted chemical etching.
Lastly, Mac-Imprint is employed to produce single-mode rib-waveguides on pre-patterned
silicon-on-insulator wafers with RMS line edge roughness less than 10 nm while providing
depth uniformity (i.e., 42.9 £ 5.5 nm), and limited levels of silicon defect formation (e.g.,

Raman peak shift <0.1 cm™) and sidewall scattering.
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3.1 Introduction

Silicon photonics utilizes a variety of micro- and nanostructured waveguide and
metamaterial-based components to enable applications such as optical interconnects within
a chip, from chip-to-fiber and chip-to-chip (55). However, the efficiency, performance,
minimum feature size, and scalable manufacturing of chip-scale silicon photonic devices
is presently constrained to 2D designs compatible with modern deep ultraviolet (DUV) or
immersion lithography combined with reactive ion etching (RIE) (56, 57). Introduction of
3D designs with grayscale or multi-level etch depths has been proposed to increase the
performance and/or compactness of grating couplers (58-60), edge couplers (61), multi-
mode waveguide bends (3), waveguide crossings (62), polarization convertors (4), small-
mode area waveguides (63, 64) and more. It also allows for the fabrication of advanced 3D
photonic devices such as spoof surface plasmon structures (1), chromatic-aberration
corrected lenses, (6) and quasicrystal interferometers with physical unclonable functions
(65). However, such 3D structures are sensitive to depth and shape inaccuracy of plasma
etching and have so far remained challenging to realize while maintaining the scalability
requirements of the semiconductor industry.

Recent demonstrations of 3D or multi-level silicon photonic components have
utilized multiple lithography and RIE steps to achieve multi-level etch depths (58-60), or
grayscale electron beam lithography (EBL) to achieve analog profiles (3, 62). The former
multi-step photolithography-based process inherently prohibits the independent and
arbitrary control of lateral feature size and depth, while the latter EBL-based process is a

direct writing technique and is not a scalable manufacturing solution. Both processes also
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require precise control over RIE selectivity, etching rate, and time to achieve the precisely
desired silicon micro- or nanostructure dimensions. This challenging task is further
complicated by loading effects and aspect-ratio dependent etch rates (10, 11).
Alternatively, the independent control of feature size and depth can be attained using direct
parallel nanofabrication methods such as nanoimprint lithography of inorganic materials,
which can either (i) mechanically pattern molten or porosified substrates (66, 67), or (ii)
electrochemically carve it via metal-assisted electrochemical nanoimprinting (Mac-
Imprint) (20, 21, 26). The former two approaches are unable to pattern SOl wafers and
retain its solid and single-crystalline SOI characteristics. Mac-Imprint by-passes this issue
by catalyzing the corrosion of silicon at the contact points between itself and a noble-metal
coated stamp in the presence of hydrofluoric acid and an oxidizer (Figure 15A) (20, 24)
whose detailed mechanism has been explained in existing literature on metal-assisted
chemical etching (MACE) that is focused on thin-film catalysts directly deposited onto
silicon (22, 31, 33). Unlike MACE, in which the noble metal catalyst is not reusable and
it’s motion governed by the crystallography orientation of Si and etching conditions (41,
45), Mac-Imprint by-passes these issues as the noble-metal catalyst is mechanically
attached to the stamp and is retrieved upon each imprint cycle. At the same time, it
introduces demolding issues such as delamination particularly prominent in high-aspect

ratio structures (>1).
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Figure 15. A — Schematics of the catalytic stamp and patterned SOI wafer interaction
during Mac-Imprint; B and C — Top-down SEM images of catalytic stamp and Si rib
waveguide patterns respectively. The coordinate systems indicate the parallel (x),
perpendicular (y) and vertical (z) directions relative to the principal axis of the waveguide.
Arrows highlight the solution diffusion pathways: red - through the embedded channels
towards the center of the SOI pillar, and white —through the catalyst in-between embedded
channels and waveguide patterns.

High pattern transfer fidelity during Mac-Imprint of monocrystalline Si (Figure 15,
B and C) requires mass-transport of reactants through a nanoporous gold (np-Au) catalyst
(23, 24) because solid catalysts cannot provide sufficient diffusion on length scales larger
than 0.5 um if Si is to be etched without concomitant porosification (34). At the same time,
the catalyst pore size (e.g., dave ~ 42 nm in Sharstniou et al. (24)) is accurately transferred
onto the bottom and sidewalls of the imprinted surface which increases bottom and line
edge roughness (LER) of imprinted structures (i.e., ~ 49 nm (24)) and induces prohibitive

levels of scattering losses in waveguides (16). Conventional RIE machined waveguides
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have an as-machined roughness of 10 nm that can be smoothened in post-processing down
to 2 nm (17).

With the goal of prototyping functional silicon rib waveguides using Mac-Imprint
of SOI wafers, this paper elucidates the mechanism by which roughness is generated and
suppresses it by reducing the pore size of the catalyst to sub-10 nm levels. The latter is
attained via the synthesis of np-Au in far-from-equilibrium conditions using established
process-structure relationships for dealloying (68). Bottom roughness surrounding the
waveguide and its LER are reduced to less than 10 nm which represents a 75 %
improvement relative to prior work (24). At the lowest roughness levels, the grain boundary
grooves of the np-Au are discernable on the surface of the imprinted Si and is a major
contributor to it. This observation is discussed in the context of the resolution limit of Mac-
Imprint and MACE which was first hypothesized by Sugita et al. (28) to be proportional to
the Debye length present at the metal-solution interface. Albeit never experimentally
confirmed, a new analysis of previous work on MACE with ultra-fine gold nanoparticles
reported by Liu et al. (29) along with experimental data presented in this work strongly
support Sugita’s hypothesis to be true. This finding directly applies to both Mac-Imprint
and MACE as they share the same fundamental mechanisms. Additionally, the influence
of the solution diffusion supported by the porous catalyst on Mac-Imprint’s patterning
fidelity is presented in comparison to its solid counterpart. The reduced pore sizes of the
catalyst increase the cathodic reaction rate (24) which is compensated by increasing the
Chartier-Bastide parameter (known as ‘p’ in literature (31)) to 99.5% vyielding Si

waveguides with limited levels of defect formation as characterized by Raman
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spectroscopy. Finally, the optical characterization of nanoimprinted rib waveguides (i)
confirms the single mode light propagation which matches electromagnetic simulations,

and (ii) IR imaging reveals no significant levels of light scattering from its walls.

3.2 Results and Discussion

Mac-Imprint of Si waveguides onto the SOI pillars requires diffusion of reactants
and byproducts over a large (e.g., >75 um) and a heterogeneous pathway. This path extends
from the edge of the pillar where reactants are stored in the solution reservoir confined
around the pillar and towards its center (Figure 15, A and B) and consists of embedded
channels in the stamp parallel (i.e., x-direction) to the waveguide’s principal axis (red
arrows on Figure 15, A and B) that are formed in the gaps between stamp and substrate
upon their contact. Additionally, the solution must diffuse in the perpendicular direction
(i.e., y-direction) between the waveguide and the embedded channels through the catalytic
film (white arrows on Figure 15, A and B) for a total distance of 3 um. Note that the
scenario in which diffusion takes place through a porosified silicon layer (24) is detrimental
to the waveguide’s performance as it can create refractive index spatial variations. When
both pathways support enough etching solution diffusion, the pattern from the stamp is

accurately transferred onto Si without porous defects (Figure 15C).

3.2.1 Limiting Diffusional Pathways

In order to evidence the role of the catalyst film’s porosity on supporting diffusion
of the etching solution, pre-patterned SOI chips were Mac-Imprinted with stamps coated

with thin-films of solid Au (Figure 16, A and B) and porous Au (Figure 16, C and D).
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Figure 16. A and B — Schematic cross-section and top-down SEM images respectively of
waveguide arrays imrinting with solid Au catalyst. Inset in B highlights the beginning of
porous silicon formation region. C and D — Schematic cross-section and top-down SEM
images respectively of the waveguide arrays imprinting with porous Au catalyst. Solid
yellow arrows indicate the length of the region with distinguishable waveguide pattern
(EEPD).

Pillars imprinted with solid Au stamps yielded waveguide patterns near its edges with

distinguishable profile and depth (Figure 16B). However, the pattern becomes shallower
and loses contrast in the SEM images as it approaches the center of the pillar. The average
distance from the edge of the pillar to the end of the distinguishable waveguide pattern is
indicated by solid yellow arrows in Figure 16, B and D and termed as the effective etching
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penetration distance (EEPD). At the end of the EEPD, not only patterns become
indistinguishable, but SEM images reveal the formation of porous silicon defects (dark
areas in Figure 16B). Note, that periodic grating with the period of 273 £ 8 nm and heights
of 82 + 10 nm could be observed on high magnification SEM image (Figure 16B) along
the edge of the waveguide. The geometry of this grating mimics the one of original Si

master mold highlighting the resolution capability of Mac-Imprint.

In contrast, pillars imprinted with porous Au stamps (Figure 16D) yielded an EEPD
value that is maximum, and, thus, the entire half-width of the SOI pillar was successfully
imprinted with the waveguide’s pattern without any observable defect (e.g., porous silicon)
formation. Note, the periodic grating with the period of 255 + 2 nm and heights of 64 + 7
nm is also observed in the case of Mac-Imprint with np-Au (Figure 16D). In order to
understand the EEPD limitation of Si waveguide Mac-Imprinting with porous catalysts a
blank SOI wafer was imprinted as the etching solution diffusion in the parallel direction
could only happen from the edges of the stamp (Figure 17A). The photograph of the
imprinted SOI chip demonstrates bright stripes forming a rectangle in it’s center (Figure
17B) which represent the waveguide pattern imprinted on the periphery of the macroscopic
stamp/SOI contact interface. The close inspection of the edge of the contact interface
perpendicular to the direction of waveguide’s propagation indeed reveals the arrays of
waveguides accurately imprinted over the distance of about 700 um making it the largest
achieved EEPD. These findings suggest that the porous catalyst and embedded channels

cannot support etching solution diffusion beyond that length scale.
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Figure 17. Analysis of the EEPD limitation. A — Schematics of the Mac-Imprint onto the
blank SOI chip. B — Photograph of the Mac-Imprinted SOI chip. C — Optical image of the
edge of imprinted area highlighting the EEPD.

In contrast to the imprint results with the solid catalyst (Figure 16, A-B), the
addition of the thin porous catalyst represents a small increase in the cross-sectional area
available for free-solution diffusion in the parallel direction (x-direction) and, thus, the
effective diffusion constant is expected to be marginally altered. However, the effective
diffusion constant along the perpendicular direction (y-direction) has been increased by
orders of magnitude in comparison to the case of the solid catalyst. That is because the
diffusion in the solid catalyst is supported through the grain boundaries which support a
diffusional regime known as molecular sieving with an effective diffusion constant that is
orders of magnitude lower than the diffusion in free solution (24). Meanwhile, the porous
catalyst has pore sizes ranging from 10-42 nm which are much larger than the electric
double layer thickness which is approximately 8.6 A (for detailed calculations, see
APPENDIX A), and can support free solution diffusion (69) with simple corrections for
tortuosity (70, 71). Note that the thickness of the precursor film was selected to be much
larger (e.g. 9 times) than the catalyst’s pore size (i.e., 42 nm) to sustain diffusion through

a well-developed 3D pore network without any optimization in its selection. A ‘digital
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Figure 18. Adjustment of the etching solution to compensate for the increasing catalyst
surface area. A — SEM image of the waveguide imprinted with porous catalyst at p =

98.0 %. B — SEM image of the waveguide imprinted with porous catalyst at p = 99.5 %.

twin’ model that captures both reaction rate and diffusional transport for Mac-Imprint with
thinner catalysts is likely needed in the future to address such design questions. Instead, in
this paper, the catalyst’s high-surface area and its increased cathodic reaction rate is
compensated by increasing the Chartier-Bastide parameter (known as ‘p’ in literature (31))
to 99.5% until porous silicon formation is suppressed (Figure 18) as was confirmed by
Raman spectroscopy. Alternatively, the use of a counter electrode in solution biased against
the gold catalyst as in prior works of Torralba et al. (26) and Kim et al. (72) is recommended
as it does not require hydrogen peroxide and the reaction rate can be externally controlled

via biasing.

In addition to the role of diffusion mechanisms, the results for the solid catalyst
case such as the short EEPD, the non-uniform etch depth and the porous silicon formation
(Figure 16, A-B) cannot be fully understood unless one considers the kinetics of the etching
reaction during metal-assisted chemical etching (MACE). At first, oxidant is reduced on
the surface of a noble metal (cathodic reaction), which results in the generation of positive
charge carriers (holes) in Si (31). Then, the holes are injected into Si through noble metal/Si

Schottky junction and subsequently consumed during Si dissolution (anodic reaction) (31).
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Thus, whenever the diffusion of reactants towards the catalyst/Si contact interface is not
sufficient, instead of confined etching under the catalyst, the porosification of silicon takes
place around the catalyst/Si/etching solution triple junction in both conventional MACE as
well as in Mac-Imprint (20, 24, 34). This is expected to take place in the case of Mac-
Imprint with solid catalyst since the mass-transport for the etching solution in the
perpendicular direction (i.e., labeled as “2” in Figure 19A) is constricted. Thus, the holes
injected into Si at its junction with the catalyst (i.e., step labeled as “1” in Figure 19A) can
diffuse through the substrate to the interface between the etching solution and Si (i.e., step
labeled as “3”). Once holes reach the etching solution/Si interface they induce its
porosification (step labeled as “4”). Upon the growth of a porous silicon layer underneath
the catalyst, the anisotropic etching of silicon can take place since etching solution can now
reach the catalyst/Si interface. This mechanism can explain the concomitant observation of
anisotropically etched features (i.e. waveguide geometry) near the edges of the Si pillar
(Figure 16B) and the porosification of the silicon surface observed in Figure 19C. Note
that porous silicon is observed both in the regions surrounding the waveguide as well as in

itself.

Ultimately, the uncontrollable porosification process is more pronounced on the
edge of the pillar due to the abundant supply of reactants and is followed by its fast
depletion in the embedded channel resulting in shallow etching depths in the center of the
pillar which defines the EEPD distance. These findings highlight the fundamental
limitation of solid catalyst since it cannot support the perpendicular diffusion for
anisotropic imprinting of the designed 3 um wide features, which is consistent with MACE
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Figure 19. A and B — Schematics of charge- and mass-transport processes. C and D — High-
magnification top-down SEM images of the individual waveguides. Holes are added to
illustrate the charge carrier distribution around catalyst/Si interface. White arrows point to
the visible pores. A, C and B, D correspond to Mac-Imprint with solid and porous catalysts,
respectively.

literature on thin-film catalyst formats (34, 35, 48). In recent literature of Si Mac-Imprint
with solid catalysts, this issue was by-passed by designing stamps with an array of widely
spaced patterns that simultaneously provided space for solution storage and were narrow
enough (<520 nm) to sustain diffusion through the grain boundaries of catalyst or a porous
layer underneath it (52). Despite enabling diffusion, the nanoporous catalyst has higher
specific surface area compared to its solid counterpart. This will inevitably increase the
rate of H202 reduction and, as a result, lead to Si porosification (24). Thus, this work
implemented a reduction of the H2O> concentration relative to the literature in MACE
based on thin-films (31) and increase in p value to 99.5% to minimize this effect and yield
solid waveguides in Figure 19D. It should be noted that the cathodic reaction can be

spatially-separated from the anodic reaction (54) with a counter electrode placed in solution
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polarized against the gold catalyst with or without a salt bridge (26) which guarantees that
diffusion and solution storage limitations associated with H,O> and its reaction products

can be eliminated (54).

In order to qualify the imprint results, the waveguide’s cross-section depth profiles
were extracted via AFM (Figure 20A) and analyzed. Its average depth was 42.9 + 5.5 nm
(Figure 20B) with a maximum of 60 nm at the edge and a minimum of 29.7 nm at
approximately 20 um from the edge. The maximum depth is closer to the edge of the pillar
(Figure 20B) which could be explained by (a) the non-flatness of the stamp resulting from
molding issues, (b) the proximity to the solution storage reservoir resulting in a faster
etching, and (c) the bending of the stamp due to contact forces. A gradual reduction of the
depth profile as a function of the distance from its edge (i.e., horizontal axis in Figure 20B)
is consistent with abovementioned scenarios “b” and “c”. However, given the random
nature of the depth profile (Figure 20B), the stamp’s non-flatness (i.e., scenario “a”) is the
most consistent explanation. In fact, stamps were prepared by UV NIL of spin-coated SU-
8 resist with soft PDMS-based molds (as described in the Experimental Section) which is
known to introduce pattern distortions during demolding operation such as rimming (73—
75) which is a protrusion of the pattern’s edges similar to the inverse of the silicon pattern
observed in the inset of Figure 20B. Thus, the depth profile in Figure 20B is irregular since
Mac-Imprint imprints the distorted geometry of the mold with high fidelity. This
hypothesis was further confirmed in the additional experiment where AFM scans of
imprinted SOI pillar and Mac-Imprint stamp were acquired at complimentary locations and
are indeed mirror images of each other (See Figure 42 in the APPENDIX A). Note that the
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Distance, pm

Figure 20. Depth analysis of imprinted waveguide with uniform depth showing (A) large
area AFM scan of a single waveguide from the edge (left) to the center (right) of the SOI
pillar, and (B) waveguide’s depth profile (black squares) and 3 point moving average (red
squares) with inset highlighting one of the waveguide’s cross-section and depth
measurement (label D). The bottom sub-20 nm roughness of the waveguide surroundings
induced by the catalyst cannot be detected due to the low resolution of the large-area AFM
scan shown in (A). Data represents depth extracted through fitting of step-height function

with error bar representing fitting error.

large and low-resolution AFM scan in Figure 20A does not provide enough resolution (see
details in the Experimental Section) to capture the porous gold morphology imprinted onto

silicon.
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3.2.2 Roughness Reduction and Its Fundamental Limits

Mac-Imprint introduces bottom and sidewall roughness which originates from its
resolution limit (i.e., minimum discernible positive feature) being smaller than the pore
diameter of the catalyst and results in the accurate transfer of the catalyst’s nanopores onto
the imprinted surface (23, 24). Thus, with the goal to address the roughness issue, it
becomes necessary to find a theoretical basis to Mac-Imprint’s resolution limit. In 2011,
Sugita et al. (28) first interpreted the band bending in silicon around the electrolyte-silicon-
metal triple junction in the context of anodic electrochemical machining of silicon. Based
on the work of Nakato et al. (76), Sugita et al. proposed that the strong electric field
developed in the electrical double layer at electrolyte-metal interface (represented by
dashed black lines on Figure 21A) induces the bending of the isopotential lines in silicon
near the electrolyte-silicon-metal junction (represented by solid black lines in Figure 21A).
This should lead to the migration of holes in silicon away from the triple junction to a
distance proportional to the Debye length (highlighted by black arrow in Figure 21A). If
this theoretical basis is correct, it would result in silicon features being overetched by a
lateral distance, ¢, that is proportional to the Debye length (Figure 21B) which has not been
experimentally verified in literature. While Sugita et al. worked with feature sizes ranging
from 10-100 pm, recent experimental work on MACE by Liu et al. yielded sub-5nm
features (29). Using data from Liu et al. (29), it is possible to calculate the average

overetched distance (i.e., @1 in Figure 21D), which is the difference between catalyst
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Figure 21. Theoretical model for band bending during anodic electrochemical machining
of Si proposed by Sugita et al. Dashed lines at metal-solution interface represent
isopotentials within the electrical double layer (Debye length) and solid lines represent
isopotentials bending around the triple junction. Reprinted (adapted) with permission
(28). Copyright 2011 American Chemical Society. B and C — schematics of the
overetching for the negative and positive Si features, respectively (not to scale). D — plot
of silicon hole versus catalyst diameter using imported data from Liu et al. (29) Three
lines with a unity slope are plotted with different offsets: zero (black - reference), best fit
of experimental data (blue, ¢1) and two times the Debye length (red, ¢2). ¢1 on the bar
plot is reported as average * standard deviation based on 9 reported measurements. The
upper inset contains top-down SEM images of the metal catalyst and the resulting hole in
Silicon. The inset images and data are reprinted (adapted) with permission (29). Copyright
2013 American Chemical Society.

diameter and silicon hole diameter and equals to 1.24 nm. This value closely matches two

times the theoretical value of the Debye length (o2 in Figure 21D) which is 1.71 nm (see
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calculations in APPENDIX A). Note that the large standard deviation of @1 (i.e., £1.2 nm,
details in the Supporting Table 2) could be attributed to (i) errors of the measurement
technique associated with limited resolution or (ii) catalyst particle size distribution if
catalyst and hole widths are not measured in complementary locations (77).

Next, this work attempts to eliminate roughness by designing catalyst films whose
pore sizes approach the Debye length to within at least an order of magnitude (Figure 21C).
This was accomplished by using previously established process-structure relationship in
the electroless dealloying of AusgAgs: thin-films at far-from-equilibrium from literature
which allows for ligament control between 25 and 64 nm (68). By reproducing it and
further reducing the dealloying time and temperature (for additional details, see Methods),
catalyst films with average pore diameters of 42, 27, 14 and 10 nm were fabricated (Figure
22, A-D) and used to Mac-Imprint arrays of linear rib waveguide structures (Figure 22, E-
H). Additionally, albeit pores on Figure 22C and D appear isolated, a developed porous
network structure is still formed throughout the thickness of the catalytic films which was
confirmed by high-magnification cross-sectional SEM images (see Figure 44 in
APPENDIX A). The impact of the pore size of the catalyst on the surface roughening
during Mac-Imprint was established through the SEM analysis of imprinted linear rib
waveguide structures. Overall, the catalyst size downscaling to 10 nm reduced the Si
protrusion size linearly (Figure 221) from 45 nm (Figure 22E) to 10 nm (Figure 22H). In
the latter case, it was observed that the grain boundary grooves of the catalyst are also

transferred onto silicon which limits further reductions in its roughness.
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Figure 22. Top-down SEM images of the catalytic stamps with different average pore
diameters (A-D) and imprinted waveguide surroundings (E-H). The boxes in the top right
corner of the SEM images contain the average pore (A-D) and protrusion (E-H) diameters.
Dependence of Si protrusion size on the catalyst pore size (I). Inset on I illustrate how the
feature size (either pore or protrusion) was calculated. Dependence of nearest neighbor
distance on the catalyst pore size and Si protrusion size (J, red and black, respectively).
Inset on J illustrate how the nearest neighbor distance was calculated. Data is reported as
average + standard deviation. Red dashed lines on | and J indicate the resolution limit (i.e.
double the Debye length).

In context to existing literature, Bastide et al. (23) and Sharstniou et al. (24) each

attempted to reduce the catalyst pore size and roughness, but, at least in qualitative terms,
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their work did not reduce either the silicon protrusion size or roughness due to stamp
defects (e.g., cracks, delaminated catalyst) transferred during imprinting and concomitant
substrate porosification. In their works, the smallest distinguishable average Si protrusion
size without indication of porosification was approximately 31 nm and 27 nm (23, 24).
Finally, according to the nearest neighbor analysis (for details, see Experimental Section)
the average distance between nearest neighbor pores in the catalyst matches that of the Si
protrusions (Figure 22J, red and black dots, respectively). Note that there is an increase of
the nearest neighbor distance in the case of the smallest catalyst pore size (i.e., 10 nm)
which is attributed to incomplete Ag removal during dealloying which is known to produce
lower pore surface area coverage and, thus, increases the interpore distances (68).

Since the smallest pore size attained via electroless dealloying in this paper is still
5-6 times larger than the theoretical value for twice the Debye length, further reduction in
the Si protrusion size is theoretically possible albeit the synthesis of catalysts with sub-10
nm average pore size becomes the limiting factor. In the literature of nanoporous gold
synthesis through dealloying, the electroless and electrochemical dealloying methods have
demonstrated the smallest pore size of approximately 5 nm by either reducing its
temperature (e.g., -20 °C) (78) or inhibiting gold adatom surface diffusion (79, 80). It was
also shown that during dealloying ligament and pore size are inversely proportional to the
melting temperature of host metal (81) suggesting that higher melting temperature metal
or alloys catalysts suitable for MACE, such as platinum, could be potential candidates to
further reduce pore size into the sub-5 nm domain (32, 48, 82). It should also be noted that,

to promote smoothening of the nanoimprinted surfaces, the Debye layer thickness can be

54



increased to approach the catalyst’s pore size by (i) heating the etching solution and (i)
decreasing its ionic strength. The first approach would increase Debye layer thickness by
~1 A given the low boiling point of the solution. The second approach can be achieved by
reducing its concentration or by using solutes with a weaker dissociation constant both of
which would reduce etch rates dramatically. These strategies should motivate future work
to either eliminate the roughness or to improve the resolution limit of Mac-Imprint or
MACE.

Although the bottom roughness of the waveguide surroundings may interfere with
the guided electromagnetic wave, most of the propagation losses occur due to light
scattering on the sidewall roughness of the waveguide. In Mac-Imprint, it is generated by
the tangential movement of the np-Au surface parallel to the vertical direction of the Si
sidewalls as the etching progresses, leaving ‘scratch’ marks along it. Thus, in theory, the
flatter and less rough the porous Au surface is, the smoother the sidewalls should become.
To verify this hypothesis, the LER of the imprinted waveguides was measured at its top as
a function of the pore size of the catalyst according to the procedure described in the
Methods. Figure 23E shows that, with the reduction of the pore size of the catalyst from
42 nm to 10 nm, the LER non-linearly decreases from 48 nm (Figure 23A) to 10 nm (Figure
23D), which is comparable with values reported for plasma-based micromachined silicon
waveguides without post-processing strategies for smoothening (17, 83). The smallest LER
in silicon features achievable by Mac-Imprint would be inherently limited by the LER of
the stamp’s pattern coated with solid gold which was measured to be ~7.5 nm (Figure 23E,

yellow dashed line) and is attributed to the roughness of gold thin-film and imperfections
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Figure 23. Top-down SEM images and edge profiles (framed with red dashed lines) of the
waveguides, imprinted with porous catalysts with average pore sizes 42-10 nm
respectively. E — Waveguide line edge roughness as a function of catalyst pores size. Data
is reported as average + standard deviation. Dashed lines indicate twice the Debye length
(red) and solid Au stamp sidewall LER (black).

from soft-lithography steps used to fabricate the stamp. Thus, the improvements in sidewall
roughness tend to saturate for pore sizes approaching 7.5-10 nm (Figure 23E) limiting
further improvements. It is worth noting that, at the magnification and the pixel size of the
analyzed SEM images which are 30 000x and 6.7 nm respectively, it might also limit
measurement of further improvements at sub-10 nm pore sizes and require the use of

alternate metrology techniques.
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The minimization of LER to sub-10 nm is expected to have a positive impact on
the minimum line-width resolution (MLWR) of Mac-Imprint. Albeit never experimentally
determined, a reasonable criteria to estimate the minimum line-width resolution (MLWR)
of a process is to use a 6-sigma approach based on sidewall LER (see Figure 43 in
APPENDIX A). According to this assumption, the reduction of the LER achieved with np-
Au’s pore size of 10 nm would translate to MLWR values of approximately 60 nm which
is a significant improvement comparing to the state-of-the-art whose largest pore size of

np-Au used was 42 nm (24).

3.2.3 Nanoscopic Defect Analysis

It is important to mention that the reduction of the catalyst pore size through the
far-from-equilibrium dealloying leads to the incomplete removal of silver that can
negatively affect Mac-Imprint process. In particular, in contrast to gold, silver (i) induces
changes to the energy band bending in silicon near catalyst/Si interface due its lower work
function, which affects hole injection and transport in Si and induces its porosification (32,
84) and (ii) is prone to dissolution and subsequent re-deposition (85, 86). Despite catalysts
with the smallest pore size being made with the shortest dealloying time, the large residual
silver content of up to 42 at.% did not appear to induce porosification as evidenced by the
SEM or optical microscopy. However, the porosification of Si could be happening in
nanoscale form that would be challenging to detect using these techniques.

The analysis of the such defects during Mac-Imprint was accomplished by Raman
spectroscopy, which has been extensively used in literature to characterize defects in

silicon such as lattice strains (87), microporosity (i.e., sub-2 nm) and mesoporosity (i.e., 2-
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Figure 24. A and B — Top-down SEM and optical images of a single imprinted waveguide
respectively. C and D — Maps of Raman signal peak position and full width at half-
maximum respectively, taken at locations marked on B. E and F — Average values for
Raman peak position and full width at half-maximum, respectively, of the waveguide at
location marked on B. Data is reported as average + standard deviation. Red dashed lines
on E and F highlight the Raman peak position and full width at half maximum of the blank
SOl wafer.

50 nm) (88) and amorphous regions (89). The imprinted waveguide, presented on Figure

24, A and B, exhibited average peak position and full width at half-maximum (FWHM) of
~521.38 £ 0.07 cm™ and ~4.20 + 0.06 cm™* respectively (Figure 24, C and D) throughout

the center section of the waveguide excluding 6 um away from each edge. At each of the
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edges, a 0.09 cm™ and 0.44 cm shift to lower frequencies, and a 0.16 cm™ and 0.08 cm
broadening of the Raman signal was observed (see locations i and xi in Figure 24, E-F).
These edge effects are attributed to the release of the residual stresses and strains in the Si
device layer by the undercut (Figure 16A) of the buried oxide layer during Mac-Imprint,
as seen on Figure 24A and B near the edges of the SOI pillar. In fact, SOI processing is
well known to introduce strains in the Si device layer which causes Raman peak to shift by
+ 0.4 cm™ from its mean position (90). In our case, the blank SOI wafer had a peak position
and FWHM of 521.47 + 0.02 cm™ and 4.15 + 0.04 cm™, respectively. With regards to it,
the average peak position at the center of the waveguide shifts and broadens by
approximately 0.2 cm™ and 0.1 cm™, respectively which is smaller than the expected values
for microporous silicon (i.e., both approximately 1 cm™ for crystallite sizes of <5 nm (88)).
Note that, in locations viii and xi in Figure 24 on the waveguide’s narrowest section, there
are geometrical defects originated from molding defects in the stamp that cannot be well
understood. Overall, the center section has a constant peak position and width relative to
the Raman signal from the original SOl wafer which adds further confirmation of the
crystallinity quality of the imprinted waveguides. In future applications, these edge effects
can be by-passed if necessary to avoid unnecessary scattering by patterning away from the
edge or protecting the buried oxide layer during Mac-Imprint.

Lastly, optical waveguiding is demonstrated in a Mac-Imprinted silicon rib
waveguide (Figure 25A). The top view IR imaging (Figure 25B) did not reveal a detectable
scattering of the signal from the waveguide‘s walls, which suggests low scattering loss.

The waveguide unfortunately was too short (L = 0.015 cm) to precisely measure its loss.
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Figure 25. A — top-down optical image of the individual SOI pillar prior to waveguide
testing. B — top-down infrared image of the individual SOI pillar during waveguide testing.
Dashed lines on A and B highlight the tested waveguide. C — side-view of waveguide mode
simulation. D — cross-sectional schematics of the waveguide, used for the simulation. E —
side-view of simulated waveguide mode, corrected by PSF of 0.42 numerical appertire
objective. F — side-view infrared image of the output waveguide facet.

The waveguide mode simulation of the rib waveguide with nominal width, w = 750 nm,
and imprint depth, h = 43 nm, (Figure 25D) is presented on Figure 25C and demonstrates
the single mode and quasi-transverse-electric (TE) polarized nature of the waveguide. The
convolution of the simulation with the point-spread-function (PSF) of the 0.42 numerical
apperture imaging objective is presented on Figure 25E and closely matches the output
side-view image of the waveguide facet (Figure 25). For more details on the convolution
between simulated waveguide mode and PSF of the objective refer to the Figure 45 in the

APPENDIX A. It has previously been shown that that single mode rib waveguides with
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similar dimensions can exhibit favorable loss characteristics when compared to fully etched
strip waveguides, owing to limited interaction between the waveguide mode and the
waveguide surface (91). Hence, optical propagation losses are expected to be a function of
both the waveguide design and the surface roughness. The optical characterization
demonstrated here importantly confirms that the Mac-Imprint process can be utilized to

fabricate functional silicon photonic waveguides.

3.3 Conclusion

This study reported the first extension of Mac-Imprint to SOI substrates and to
geometries specific to requirements of silicon rib waveguides. It was established that the
mass-transport of the reactants in the perpendicular direction of the waveguide’s
longitudinal axis is the limiting factor for attaining imprinting of uniform patterns without
porosity. This mass transport could not be supported by solid catalysts. In contrast, a
nanoporous catalyst provided necessary diffusional pathways which allowed for
fabrication of Si waveguides with an average depth of 42.9 nm + 5.5 nm. This depth
variation was attributed to the stamp distortions during demolding of the stamp during its
fabrication which can be improved using commercial nanoimprinting tooling. The bottom
and sidewall roughness induced by Mac-Imprint was controlled by reducing the pore sizes
to within an order of magnitude of the Debye Length (i.e., the resolution limit of the Mac-
Imprint). In particular, 10 nm pore size catalyst resulted in a 10 nm bottom and sidewall
roughness of the Si rib waveguide which is comparable to similar structures which are
made by conventional plasma etching methods. The limited levels of Si defect formation

during Mac-Imprint were achieved by the use of the etching solution with high p parameter
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of 99.5% and were confirmed by Raman analysis of the imprinted waveguide, which
revealed a uniform peak position and FWHM thought the middle portion of the waveguide
excluding edges. Fabricated waveguides support single-mode light propagation which was
measured by the side-view IR imaging and closely matches electromagnetic simulations.
Additionally, top-down IR imaging does not reveal detectable light scattering from the
waveguide walls. Overall, this paper represents a significant step towards commercial
implementation of the Mac-Imprint for the fabrication of functional 3D freeform
optoelectronic devices, such as advanced waveguides (3, 4, 62-64) surface plasmon
structures (1) and chromatic-aberration corrected lenses.(6) Moreover, Mac-Imprint’s
unique ability to tailor its nanoscale roughness could be advantageous in fabrication of
quasicrystal interferometers with physical unclonable functions which are essential for
hardware and information security (65). In the future, improvements to the stamp design
aimed at embedding the etching solution storage reservoir in it instead of in the substrate
are necessary for scaling the technique to blank SOI wafers. The work on determining the
maximum EEPD supported by the thin-film catalyst in this paper should inform the
reasonable pitch that should exist between the embedded reservoirs in such proposed stamp
designs. This approach will also allow for free optimization of Mac-Imprint parameters as
the undercut of the BOX layer of the SOI pillar will be eliminated entirely. The authors
also see potential scaling of Mac-Imprint in its integration with commercial mask aligners
and nanoimprinting technologies presently used for polymer patterning by (i) adding liquid
handling capabilities, (ii) using less hazardous chemicals to simplify equipment design and

(iii) investigating demolding strategies particularly for high-aspect ratio patterns.
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3.4 Methods

3.4.1 Substrate Preparation

Mac-Imprint was performed on SOI wafers with 340 nm thick, p-type boron-doped
device layer which has resistivity of 14 — 22 Q-cm and (100) crystal orientation. Prior to
Mac-Imprint, arrays of 270 um tall and 150 pum wide pillars spaced by 900 pum were
fabricated on the SOI wafers by photolithography and deep-reactive ion etching in order to
provide etching solution storage volume. The articulation on the necessity of SOI wafer
pre-patterning and guidelines for the design of pillar size can be found in APPENDIX A.
Pre-patterned SOI wafers were firstly thoroughly rinsed with acetone, isopropyl alcohol
and deionized (DI) water. Afterwards, the RCA-1 cleaning was performed for which they
were immersed for 15 min into hot (i.e. 70 °C) aqueous solution of ammonium hydroxide
and hydrogen peroxide in (5:1:1 by vol.). After the RCA-1 cleaning pre-patterned SOI
wafers were thoroughly rinsed with DI water and were considered ready for the Mac-

Imprint.

3.4.2 Stamp Preparation

The fabrication of Mac-Imprint stamps consisted of four steps which are described
below and detailed protocol of those can be found elsewhere (92).

3.4.2.1 PDMS replica molding (Figure 26): At first, waveguide pattern was created
on a Si master mold using e-beam lithography followed by reactive ion etching. Next, the
pattern of the Si master mold was replicated onto PDMS according to the standard replica

molding procedure (93). Here, the Si master mold was firstly cleaned with RCA-1 solution
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Figure 26. PDMS replica molding procedure.

followed by DI water rinsing. Next, the Si master mold was placed inside the desiccator
next to the Petri dish with few droplets of trichloro(1H,1H,2H,2H-perfluorooctyl)silane
(PFOCS) and the vacuum was applied for 15 min. This step lead to the PFOCS deposition
on the surface of the Si master mold which made it hydrophobic. After that the liquid
PDMS was prepared by mixing base and curing agents of the SYLGARD 184 Silicone
elastomer kit in 10:1 ratio (by mass). Liquid PDMS was subsequently poured over the Si
master mold and vacuum was applied for additional 30 min to remove air bubbles trapped
into the liquid PDMS. After that the PDMS was cured at 80 °C for 120 minutes using
leveled hotplate. Upon curing the PDMS replica mold was peeled off from the Si master

mold and was considered ready for the next step.
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Figure 27. Waveguide pattern transfer onto the SU-8 layer using soft nanoimprint

lithography.

3.4.2.2 Soft nanoimprint lithography (Figure 27): After that, PDMS replica mold
was used to pattern photoresist by means of nanoimprint lithography. To do so, 2.5 x 2.5
cm? Si chips were firstly cleaned by RCA-1 solution followed by DI water rinsing. Next,
a 20 pum-thick layer of SU-8 2015 photoresist was spin-coated onto clean Si chips. Upon
spin-coating, the PDMS replica mold was placed on top of the photoresist layer with pattern
facing down and pressed with the UV transparent glass slab, yielding 15 g/cm? of pressure.
The UV curing was performed under 6 W UV bulb placed at 10 cm distance from the SU-
8 surface for 2 hours.

3.4.2.3 Catalytic metal sputtering (Figure 28): Upon UV curing, Si chips with

patterned SU-8 layer were placed inside NSC-3000 magnetron sputter chamber at 20 cm
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Figure 28. Schematics of the thin-film catalyst deposition by magnetron sputtering and

photographs of the process.

distance from the sputtering targets. For the Mac-Imprint with solid catalyst, two layers of
metal were deposited onto the stamp in the following order: 20 nm Cr (adhesion) and 80
nm Au (catalyst). For the Mac-Imprint with porous catalyst, three layers of metal were
deposited onto the stamp in the following order: 20 nm Cr (adhesion), 50 nm Au

(intermediate) and 375 nm Ag/Au alloy (precursor for porous catalyst).
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3.4.2.4 Porosification of catalyst: In order to create nanoporous catalysts, stamps
with 375 nm Ag/Au alloy (51 at.% of Ag) were subjected to selective dissolution of Ag by
means of dealloying in far from equilibrium conditions. The dealloying was performed in
aqueous solution of nitric acid (H20:HNO3 = 1:1 by vol.) at a constant stirring rate of 100
rotations per minute following the protocol established in the work of Niauzorau et al. (68).
The pore size of the catalyst was controlled by varying dealloying time and solution
temperature. In particular, the np-Au with average pore sizes of 10 and 14 nm was produced
at room temperature solution within 10 and 30 min, respectively, while the 27 nm average
pore sizes were obtained at 65 °C temperature solution within 10 min. After the dealloying,
a subset of porous catalytic stamps with average pore sizes of 27 nm was annealed in Ar
environment at 250 °C for 1 hour in order to increase average pore size to 42 nm through

thermal coarsening.

3.4.3 Mac-Imprint Setup and Conditions

The Mac-Imprint set-up is composed of an electrochemical cell, a Teflon rod acting
as a stamp holder, a load cell, and a vertical stage (Figure 29A). The electrochemical cell
holds substrates and etching solutions while the stamp holder connects the stamp to the
vertical stage trough the load cell. Critical to any nanoimprinting technique is to achieve
conformal contact between stamp and substrate. Since both substrate and stamp in this case
are flat and rigid monocrystalline Si chips, tip-and-tilt misalignments between them can
reduce the contact area dramatically (53), leading to imprinting inconsistency and
deregulating Mac-Imprint redox kinetics (24). To address this issue, the SOI substrate was

placed first into an electrochemical cell in dry conditions and its plane was used as a

67



~ holder
‘-"‘5\\ Mac-Imprint

stamp

Base of UV LED

electrochemical cell — strip

Ly

Figure 29. Mac-Imprint system. A - Photograph of the Mac-Imprint system in the

disengaged state. B — Photograph of the stamp-to-substrate alignment step with

omniderictional UV curing.

reference for the stamp-to-substrate alignment. The stamp was placed on the top of the SOI
substrate with the catalyst side facing down and a small portion of SU-8 2015 was dropped
on the back side of the stamp to adhere the stamp to a Teflon rod. The Teflon rod was
brought in contact with SU-8 droplet by manual commands. Circular illumination by 365
nm UV light for 1 hour was used to uniformly cure the SU-8 2015 in place (Figure 29B).
Since this attachment step was performed at room temperature and stress-free conditions,
the alignment was preserved. After curing, the stamp can be retracted by the automated
stage without loss of alignment. The SOI substrate is placed inside the electrochemical cell,
which is then filled with the etching solution. The vertical stage brings a stamp holder with
mounted stamp in plate-to-plate contact with SOI substrate. The contact force of 22.24 N
is developed within 0.1 sec and maintained within £5% of the set-point for 10 £ 0.1 s. This

allows Mac-Imprint of the waveguide patterns to be reproducible provided the stamp-to-
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substrate alignment remains unaltered. After the imprinting, the stamp is retracted into
home position and etching solution is aspirated from electrochemical cell. Further, SOI
substrate is immediately flushed with excess amount of isopropyl alcohol to terminate the
undercut of buried oxide layer. The total time of SOI substrate exposure to the etching
solution is 70 sec. Detailed description of Mac-Imprint setup and protocol can be found
elsewhere (92). It should be noted that £5 sec variation in the Mac-Imprint total processing
time (i.e., ~ 70 s) does not significantly affect the buried layer undercut depth (see Figure
46 APPENDIX A).

The etching solution with p equal to 99.5 % is prepared by mixing HF (48 % by
vol.) and H202 (30 % by vol.) in the 68:1 ratio (HF:H202; by vol.). Moreover, pure ethanol
is added to the etching solution (4 % of the etching solution volume) in order to improve
solution’s wettability. A fresh etching solution was mixed prior every Mac-Imprint

operation. All chemicals were ACS grade, purchased from Sigma Aldrich.

3.4.4 Morphological, Structural and Functional Characterization

Morphological properties of the Mac-Imprint stamps and imprinted waveguides
were characterized by scanning electron microscopy (SEM) using Philips XL-30 FEG
SEM. All SEM images were acquired at 10 kV accelerating voltage and 130 pA beam
current.

Imprint depth profiles were characterized by atomic force microscopy (AFM) using
the Witec Alpha 300 RA+ system. AFM scans were acquired in tapping mode using
NHCV-A Bruker probes with tip radius of 8 nm, spring constant of 40 N/m and resonant

frequency of 320 kHz. For AFM image acquired in Figure 20, the lateral resolution is
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determined by sampling distance which is set to be 234 nm and 39 nm in the x- and y-
directions, respectively. The resolution of its height is set by the AFM instrumentation
which, as per the vendor, it is 0.5 nm.

The nanoscale defects of the imprinted waveguides and surroundings were
characterized by confocal Raman microscopy using the same Witec system. The Raman
signal was excited by 532 nm laser with the 0.1 mW output power. Raman signal was
acquired using 1800 g/mm grating yielding 1 cm-1 spectral resolution with the
accumulation time of 0.2 sec. Individual Raman mapping was performed over 4 x 9 um2
area with total amount of 40x90 data points.

The performance of the waveguide was characterized using near-IR (O-band) light
from a tunable laser (Santec TSL-550), which was coupled onto the chip using through a
polarization controller and tapered lensed fiber (OZ optics) and aligned using XYZ piezo
controlled alignment stage (Thorlabs NanoMax). Fiber-to-chip alignment and successful
waveguiding was verified by IR imaging both the top surface and output side-view of the
chip with infrared cameras (Hamamatsu C2741). Waveguide mode simulation of the
nanoimprinted silicon waveguide cross-section were performed at the wavelength 1310 nm
using the finite difference eigenmode method (Ansys Lumerical MODE). The waveguide
cross-sectional facet view IR imaging was modelled by convoluting the waveguide mode

profile with the point spread function (PSF) of the NA = 0.42 imaging objective.

3.4.5 Scanning Electron Microscope Image Analysis

The quantification of (i) np-Au average pore size and (ii) bottom roughness of the

waveguide surrounding as performed through the analysis of the top-down SEM images
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Figure 30. Analysis of the np-Au pore sizes using AQUAMI (A-D) and Imagel (E-F). A
and E — Original top-down SEM images. B and F — threshold operation. C and G — outlines
of individual pores. Note, lines within the outlines on C represent weighted centers of the
pores with colors representing distance to it’s edges. D and H — Distribution of the pore

diameters.

using AQUAMI (94) and ImageJ software. The AQUAMI software has specifically
developed threshold algorithm that makes it effective for the analysis of bi-continuous
porous Au structures. Here, an input SEM image (Figure 30A) is firstly thresholded (Figure
30B) and converted to the binary mask. After that, the weighted center line for each
individual pore or protrusion is computed and the distance from it to the edge of the pore
is found. The distance is represented by the color on Figure 30C. Based on these values the
distribution of all diameters across the SEM image is calculated as average * standard
deviation (Figure 30D). However, this algorithm failed to analyze small, isolated objects,
which is the case of np-Au with the small pore sizes (Figure 30E) and corresponding
imprinted Si surface. For the analysis of those samples ImageJ software with manual
threshold (Figure 30F) was used. The individual pore or protrusion diameter in this case

was calculated from the it’s area using circular approximation (Figure 30G). This
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assumption was made based on the fact that in the early stages of dealloying pores nucleate
at the grain boundaries of the precursor alloy and would assume circular or near-circular
shape. In this case the average pore or protrusion size and it’s standard deviation was

calculated based on all pores detected on the original SEM image (Figure 30H).

The analysis of the line edge roughness was performed by calculating the RMS of
the waveguide’s line edge profile obtained from high-magnification SEM images (Figure
31A). Each LER is an average of four independent RMS measurements of different 2-um
long waveguide segments (Figure 31B). Thus, a specifically written Python code utilized
Canny edge detection algorithm with Gaussian filter size sigma equal to 2.6 in order to
obtain the profiles of the waveguide edges (Figure 31C). Finally, the LER of extracted line
edge profile was found as an RMS of the pixel values multiplied by pixel size. It is worth
noting that the accuracy of this algorithm depends on the pixel size of the SEM image. In

this work, all images had a pixel size of 6.43 nm.

Nearest neighbor distance analysis was performed using ImageJ software according
to the algorithm published elsewhere (95). The nearest neighbor distance is found for each
particle detected on the image as an average of five nearest neighbors with the example
presented on Figure 32A-C. Note that nearest neighbor distance for the each sample is

calculated as average of all particles detected on the original SEM image.

3.4.6 Statistical Analysis

Analysis of AFM data was performed using Gwyddion software. Prior extracting

imprint depth, the AFM data was leveled with respect to the non-imprinted top surface

72



Figure 31. LER analysis. A — original top-down SEM image with highlighted portion of
the waveguide for the Python algorithm. B — Cropped portion of the waveguide imported
into the Python algorithm. C — extracted line edge profile

using “Mean Plane Subtraction” function. The individual imprint depth (Figure 20B, inset)

was found from “Step-height” fitting function of “Critical dimension” module with error
bar representing fitting error. The average imprint depth and it’s standard deviation (SD)
was calculated based on 148 measurements along the AFM scan.

In the analysis of work by Liu et al. the average overetched distance and it’s SD
was calculated based on 9 reported measurements.

The analysis of the average size of np-Au pores, Si protrusions and nearest neighbor
distance was performed using AQUAMI and ImageJ software without any pre-processing
of SEM images. The magnification was kept constant throughout the SEM images to
maintain the same pixel size. Sample size for each measurement in this case was different
and dependent on the amount of pores/protrusions present on the SEM image. Note that
for a given sample the nearest neighbor distance for individual particle is found as an

average distance to five nearest neighbors. The nearest neighbor distance of the sample is
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threshold mask (b) and distances between centers of five nearest neighbors (c, red arrows).

then calculated as average of all individual nearest neighbor distances. Data was presented
as average = SD.

The analysis of the LER was performed by calculating the RMS of the waveguide’s
line edge profile obtained from high-magnification SEM images. The magnification was
kept constant throughout the SEM images to maintain the same pixel size. Prior importing
SEM images to the Python code, the bottom surface on the SEM images was thresholded
and images were converted into .txt format using ImageJ. Waveguide line edge profiles
were obtained on 2-um long waveguide segments using Canny edge detection algorithm
with Gaussian filter size sigma equal to 2.6. The LER of individual line edge profile was
calculated as an RMS of the pixel values multiplied by pixel size. The LER of the sample
is then calculated as average of 4 independent measurements of different waveguide
segments. Data were presented as average * standard deviation (SD).

The analysis of the Raman data was performed using Project FIVE software. Prior
extracting Raman signal position and full width at half-maximum, the signal was fitted
using Lorentz function. The average peak position, full width at half-maximum and it’s SD
was calculated using data from the waveguide region only (i.e., excluding waveguide

surroundings).
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CHAPTER 4

ELECTROCHEMICAL NANOIMPRINTING OF SILICON LENSES: TOWARDS

BIO-INSPIRED INFRARED META-OPTICS

Anti-reflection coatings for IR lenses were designed for imagining in harsh
environments such as dust (e.g., moon), micrometeorites (e.g., Lagrange points), and high-
radiation fluctuations (e.g., Mars) with limited lifetimes. Multifunctional optical meta-
surfaces (MOMS) can simultaneously deliver high thermal stability and anti-fouling
behavior due to its monolithic nature (e.g., no CTE mismatch) and low dust adherence,
respectively. Due to the incompatibility of micromachining with non-planar inorganic
substrates, MOMS have only been demonstrated in polymeric lenses. In this paper, a new
method of conformal electrochemical nanoimprinting is presented to directly
micromachine a nature-inspired sharklet pattern onto a silicon lens. Uniquely, this
approach uses gold-coated patterned membranes that are used as stretchable catalytic
stamps that can be inflated against a non-planar substrate. With the advent of designs
methodologies for 3D optical metasurfaces, MOMS may now be extended into lenses made

of silicon, germanium and potentially other 111-V semiconductors.

4.1 Introduction

Biological three-dimensional (3D) hierarchical structures from the compound moth
eye (Figure 33A) serve as multifunctional optical meta-surfaces (MOMS) that not only

perform focusing and broadband, omnidirectional anti-reflection (AR) (96) but also deliver
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Monolithic Broadband Omnidirectional
Anti-Reflective Metasurfaces

Figure 33. Conformal electrochemical nanoimprinting of Si lens. (A) Compound moth eye
structure with SEM images highlighting hierarchical structure of it’s ommatidia.
Reproduced with permission from (123). (B) Antifouling shark skin with SEM images
highlighting ridges on it’s scales. Reproduced with permission from (124). (C) Concept of
broadband omnidirectional antireflective surface monolythically integrated onto the plano-
convex lens. (D) Optical image of the unifromly patterned plano-convex Si lens
demonstrating strong light diffraction from the imprinted surface. The lens is placed next
to the picture of Vitruvian man on the back of 1 Euro coin for size comparison. SEM image

demonstrates a unit cell of imprinted sharklet pattern.

anti-fouling behavior similar to that observed in shark skin (Figure 33B) (97). To reproduce

them into synthetic devices, many researchers have utilized modern nanomanufacturing
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tools, both additive (98-100) and forming methods (101, 102) with ample success in
polymer-based smart lenses (5). While MOMS have been successfully translated into
planar inorganic semiconductor wafers (e.g., Si, Ge or GaAs), their integration onto 3D
curvilinear substrates such as lenses are severely limited due to the lack of compatible and
scalable techniques to fabricate them. If possible, MOMS monolithically integrated onto
semiconductor IR lenses (Figure 33C) could solve several issues associated with
commercial AR coatings for harsh environments (e.g., space exploration) such as thermal
degradation and image distortion due to CTE mismatch in ceramic coatings (103)
meanwhile providing desired functions such as regolith dust anti-fouling on the Moon or
Mars (104) for its long-term exploration and human inhabitation.

3D parallel lithographical methods for polymeric resins and micromachining
processes can be combined to etch 3D microscale geometries into planar inorganic wafers.
Due to the incompatibility of planar masks used in lithography to non-planar substrates,
conformal lithography approaches were invented to pattern on curvilinear surfaces (e.g.,
lenses) such as detachment lithography (105), microcontact printing (12, 106) or
nanoimprint lithography (27). However, when the latter is combined with micromachining
processes such as deep-reactive ion etching, not only it is plagued by its traditional
limitations such as (i) limited control of the etch selectivity of the mask and (ii) the aspect
ratio-dependent etch rate, both of which result in depth spatial inaccuracies and limits the
3D shape patternability (10, 107), but also (iii) pattern distortions due to the misorientation
of incident ion flux relative to the normal vector of the surface of curvilinear substrates

resulting in spatially varying etch rates and depths (12, 13).
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Metal-assisted electrochemical nanoimprinting (Mac-Imprint) is an established
contact-based catalytic wet etching method (20) capable of micromachining 3D
hierarchical patterns in silicon wafers. It works by catalyzing the selective dissolution of
silicon at the contact points between itself and catalyst-coated rigid stamps in the presence
of a wet etching solution (31). In this work, a new generation of stretchable and inflatable
composite stamps based on porous polyvinylidine fluoride (PVDF) are introduced to
enable a conformal format of Mac-Imprint for non-planar substrates. The next paragraphs
present an evolution of rational materials selection for Mac-Imprint stamps contextualized
to prior work that culminates with the demonstration of patterning of hierarchical shartlet

patterns onto a silicon lens (Figure 33D).

4.2 Results and Discussion

4.2.1 Proof of Concept. Plate-to-Plate Mac-Imprint

In the first generation of stamps developed for Mac-Imprint of silicon (Figure 34A),
the enabling mechanism is the diffusion path created through a network of nanopores
embedded in the thin-film catalyst (24) that allowed for uniform patterning of 3D
microscale features with high-fidelity (i.e., sub-22 nm shape deviations) over features as
wide as 10’s of microns while imprinting the catalyst’s pore morphology into the substrate.
This demonstration highlighted Mac-Imprint’s ability to, in a single-step, deterministically
pattern hierarchical structures whose width spans nearly 3 orders of magnitude.
Suppression of the catalyst’s pore size via dealloying in far from equilibrium conditions to
within an order of magnitude of the Debye Length (i.e., 0.9 nm) was presented in the

previous chapter and it yielded roughness reduction down to sub-10 nm comparable to that
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Figure 34. Development of the Mac-Imprint stamps. A — First generation stamps in which
the reactant diffusion pathways were embedded into the porous catalytic layer of the stamp
and etching solution storage was embedded into the substrate. B — Proposed next generation
of the stamps in which both reactant diffusion pathways and etching solution storage would

be embedded into the stamp.

generated by deep-reactive ion etching and fine periodic structures as small as 220 nm
opening up applications for designer rib waveguides (25). However, the first generation
required embedded gaps in the substrates or stamps in the order of 100’s of microns to
store solution (e.g., pre-etched pillars, Figure 34B) since neither the substrate nor the stamp
were porous and could offer ample solution storage which limited etching depths to sub-
1 um (24, 25). This issue was extensively discussed in the previous chapter in the context
of maximum achievable EEPD when the Mac-Imprint with the first generation of the

stamps was performed on the bare SOI wafer (Figure 17).
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Similarly to the first generation of the Mac-Imprint stamps in which etching
solution diffusion pathways were embedded into the stamp it was hypothesized that the
same approach could be implemented to solve etching solution storage limitation (Figure
34B). In order to achieve this goal, this work draws inspiration from literature in water
filtration (108), and proposes to use gold-coated porous PVDF membranes as a new class
(i.e., 2nd generation) of HF-resistant stamps for Mac-Imprint which not only provides
diffusional pathways but also stores reactants within its thickness at the vicinity of the
metal-silicon interface (Figure 35A), eliminating the need for pre-etched or embedded gaps
between the substrate and stamp, and expanding Mac-Imprint to chip- and wafer-scales
(Figure 35B). Estimation of the etching solution storage capacity of porous polymer
membranes and it’s comparison with that of pre-patterned wafers is presented in
APPENDIX B. This approach possesses two key challenges. First, its patterning
capabilities are restricted to randomly textured Si surfaces (Figure 35C) that represent the
inverse morphology of membrane’s pores (Figure 35D). Through engineering the
membrane’s pore morphology during its synthesis via phase inversion (108) it can be
tailored to design monolithically integrated surfaces with hydrophobicity (Figure 35E and
F) for self-cleaning and anti-fouling applications (109, 110) and broadband
omnidirectional anti-reflection (Figure 35G) for high-performance infrared optics (96,
111). Second, most of these membranes are made from high-throughput roll-to-roll

processes and possess macroscopic imperfections such as scratch marks, spatial variations
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Figure 35. Proof of concept. A — Schematics of Mac-Imprint with second generation of the
stamps. B — Photograph of imprinted Si chip. C — SEM images of the Si surface, imprinted
with random protrusions. D — SEM image of the second generation of the stamps. E —
Water contact angle with bare Si chip. F — Water contact angle with imprinted Si chip. G

— Hemispherical reflectance of imprinted Si chip relative to bare Si.

of the pore sizes and limited flatness that are deterministically transferred onto Si (e.g.,

dark marks on Figure 35B).

The key to address these challenges lays in the membrane patterning and
improvements of the it’s surface quality to meet strict flatness requirements of the Mac-
Imprint. To achieve this several routes exists, one performs patterning of the existing
membranes by means of thermal embossing nanoimprint lithography (112) while the other
focuses on the in-lab fabrication of porous membranes using thermal-induced phase
separation (TIPS) technique (113). Specifically, in the former approach patterning of
commercially-available water filtration membranes is performed similarly to classical NIL,
however the temperatures are kept below glass transition of the polymer in order to
minimize pore clogging. This approach indeed also helps to improve surface flatness of the

membranes, however the large-area macroscopic defects of the roll-to-roll manufacturing
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processes still remain present on the membrane. On the other hand, the TIPS approach
doesn’t suffer from those defects as membranes are made from liquid solution casted over
the mold and the surface quality of the membranes is determined by that of the mold, which

could not only assure flat surface but could also allow for the in-situ membrane patterning.

Due to these advantages TIPS has been selected as a most promising method for
the fabrication of the next generation of Mac-Imprint stamps with improved flatness and
3D sharklet patterns (Figure 36A). Its hierarchical features sizes —i.e., 30 um, 4 um, 1.5
um and ~200 nm corresponding to the sharlet’s pattern period, its grating period, spacing
and pore morphology, respectively (Figure 36D) — successfully Mac-Imprinted
deterministically over the entire contact area (Figure 36B) with no observable loss of
nanometric detail (Figure 36C) owning to the short Debye length of the electrolyte (21).
Similar to prior work in Mac-Imprint with nanoporous gold catalysts (23—-25), the stamp’s
pore size limits the smallest lateral features size that is imprintable as well as its line-edge

roughness (Figure 36C).

Albeit not optimized, the imprinted hierarchical sharklet patterns possess
broadband anti-reflection in the mid-IR range (114) (Figure 36G) owning to the sub- and
near-wavelength geometries reducing backward light scattering (96). The monolithic
nature of Mac-Imprinted AR surfaces makes it a great candidate for enhancing thermal
imagining in extreme environments particularly in space exploration since it overcomes (i)
the environmental and thermal degradation associated with polymer-based coatings (115)
and (ii) the thermal-induced stress and distortions associated with ceramic-based coatings

owning to their mismatch in the coefficient of thermal expansion (103). In fact, if higher
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Figure 36. Mac-Imprint of hierarchical patterns. A — Schematics of Mac-Imprint with the
third generation of the stamps. B — Photograph of imprinted Si chip. C — SEM images of
the Si surface, imprinted with Sharklet patterns. D — SEM image of the third generation of
the stamps. E — Water contact angle with bare Si chip. F — Water contact angle with

imprinted Si chip. G — Hemispherical reflectance of imprinted Si chip relative to bare Si.

aspect ratio surfaces could be Mac-Imprinted in the future, it is possible its performance in
terms of broadband and omnidirectional anti-reflectivity would be comparable or better
than traditional interferometric coatings as prior literature on silicon nanowires and
nanocones (116, 117). Note that aspect ratio in Mac-Imprint is limited by demolding issues
and relieve angle of its features (74). In the future, advancements in patterning technologies
for nanoporous polymers with reduced pore size and feature dimensions could expand the
application of the 3rd generation of Mac-Imprint stamps to more complex geometries and

towards shorter operating wavelengths in 3D visible (7) and X-ray (8) range optics.

It should be noted that relatively low reflectance suppression of Si textured with
random and sharklet patterns (i.e. 90% and 65% of bare Si in the near IR range,

respectively) is partially attributed to the contributions of IR light passed through the Si
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chip and reflected from it’s un-patterned back side. This observation suggests that for the
efficient reflection suppression both front and back sides of the Si have to be patterned as

has been demonstrated by Kamizuka et al. (118).

In order to validate the explanation of differences in the macroscopic imprint
uniformity of commercial and TIPS membranes their surface topology was investigated
using optical profilometry (Figure 37). At first, arrays of bright dots uniformly distributed
throughout the membrane surface, randomly distributed bright scratch marks and *“S”-
shaped dark artefact in the center of the membrane can be observed on the optical image
of commercial PVDF stamp (Figure 37A). These features are faithfully transferred onto
the surface of imprinted Si in the form of non-imprinted regions in addition to the areas of
shallower etching as indicated by lesser brightness (Figure 37B). The origin of latter can
not be understood from the optical image of the stamp, however it’s optical profilometry
reveals areas of macroscopic indentations indicated by the dark color on Figure 37C which
lead to the non-uniform contact between stamp and Si resulting in it’s uneven etching.
Additionally, dark-colored “S”-shaped artefact can also be distinguished in the center of
the optical profilometry scan. It should be noted that relatively small resolution of the large-
area scan (i.e. spot size is 25 um) does not allow to clearly identify the arrays of bright
dots. However, the small-area optical profilometry with the scan resolution of 10 um easily
identifies them as the indentations with the lateral sizes ranging from 20 to 100 um (Figure
37D).

On the other hand, the optical image of the TIPS PVDF (Figure 37E) does not reveal
any periodic artefacts which is attributed to it’s manufacturing process (i.e. solution casting
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Figure 37. Analysis of the surface topology of porous PVDF plate-to-plate stamps. A —

Optical image of the commercial PVDF stamp. Red square highlights portion of the stamp
used for the large area optical profilometry. B — Photograph of the imprinted Si chip. C -
Large-area optical profilometry. D — Small-area optical profilometry. E — Optical image of
the TIPS PVDF stamp. Red square highlights portion of the stamp used for the large area
optical profilometry. F — Photograph of the imprinted Si chip. G — Large-area optical

profilometry. H — Small-area optical profilometry.

onto the master mold). Some bright scratch marks on it’s surface can be attributed to the
membrane handling during the stamp preparation (i.e. tweezers indentations). These local
defects can be observed on the surface of imprinted Si in the form of unimprinted areas
(Figure 37F). However, macroscopically patterned area looks more uniform than that of
the Si imprinted with the commercial PVDF stamp with only slight decrease of the pattern
brightness in the center (Figure 37F). Large area optical profilometry scan reveals
macroscopic indentation in the center of the membrane (Figure 37G) with peak-to-valley
heights almost 2 times larger than that of the commercial PVDF. More uniform imprinting

in this case could be attributed to the mechanical behavior of the thick TIPS PVDF
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membrane which allows for some non-flatness compensations upon plate-to-plate contact
while still remaining under the elastic deformation. The small-area optical profilometry
does not reveal any periodic defects further adding to the superior surface quality of the

TIPS PVDF comparing to that of the commercial PVDF (Figure 37H).

4.2.2 Development of the Conformal Mac-Imprint

The elastic properties of thin, porous membranes such as low Young’s modulus
(~330 MPa) and its extended elastic limit allows them to achieve mechanical flexibility,
and reasonable stretchability (up to 2% strain). When coated with a conformal gold catalyst
thin-film layer with sub-80 nm thickness, the membrane’s remains flexible and stretchable
because the gold coating is so thin that its 3D morphology is allowed to flex mimicking
materials used in stretchable electronics (119). In Mac-Imprint, these mechanical
characteristics are now exploited to create stamps that can conform to both flat and
curvilinear silicon substrates which is a new capability for Mac-Imprint. This is achieved
by laminating them with a solid polyimide (PI) film and applying hydrostatic pressure on
its back to inflate the laminate composite against the surface of a silicon substrate (Figure
38A) which mimics the stamp’s actuation strategy of modern NIL equipment (120, 121).
When immersed in the electrolyte, the gold coated membrane micromachines the silicon
surface while in a bi-axial state of stress. This configuration overcomes key limitations of
plate-to-plate Mac-Imprint (53) such as (i) the tip-and-tilt misalignment which leads to
uneven etching and (ii) pressure non-uniformity which leads to stress concentrations and
catalyst delamination (Figure 38B). In order to test the stretchability limit of the laminate

composite in a bi-axial state of stress, the catalysts with different thicknesses (i.e., 20, 80,
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Figure 38. Test of the conformal Mac-Imprint configuration. A — Schematics of the
conformal Mac-Imprint of flat Si chip and photographs of flexible and stretchable stamp
(left) and imprinted Si chip (right). B — Schematics of the plate-to-plate Mac-Imprint of
flat Si chip and photographs of rigid stamp (left) and Si chip imprinted with tip-and-tilt
misalignment (right). C — Schematics of the catalyst stretchability test. D — Photograph of
the test setup. E — Electrical conductance of the membrane as a function of catalyst
thickness and applied air pressure. F — Schematics of the membrane permeability test setup.
G — Schematics of the ionic movement through partially clogged membrane (left) and
completely clogged membrane (right). H — Current density as a function of catalyst
thickness. | — Schematics of the membrane deflection test. J — Photograph of the test setup.
K —Membrane deflection in it’s center as a function of applied air pressure. L — Schematics
of the conformal Mac-Imprint with flat Si chip. M — Photograph of the conformal Mac-
Imprint with flat Si chip. N — Variation of the imprinted pattern period as a function of the
radial distance from the center of the contact point and applied air pressure.

160 and 320 nm) were deposited through a 3 mm wide shadow mask (Figure 38C and D)
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to form a line through the center of the membrane. Its electrical conductance was measured
as a function of catalyst layer thickness and applied hydrostatic pressure (Figure 38E). All
gold-coated laminated stamp composites withstand up to 20 psi of back pressure without
break of electrical contact except for the sample with the catalyst thickness of 20 nm which
failed at 17 psi (Figure 38E, black dots). In all Mac-Imprint experiments performed in this
study, pressures of less than 2 psi were applied to guarantee the experiments did not yield
the laminated stamp composites and they remain in the elastic regime.

Concomitant with the experiment above, a mechanical finite-element model for the elastic
deformation of the stamp and its clamping unit (i.e., o-ring and metal ring clamp) was first
experimentally validated by measuring the membrane’s free maximum deflection as a
function of pressure (Figure 381-K). The model included the non-linear elastic constants
for a Neo-Hookean model of the rubber o-ring, its compression level during assembly, non-
sliding boundary conditions between the membrane and its backing PI film, their Young’s
modulus and Poisson’s ratio extracted from tensile testing, and the membrane’s initial
strain (i.e., prior to pressure application) induced during its attachment to the imprinting
set-up obtained via digital image correction. The model accurately predicted its
displacement without a single fitting parameter within the elastic limit and found the
existence of stress concentrations in the membrane near its contact area with the o-ring
which limits the air pressure to 1.5 psi to ensure it does not undergo plastic deformation
which would be undesirable from a process repeatability standpoint.

While thicker catalysts can withstand higher operational pressures during Mac-Imprint, its

thickness cannot exceed half the pore size of the membrane as it will clog them and no
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longer be able to support solution diffusion. Thus, to evaluate its mass transport, a two-
electrode electrochemical set-up for anodizing a silicon wafer was created and the gold-
coated membrane with variable catalyst thickness placed as a ‘separator’ between the
counter electrode (i.e., Pt coil) and the working electrode (i.e., Silicon wafer) creating a top
and bottom reservoir (Figure 38, F and G). A baseline current density was measured when
the membrane was replaced with a copper foil (a fully blocking separator) (Figure 38H,
green) and a fixed voltage applied between counter and working electrodes. The current
density observed in this case is attributed to Cu foil acting as a bipolar electrode which
supports redox reactions in it’s extremities (122) and thus allows for the charge transfer
between top and bottom reservoirs of the cell without actual mass-transport. At the same
applied voltage, the current density for the membrane with the highest catalyst thickness
of 3000 nm was approximately equal to the of the baseline (Figure 38H, blue) suggesting
lack of mass-transport through the membrane which is in agreement with completely
clogged pores confirmed by SEM (Figure 48C). With the decrease of the catalyst thickness
the amplitude of the current density increases which indicates ionic exchange between top
and bottom reservoirs of the cell. The positive slope of the current density trends be
explained by the decrease of the overall system resistivity which could be attributed to the
increase of the etching media conductivity upon Si substrate dissolution.

It should be noted that upon the inflation the porous membrane will be strained which will
induce radial distortions of the designed patterns that will be subsequently transferred onto
the imprinted Si surface thus affecting it’s designed performance. According to the

measurements of the pattern period of imprinted Si surface, the strain level is highest at the
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center of the contact interface and slowly decreases in the radial direction (Figure 38M).
Moreover, the increase of the applied air pressure also leads to the higher strain levels.
Both of the observations are in good agreement with the model predictions which paves
it’s future application for the reverse engineering of the membrane’s patterns during it’s

manufacturing in order to obtain spatially uniform Mac-Imprinted patterns.

4.2.3 Conformal Mac-Imprint of Plano-Convex Si Lens

Similarly to the classical nanoimprint lithography with flexible stamps, conformal Mac-
Imprint can applied to non-planar surfaces (Figure 39A) which was exploited for the first
time to fabricate a positive sharklet pattern on the surface of plano-convex Si lens (Figure
39B) with the radius of curvature of 36.4 mm. The photograph of the lens demonstrates a
uniform patterning of it’s central portion with the area coverage of ~40% and a strong light
diffraction (rainbow coloration along the reflected light beams) indicating high fidelity of
sharklet pattern transfer as any pattern irregularity would have significantly reduced the
diffraction. The pattern area coverage was not complete due to the unoptimized air pressure
during conformal Mac-Imprint which lead to the incomplete contact between composite
porous stamps and Si lens. This can be avoided in the future by implementing the developed
mechanical model to predict maximum contact area as a function of applied pressure and
lens curvature. The large-area optical profilometry of the imprinted Si lens highlighted it’s
curvilinear surface (Figure 39C). The high-resolution optical profilometry was able to
resolve individual Sharklet pattern uniformly imprinted with >2 um depth (Figure 39D)
thus confirming high pattern transfer fidelity of the process even on a non-planar surfaces.

The Raman analysis of the imprinted pattern did not reveal large deviations of the peak
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Figure 39. Conformal Mac-Imprint onto plano-convex Si lens. A — Schematics of the
conformal contact to the curvilinear object. B — Photograph of the Mac-Imprinted lens. C
and D — Optical profilometry of the imprinted lens. E and F — Raman peak position and
full width at half-maximum, respectively. G — Hemispherical reflectance of imprinted Si
lens relative to bare Si.

position (Figure 39E) or broadening of the full-width at half-maximum (Figure 39F)

highlighting the limited levels of porous Si defects formation. Albeit sharklet pattern
fabricated on the plane Si chip has demonstrated a 35% reduction of the hemispherical
reflectance comparing to bare Si chip (Figure 36G) it could not approach the same values
on the lens (Figure 39G). Such difference is explained by the IR light reflection from the
back of the Si lens which has mirror finishing contrary to the bare Si chip where only
imprinted surface was polished. This observation suggests that for the efficient reflection
suppression both front and back sides of the Si lens have to be patterned as has been

demonstrated by Kamizuka et al. (118).

4.3 Conclusion

In this study a new generation of Mac-Imprint stamps was developed and

implemented for the large-area conformal direct micromachining of flat and curvilinear Si
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substrates without the need for it’s pre-patterning. This was achieved by using water
filtration PVDF membranes due to their (i) highly porous nature capable of storing and
transporting etching solution and (ii) flexibility and stretchability capable of uniform
contact to non-planar surfaces upon air pressure actuation. The latter was realized by
designing and developing a completely new conformal Mac-Imprint system. It was
demonstrated that commercially available porous PVDF membranes can be used as a stamp
material for conformal Mac-Imprint of random hierarchical Si nano- and microtip surfaces
which demonstrated reflectance reduction in the infrared range as well as hydrophobicity
comparing to bare Si wafer. In the same time their limited flatness, macroscale variations
of the pore sizes and limited patternability did not allow for the Mac-Imprint of arbitrary
3D patterns. With this goal, PVDF membranes made by TIPS casting were used to
uniformly Mac-Imprint flat Si wafers with corrugated sharklet patterns with feature sizes
spanning more than 2 orders of magnitude and individual details as small as sub-200 nm.
To understand and predict biaxial stress and strain distribution upon the inflation of
composite stamps and their contact with the substrate, a mechanical model was developed
and successfully validated using experimental data with high degree of accuracy. The
mechanical behavior of the thin catalyst films of the stamps was experimentally tested and
the range of Mac-Imprint conditions upon which the system remains stable were
established. Permeability of the porous PVDF membranes was tested as a function of the
catalyst layer thickness and a range of catalyst thicknesses for un-restricted mass-transport
was found. All these findings allowed for the first time for direct micromachining of plano-

convex Si lenses with shraklet patterns with high pattern transfer fidelity and paved a way
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towards advanced infrared lenses with bio-inspired antireflective and anti-fouling

properties.

4.4. Methods

4.4.1 Substrate Preparation

Mac-Imprint of plane substrates was performed onto boron-doped Si wafers with
1-10 Q-cm resistivity and (100) crystal orientation. Si wafers were prime grade purchased
from UniversityWafer. Mac-Imprint of curvilinear substrate was performed on undoped
plano-convex Si lens with radius of curvature of 36.4 mm. Si lens were purchased from
ThorLabs. Prior Mac-Imprint substrates were thoroughly rinsed with acetone, isopropyl
alcohol and deionized (DI) water followed by RCA-1 cleaning and another DI water rinsing

before Mac-Imprint.

4.4.2 Stamp Preparation

Main requirement for the stamp’s porous material was it’s chemical inertness to
concentrated HF acid, thus narrowing the search to the fluoropolymers due to their superior
chemical stability. For the particular application in the Mac-Imprint porous PVDF stand
out among other the fluoropolymers, because it’s fabrication as well as micro- and
nanopatterning are well studied. Thus, porous PVDF membranes (both commercial flat and
TIPS patterned) with average pore size of 1 um were used to fabricate Mac-Imprint stamps.
The details of TIPS patterning protocol are described elsewhere (113).

For the plate-to-plate Mac-Imprint PVDF membranes were firstly thoroughly

rinsed with isopropyl alcohol and DI water followed by drying with compressed clean dry
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air. After drying membranes were placed inside NSC-3000 magnetron sputter chamber at
20 cm distance from the Cr and Au targets and subsequently coated with 20 nm Cr adhesion
and 80 nm Au catalytic layers. Then Au-coated PVDF membranes were cut into square
pieces and attached to the equally sized Si chips using double-sided Kapton tape. The
photographs of the stamps are demonstrated on Figure 37A and E.

For the conformal Mac-Imprint the membrane cleaning and drying was the same.
After drying membranes were placed inside NSC-3000 magnetron sputter chamber at 20
cm distance from the Cr and Au targets and subsequently coated with 20 nm Cr adhesion
and 80 nm Au catalytic layers through the circular shadow mask with 15 mm diameter
opening. This step was done in order to minimize the catalyst surface area and prevent
substrate porosification. Then Au-coated PVDF membranes were cut into circular pieces
and laminated onto polyimide (PI) film to fit into Mac-Imprint Teflon cell. The photograph

of the PVDF membrane with shadow-sputtered central area is presented on Figure 38A.

4.4.3 Mac-Imprint Conditions and Setup

The plate-to-plate Mac-Imprint setup is composed of an electrochemical cell
holding Si substrate and etching solution, a PTFE rod holding Mac-Imprint stamp, a
motorized linear stage bringing stamp in parallel contact with Si and a load cell measuring
the forces developed upon contact. The detailed description of the Mac-Imprint set-up,
protocol and critical steps (i.e. alignment between stamp and substrate) were discussed in
the previous chapters of this dissertation. The contact forces were maintained below 6 Ibf.
The contact duration was varied from 5 to 30 minutes. Influence of the etching time on the

reflectance suppression is presented on Figure 49 of APPENDIX B.
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The conformal Mac-Imprint set-up is composed of an electrochemical cell holding
flexible Mac-Imprint stamp and etching solution, a PTFE rod holding Si substrate, a
motorized linear stage bringing Si substrate in close proximity with the stamp, an electronic
pressure regulator applying air pressure to the back of the stamps to achieve conformal
contact with Si substrate and a load cell measuring the forces developed upon contact

(Figure 40).

The schematics of electrochemical cell for conformal Mac-Imprint is presented on
Figure 40A. It consists of stainless steel base and PTFE top parts. Flexible Mac-Imprint
stamp is clamped between the base and the upper part of the electrochemical cell using
stainless steel washer and bolts. The chemically stable Aflas o-ring was used to prevent
etching solution leakage outside the cell. The PI film of the flexible stamp was used to
prevent etching solution leakage through the porous PVDF into the base of the cell. The

base has a chamber, connected to the electronic pressure regulator through PVC hose.

The demonstration of conformal Mac-Imprint is presented on Figure 40B. Here, Si
substrate is connected to the PTFE rod, which is backed by a load cell and attached to a
vertical stepper motor stage. By setting constant displacements onto the stepper motor
substrate is brought into to the close proximity with the stamp (gap =200 um). Required
air pressure is applied immediately after substrate reaches imprinting position. At the end
of the imprinting process air pressure is reduced to 0 psi and substrate is brought away
from the stamp into the home position. The contact forces were maintained below 1.5 Ibf.
The contact duration was varied from 5 to 30 minutes. Note that the electrochemical cell

on Figure 40B is missing PTFE top part which was intentionally removed to capture the
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Figure 40. Conformal Mac-Imprint set-up. A — Schematics of the electrochemical cell for
conformal Mac-Imprint. B — Demonstration of conformal Mac-Imprint process in dry
conditions.

conformal contact between flexible stamp and Si substrate upon Mac-Imprint in dry

conditions.

The etching solution with p equal to 95 % is prepared by mixing HF (48 % by vol.)
and H202 (30 % by vol.) in the 6.5:1 ratio (HF:H20-; by vol.). Moreover, pure ethanol is
added to the etching solution (11 % of the etching solution volume) in order to improve
solution’s wettability. A fresh etching solution was mixed prior every Mac-Imprint

operation. All chemicals were ACS grade, purchased from Sigma Aldrich.

4.4.4 Numerical Modeling

Finite element method (FEM) was employed to model the mechanical behavior of
the conformal Mac-Imprint setup using static structural in commercial ANSYS software.
Due to it’s axisymmetric nature, a half symmetric two-dimensional geometry system was
modelled (Figure 41) which composes of PTFE top part, rubber o-ring, two-layered
composite stamp (PVDF and PI) and metal base. Figure 41 captures the final step of the
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Figure 41. Screenshot of the half symmetric two-dimensional simulation geometry. A —
Full-view of the simulation geometry capturing PTFE top part, compressed o-ring,
composite stamp (not marked) and metal base. B — Zoom in into the composite stamp

highlighting it’s two-layer structure composed of PVDF (top) and PI (bottom).

simulation with compressed o-ring and inflated composite stamp. The geometries of the
system components were designed in SolidWorks and then imported and assembled in
2021 ANSYS design modeler via STP files where additional adjustments were made to
prepare the model for analysis. The mechanical properties of both Pl and porous PVDF
were extracted via uniaxial tensile testing. For the general materials such as stainless steel,

silicon and PTFE, elastic constants were obtained from literature and material data sheet.

4.4.5 Morphological, Structural and Functional Characterization

Morphological properties of the Mac-Imprint stamps and imprinted waveguides
were characterized by scanning electron microscopy (SEM) using Philips XL-30 FEG
SEM and Zeiss Auriga FIB-SEM. Surface topology of Mac-Imprint stamps and Si was
characterized by optical profilometry using the Witec Alpha 300 RA+ system. The
nanoscale defects of the imprinted waveguides and surroundings were characterized by

confocal Raman microscopy using the same Witec system. The Raman signal was excited
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by 532 nm laser with the 0.1 mW output power. Raman signal was acquired using 1800
g/mm grating yielding 1 cm-1 spectral resolution with the accumulation time of 0.2 sec.
The total hemispherical reflectance of the samples was acquired using Perkin Lambda 950

spectrophotometer with spectral resolution of 5 nm/pixel.
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CHAPTER 5

DISSERTATION CONCLUSION AND FUTURE DIRECTIONS

This dissertation explores fundamental mechanisms in Mac-Imprint of
monocrystalline Si with porous catalytic stamps and provides new insights into it’s
resolution and mass-transport limitations. Based on these findings it becomes possible to
implement Mac-Imprint for the fabrication of functional optoelectronic devices. Moreover,
by developing advanced Mac-Imprint stamps with etching solution storage capabilities this
dissertation demonstrates significant step toward scalable fabrication of 3D metasurfaces
on planar and curvilinear semiconductor substrates.

At first, this dissertation reported successful fabrication of SOI waveguides using
Mac-Imprint. The mass-transport during the process was investigated and it was
established that use of the porous catalysts enables etching solution diffusion in the
direction perpendicular to the waveguide’s propagation. This approach improved etch
depth uniformity and increased EEPD to approximately 700 um. Observed variations of
the etch depth along the waveguide were attributed to the imperfections of the stamp
fabrication procedure, specifically demolding issues during soft nanoimprint lithography.
The porous catalyst-induced surface roughness was reduced down to 10 nm, which is in
par with plasma etching, by minimizing pore size of the catalyst to within the order of
magnitude of the resolution limit of Mac-Imprint. The latter, based on the data mining of
existing literature, was hypothesized to be proportional to the Debye length. At these length
scales, grain boundaries of the porous catalyst (i.e.,~5 nm) were transferred onto Si surface.

This observation both validated the Debye length hypothesis and highlighted the necessity
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for developing atomically-smooth catalysts. The Si porosification, induced by the
increasing surface area of the catalyst, was mitigated by using etching solution with low
H>0> concentration. All of these findings allowed for the fabrication of single mode SOI
rib waveguides with limited levels of sidewall scattering as was confirmed by the IR
imaging.

Second, this dissertation reported the development of fully porous flexible polymer
stamps designed to simultaneously store and transport etching solution for large-area
conformal Mac-Imprint of flat and curvilinear substrates. The concept was firstly validated
in plate-to-plate configuration with the porous PVDF (commercial and lab-made), both of
which successfully imprinted it’s morphologies onto the bare Si chips. The advantage of
the lab-made PVDF, specifically it’s patternability and flatness, was highlighted by
demonstrating free-form Mac-Imprint with improved uniformity. The flexibility of porous
polymers was exploited to develop a new, conformal format of Mac-Imprint. It’s range of
operational conditions within elastic limits was established by investigating flexible
stamp’s behavior during bi-axial stretching using both experimental data and mechanical
modeling. These findings lead to the first demonstration of direct micromachining of
hierarchical 3D patterns on the surface of plano-convex Si lens.

Future development of Mac-Imprint requires (i) minimization of the imprinted
surface roughness and (ii) integration with the industrial processes for parallel
micromachining. At first, both pore sizes of the stamps and it’s flatness should further
approach resolution limit of Mac-Imprint. In the nanoporous catalyst films it can be

achieved by (i) using electrochemical dealloying in cold conditions or (ii) altering the
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precursor alloy composition to either beyond binary or replacing gold with other high
melting temperature metals. In porous polymer membrane stamps pores sizes can be
reduced by controlling phase separation conditions, which should result in the formation
of hierarchical porosity with micro-scale pores inside the body of the membrane and nano-
scale on the surface. Ultimately, these two approaches should combine resulting in the
fabrication of advanced stamps for large-area conformal 3D patterning of planar and non-
planar substrates with unprecedented resolution in all three directions. The second direction
involves process and equipment development for easy integration with commercial mask
aligners and nanoimprinting technologies presently used for polymer patterning. This can
be achieved by (i) modification of existing commercial equipment to handle liquids, (ii)
using less hazardous chemicals to simplify equipment design and (iii) investigating

demolding strategies particularly for high-aspect ratio patterns.
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APPENDIX A

ROUGHNESS REDUCTION IN ELECTROCHEMICAL NANOIMPRINTING OF Sl

WITH NANOPOROUS CATALYSTS
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Debye length (Electrical Double Layer thickness) calculation

Debye length (k1) of the ES is calculated according to the formula 1:

o1 — Eo&rky, T (1)
2-103Nye?l

Where g, — free dielectric constant (8.8541878128*10%2, F*m™), ¢, - dielectric
constant (84, relative to free dielectric constant), k; — Boltzmann constant (1.380649*10"
23 J*KY), T — temperature (300, K), N, — Avogadro number (6.02214076*10%%, mol™?), e
— charge of electron (1.602176634*1071°, C) and I — ionic strength of the ES. I is calculated

according to the formula 2:

n
1 2
I = Ez CiZ; 2
i=1

Where c; — concentration of i ions and z; — charge of i ions. Additionally, c; is

calculated according to the formula 3:

¢ = |[i]- Kp, ©)

Where [i] — molar concentration of component i and K, — dissociation constant of
component i

The ES solution was composed of 2.06 ml of 48% HF acid, 0.03 ml of 30% H»0>
and 0.2 ml of 99.99% C,HsO. Thus, the molar concentrations of HF and H20> were
calculated to be 25.33759523 and 0.127096347 mol/L, respectively. Molar concentrations

of H20 and C2HsO were not calculated because at room temperature Ky, , and Kp_ ,
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are 107'* and 10°'® respectively and thus will not significantly affect the ionic strength of
the solution.

Next, HF acid dissociates onto [H*] and [F~] with Kp, .. = 7.2 10™*. Similarly,
H.0, dissociates onto [H*] and [0,H~] with Kby o, =2 107'2. The molar
concentrations of these ions were calculated according to formula (3) and summarized in

the Table 1.

Table 1. Calculated ionic concentrations of the major ionic species

lonic species [H*] [F~] [H] [0,H]

Molar concentration,
0.135066904 0.135066904 | 5.04175E-07 | 5.04175E-07

present paper

Molar concentration,
0.135780291 0.135780291 | 1.32814E-06 | 1.32814E-06

Liu et al.(29)

Based on the values from Table 1, ionic strength of the ES was calculated for both
present paper and Liu et al.(29) using the formula (2) and was equal to I, = 0.1350674
and I;;; = 0.1357816, respectively.

Finally, the Debye length of the ES was calculated using the formula (1) and was
equal to K,/es = 8.5889571% m and k[;j = 8.5663371% m

The analysis of Si overetching from Liu et al.(29)

Table 2. Summary of the data reported in Liu et al.(29) and calculated overetching

Au,nm | 4 5 7.2 9.5 13.6 14.9 196 [215 |255
Si,nm |5 5.7 7.4 9.6 14.4 179 |226 |[238 |256
¢,nm |1 0.7 0.2 0.1 0.8 3 3 2.3 0.1
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The average overetching, ¢ was equal to 1.24 nm. The standard deviation ¢ was

Y(p-9)?

calculated according to the formula: ¢ = a—

and was equal to 1.20 nm.

AFM analysis of stamp and imprinted Si

In order to support the hypothesis that the irregular etch depth profile presented on
Figure 20B is caused by the imperfections of the stamp originated from it’s fabrication
procedure, an additional experiment was performed and AFM scans of the stamp and
imprinted Si were acquired in the complementary locations upon Mac-Imprint (Figure 42A
and B). Additionally, eight line scans of the top surface of the stamp and bottom surface of
the imprinted Si were extracted from the complementary locations of the AFM scan (Figure
42C, blue and red lines, respectively). Prior analysis, the scans were leveled with respect
to flat surfaces (bottom of the stamp and top of the Si, respectively). It was observed that
both unique features of the stamp such as protrusions and pits (marked with black dashed
lines on Figure 42C) and the overall slope of the stamp surface are accurately replicated
onto Si. Additionally, three-point moving average profiles (Figure 42C, red lines) of both
stamp and imprinted Si demonstrate the similar features across the length of the scan. Note
that the AFM tip used for the scan acquisition has large front and back angles (25 *+ 2.5°
and 15 £ 2.5°) which did not allow for accurate capture of high aspect ratio features of the

stamp such as inverted waveguide geometry and point defects (i.e., pits).
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Figure 42. AFM profiles of Mac-Imprint stamp (A) and imprinted silicon (B) taken in
complementary locations. C — line profiles of stamp heights (blue) and silicon etch depth
(black). Red lines represent three-point moving average. Vertical black dashed lines
highlight distinguishable features appearing on both stamp and imprinted Si.

The relationship between LER and MLWR

The minimum line width resolution (MLWR) of Mac-Imprint process depends on
the line edge roughness (LER) of the imprinted pattern expressed by root mean square
(RMS). In particular, the MLWR must be more than six times the RMS, otherwise the
imprinted pattern will lose the continuity due to the partial overlap between upper and
lower line edge profiles (solid black lines on Figure 43). By analogy, the separation of two
neighboring patterns by more than six times the RMS will safely assume no overlap

between them.
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Figure 43. Relation between minimum line width resolution and line edge roughness. Solid
black lines represent the edge of imprinted line (LEP). Dotted red lines represent the
average line edge profile (LEPaver). Dotted black lines represent 6 sigma interwal for the
LEP deviation from LEPaver

Figure 44. Top-down (A, C) and cross-sectional (B, D) SEM images of the catalyst films
with average pore diameters of 42 (A, B) and 10 (C, D) nm.

SOI wafer pre-patterning and Etching solution storage

Upon the contact between centimeter-scale impervious stamp and monocrystalline
substrate only small amount of etching solution is immobilized between former and latter.
This etching solution is rapidly depleted in the very beginning of Mac-Imprint causing
dissolution reaction to stop, which leads to the shallower etching in the center of the contact
and deeper on the periphery, where the etching solution supply is abundant. In partially
porous stamps (where porous catalyst is attached to the impervious stamp) only periphery
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Figure 45. A — Simulated waveguide mode with w = 750 nm, h = 43 nm. B — Point spread
function (PSF) for a NA = 0.42 objective operating at 1310 nm. C — Convolution between
A and B indicating the expected IR image. D — measured IR image as averaged over 1290
to 1330 nm.

of the stamp provides access to the bulk of the etching solution, and diffusion from there
is limited by the thickness and porosity of porous catalyst layer as well as geometry of the
pattern (i.e., embedded channels). To overcome this limitation, previous works of the
authors have used pre-patterning of the substrates with pillars.(20, 24) This creates
additional etching solution storage, uniformly distributed throughout macroscopic
stamp/substrate contact area and the same approach was implemented in this work.

The design of the pillar size, heights and pitch should be performed according to
the following procedure and assumptions. At first, the HF acid is confined in the embedded

gaps upon the contact between stamp and substrate. The total volume of Si that can be
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Figure 46. Buried oxide layer undercut during Mac-Imprint. A — Schematic of the undercut.
B-D — Top down SEM images of the edge of the pillars, processed within 65, 70 and 75

sec, respectively
etched upon complete depletion of the HF (assuming 100% conversion efficiency and

infinite reaction time) can be found according to the following formula:
M . .
Var =  ZHe Pt Vs = 8.66 - Vg, 1)

Where Mur — molar mass of HF (20.01, g/mol), Msi — molar mass of Si (28.0855,
g/mol), prr — density of HF (1.15, g/cm®) and psi — density of HF (2.329, g/cm®).

Thus, the increase of the pillar heights will result in the deeper etching, as has been
experimentally confirmed in the previous work of the authors.(20)

The total volume of HF should be calculated based on the volume of Si to be
removed which is determined by the target application, in particular the footprint of the
device and it’s depth. Based on that the width and length of the pillar can be estimated
assuming that it does not exceed twice the EEPD of the np-Au on blank Si which was found
to be ~ 700 um. In the particular examples in this paper, this formula was not used since

the etching time was only ~ 10 s (to minimize undercut of the BOX layer of the SOI wafer)

121



and, thus, the reactants were not completely depleted and its depth was limited by the rather

short etch times.
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APPENDIX B

MANAGEMENT OF THE ETCHING SOLUTION STORAGE REQUIREMENT IN

THE LARGE-AREA MAC-IMPRINT USING POROUS POLYMER STAMPS
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Estimation of the total etching solution storage capacity

The volume of the etching solution stored in the unit cell of the pre-patterned Si
wafer (Figure 47A) can be calculated according to the formula:

Veten =D - (PZ - WZ)

where D, P and W are depth and period of the unit cell and width of the Si pillar,
respectively and are denoted on Figure 47A. Based on the unit cell dimensions reported in
(20, 24) the Vetch varies between 0.00325 and 0.08125 pl.

The volume of the etching solution stored inside the porous polymer (Figure 47B)
can be estimated according to the formula:

Voten =D - ¢p - W?

where D, ¢ and W and are depth and porosity of the porous polymer and width of
the Si substrate, respectively and are denoted on Figure 47B.

Thus, the commercially available porous PVDF membrane can store Vewch up to
0.015 pl which is comparable with the Si wafer pre-patterning with 25 pum tall pillars (20).
Based on the parameters of the TIPS PVDF membrane reported elsewhere (113) the Vetch
varies between 0.0432 and 0.0864 pl which is comparable with the Si wafer pre-patterning
with 125 pm tall pillars (20). These calculations provide foundation for the use of porous
PVDF membranes as stamps for Mac-Imprint of Si substrates without the need for their
pre-patterning. It should be noted that the calculations of theoretical capacity of porous
polymer membranes are based on the assumption that the total volume of membrane’s

voids is occupied with the etching solution.
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Figure 47. Estimated etching solution storage. A — Inside the unit cell of the pre-patterned
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Si wafer. B — Inside the porous polymer.

Figure 48. Top-down SEM images of commercial PVDF membranes coated with the
different thickness catalyst. A — 80 nm. B — 320 nm, C — 3000 nm.
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Influence of the Mac-Imprint duration on the reflectance
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Figure 49. Total hemispherical reflectance of Si chips, Mac-Imprinted with commercial

PVDF membranes.

Analysis of the pattern distortions during conformal Mac-Imprint
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Metal-assisted electrochemical nanoimprinting (Mac-Imprint) scales the
fabrication of micro- and nanoscale 3D freeform geometries in silicon and holds the
promise to enable novel chip-scale optics operating at the near-infrared spectrum.
However, Mac-Imprint of silicon concomitantly generates mesoscale roughness (e.g.,
protrusion size ~ 45 nm) creating prohibitive levels of light scattering. This arises from the
requirement to coat stamps with nanoporous gold catalyst that, while sustaining etchant
diffusion, imprints its pores (e.g., dave ~ 42 nm) onto silicon. In this paper, roughness is
reduced to sub-10 nm levels, which is in par with plasma etching, by decreasing pore size
of the catalyst via dealloying in far-from equilibrium conditions. At this level, single-digit
nanometric details such as grain boundary grooves of the catalyst are imprinted and
attributed to the resolution limit of Mac-Imprint which is argued to be twice the Debye
length (i.e., 1.7 nm) — a finding that broadly applies to metal-assisted chemical etching.
Lastly, Mac-Imprint is employed to produce single-mode rib-waveguides on pre-patterned
silicon-on-insulator wafers with root-mean-square RMS line edge roughness less than 10
nm while providing depth uniformity (i.e., 42.9 £ 5.5 nm), and limited levels of silicon

defect formation (e.g., Raman peak shift <0.1 cm-1) and sidewall scattering.

1. Introduction

Silicon photonics utilizes a variety of micro- and nanostructured waveguide and
metamaterial-based components to enable applications such as optical interconnects within

a chip, from chip-to-fiber and chip-to-chip.(1) However, the efficiency, performance,
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minimum feature size, and scalable manufacturing of chip-scale silicon photonic devices
is presently constrained to 2D designs compatible with modern deep ultraviolet (DUV) or
immersion lithography combined with reactive ion etching (RIE).(2, 3) Introduction of 3D
designs with grayscale or multi-level etch depths has been proposed to increase the
performance and/or compactness of grating couplers,(4-6) edge couplers,(7) multi-mode
waveguide bends,(8) waveguide crossings,(9) polarization convertors,(10) small-mode
area waveguides,(11, 12) and more. It also allows for the fabrication of advanced 3D
photonic devices such as spoof surface plasmon structures,(13) chromatic-aberration
corrected lenses,(14) and quasicrystal interferometers with physical unclonable
functions.(15) However, such 3D structures are sensitive to depth and shape inaccuracy of
plasma etching and have so far remained challenging to realize while maintaining the
scalability requirements of the semiconductor industry.

Recent demonstrations of 3D or multi-level silicon photonic components have
utilized multiple lithography and RIE steps to achieve multi-level etch depths,(4-6) or
grayscale electron beam lithography (EBL) to achieve analog profiles.(8, 9) The former
multi-step photolithography-based process inherently prohibits the independent and
arbitrary control of lateral feature size and depth, while the latter EBL-based process is a
direct writing technique and is not a scalable manufacturing solution. Both processes also
require precise control over RIE selectivity, etching rate, and time to achieve the precisely
desired silicon micro- or nanostructure dimensions. This challenging task is further
complicated by loading effects and aspect-ratio dependent etch rates.(16, 17) Alternatively,

the independent control of feature size and depth can be attained using direct parallel
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nanofabrication methods such as nanoimprint lithography of inorganic materials, which
can either (i) mechanically pattern molten or porosified substrates,(18, 19) or (ii)
electrochemically carve it via metal-assisted electrochemical nanoimprinting (Mac-
Imprint).(20-22) The former two approaches are unable to pattern SOI wafers and retain
its solid and single-crystalline SOI characteristics. Mac-Imprint by-passes this issue by
catalyzing the corrosion of silicon at the contact points between itself and a noble-metal
coated stamp in the presence of hydrofluoric acid and an oxidizer (Figure 1A)(22, 23)
whose detailed mechanism has been explained in existing literature on metal-assisted
chemical etching (MACE) that is focused on thin-film catalysts directly deposited onto
silicon.(24-26) Unlike MACE, in which the noble metal catalyst is not reusable and it’s
motion governed by the crystallography orientation of Si and etching conditions,(27, 28)
Mac-Imprint by-passes these issues as the noble-metal catalyst is mechanically attached to
the stamp and is retrieved upon each imprint cycle. At the same time, it introduces
demolding issues such as delamination particularly prominent in high-aspect ratio
structures (>1).

High pattern transfer fidelity during Mac-Imprint of monocrystalline Si (Figure 1B
and C) requires mass-transport of reactants through a nanoporous gold (np-Au)
catalyst,(23, 29) because solid catalysts cannot provide sufficient diffusion on length scales
larger than 0.5 um if Si is to be etched without concomitant porosification.(30) At the same
time, the catalyst pore size (e.g., dave ~ 42 nm in Sharstniou et al.)(23) is accurately
transferred onto the bottom and sidewalls of the imprinted surface which increases bottom

and line edge roughness (LER) of imprinted structures (i.e., ~ 49 nm)(23) and induces
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Figure 1. A — Schematics of the catalytic stamp and patterned SOI wafer interaction during

Mac-Imprint; B and C — Top-down SEM images of catalytic stamp and Si rib waveguide
patterns respectively. The coordinate systems indicate the parallel (x), perpendicular (y)
and vertical (z) directions relative to the principal axis of the waveguide. Arrows highlight
the solution diffusion pathways: red - through the embedded channels towards the center
of the SOI pillar, and light blue — through the catalyst in-between embedded channels and

waveguide patterns.

prohibitive levels of scattering losses in waveguides.(31) Conventional RIE machined
waveguides have an as-machined roughness of 10 nm that can be smoothened in post-

processing down to 2 nm.(32)

With the goal of prototyping functional silicon rib waveguides using Mac-Imprint
of SOI wafers, this paper elucidates the mechanism by which roughness is generated and
suppresses it by reducing the pore size of the catalyst to sub-10 nm levels. The latter is
attained via the synthesis of np-Au in far-from-equilibrium conditions using established

process-structure relationships for dealloying.(33) Bottom roughness surrounding the
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waveguide and its LER are reduced to less than 10 nm which represents a 75 %
improvement relative to prior work.(23) At the lowest roughness levels, the grain boundary
grooves of the np-Au are discernable on the surface of the imprinted Si and is a major
contributor to it. This observation is discussed in the context of the resolution limit of Mac-
Imprint and MACE which was first hypothesized by Sugita et al. to be proportional to the
Debye length present at the metal-solution interface.(34) Albeit never experimentally
confirmed, a new analysis of previous work on MACE with ultra-fine gold nanoparticles
reported by Liu et al.(35) along with experimental data presented in this work strongly
support Sugita’s hypothesis to be true. This finding directly applies to both Mac-Imprint
and MACE as they share the same fundamental mechanisms. Additionally, the influence
of the solution diffusion supported by the porous catalyst on Mac-Imprint’s patterning
fidelity is presented in comparison to its solid counterpart. The reduced pore sizes of the
catalyst increase the cathodic reaction rate,(23) which is compensated by increasing the
Chartier-Bastide parameter (known as ‘p’ in literature)(25) to 99.5% yielding Si
waveguides with limited levels of defect formation as characterized by Raman
spectroscopy. Finally, the optical characterization of nanoimprinted rib waveguides (i)
confirms the single mode light propagation which matches electromagnetic simulations,

and (ii) IR imaging reveals no significant levels of light scattering from its walls.

2. Results and Discussion
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Mac-Imprint of Si waveguides onto the SOI pillars requires diffusion of reactants
and byproducts over a large (e.g., >75 um) and a heterogeneous pathway. This path extends
from the edge of the pillar where reactants are stored in the solution reservoir confined
around the pillar and towards its center (Figure 1A and B) and consists of embedded
channels in the stamp parallel (i.e., X-direction) to the waveguide’s principal axis (red
arrows on Figure 1A and B) that are formed in the gaps between stamp and substrate upon
their contact. Additionally, the solution must diffuse in the perpendicular direction (i.e., y-
direction) between the waveguide and the embedded channels through the catalytic film
(white arrows on Figure 1A and B) for a total distance of 3 um. Note that the scenario in
which diffusion takes place through a porosified silicon layer is detrimental to the
waveguide’s performance as it can create refractive index spatial variations.(23) When
both pathways support enough etching solution diffusion, the pattern from the stamp is

accurately transferred onto Si without porous defects (Figure 1C).

2.1. Limiting diffusional pathways

In order to evidence the role of the catalyst film’s porosity on supporting diffusion
of the etching solution, pre-patterned SOI chips were Mac-Imprinted with stamps coated
with thin-films of solid Au (Figure 2A and B) and porous Au (Figure 2C and D). Pillars
imprinted with solid Au stamps vyielded waveguide patterns near its edges with
distinguishable profile and depth (Figure 2B). However, the pattern becomes shallower and

loses contrast in the SEM images as it approaches the center of the pillar. The average
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A SOLID CATALYST o

POROUS CATALYST ot profile

Figure 2. A and B — Schematic cross-section and top-down SEM images respectively of
waveguide arrays imrinting with solid Au catalyst. Inset in B highlights the beginning of
porous silicon formation region. C and D — Schematic cross-section and top-down SEM
images respectively of the waveguide arrays imprinting with porous Au catalyst. Solid
yellow arrows indicate the length of the region with distinguishable waveguide pattern
(EEPD).

distance from the edge of the pillar to the end of the distinguishable waveguide pattern is
indicated by solid yellow arrows in Figure 2B and D and termed as the effective etching
penetration distance (EEPD). At the end of the EEPD, not only patterns become
indistinguishable, but SEM images reveal the formation of porous silicon defects (dark
areas in Figure 2B). Note, that periodic grating with the period of 273 £ 8 nm and heights

of 82 = 10 nm could be observed on high magnification SEM image (Figure 2B) along the
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edge of the waveguide. The geometry of this grating mimics the one of original Si master
mold highlighting the resolution capability of Mac-Imprint.

In contrast, pillars imprinted with porous Au stamps (Figure 2D) yielded an EEPD
value that is maximum, and, thus, the entire half-width of the SOI pillar was successfully
imprinted with the waveguide’s pattern without any observable defect (e.g., porous silicon)
formation. In a separate experiment, the largest EEPD that the porous catalyst and
embedded channels can support was found to be ~700 um by imprinting a Si substrate with
wider pillars and a blank Si wafer (see Figure S1 and Figure S2 in Supporting Information),
suggesting the porous catalyst cannot support diffusion beyond that length scale. Note, the
periodic grating with the period of 255 + 2 nm and heights of 64 + 7 nm is also observed
in the case of Mac-Imprint with np-Au (Figure 2D).

In contrast to the imprint results with the solid catalyst (Figure 2A-B), the addition
of the thin porous catalyst represents a small increase in the cross-sectional area available
for free-solution diffusion in the parallel direction (x-direction) and, thus, the effective
diffusion constant is expected to be marginally altered. However, the effective diffusion
constant along the perpendicular direction (y-direction) has been increased by orders of
magnitude in comparison to the case of the solid catalyst. That is because the diffusion in
the solid catalyst is supported through the grain boundaries which support a diffusional
regime known as molecular sieving with an effective diffusion constant that is orders of
magnitude lower than the diffusion in free solution.(23) Meanwhile, the porous catalyst
has pore sizes ranging from 10-42 nm which are much larger than the electric double layer

thickness which is approximately 8.6 A (for detailed calculations, see Supporting
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Information), and can support free solution diffusion,(36) with simple corrections for
tortuosity.(37, 38) Note that the thickness of the precursor film was selected to be much
larger (e.g. 9 times) than the catalyst’s pore size (i.e., 42 nm) to sustain diffusion through
a well-developed 3D pore network without any optimization in its selection. A ‘digital
twin’ model that captures both reaction rate and diffusional transport for Mac-Imprint with
thinner catalysts is likely needed in the future to address such design questions. Instead, in
this paper, the catalyst’s high-surface area and its increased cathodic reaction rate is
compensated by increasing the Chartier-Bastide parameter (known as ‘p’ in literature)(25)
to 99.5% until porous silicon formation is suppressed as characterized by Raman
spectroscopy. Alternatively, the use of a counter electrode in solution biased against the
gold catalyst as in prior works of Torralba et al.(21) and Kim et al.(39) is recommended as
it does not require hydrogen peroxide and the reaction rate can be externally controlled via
biasing.

In addition to the role of diffusion mechanisms, the results for the solid catalyst
case such as the short EEPD, the non-uniform etch depth and the porous silicon formation
(Figure 2A-B) cannot be fully understood unless one considers the kinetics of the etching
reaction during metal-assisted chemical etching (MACE). At first, oxidant is reduced on
the surface of a noble metal (cathodic reaction), which results in the generation of positive
charge carriers (holes) in Si.(25) Then, the holes are injected into Si through noble metal/Si
Schottky junction and subsequently consumed during Si dissolution (anodic reaction).(25)
Thus, whenever the diffusion of reactants towards the catalyst/Si contact interface is not

sufficient, instead of confined etching under the catalyst, the porosification of silicon takes

150



A sus B

Catalyst

Figure 3. A and B — Schematics of charge- and mass-transport processes. C and D — High-
magnification top-down images of the individual waveguides. Holes are added to illustrate
the charge carrier distribution around catalyst/Si interface. White arrows point to the visible
pores. A, C and B, D correspond to Mac-Imprint with solid and porous catalysts,

respectively.
place around the catalyst/Si/etching solution triple junction in both conventional MACE as

well as in Mac-Imprint.(22, 23, 30) This is expected to take place in the case of Mac-
Imprint with solid catalyst since the mass-transport for the etching solution in the
perpendicular direction (i.e., labeled as “2” in Figure 3A) is constricted. Thus, the holes
injected into Si at its junction with the catalyst (i.e., step labeled as “1” in Figure 3A) can
diffuse through the substrate to the interface between the etching solution and Si (i.e., step
labeled as “3”). Once holes reach the etching solution/Si interface they induce its
porosification (step labeled as “4””). Upon the growth of a porous silicon layer underneath
the catalyst, the anisotropic etching of silicon can take place since etching solution can now
reach the catalyst/Si interface. This mechanism can explain the concomitant observation of
anisotropically etched features (i.e. waveguide geometry) near the edges of the Si pillar

(Figure 2B) and the porosification of the silicon surface observed in Figure 3C. Note that
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porous silicon is observed both in the regions surrounding the waveguide as well as in
itself.

Ultimately, the uncontrollable porosification process is more pronounced on the
edge of the pillar due to the abundant supply of reactants and is followed by its fast
depletion in the embedded channel resulting in shallow etching depths in the center of the
pillar which defines the EEPD distance. These findings highlight the fundamental
limitation of solid catalyst since it cannot support the perpendicular diffusion for
anisotropic imprinting of the designed 3 um wide features, which is consistent with MACE
literature on thin-film catalyst formats.(30, 40, 41) In recent literature of Si Mac-Imprint
with solid catalysts, this issue was by-passed by designing stamps with an array of widely
spaced patterns that simultaneously provided space for solution storage and were narrow
enough (<520 nm) to sustain diffusion through the grain boundaries of catalyst or a porous
layer underneath it.(42) Despite enabling diffusion, the nanoporous catalyst has higher
specific surface area compared to its solid counterpart. This will inevitably increase the
rate of H202 reduction and, as a result, lead to Si porosification.(23) Thus, this work
implemented a reduction of the H202 concentration relative to the literature in MACE
based on thin-films,(25) and increase in p value to 99.5% to minimize this effect and yield
solid waveguides in Figure 3D. It should be noted that the cathodic reaction can be
spatially-separated from the anodic reaction,(43) with a counter electrode placed in
solution polarized against the gold catalyst with or without a salt bridge,(21) which
guarantees that diffusion and solution storage limitations associated with H202 and its

reaction products can be eliminated.(43)
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Depth, nm
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Distance, um

Figure 4. Depth analysis of imprinted waveguide with uniform depth showing (A) large
area AFM scan of a single waveguide from the edge (left) to the center (right) of the SOI
pillar, and (B) waveguide’s depth profile (black squares) and 3 point moving average (red
squares) with inset highlighting one of the waveguide’s cross-section and depth
measurement (label D). The bottom sub-20 nm roughness of the waveguide surroundings
induced by the catalyst cannot be detected due to the low resolution of the large-area AFM
scan shown in (A). Data represents depth extracted through fitting of step-height function

with error bar representing fitting error.

In order to qualify the imprint results, the waveguide’s cross-section depth profiles
were extracted via AFM (Figure 4A) and analyzed. Its average depth was 42.9 £ 5.5 nm
(Figure 4B) with a maximum of 60 nm at the edge and a minimum of 29.7 nm at
approximately 20 um from the edge. The maximum depth is closer to the edge of the pillar
(Figure 4B) which could be explained by (a) the non-flatness of the stamp resulting from
molding issues, (b) the proximity to the solution storage reservoir resulting in a faster
etching, and (c) the bending of the stamp due to contact forces. A gradual reduction of the

depth profile as a function of the distance from its edge (i.e., horizontal axis in Figure 4B)
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is consistent with abovementioned scenarios “b” and “c”. However, given the random
nature of the depth profile (Figure 4B), the stamp’s non-flatness (i.e., scenario “a”) is the
most consistent explanation. In fact, stamps were prepared by UV NIL of spin-coated SU-
8 resist with soft PDMS-based molds (as described in the Experimental Section) which is
known to introduce pattern distortions during demolding operation such as rimming, (44—
46) which is a protrusion of the pattern’s edges similar to the inverse of the silicon pattern
observed in the inset of Figure 4B. Thus, the depth profile in Figure 4B is irregular since
Mac-Imprint imprints the distorted geometry of the mold with high fidelity. This
hypothesis was further confirmed in the additional experiment where AFM scans of
imprinted SOI pillar and Mac-Imprint stamp were acquired at complimentary locations and
are indeed mirror images of each other (See Figure S3 in the Supporting Information). Note
that the large and low-resolution AFM scan in Figure 4A does not provide enough
resolution (see details in the Experimental Section) to capture the porous gold morphology

imprinted onto silicon.

2.2. Roughness reduction and its fundamental limits

Mac-Imprint introduces bottom and sidewall roughness which originates from its
resolution limit (i.e., minimum discernible positive feature) being smaller than the pore
diameter of the catalyst and results in the accurate transfer of the catalyst’s nanopores onto
the imprinted surface.(23, 29) Thus, with the goal to address the roughness issue, it

becomes necessary to find a theoretical basis to Mac-Imprint’s resolution limit. In 2011,
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Figure 5. A — Theoretical model for band bending during anodic electrochemical

0

machining of Si proposed by Sugita et al. Dashed lines at metal-solution interface represent
isopotentials within the electrical double layer (Debye length) and solid lines represent
isopotentials bending around the triple junction. Reprinted (adapted) with permission.[*4l
Copyright 2011 American Chemical Society. B and C — schematics of the overetching for
the negative and positive Si features, respectively (not to scale). D — plot of silicon hole
versus catalyst diameter using imported data from Liu et al.* Three lines with a unity
slope are plotted with different offsets: zero (black - reference), best fit of experimental
data (blue, ¢1) and two times the Debye length (red, ¢2). ¢1 on the bar plot is reported as
average + standard deviation based on 9 reported measurements. The upper inset contains
top-down SEM images of the metal catalyst and the resulting hole in Silicon. The inset
images and data are reprinted (adapted) with permission.l*® Copyright 2013 American

Chemical Society.
Sugita et al.(34) first interpreted the band bending in silicon around the electrolyte-silicon-

metal triple junction in the context of anodic electrochemical machining of silicon. Based
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on the work of Nakato et al.(47), Sugita et al. proposed that the strong electric field
developed in the electrical double layer at electrolyte-metal interface reduces the potential
barrier in silicon near the electrolyte-silicon-metal junction (Figure 5A). This should lead
to the migration of holes in silicon away from the triple junction to a distance proportional
to the Debye length. If this theoretical basis is correct, it would result in silicon features
being overetched by a lateral distance, ¢, that is proportional to the Debye length (Figure
5B) which has not been experimentally verified in literature. While Sugita et al. worked
with feature sizes ranging from 10-100 pm, recent experimental work on MACE by Liu et
al. yielded sub-5nm features.(35) Using data from Liu et al.(35), it is possible to calculate
the average overetched distance (i.e., ¢1 in Figure 5D), which is the difference between
catalyst diameter and silicon hole diameter and equals to 1.24 nm. This value closely
matches two times the theoretical value of the Debye length (¢p2 in Figure 5D) which is
1.71 nm (see calculations in Supporting Information). Note that the large standard
deviation of ¢1 (i.e., +£1.2 nm, details in the Supporting Table 2) could be attributed to (i)
errors of the measurement technique associated with limited resolution or (ii) catalyst
particle size distribution if catalyst and hole widths are not measured in complementary

locations.(48)

Next, this work attempts to eliminate roughness by designing catalyst films whose
pore sizes approach the Debye length to within at least an order of magnitude (Figure 5C).
This was accomplished by using previously established process-structure relationship in

the electroless dealloying of Au49Ag51 thin-films at far-from-equilibrium from literature
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Figure 6. Top-down SEM images of the catalytic stamps with different average pore
diameters (A-D) and imprinted waveguide surroundings (E-H). The boxes in the top right
corner of the SEM images contain the average pore (A-D) and protrusion (E-H) diameters.
Dependence of Si protrusion size on the catalyst pore size (). Inset on I illustrate how the
feature size (either pore or protrusion) was calculated. Dependence of nearest neighbor
distance on the catalyst pore size and Si protrusion size (J, red and black, respectively).
Inset on J illustrate how the nearest neighbor distance was calculated. Data is reported as
average + standard deviation. Red dashed lines on | and J indicate the resolution limit (i.e.
double the Debye length).

which allows for ligament control between 25 and 64 nm.(33) By reproducing it and further

reducing the dealloying time and temperature (for additional details, see Experimental
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Section), catalyst films with average pore diameters of 42, 27, 14 and 10 nm were
fabricated (Figure 6A-D) and used to Mac-Imprint arrays of linear rib waveguide structures
(Figure 6E-H). Additionally, albeit pores on Figure 6C and D appear isolated, a developed
porous network structure is still formed throughout the thickness of the catalytic films
which was confirmed by high-magnification cross-sectional SEM images (Supporting
Figure S4). The impact of the pore size of the catalyst on the surface roughening during
Mac-Imprint was established through the SEM analysis of imprinted linear rib waveguide
structures. Overall, the catalyst size downscaling to 10 nm reduced the Si protrusion size
linearly (Figure 61) from 45 nm (Figure 6E) to 10 nm (Figure 6H). In the latter case, it was
observed that the grain boundary grooves of the catalyst are also transferred onto silicon
which limits further reductions in its roughness.

In context to existing literature, Bastide et al.(29) and Sharstniou et al.(23) each
attempted to reduce the catalyst pore size and roughness, but, at least in qualitative terms,
their work did not reduce either the silicon protrusion size or roughness due to stamp
defects (e.g., cracks, delaminated catalyst) transferred during imprinting and concomitant
substrate porosification. In their works, the smallest distinguishable average Si protrusion
size without indication of porosification was approximately 27 nm and 31 nm.(23, 29)
Finally, according to the nearest neighbor analysis (for details, see Experimental Section)
the average distance between nearest neighbor pores in the catalyst matches that of the Si
protrusions (Figure 6J, red and black dots, respectively). Note that there is an increase of

the nearest neighbor distance in the case of the smallest catalyst pore size (i.e., 10 nm)
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which is attributed to incomplete Ag removal during dealloying which is known to produce
lower pore surface area coverage and, thus, increases the interpore distances.(33)

Since the smallest pore size attained via electroless dealloying in this paper is still
5-6 times larger than the theoretical value for twice the Debye length, further reduction in
the Si protrusion size is theoretically possible albeit the synthesis of catalysts with sub-10
nm average pore size becomes the limiting factor. In the literature of nanoporous gold
synthesis through dealloying, the electroless and electrochemical dealloying methods have
demonstrated the smallest pore size of approximately 5 nm by either reducing its
temperature (e.g., -20 °C)(49) or inhibiting gold adatom surface diffusion.(50, 51) It was
also shown that during dealloying ligament and pore size are inversely proportional to the
melting temperature of host metal,(52) suggesting that higher melting temperature metal
or alloys catalysts suitable for MACE, such as platinum, could be potential candidates to
further reduce pore size into the sub-5 nm domain.(41, 53, 54) It should also be noted that,
to promote smoothening of the nanoimprinted surfaces, the Debye layer thickness can be
increased to approach the catalyst’s pore size by (i) heating the etching solution and (ii)
decreasing its ionic strength. The first approach would increase Debye layer thickness by
~1 A given the low boiling point of the solution. The second approach can be achieved by
reducing its concentration or by using solutes with a weaker dissociation constant both of
which would reduce etch rates dramatically. These strategies should motivate future work
to either eliminate the roughness or to improve the resolution limit of Mac-Imprint or

MACE.
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Figure 7. A-D — Top-down SEM images and edge profiles (framed with red dashed lines)
of the waveguides, imprinted with porous catalysts with avarage pore sizes 42-10 nm
respectively. E — Wavguide line edge roughness as a function of catalyst pores size. Data
is reported as average * standard deviation. Dashed lines indicate twice the Debye length

(red) and solid Au stamp sidewall RMS (yellow).

Although the bottom roughness of the waveguide surroundings may interfere with
the guided electromagnetic wave, most of the propagation losses occur due to light
scattering on the sidewall roughness of the waveguide. In Mac-Imprint, it is generated by
the tangential movement of the np-Au surface parallel to the vertical direction of the Si
sidewalls as the etching progresses, leaving ‘scratch’ marks along it. Thus, in theory, the
flatter and less rough the porous Au surface is, the smoother the sidewalls should become.
To verify this hypothesis, the LER of the imprinted waveguides was measured at its top as

a function of the pore size of the catalyst according to the procedure described in the
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Experimental Section. Figure 7E shows that, with the reduction of the pore size of the
catalyst from 42 nm to 10 nm, the LER non-linearly decreases from 48 nm (Figure 7A) to
10 nm (Figure 7D), which is comparable with values reported for plasma-based
micromachined silicon  waveguides without post-processing strategies  for
smoothening.(32, 55) The smallest LER in silicon features achievable by Mac-Imprint
would be inherently limited by the LER of the stamp’s pattern coated with solid gold which
was measured to be ~7.5 nm (Figure 7E, yellow dashed line) and is attributed to the
roughness of gold thin-film and imperfections from soft-lithography steps used to fabricate
the stamp. Thus, the improvements in sidewall roughness tend to saturate for pore sizes
approaching 7.5-10 nm (Figure 7E) limiting further improvements. It is worth noting that,
at the magnification and the pixel size of the analyzed SEM images which are 30kx and
6.7 nm respectively, it might also limit measurement of further improvements at sub-10
nm pore sizes and require the use of alternate metrology techniques.

The minimization of LER to sub-10 nm is expected to have a positive impact on
the minimum line-width resolution (MLWR) of Mac-Imprint. Albeit never experimentally
determined, a reasonable criteria to estimate the minimum line-width resolution (MLWR)
of a process is to use a 6-sigma approach based on sidewall LER (see Supporting Figure
S5). According to this assumption, the reduction of the LER achieved with np-Au’s pore
size of 10 nm would translate to MLWR values of approximately 60 nm which is a
significant improvement comparing to the state-of-the-art whose largest pore size of np-

Au used was 42 nm.(23)
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2.3. Nanoscopic Defect Analysis

It is important to mention that the reduction of the catalyst pore size through the
far-from-equilibrium dealloying leads to the incomplete removal of silver that can
negatively affect Mac-Imprint process. In particular, in contrast to gold, silver (i) induces
changes to the energy band bending in silicon near catalyst/Si interface due its lower work
function, which affects hole injection and transport in Si and induces its porosification,(53,
56) and (ii) is prone to dissolution and subsequent re-deposition.(57, 58) Despite catalysts
with the smallest pore size being made with the shortest dealloying time, the large residual
silver content of up to 42 at.% did not appear to induce porosification as evidenced by the
SEM or optical microscopy. However, the porosification of Si could be happening in
nanoscale form that would be challenging to detect using these techniques.

The analysis of the such defects during Mac-Imprint was accomplished by Raman
spectroscopy, which has been extensively used in literature to characterize defects in
silicon such as lattice strains,(59) microporosity (i.e., sub-2 nm) and mesoporosity (i.e., 2-
50 nm),(60) and amorphous regions.(61) The imprinted waveguide, presented on Figure
8A and B, exhibited average peak position and full width at half-maximum (FWHM) of
~521.38 £ 0.07 cm-1 and ~4.20 + 0.06 cm-1 respectively (Figure 8C and D) throughout
the center section of the waveguide excluding 6 um away from each edge. At each of the
edges, a 0.09 cm-1 and 0.44 cm-1 shift to lower frequencies, and a 0.16 cm-1 and 0.08 cm-
1 broadening of the Raman signal was observed (see locations i and xi in Figure 8E-F).
These edge effects are attributed to the release of the residual stresses and strains in the Si

device layer by the undercut (Figure 2A) of the buried oxide layer during Mac-Imprint, as
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seen on Figure 8A and B near the edges of the SOI pillar. In fact, SOI processing is well
known to introduce strains in the Si device layer which causes Raman peak to shift by £
0.4 cm-1 from its mean position.(62) In our case, the blank SOl wafer had a peak position
and FWHM of 521.47 £ 0.02 cm-1 and 4.15 + 0.04 cm-1, respectively. With regards to it,
the average peak position at the center of the waveguide shifts and broadens by
approximately 0.2 cm-1 and 0.1 cm-1, respectively which is smaller than the expected
values for microporous silicon (i.e., both approximately 1 cm-1 for crystallite sizes of <5
nm)(60). Note that, in locations viii and xi in Figure 8 on the waveguide’s narrowest
section, there are geometrical defects originated from molding defects in the stamp that
cannot be well understood. Overall, the center section has a constant peak position and
width relative to the Raman signal from the original SOl wafer which adds further
confirmation of the crystallinity quality of the imprinted waveguides. In future
applications, these edge effects can be by-passed if necessary to avoid unnecessary
scattering by patterning away from the edge or protecting the buried oxide layer during

Mac-Imprint.
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Figure 8. A and B — Top-down SEM and optical images of a single imprinted waveguide
respectively. C and D — Maps of Raman signal peak position and full width at half-
maximum respectively, taken at locations marked on B. E and F — Average values for
Raman peak position and full width at half-maximum, respectively, of the waveguide at
location marked on B. Data is reported as average * standard deviation. Red dashed lines
on E and F highlight the Raman peak position and full width at half maximum of the blank
SOl wafer.

Lastly, optical waveguiding is demonstrated in a Mac-Imprinted silicon rib
waveguide (Figure 9A). The top view IR imaging (Figure 9B) did not reveal a detectable
scattering of the signal from the waveguide‘s walls, which suggests low scattering loss.

The waveguide unfortunately was too short (L = 0.015 cm) to precisely measure its loss.
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Figure 9. A — top-down optical image of the individual SOI pillar prior to waveguide
testing. B — top-down infrared image of the individual SOI pillar during waveguide testing.
Dashed lines on A and B highlight the tested waveguide. C — side-view of waveguide mode
simulation. D — cross-sectional schematics of the waveguide, used for the simulation. E —
side-view of simulated waveguide mode, corrected by PSF of 0.42NA objective. F — side-

view infrared image of the output waveguide facet.

The waveguide mode simulation of the rib waveguide with nominal width, w = 750 nm,
and imprint depth, h = 43 nm, (Figure 9D) is presented on Figure 9C and demonstrates the
single mode and quasi-transverse-electric (TE) polarized nature of the waveguide. The
convolution of the simulation with the point-spread-function (PSF) of the 0.42NA imaging
objective is presented on Figure 9E and closely matches the output side-view image of the
waveguide facet (Figure 9F). For more details on the convolution between simulated
waveguide mode and PSF of the objective refer to the Supporting Figure S6. It has

previously been shown that that single mode rib waveguides with similar dimensions can
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exhibit favorable loss characteristics when compared to fully etched strip waveguides,
owing to limited interaction between the waveguide mode and the waveguide surface.(63)
Hence, optical propagation losses are expected to be a function of both the waveguide
design and the surface roughness. The optical characterization demonstrated here
importantly confirms that the Mac-Imprint process can be utilized to fabricate functional

silicon photonic waveguides.

3. Conclusion

This paper reported the first extension of Mac-Imprint to SOI substrates and to
geometries specific to requirements of silicon rib waveguides. It was established that the
mass-transport of the reactants in the perpendicular direction of the waveguide’s
longitudinal axis is the limiting factor for attaining imprinting of uniform patterns without
porosity. This mass transport could not be supported by solid catalysts. In contrast, a
nanoporous catalyst provided necessary diffusional pathways which allowed for
fabrication of Si waveguides with an average depth of 42.9 nm £ 5.5 nm. This depth
variation was attributed to the stamp distortions during demolding of the stamp during its
fabrication which can be improved using commercial nanoimprinting tooling. The bottom
and sidewall roughness induced by Mac-Imprint was controlled by reducing the pore sizes
to within an order of magnitude of the Debye Length (i.e., the resolution limit of the Mac-
Imprint). In particular, 10 nm pore size catalyst resulted in a 10 nm bottom and sidewall

roughness of the Si rib waveguide which is comparable to similar structures which are
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made by conventional plasma etching methods. The limited levels of Si defect formation
during Mac-Imprint were achieved by the use of the etching solution with high p parameter
of 99.5% and were confirmed by Raman analysis of the imprinted waveguide, which
revealed a uniform peak position and FWHM thought the middle portion of the waveguide
excluding edges. Fabricated waveguides support single-mode light propagation which was
measured by the side-view IR imaging and closely matches electromagnetic simulations.
Additionally, top-down IR imaging does not reveal detectable light scattering from the
waveguide walls. Overall, this paper represents a significant step towards commercial
implementation of the Mac-Imprint for the fabrication of functional 3D freeform
optoelectronic devices, such as advanced waveguides,(8-12) surface plasmon
structures,(13) and chromatic-aberration corrected lenses.(14) Moreover, Mac-Imprint’s
unique ability to tailor its nanoscale roughness could be advantageous in fabrication of
quasicrystal interferometers with physical unclonable functions which are essential for
hardware and information security.(15) In the future, improvements to the stamp design
aimed at embedding the etching solution storage reservoir in it instead of in the substrate
are necessary for scaling the technique to blank SOI wafers. The work on determining the
maximum EEPD supported by the thin-film catalyst in this paper should inform the
reasonable pitch that should exist between the embedded reservoirs in such proposed stamp
designs. This approach will also allow for free optimization of Mac-Imprint parameters as
the undercut of the BOX layer of the SOI pillar will be eliminated entirely. The authors
also see potential scaling of Mac-Imprint in its integration with commercial mask aligners

and nanoimprinting technologies presently used for polymer patterning by (i) adding liquid
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handling capabilities, (ii) using less hazardous chemicals to simplify equipment design and

(iii) investigating demolding strategies particularly for high-aspect ratio patterns.

4. Experimental Section

Substrate preparation: Mac-Imprint was performed on SOI wafers with 340 nm
thick, p-type boron-doped device layer which has resistivity of 14 — 22 Q-cm and (100)
crystal orientation. Prior to Mac-Imprint, arrays of 270 um tall and 150 um wide pillars
spaced by 900 um were fabricated on the SOI wafers by photolithography and deep-
reactive ion etching in order to provide etching solution storage volume. The articulation
on the necessity of SOl wafer pre-patterning and guidelines for the design of pillar size can
be found in Supporting Information. Pre-patterned SOI wafers were thoroughly rinsed with
acetone, isopropyl alcohol and deionized (DI) water followed by RCA-1 cleaning and

another DI water rinsing before Mac-Imprint.

Stamp preparation: The fabrication of Mac-Imprint stamps consisted of four steps
which are described below and detailed protocol of those can be found elsewhere.(64)

4.1. PDMS replica molding: At first, waveguide pattern was created on a Si master
mold using e-beam lithography followed by reactive ion etching. Next, the pattern of the
Si master mold was replicated onto PDMS according to the standard replica molding

procedure.(65)
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4.2. Soft nanoimprint lithography: After that, PDMS replica mold was used to
pattern photoresist by means of nanoimprint lithography. To do so, 2.5 x 2.5 cm2 Si chips
were firstly cleaned by RCA-1 solution followed by DI water rinsing. Next, clean Si chips
were spin coated with 20 um thick HF-resistant SU-8 2015 photoresist layer. Immediately
after spin coating, the PDMS replica mold was placed on top of the photoresist layer with
pattern facing down and pressed with the UV transparent glass slab, yielding 15 g/cm2 of
pressure. The UV curing was performed under 6 W UV bulb placed at 10 cm distance from
the SU-8 surface for 2 hours.

4.3. Catalytic metal sputtering: Upon UV curing, Si chips with patterned SU-8 layer
were placed inside NSC-3000 magnetron sputter chamber at 20 cm distance from the
sputtering targets. For the Mac-Imprint with solid catalyst, two layers of metal were
deposited onto the stamp in the following order: 20 nm Cr (adhesion) and 80 nm Au
(catalyst). For the Mac-Imprint with porous catalyst, three layers of metal were deposited
onto the stamp in the following order: 20 nm Cr (adhesion), 50 nm Au (intermediate) and
375 nm Ag/Au alloy (precursor for porous catalyst).

4.4. Porosification of catalyst: In order to create nanoporous catalysts, stamps with
375 nm Ag/Au alloy (51 at.% of Ag) were subjected to selective dissolution of Ag by
means of dealloying in far from equilibrium conditions. The dealloying was performed in
aqueous solution of nitric acid (H20:HNO3 = 1:1 by vol.) at a constant stirring rate of 100
rotations per minute following the protocol established in the work of Niauzorau et al.(33)
The pore size of the catalyst was controlled by varying dealloying time and solution

temperature. In particular, the np-Au with average pore sizes of 10 and 14 nm was produced
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at room temperature solution within 10 and 30 min, respectively, while the 27 nm average
pore sizes were obtained at 65 °C temperature solution within 10 min. After the dealloying,
a subset of porous catalytic stamps with average pore sizes of 27 nm was annealed in Ar
environment at 250 °C for 1 hour in order to increase average pore size to 42 nm through

thermal coarsening.

Mac-Imprint setup and conditions: The Mac-Imprint set-up is composed of an
electrochemical cell, a Teflon rod acting as a stamp holder, a load cell, and a vertical stage
(See Supporting Figure S7). The leveling between stamp and substrate is achieved during
the assembly of the stamp to its holder. The stamp is placed on top of the substrate with its
gold-coated side facing down and its back is attached to the stamp holder using a
photocurable resin placed between them. The stamp and its holder are UV-cured using
omnidirectional illumination (See Supporting Figure S7B) ensuring that the stamp and
substrate are parallel and aligned after assembly. After curing, the stamp can be retracted
by the automated stage without loss of alignment. The SOI substrate is placed inside the
electrochemical cell, which is then filled with the etching solution. The vertical stage brings
a stamp holder with mounted stamp in plate-to-plate contact with SOI substrate. The
contact force of 22.24 N is developed within 0.1 sec and maintained within +5% of the set-
point for 10 + 0.1 s. This allows Mac-Imprint of the waveguide patterns to be reproducible
provided the stamp-to-substrate alignment remains unaltered. After the imprinting, the
stamp is retracted into home position and etching solution is aspirated from electrochemical

cell. Further, SOI substrate is immediately flushed with excess amount of isopropyl alcohol

170



to terminate the undercut of buried oxide layer. The total time of SOI substrate exposure
to the etching solution is 70 sec. Detailed description of Mac-Imprint setup and protocol
can be found elsewhere.(64) It should be noted that +5 sec variation in the Mac-Imprint
total processing time (i.e., ~ 70 s) does not significantly affect the buried layer undercut
depth (See Supporting Figure S8).

The etching solution with p equal to 99.5 % is prepared by mixing HF (48 % by
vol.) and H202 (30 % by vol.) in the 68:1 ratio (HF:H202; by vol.). Moreover, pure
ethanol is added to the etching solution (4 % of the etching solution volume) in order to
improve solution’s wettability. A fresh etching solution was mixed prior every Mac-

Imprint operation. All chemicals were ACS grade, purchased from Sigma Aldrich.

Morphological, structural, and functional characterization:Morphological
properties of the Mac-Imprint stamps and imprinted waveguides were characterized by
scanning electron microscopy (SEM) using Philips XL-30 FEG SEM. All SEM images
were acquired at 10 kV accelerating voltage and 130 pA beam current.

Imprint depth profiles were characterized by atomic force microscopy (AFM) using
the Witec Alpha 300 RA+ system. AFM scans were acquired in tapping mode using
NHCV-A Bruker probes with tip radius of 8 nm, spring constant of 40 N/m and resonant
frequency of 320 kHz. For AFM image acquired in Figure 4, the lateral resolution is
determined by sampling distance which is set to be 234 nm and 39 nm in the x- and y-
directions, respectively. The resolution of its height is set by the AFM instrumentation

which, as per the vendor, it is 0.5 nm.
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The nanoscale defects of the imprinted waveguides and surroundings were
characterized by confocal Raman microscopy using the same Witec system. The Raman
signal was excited by 532 nm laser with the 0.1 mW output power. Raman signal was
acquired using 1800 g/mm grating yielding 1 cm-1 spectral resolution with the
accumulation time of 0.2 sec. Individual Raman mapping was performed over 4 x 9 pm2
area with total amount of 40x90 data points.

The performance of the waveguide was characterized using near-IR (O-band) light
from a tunable laser (Santec TSL-550), which was coupled onto the chip using through a
polarization controller and tapered lensed fiber (OZ optics) and aligned using XYZ piezo
controlled alignment stage (Thorlabs NanoMax). Fiber-to-chip alignment and successful
waveguiding was verified by IR imaging both the top surface and output side-view of the
chip with infrared cameras (Hamamatsu C2741). Waveguide mode simulation of the
nanoimprinted silicon waveguide cross-section were performed at the wavelength 1310 nm
using the finite difference eigenmode method (Ansys Lumerical MODE). The waveguide
cross-sectional facet view IR imaging was modelled by convoluting the waveguide mode

profile with the point spread function (PSF) of the NA = 0.42 imaging objective.

SEM image analysis: The quantification of (i) np-Au average pore size, (ii) bottom
roughness and (iii) LER of the imprinted Si rib waveguides was performed through the
analysis of the top-down SEM images using AQUAMI,(66) and ImageJ software (i.e., i
and ii, more details in the Supporting Information, Figure S9 and Figure S10) as well as

specifically written Python algorithm (i.e., iii, more details in the Supporting Figure S11).
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Note that in this paper bottom roughness of the imprinted waveguides was quantified using
average sizes of Si protrusions. The distance between closest particles (either pores or
protrusions in np-Au and imprinted Si, respectively) was called “nearest neighbor distance”
and its analysis was performed using ImageJ software according to the algorithm published

elsewhere (more details in the Supporting Figure S12).(67)

Statistical Analysis: Analysis of AFM data was performed using Gwyddion
software. Prior extracting imprint depth, the AFM data was leveled with respect to the non-
imprinted top surface using “Mean Plane Subtraction” function. The individual imprint
depth (Figure 4B, inset) was found from “Step-height” fitting function of “Critical
dimension” module with error bar representing fitting error. The average imprint depth and
it’s standard deviation (SD) was calculated based on 148 measurements along the AFM
scan.

In the analysis of work by Liu et al. the average overetched distance and it’s SD
was calculated based on 9 reported measurements.

The analysis of the average size of np-Au pores, Si protrusions and nearest neighbor
distance was performed using AQUAMI and ImageJ software without any pre-processing
of SEM images. The magnification was kept constant throughout the SEM images to
maintain the same pixel size. Sample size for each measurement in this case was different
and dependent on the amount of pores/protrusions present on the SEM image. Note that
for a given sample the nearest neighbor distance for individual particle is found as an

average distance to five nearest neighbors. The nearest neighbor distance of the sample is
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then calculated as average of all individual nearest neighbor distances. Data was presented
as average = SD.

The analysis of the LER was performed by calculating the RMS of the waveguide’s
line edge profile obtained from high-magnification SEM images. The magnification was
kept constant throughout the SEM images to maintain the same pixel size. Prior importing
SEM images to the Python code, the bottom surface on the SEM images was thresholded
and images were converted into .txt format using ImageJ. Waveguide line edge profiles
were obtained on 2-um long waveguide segments using Canny edge detection algorithm
with Gaussian filter size sigma equal to 2.6. The LER of individual line edge profile was
calculated as an RMS of the pixel values multiplied by pixel size. The LER of the sample
is then calculated as average of 4 independent measurements of different waveguide
segments. Data were presented as average * standard deviation (SD).

The analysis of the Raman data was performed using Project FIVE software. Prior
extracting Raman signal position and full width at half-maximum, the signal was fitted
using Lorentz function. The average peak position, full width at half-maximum and it’s SD
was calculated using data from the waveguide region only (i.e., excluding waveguide

surroundings).

Supporting Information

Supporting Information is available from the Wiley Online Library or from the

author.
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