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Despite high demand for gold film nanostructuring, patterning gold at the nanoscale still presents consider-
able challenges for current foundry-compatible processes. Here, we present a method based on abrasive-
free chemical mechanical planarization (CMP) to planarize nanostructured gold surfaces with high selecti-
vity against SiO,. The method is efficient in a damascene process and industry-compatible. Investigations
into the material removal mechanism explore the effects of CMP parameters and show that the material
removal rate is highly tunable with changes in slurry composition. Millimeter-scale arrays of gold nano-
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structures embedded in SiO, were fabricated and the planarization dynamics were monitored over time,
leading to the identification of distinct planarization phases and their correlation with the material removal
mechanism. Finally, plasmonic cavities of gold nanostructure arrays over a gold mirror were fabricated. The
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Introduction

Gold has a combination of unique properties: low electrical
resistivity, high optical reflectivity in the visible range, chemi-
cal stability, high melting point, high electromigration, bio-
compatibility, and corrosion resistance." As a result, gold is a
key material in the fabrication of devices across a wide variety
of applications such as electrical interconnects,”™ electrodes,’
plasmonics,® ohmic contacts,” vapour-liquid-solid (VLS) semi-
conductor nanowires,® and MEMS.® In many cases, device fab-
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cavities exhibited efficient plasmonic resonance in the visible range, aligning well with simulation results.

rication requires micro and nano-patterning, by either dry or
wet etching. Dry etching based on reactive ion etching (RIE)
suffers from the low volatility of plasma gold etch products at
temperatures below 125 °C, causing re-deposition and con-
tamination problems.! By increasing the temperature, one can
simplify the post-process cleaning steps, but this limits the
panel of usable patterning resists. Dry etching by ion milling
uses an ion plasma to do pure physical etching of the material.
This is selectivity-limited as it does not involve any chemical
reaction'® and is very slow. Wet etching of gold with nano-
meter scale feature size for high density and high aspect ratio
structures is not possible due to the intrinsic isotropy of this
technique. Lift-off, though widely used in research, suffers
from low reproducibility, low yield, and incompatibility in
general with industrial manufacturing process flows. In
response to high demand for gold nano-patterning, various
other technologies have been proposed such as nanostencil,'*
nanoimprint,'* and laser interference,'® but problems related
to reproducibility, and throughput prevent them from being
used in high-volume manufacturing.

Patterning of metals by chemical-mechanical polishing/
planarization (CMP) is heavily used in the semiconductor
industry, notably for the fabrication of Cu interconnects. In
the case of gold, CMP recipes based on potassium and iodine
slurry solutions achieving well controlled material removal
rates (MRR) have been published by several academic groups
as well as by some industrial manufacturers though most are
trade secrets. For example, a University of Windsor group used
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a slurry solution of fumed silica, I,, KI, citric acid, and triso-
dium citrate for surface polishing to obtain ultrasmooth
Au surfaces equivalent to template stripping.'* NTT
Telecommunications Energy Laboratories used a KIO; based
slurry with Al,O; nanoparticles and H,0, to fabricate micro-
metric interconnects on polybenzoxazole (PBO).? Fujitsu used
a Au/SiON damascene process with a slurry composed of KI,
I,, H,0, and silica nanoparticles.”> A University of Notre Dame
group investigated a KIO; alumina based commercial slurry to
which they added H,O, and various surfactants. They also eval-
uated the effect of the adhesion layer on the damascene struc-
tures, mainly micrometric contacts and lines embedded in
SiN,.'*> Our group published results on CMP-based fabrication
of nanowires, nanodots and nanogaps'®'’ with a slurry
composition similar to the one proposed by Notre Dame.
Importantly, these works all reported large numbers of micro
and macro defects on the surface.

To address this problem, abrasive-free (or abrasive-less)
CMP has been developed for several materials, such as Cu,'®
polysilicon,'®?® Ta, TaN*' and Ru.?*** Indeed, it can be ben-
eficial to use a slurry without an abrasive when the chemical
action is strong enough to remove material in combination
with the mechanical action of the pad (note that the word
“slurry” refers to a solution containing solid particles which is
not the case here, nevertheless the term slurry is used below
for simplicity and consistency with the CMP literature). As a
result, less effort is required to control particle dispersion,
filter the slurry, prevent agglomeration, and cleaning. In the
case of Cu for example, the abrasive-free CMP mechanism is
based on the chemical reaction between the slurry and the
native copper oxide to form a complex.>® MRRs of 500 nm
min~" to 2000 nm min~" have been achieved®* with reductions
in oxide loss, recess, erosion, and dishing, resulting in
improved repeatability and throughput compared to abrasive
CMP.18’25

Our group was the first to propose abrasive-free CMP
applied to Au microstructuration®'” based on the damascene
process illustrated in Fig. 1a. The work below presents a com-
prehensive study of the Au abrasive-free CMP process para-
meters (slurry dilution and flow rate, platen rotation speed,
pad pressure) to better understand how to optimally control
the material removal rate and achieve a desired device geome-
try and surface planarity. The work was conducted in the
context of fabricating Au nanostructures embedded in a dielec-
tric (SiO,) by a damascene process. The plasmonics response
of a device consisting of an array of Au nanostructures
embedded in SiO, over a gold film are presented to validate
the method in a functional application.

Results and discussion

Unstructured gold thin film CMP and material removal
mechanism

CMP uses chemical oxidation by a slurry flow on the sample
surface and mechanical force applied by a pad under rotation
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Fig. 1 Abrasive-free CMP applied to Au nano-patterning: (a) damascene
process and (b) electrochemical reaction for wet etching of Au with
iodide/iodine chemistry.

to remove material and achieve high levels of planarity.
However, the noble metal electron configuration of gold makes
it highly resistant to oxidation. Consequently, chemical
etching of gold requires a potent oxidizer for electron separ-
ation and a complexing agent to impede the reassembly of oxi-
dized Au atoms. The iodide/iodine system is one of the most
common for gold patterning with wet etching. In the anodic
reaction as shown in Fig. 1b, the metal undergoes oxidation
giving rise to Au’ ions at the metal-solution interface, sub-
sequently forming a complex with ligands (I"). The cathodic
process involves the reduction of the oxidant (I,) at the same
interface, consuming the electrons generated by the anodic
reaction.” CMP with gold etchant TFA from Transene CO Inc.
(2-4% 1,, 40-45% KI, and 51-58% water by weight)*® was per-
formed on 10 x 10 mm® Si samples coated with a 70 nm evap-
orated Au film atop a 2 nm Ti adhesion layer. A comprehensive
list of CMP parameters can be found in ESI Table S1} and
details regarding uncertainty calculations are available in
Table S2.7

We first investigated the impact of gold etch solution con-
centration in the slurry, the primary parameter governing the
chemical etching rate during the CMP process, where a higher
concentration leads to increased reaction kinetics and faster
etching. Fig. 2a illustrates the MRR tunability from 30 nm
min~" to 130 nm min~" by varying the dilution factor from
1/200 to 1/50 (gold etch/water), where the gold removal rate
was monitored in real-time. Using pure water only as a slurry, no
significant etching of the gold layer was observed, even after
extended polishing times. For samples statically immersed in
solution at a 1/100 dilution ratio, i.e. without mixing, solution
renewal, or mechanical action by the pad, the measured etch
rate was 3 nm min~', a much lower MRR compared to that
with CMP at the same gold etch concentration (67 nm min™").
These observations demonstrate that the material removal
mechanism in the CMP process, over the measured MRR
levels, is the result of both chemical action by the etchant and
mechanical interaction with the pad, as explored in more
detail below. We observed that for a 1/50 concentrated slurry

This journal is © The Royal Society of Chemistry 2024
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(a) Material removal rate (MRR) measurements
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(b) MRR dependence on CMP parameters
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(a) Removed Au thickness by abrasive-free CMP as a function of polishing time for various slurry dilution factors; inset: tunability of CMP

MRR with dilution factor. (b) Impact of CMP parameters on MRR (platen rotation speed, slurry flow rate, and applied pressure) for 1/100 and 1/200

dilution ratios.

in the red curve of Fig. 2a, the MRR is very high, and the less
than 30 s polishing time of a 70 nm thick Au layer leads to a
CMP process that is difficult to control and reproduce.

We investigated the impact of platen rotation speed, slurry
flow rate, and applied pad pressure, at two different dilution
ratios. At a dilution of 1/100, as shown in Fig. 2b (blue curves),
increases in rotation speed (2x) and slurry flow (2.5x) both
resulted in a ~1.5x increase in MRR. Indeed, faster platen
rotation and increased slurry flow result in more effective
transport of fresh gold etchant solution to the sample surface
and more efficient removal of etching products. At a dilution
of 1/200 (green curves), a similar behavior was observed albeit
with smaller MRR increases. Fig. 2b also shows the impact of
pad pressure, where increasing the pressure on the samples by
three times only led to minor increases in MRR (17% and 7%
for 1/100 and 1/200 dilution factors, respectively). This behav-
ior, which does not follow the Preston equation,®” suggests a
dominant chemical material removal mechanism. Note that at
1/100 dilution factor, the MRR reaches a maximum at a slurry
flow of 75 mL min~", indicating a saturation of the kinetically
controlled chemical etching process. MRR values presented in
Fig. 2b are calculated from the slope of the polishing curves
available in ESI Fig. S2t for 1/200 dilution ratio.

The MRR was measured under equivalent wet etching con-
ditions to investigate the impact of temperature as well as pure
mixing/stirring without mechanical action by the pad (samples
were placed in 1 L of solution at 1/200 dilution ratio in excess
etchant material conditions, without solution renewal or pol-
ishing). There was only a minor increase in etch rate with
temperature (first line in Table 1) and this effect was even
more modest to the point of being negligible during CMP (last
line in Table 1). To investigate the specific impact of mixing
without mechanical action by the pad, the solution at 20 °C
containing the sample was stirred with a magnetic stirrer at
300 rpm. As seen in the second column of Table 1 (20 °C), the
MRR increased by a factor of ~3x (second line in Table 1) com-

This journal is © The Royal Society of Chemistry 2024

Table 1 Impact of temperature (first line) and pure mixing/stirring
without mechanical action by the pad (second line), compared to CMP
(third line, CMP parameters: 4.3 psi, 30 rpm, 50 mL min™Y), at 1/200
dilution ratio

Temperature 20 °C 50 °C 70 °C
Wet etch rate without stirring 2.7+05 4.7+05 9.6+0.5
(nm min™")

Wet etch rate with stirring at 300 rpm 10 + 2 — —

(nm min™")

CMP MRR (nm min ™) 306  33+7  33%6

pared to a static solution (first line in Table 1), but this was
still far below the ~10x increase observed with CMP (last line
in Table 1), thus confirming both the importance of high flow
of etchant chemicals over the sample surface (mixing/stirring
and slurry flow + pad rotation) and the need for mechanical
action by the pad.

To provide insight into the material removal mechanism at
the Au film-substrate interface, Fig. 3a-c show SEM pictures of
the Au surface at three different stages of polishing. Starting
from a Au thickness of 70 nm, the sample was polished down
to a thin gold film consisting of a single continuous layer of
grains measuring between 50 and 300 nm in diameter and 20
to 30 nm in height (Fig. 3a), where the film structure is very
similar to the original unpolished film. After additional polish-
ing, as shown in Fig. 3b, individual Au microcrystals are
removed, creating aggregated holes that follow the grain
boundaries. Finally, as shown in Fig. 3c, further polishing
results in a discontinuous film. The last grains at the Au-sub-
strate interface delaminate, leaving behind isolated nanoscale
gold islands. Based on these observations, we propose the fol-
lowing hypothesis for the abrasive-free CMP process described
here: the etchant chemicals weaken the grain boundaries,
facilitating the removal of individual grains through the

Nanoscale, 2024, 16, 16861-16869 | 16863
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Fig. 3 Microscopic and macroscopic Au film surface structure on 10 x
10 mm2 samples following abrasive-free CMP (a—c) SEM images of
surface microstructure at different stages of CMP (bright areas: Au, dark
areas: silicon substrate) (a) 70 nm thick gold film polished down to
20 nm, (b) additional polishing causing the removal of individual Au
microcrystals resulting in aggregated holes that follow the grain bound-
aries, and (c) further polishing resulting in a discontinuous film where
the remaining material forms isolated nanoscale Au islands; (d—g)
Macroscopic surface defects (qualitative: scratches, quantitative: per-
centage of “bright” defect pixels) viewed by optical microscopy after
CMP to reduce Au film thickness to ~30 nm, at different applied pad
pressures ((d) 4.3 psi; (e) 7.3 psi; (f) 10 psi; (g) 13 psi). CMP parameters:
1/200, 30 rpm, 50 mL min~%, room temperature (RT).

mechanical action of the polishing pad. We postulate that this
mechanism is likely responsible for the material removal in
the bulk region of the film, accounting for the observed linear
variation of removed thickness with time in Fig. 2a.

Given the chemically dominated nature of the polishing
process, the film microstructure is expected to have a signifi-
cant impact on the results of the CMP process. The microstruc-
ture, particularly the grain size, is highly dependent on factors
such as the nature of the substrate and deposited material
stacks (metal and adhesion layers), the material deposition
rates, and any thermal annealing steps. For example, we con-
ducted thermal annealing on 70 nm thick gold films at 200 °C
for 12 hours®® which resulted in a factor of 10 reduction in the
MRR and increased inhomogeneity in material removal rate
over the sample surface. Hence, the quantitative results pre-
sented here are specific to the experimental conditions and
are meant to provide a foundation for further work, leading to
a deeper understanding of CMP removal mechanisms under a
variety of experimental conditions in relation to the material
microstructure.

Macroscopic flaws such as localized defects (ex: scratches)
or variations in the amount of material removed across the
sample surface pose significant challenges for the fabrication
by CMP of relatively large structures such electric interconnec-
tions or arrays of nanostructures. Typically, scratches and

16864 | Nanoscale, 2024, 16, 16861-16869
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other such as localized defects arise from agglomerated abra-
sive particles in the slurry.'®* Consequently, in the case of
abrasive-free CMP, the incidence of such defects is expected to
be comparatively lower.>® Fig. 3d-g show optical images of 10
x 10 mm?® samples following CMP to reduce Au film thickness
to ~30 nm, at increasing applied pad pressures. The images
show an increase in macroscopic surface defects, both qualitat-
ively (number of scratches) and quantitatively (percentage of
“bright” defect pixels), with increasing pad pressure. Indeed, a
more intense contact between pad and sample heightens the
force applied to free Au particles in contact with the surface
and reduces the efficiency at which free particles are evacuated
in the slurry. Since increased pad pressure does not result in
significant increases in MRR (Fig. 2b), CMP at low pad
pressure will minimize the density of such macroscopic
defects. Finally, given the tunability of the MRR with slurry
flow rate, pad rotation speed, and dilution factor, these para-
meters must be carefully set to strike a balance between the
controllability of MRR (challenging for shorter polishing
times) and defect density (higher with longer polishing times
as shown qualitatively in ESI Fig. S37).

Arrays of gold nano-cubes embedded in an SiO, film

The proposed abrasive-free CMP method was used in a damas-
cene process to fabricate arrays of gold nano-cubes (NCs)
embedded in an SiO, film. Using plasma etching, 45 nm deep
square area wells were etched into the SiO,, followed by depo-
sition of a 90 nm thick non-conformal Au layer by e-beam
evaporation. Abrasive-free CMP was then used to remove the
excess metal and achieve a final planar surface of Au squares
embedded in the oxide film. Indeed, an important advantage
of the abrasive-free nature of the method is its high selectivity
between Au and SiO,, which was verified by subjecting a bare
SiO, film to aggressive CMP conditions without any measur-
able oxide removal (10 psi pressure, 60 rpm rotation speed,
1/50 slurry dilution, 100 mL min™" flow, 150 s polishing time).
In the experimental results discussed below, both the well area
and array period were varied to study the impact on the fabri-
cation of embedded NCs.

Based on results from the previous section, CMP para-
meters were selected to achieve a MRR of 30-40 nm min™?,
leading to polishing times of around 2-3 min (4.3 psi pressure,
30 to 60 rpm rotation speed, 1/200 slurry dilution, 50 mL
min~" flow). The surface profile of the wells ranged from 100
to 800 nm on a side. The array period was varied to span a
range of pattern densities, that is, the final percentage of Au
surface relative to the total surface area of the array (4% to
64%). The following gold embedded NC arrays in Fig. 4a-c are
obtained after CMP.

To have a better insight into the damascene process,
Fig. 4d and e shows STEM (scanning transmission electron
microscopy) cross-section images, before and after CMP, of a
device based on NCs fabricated in an array of 200 x 200 nm?
wells with a 25% pattern density. In this case specifically,
thicker more robust NCs were fabricated (130 nm deep wells,
390 nm thick Au film) to improve vertical facet quality for visu-

This journal is © The Royal Society of Chemistry 2024
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(a) 100 nm - 4% (c) 400 nm - 64%

(b) 200 nm - 25%

(e) Cross section - After CMP

Fig. 4 SEM images of gold nanocubes (NC) embedded in SiO, revealed
by abrasive-less CMP damascene fabrication for various device dimen-
sions to illustrate (a—c) process capabilities and (d and e) cross section
STEM images: (d) before and (e) after abrasive-free CMP. Initial Au film
thickness: 390 nm; structured SiO, substrate geometry: 130 nm deep
200 x 200 nm wells, 25% pattern density. The carbon (C) layer above the
structures serves for protection during the FIB sample preparation.

alization by STEM after cross-sectioning by focused ion beam
(FIB). Note that Au film growth by e-beam evaporation in
nano-scale wells is a complex mechanism involving two dis-
tinct growth surfaces: at the bottom of the wells and on top of
the unstructured SiO, film (there is no growth from the vertical
sidewalls due to the directional nature of the e-beam evapor-
ation process).

Material removal and evolution of the overall surface profile
during CMP were quantified by assessing the surface planari-
zation, that is, the difference in average height between the
areas above the unstructured SiO, film and the areas above the
wells containing the NCs. Fig. 5a shows a typical planarization
curve over time illustrating the stages in the damascene
process by abrasive-free CMP designed to reveal the NCs
embedded in the SiO, film with a final planar surface profile
across the entire device (stages i to iv, the gray areas designate
typical measurement variations across samples). Fig. 5b shows
schematic side profile representations of unit cells in an array
at different polishing times and stages along with representa-
tive AFM surface topology images (2 x 2 subarrays of NCs).
Note that the reference height in the planarization calculation
(the average surface height above the unstructured SiO,
surface) is not static but instead decreases gradually during
the process until a bare unstructured surface SiO, is reached
(end of stage iii). During stage i for example, since the areas
above the wells and the intervening surface (the reference) are
both covered with Au, their respective heights decrease during
polishing, as does the planarization (the difference between
them). The planarization may be negative in stage iii if the
remaining (very thin) Au film atop the unstructured SiO, areas
is either thinned more quickly or completely delaminates
while the NCs have not yet been polished down to the same
level.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Process stages and process dynamics for abrasive-free CMP
damascene fabrication of an array of NCs embedded in an SiO; film. (a)
typical planarization profile over time showing distinct stages; (b) sche-
matic side profile of unit cells in the array at the different stages and pol-
ishing time with representative AFM surface topology images (2 x 2 sub-
arrays of NCs with different NC size and array density, 400 nm scale
bars); (c) planarization curves for different NC sizes in a 64% density
array (the thicker colored areas represent measurement variations of
height difference across the 4 x 4 subarray used); (d) initial planarization
rates in stage i as a function of NCs size and array density.

Planarization stages (Fig. 5):

i. Initial polishing to remove the surface topology of the
metal film. An efficient CMP process exhibits a marked nega-
tive slope during this stage.

ii. Thinning of the planar gold surface, planarization is zero
during this stage.

iii. Critical (under) polishing where the remaining thin Au
film atop the unstructured SiO, surface is removed. The NCs
may protrude above the bare SiO, surface at end of this stage
(negative planarization) due to a combination of two factors:

a. In the final polishing stages, the Au film atop the SiO,
surface becomes discontinuous and eventually delaminates
completely, as discussed previously.

b. The interfaces that form between the metal films grown
from the bottom of the wells and from the unstructured SiO,
surface may be mechanically weaker than the grain bound-
aries. As a result, the final thin layer of Au film grown from the
unstructured SiO, surface may delaminate while the films
grown from the bottom of the wells (the nearly completed
NCs) remain relatively intact. The magnitude of this effect will
be highly dependant on deposition conditions, as well as on
array/well geometry as discussed below.

Nanoscale, 2024, 16, 16861-16869 | 16865
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iv. Final polishing to remove the metal film topology above
the wells, complete the forming of the NCs, and achieve a
planar Au-SiO, surface. Planarization reaches zero at the end
of this stage.

v. Dishing of the NCs (left schematic) and partial/complete
NC delamination due to over-polishing (right schematic).

Importantly, the dynamics and characteristics of the
different stages vary with array geometry (well size and
density). In stage i for example, planarization rate (slope of the
initial linear portion of the curve) decreases with NC size and
increases with array density (Fig. 5d). In stage ii, plateau dur-
ation decreases with NC size, to the point of being unmeasur-
able for 800 nm NCs in a 44% density array (Fig. 5c). In some
cases of stage ii, a short positive spike appears in the plateau,
during which time the topology is no longer flat because the
Au film above the wells is again thinner than above the
unstructured surface (black and red curves for 100 nm and
200 nm NCs in Fig. 5¢). This effect is similar to the NC protru-
sions at the end of step iii, but in reverse, where the thin metal
film remaining on top of the NCs that was grown from the
neighboring unstructured SiO, surface detaches first. In stage
iii, array densities below 44% show no early elimination of the
metal film above the unstructured surface (Fig. 5c). For
extended polishing times in stage v, dishing is observed for all
wells and array geometries (Fig. 5¢ and Fig. S47).

Fig. S6a in ESIf shows that polishing times required for
device completion ranged from 110 to 145 seconds for the
various array geometries studied. Although increasing pad
rotation speed did not result in any significant increase in the
planarization rate at stage i (Fig. S51). Final polishing times were
reduced by ~25% (Fig. S6bt), which correlates with the increase
in MRR observed with un-patterned films (Fig. 2). Interestingly,
optimal polishing times did not vary significantly with array
density for NC size of 400 nm and below, indicating that the pro-

CMP ()

(a) Top schematic view (b)

100nm §

k
PR 400 nm
Sio, Au
(d) B ’—l—'
k

somm} [ qu

20mm} Si0, — =
50 nm Au

Ti=2nm

View Article Online

Nanoscale

posed abrasive-free CMP method can be used with standardized
conditions and fabrication time for a wide range of device geo-
metries. This is well illustrated in Fig. 4a-c where three different
geometries (NC size and array) are fabricated on the same sub-
strate by CMP. Finally, Fig. S7a-ct highlight typical fabrication
defects that may occur during CMP parameter optimization and
their possible causes: (a) residual Au on the SiO, surface
between NCs due to under-polishing; (b) excessive dishing of the
NCs and/or delamination at the center of the wells due to slight
over-polishing; (c) NC delamination due to excessive over-polish-
ing and/or sub-optimal Au deposition parameters.

Fabrication of nanostructured plasmonic array over mirror,
CMP vs. lift-off

The main motivation for this work was to develop an indust-
rially compatible process for fabricating metal/dielectric
optical nanostructures such as plasmonic nano-cavities. This
section reports on a test structure comprised of an array of
gold NCs embedded in SiO, as described above, fabricated
atop a continuous gold film (mirror) with an intervening
20 nm dielectric gap (SiO, or Al,0;). The structure thus forms
an array of plasmonic nano-cavities. Fig. 6a and d show the
structure geometry and thin film stack (2 nm thickness metal/
dielectric Ti adhesion layers shown in red), as well as the
orientations of the excitation light incidence and electric field.
Although similar structures have been fabricated by many
other groups by lift-off*° and nanoparticle self-assembly,*" we
now demonstrate that abrasive-free CMP is advantageous for
fully embedding metal nanostructures in a dielectric film.

For comparison, the plasmonic nano-cavity arrays were fab-
ricated both by lift-off and by abrasive-free CMP. Devices fabri-
cated using the two methods appear quite similar in SEM
images (Fig. 6b and c). However, AFM line profiles along the
dotted lines labelled 1-3 in Fig. 6b and c show significant

Lift-off (8)

—FDTD
1,0 ——CMP

0,8+

Reflectivity
[=}
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o
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Fig. 6 Array of Au NCs embedded in SiO, fabricated atop an Au mirror with a dielectric spacer. (a) and (d) top and side schematic representations;
(b) and (c) SEM images of devices fabricated by abrasive-free CMP and lift-off; (e) and (f) corresponding AFM surface topology profiles along the
dotted lines in (b) and (c); (g) reflection spectra at normal incidence in the visible range showing FDTD simulations with experimental measurements

from the two fabrication methods.
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differences in surface topology. For CMP (Fig. 6e), a slight
over-polishing resulted in the NCs being recessed below the
surface by ~5 nm rms. In the case of lift-off (Fig. 6f), the NCs
had a positive profile and protruded above the surface by
~15 nm rms. These results show that the proposed method is
superior to lift-off for fabricating embedded metal/dielectric
optical nanostructures in devices requiring a flat surface topo-
logy. Moreover, lift-off fabricated structures exhibit defects
such as collar-shaped excess gold above the NCs which are
absent after CMP as illustrated in Fig. S8 in ESL.{

Fig. 6g displays FDTD (finite difference time domain) simu-
lations (details given in section Methods and fabrication), as
well as experimental measurements for devices fabricated with
both methods, of the reflection spectra under normal inci-
dence from 400 nm to 900 nm. The spectra show a strong
reflectance minimum at 725 nm indicative of a localized
surface plasmon (LSP) mode in the NCs interacting with the
mirror, known as a gap mode.?**? This mode is characterized
by a high field enhancement at the bottom edge of the NC and
strong field confinement between the nanostructures and the
mirror, as illustrated by the modeled field distribution in
Fig. S9 in ESL.{ Both measurement spectra show good corre-
spondence with the numerical model, confirming successful
fabrication of the nanostructure arrays.

Methods and fabrication
Fabrication and CMP methodology

All devices were fabricated on 10 x 10 mm?® Si substrates. For
unstructured metal surfaces, experiments were carried out on
70 nm thickness Au films (2 nm Ti adhesion layer) deposited
with an Edwards Auto 306 thermal evaporator. For the SiO, vs.
Au selectivity measurement, a 55 nm thickness SiO, film was
deposited by PECVD at 250 °C on an Si substrate with a
Benchmark 800-1I plasma processing tool. For the damascene
process, an SiO, layer (100 nm or 200 nm thick) was first de-
posited by PECVD, followed by e-beam lithography at 100 keV
using 80 nm thick ARP-6200(.04) CSAR positive resist with a
Raith EBPG-5200. The exposed resist was developed in methyl-
isobutyl-ketone (MIBK) for 1 min. The SiO, etching was con-
ducted with an inductively coupled plasma process™ in an STS
Advanced Oxide Etching DRIE system. After stripping the
resist, Au was deposited by evaporation using the Edwards
system. CMP was performed in an Alpsitec E460 system with a
10 x 10 mm? sample holder. The surface of the IC1000 poly-
urethane pad was prepared with a diamond conditioner before
every polishing (moderate conditioning described in SI). The
abrasive-free slurry was a TFA gold etchant solution from
Transene CO Inc.?® diluted in deionized water at different con-
centrations. Every polishing stage was followed by two cleaning
steps (20 and 40 s) of the sample with deionized water on the
pad. The effect of pad conditioning was evaluated by compar-
ing MRRs after low conditioning and moderate conditioning.
Results in Fig. S1f show that pad conditioning had a negli-
gible effect due to the lack of abrasive in the slurry.

This journal is © The Royal Society of Chemistry 2024
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Nanostructured plasmonic array over mirror fabrication (CMP
and lift-off)

The nanostructured plasmonic arrays over a gold mirror were
fabricated by CMP and lift-off. Gold patterning steps were
common to both methods. Using an Intelvac e-beam evaporation
system, 50 nm thick Au layers were deposited on Si substrates.
Without breaking vacuum, a 60 nm thickness SiO, layer was de-
posited then by sputtering. Adhesion layers (2 nm Ti) were used
at both the Si/Au and SiO,/Au interfaces. E-beam lithography
was performed with 200 nm thick ARP-6200 CSAR positive resist
with a Raith EBPG-5200 at 100 keV. The exposed resist was devel-
oped in MIBK for 1 min. Etching of SiO, was achieved with an
inductively coupled plasma process® in an STS Advanced Oxide
Etching DRIE system. For CMP, the process described above was
used. For lift-off, the resist used at the etching step was used to
selectively deposit 50 nm Au in the SiO, wells by e-beam evapor-
ation. The samples are then immersed in acetone for 2 h and
sonicated for 1 min to enhance lift-off efficiency, followed by
cleaning with isopropanol and water.

Surface topology characterization

Au film thickness was measured by ellipsometry with a J.A.
Woollam Alpha-SE tool using a model of Au thin films based
on experimental data acquired from a range of Au films de-
posited in the same conditions in our facilities. Nanoscale
imaging and topology measurements were performed with a
Thermofisher Apreo2 SEM and a Park System NX20 AFM,
respectively. Device cross section images were acquired with
STEM after milling and thinning a 10 x 5 pm® portion of a
sample down to less than 100 nm lateral thickness by FIB in a
Thermofisher Scios SEM. Optical images were obtained with a
Keyence VK-X1100 confocal microscope. Planarization was
assessed by AFM topology measurement from samples
removed from the CMP process at regular time intervals, i.e.
each sample point in Fig. 5c correspond to one device from
the same fabrication run that were removed from the fabrica-
tion sequence for measurement.

Plasmonics response characterization

Measurement of the array plasmonic response is performed in
the far-field with a reflection setup in the visible range. Light
emitted by a halogen lamp passing through a IHR 320 mono-
chromator and a linear polarizer (polarization parallel to the
Si substrate plane) is incident onto the sample surface at
normal incidence. The reflected light is collected by a non-
polarizing beam splitter and CMOS camera at each wavelength
selected by the monochromator. Spectra are extracted by the
average signal level of the image in the structured areas and
normalized by the average signal level in the unstructured
areas, for each wavelength.

FDTD simulations

Electromagnetic simulations of the nanostructured plasmonic
arrays were performed with the Ansys Lumerical FDTD soft-
ware. Periodic boundary conditions were applied in the direc-
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tions perpendicular to the film plane at the edge of the model-
ing domain. Perfectly matched layer (PML) boundary con-
ditions were applied in the directions parallel to the film plane
at the edge of the modeling domain. Geometry and dimen-
sions of the structure are given in Fig. 6a&d. The optical index
of gold is based on experimental data acquired from a range of
Au films deposited in our facilities. Modeled reflection values
were normalized by results from same model without nano-
structures to be comparable with experimental results.

Conclusions

This work presented a study of an industry compatible and
robust method for gold film nanostructuring using an abrasive-
free CMP approach. The process achieves consistent results and
limited defects with a highly tunable material removal rate
(MRR) by varying the slurry concentration (diluted gold etchant
in water). Exploring the effects of CMP parameters on the MRR,
we determined that the polishing mechanism for gold involves
both chemical alteration of the microstructure and removal of
grains through the mechanical action of the pad. Fabrication of
millimeter-scale devices featuring nanostructure arrays with
elements ranging from 100 nm to 1 pm in size was achieved.
The experiments demonstrated a high planarization rate,
efficiently removing excess gold deposited in SiO, wells and
resulting in a highly planar surface with embedded gold nano-
structures. The geometry of the arrays, including feature size
and array density, significantly influenced the various stages of
planarization during the damascene process. The effectiveness
of the abrasive-free CMP process was further validated by fabri-
cating plasmonic nanocavities consisting of gold nanostructure
arrays over a gold mirror that exhibited high-contrast resonance
in the visible range, aligning well with simulation results.
Compared to lift-off, abrasive-free CMP is more effective for
embedding Au nanostructures in a dielectric film to achieve a
flat device surface topology.
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