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ABSTRACT

Nanogaps in metallic nanostructures produce local field enhancements with potential applications in surface enhanced spectroscopy, solar
energy conversion, and photocatalysis. Atomic layer deposition is applied as a conformal coating to modify nanogap sizes and tune the
optical properties of plasmonic dimer arrays with sub-10 nm nanogaps. Nanostructures are fabricated using layers of gold and palladium to
combine features of plasmonics and area-selective atomic layer deposition, where copper metal is deposited on palladium-covered surfaces.
Direct measurements of optical extinction for successive smaller nanogaps and thicker copper coatings show that spectral features become
broadened at first due to heating-induced shape changes but subsequently sharpen as copper coatings form on palladium structures.
Furthermore, longitudinal resonances of plasmonic dimers blue shift for thin coatings due to heating and decreasing aspect ratio, but
thicker coatings lead to red shifts due to narrowing nanogaps. Together, these results show that area-selective atomic layer deposition is a
promising tool for achieving large area arrays of plasmonic dimers with sub-10 nm nanogaps.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001205

I. INTRODUCTION

Plasmonic dimers, especially with sub-10 nm nanogaps, can
greatly enhance local electric field intensity through excitations of
surface plasmons, which are collective oscillations of electrons
excited by light."”” Arrays of plasmonic dimers made of materials
such as copper, silver, and gold can be designed to concentrate and
manipulate light at the nanoscale, and they have wide applications
in areas such as surface enhanced spectroscopy, photo-driven
chemical conversion, and photodetection.”* These applications
benefit from intense electric fields, hot carriers produced by surface
plasmon decay, or laser-induced plasmonic local heating.’™
Nanogaps between plasmonic dimers create electric field hot spots
that grow more intense as the gap is reduced, reaching electric field
enhancements as large as 10°.°

Previous studies to fabricate plasmonic dimers with sub-10 nm
nanogaps include techniques such as electromigration,”™ electroless

gold plating,'"” self-assembly,'" and high resolution electron beam

lithography.'>™'® However, these methods are limited in shape and
pattern design, or low yield for scaling up. Moreover, the methods
generally do not allow for tunability of nanogap dimensions. To
attain more flexibility and reliability in fabrication, there is a need for
scalable methods to fabricate plasmonic dimers with sub-10nm
nanogaps, which is crucial for their use in practical applications.
Atomic layer deposition (ALD) is a thin-film deposition tech-
nique capable of producing conformal thin films with precise
control of thickness and composition at the atomic level.'”*’
Area-selective ALD (AS-ALD) is a bottom-up process for direct
deposition of materials only on desired regions of a substrate.”' ™"
Our previous work shows how AS-ALD can be used to tune plas-
monic responses.” > It provides a flexible and reliable way to tune
nanogaps to modify optical and electrical properties. In this
approach, arrays of palladium dimer nanostructures are fabricated
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as templates, and copper AS-ALD is applied to tune nanogaps and
enhance plasmonic properties. Palladium acts as a nucleation layer
to enable copper ALD growth on nanostructures.””™**

In this work, we investigate copper AS-ALD to tune nano-
gaps of plasmonic dimer arrays to sub-10 nm. Nanostructure
templates are made of layered Au/Pd to enhance plasmonic
properties. Optical responses are compared before and after
deposition to analyze the effects of copper coatings on plasmonic
properties.

Il. EXPERIMENT

Gold (Au), palladium (Pd), and layered Au/Pd plasmonic
dimer arrays were fabricated on fused quartz substrates by high-
resolution electron beam lithography, electron beam evaporation,
and lift-off processing. Schematic diagrams of the fabrication
process are shown in Fig. S1 of the supplementary material.’”” The
array sizes are 200 x 200 um?> and the square unit cells are 550 nm
in both planar directions. The sizes of the nanorods are
(130 £3) x (43 + 1) nm? and tuned to a resonance near 800 nm. A
thin layer of 4 nm titanium was used to promote adhesion to the
fused quartz substrate. For reference experiments, 40 nm thick pure
gold or pure palladium was subsequently deposited onto the tita-
nium layer. For ALD experiments, dimer templates were made of
Au/Pd; 36 nm Au was deposited on the titanium layer, followed by
10 nm of Pd. After fabrication, wafers were protected with photore-
sist and diced into 1x1cm® die. Before optical measurements,
each die was rinsed with acetone to remove photoresist, cleaned by
isopropyl alcohol, and dried with nitrogen gas.

Optical extinction of the arrays was measured using a polar-
ized transmission experimental setup, which is based on our previ-
ous work.”®? To measure optical extinction, we first measure the
transmission of the substrate as a background signal. Next, the
array of interest is moved to the focused beam spot. Subsequently,
polarized transmission of each array is measured and optical
extinction is given by 1 — T,ray/Tsup, Where Ty is the transmis-
sion of the array and Ty, is the transmission for the substrate. Full
width at half maximum (FWHM) was calculated by fitting a
Lorentzian curve to extinction peaks and measuring the width at
half maximum.

Prior to ALD growth experiments, each die was pretreated to
clean and activate surfaces. After photoresist removal, each sample
was treated with an oxygen plasma to remove surface contaminants
and subsequently dipped in dilute hydrofluoric acid (250:1
H,0:49% HF) to remove the top few layers of the quartz substrate.
Finally, samples were dried with nitrogen gas and further cleaned
by ultraviolet-ozone for 10 min. Samples were then immediately
loaded into the ALD reactor.

ALD growth experiments were done in a custom-built tool,
which is shown schematically in Fig. 1. Samples were placed onto
a pedestal-style sample holder, which is heated by an embedded
cartridge heater with an integral thermocouple. The external sur-
faces of the reactor were heated by tungsten-halogen bulbs to
125°C to prevent precursor condensation. Temperatures were
regulated by a proportional, integral, derivative controller. Sample
temperatures were calibrated by thermocouple measurements on
the heat stage. A custom-built heating vaporizer and heat tapes

ARTICLE avs.scitation.org/journalljvb

| o |
b
b

HMEC T} -

H Kam

UM : (e R
reactor

PLC

MFC — Mass Flow Controller
X -~ Valve

PLC — Programmable Logic Controller

Q - Pump

FIG. 1. Schematic diagram of a custom-fabricated ALD tool.

were used to maintain a controlled heated path from the precursor
source to the reactor. Helium was used as a delivery and purge gas
to minimize temperature oscillations during hydrogen pulsing.
Flow rates of carrier and purge gases were controlled by mass flow
controllers and set at 20 and 144 SCCM, respectively, which corre-
sponded to reactor pressure at 1Torr. Copper bis-(2, 2, 6,
6-tetramethyl-3, 5-heptanedionate) [Cu (thd),] and hydrogen act
as precursor and co-reactant, respectively, for this AS-ALD reac-
tion. The precursor was ground to a fine powder and heated to
120°C to sublimate. The ALD temperature window for this
AS-ALD reaction is from 190 to 260 °C. All depositions in this
study were done at 230°C to ensure a high growth rate while
maintaining good selectivity.”’ The partial pressure of hydrogen
gas was tuned to 1 Torr by a needle valve. ALD valves were con-
trolled by a programmable logic controller for pulsing of copper
precursor and hydrogen. ALD pulsing times for hydrogen dosing,
helium purge, copper precursor dosing, and helium purge were set
as 2, 3, 3, and 3s, respectively.
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FIG. 2. Extinction curves of 200 x 200 um? Au and Pd dimer nanostructure
arrays.
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FIG. 3. Side view schematic diagram of AS-ALD to tune nanogaps (not to
scale).

After ALD growth experiments, samples were analyzed by
high-resolution scanning electron microscopy (SEM) to quantify
structure sizes and nanogaps. Before SEM imaging, samples were
sputter coated with a 2 nm layer of gold for charge dissipation. A
Verios SEM was used with an accelerating voltage of 10kV and a
beam current of 0.4 nA, which gives a resolution of 0.9 nm. Image
magnification was set at 150 000x, and immersion mode was used
for high-resolution imaging. The quantification analysis of images
was done using ProSEM software (GenISys GmbH). All the struc-
ture sizes and nanogaps in each image were measured, and the
averaged data are given in Figs. 7(c) and 7(b). Samples were ana-
lyzed by a Cypher atomic force microscope (AFM) to extract the
height profiles of plasmonic dimer arrays. Imaging was performed
in noncontact, AC/tapping mode in air using soft (2 N/m) cantile-
vers with a 7:1 aspect ratio silicon tip. The average height in each
sample is given in Fig. 7(d).

I1l. RESULTS AND DISCUSSION

As a reference for growth experiments, the extinction curves
for gold and palladium dimer nanostructures were measured and

500 nm

ARTICLE avs.scitation.org/journalljvb

compared. Figure 2 shows extinction curves for gold and palladium
dimer nanostructure arrays of the same nominal size and thickness.
The electric field polarization is along the dimer axis. The gold
arrays show one sharp peak around 830 nm with a FWHM of
86.2 + 1.7 nm, indicating a strong dipolar plasmon resonance. In
contrast, palladium dimer nanostructure arrays have two broad
peaks centered near 560 and 800 nm. The weak extinction of palla-
dium is mostly due to its inferior plasmonic properties but may
also be attenuated by oxidation or carbonaceous layers caused by
sample preparation and air exposure.”’ " The small peak in the
palladium spectrum near 800nm was consistent over many
samples and is assigned to a weak dipolar resonance.

Based on the weak plasmonic properties of palladium com-
pared to gold, we fabricated Au/Pd-layered templates as a compro-
mise between the good nucleation properties of palladium and the
good plasmonic properties of gold. Copper AS-ALD was then
applied to investigate the optical properties as nanogaps are
reduced to sub-10 nm. Figure 3 shows a side view diagram of the
layer design for ALD growth. Gold layers provide strong plasmonic
resonances in the visible and near IR range, and palladium layers
promote copper nucleation.””™** Using copper AS-ALD, nanogaps
could be precisely and reproducibly tuned below 10 nm.

Figure 4(a) shows a top-down SEM image of a Au/Pd-layered
dimer nanostructure array prior to ALD growth. These are nanofabri-
cated templates for ALD growth. The gap size distribution is shown
in Fig. S2.” The average size of all nanogaps (20 in total) is
11.9+ 1.6 nm, and the nanorod size is (130 + 3) x (43 + 1) nm? For
the selected example in Fig. 4(b), edges of the nanorods are well
defined by ProSEM software. The gap sizes are quantified by using
edge detection algorithms and analyzing pixel intensity.

Growth experiments using 50, 100, and 200 cycles of copper
AS-ALD were used to narrow the nanogaps fabricated from
the templates. Figure 5(a) displays a top-down SEM image of a
Au/Pd-layered dimer nanostructure array after 200 cycles copper
AS-ALD at 230°C. Compared with SEM images prior to ALD

FIG. 4. (a) Top-down SEM image of a Au/Pd-layered dimer nanostructure array prior to ALD growth; (b) example of dimer nanostructure dimension measurements by

ProSEM.
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FIG. 5. (a) Top-down SEM image of a Au/Pd-layered dimer nanostructure array after 200 cycles of copper AS-ALD at 230 °C; (b) example of dimer nanostructure dimen-

sion measurements by ProSEM.

growth, dimer nanostructures in post-ALD samples become larger
and more rounded, while the substrate surfaces remain clear of
metal deposits. Only a charge dissipation layer is present on the
substrate surface, which confirms the selective growth. The gap size
distribution is shown in Fig. $2.”” The average size of all nanogaps
(20 in total) is 6.5+2.2nm. The nanogap of the example in
Fig. 5(b) is 4.2 nm based on the ProSEM analysis. In the inset, each
pixel is 0.9nm and this nanogap is around 4-5 pixels. Thus,
AS-ALD demonstrates reliable tunability in nanogaps from
11.9 + 1.6 to 6.5 = 2.2 nm. The deposition is conformal as evidenced
by growth in the length and width of the features. The slight
increase in standard deviation from 1.6 to 2.2nm is consistently
observed across many samples and patterns. Smaller nanogaps are
achieved with more ALD growth, but nanogaps become difficult to
quantify below 5 nm.

Optical extinction curves were measured to track the changes
of plasmonic resonances in the AS-ALD process. Figure 6 shows
extinction measurements for light polarized along the axis of the
dimer nanostructures. The extinction curve of Au/Pd-layered tem-
plates prior to growth (black curve) is significantly broader than
the gold extinction curve in Fig. 2, with a FWHM of
157.6 + 1.6 nm. This is caused by the damping effect of palladium
thin layers.”’ In the first 50 cycles of deposition, the extinction
curve (red curve) becomes slightly broader with a FWHM of
165.6 + 8 nm. This peak broadening is primarily due to heating,
which can also be seen in Fig. S3 (Ref. 39) for control experiments
with heating but no ALD growth. During subsequent copper depo-
sition, FWHM decreases to 141 + 5 nm after 100 ALD cycles (blue
curve) and further to 140 +3 nm after 200 cycles (green curve),
which is narrower than the starting Au/Pd templates. The curves
gradually sharpen as copper continuously coats the palladium
structures because copper has similar plasmonic properties as gold,
which is of higher quality than palladium at optical frequencies.’">™*
There may also be a contribution to the reduction in peak width

due to the red shift of the resonance. Intuitively, experiments show
that reducing the palladium layer thickness results in higher quality
resonances. However, a sufficient palladium layer is necessary to
nucleate and sustain copper ALD growth.”” "

As shown in Fig. 6, the resonance peak position initially blue
shifts around 100 nm after 50 ALD cycles and then red shifts back
after more deposition cycles. The initial blue shift is mainly due to
heat-induced rounding of corners and edges, which is driven by
thermodynamics to minimize surface energy.””> Control experi-
ments with heating but without growth in Fig. S3 (Ref. 39)
show similar blue shifts.”” Figures S4(a) and S4(b)* show 3D

0.3F Pre-ALD
+ 50 cycles
~— 100 cycles

200 cycles

e
o
T

o
T

Extinction (arbitrary unit)

1

00 1 1 1 1 1 1
300 400 500 600 700 800 900 1000
Wavelength (nm)

FIG. 6. Extinction curves of Au/Pd-layered dimer nanostructure arrays after
copper AS-ALD for 50, 100, and 200 cycles of growth.
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high-resolution AFM images of Au/Pd dimer nanostructure arrays
prior to ALD growth.” Initially, the edges of dimer nanostructures
are sharp and the top surfaces are rough. However, features become
significantly rounded and smoother after 50 cycles of growth,
which is displayed in Fig. S4(c).” The heat-induced rounding effect
is also seen in SEM images. Further rounding and smoothing are
seen after 100 and 200 cycles in Figs. S4(d) and S4(e),” which are
also shown by the height line scanning results in Fig. $5.”
Additional factors that affect the optical properties include a
decreasing aspect ratio from 3.0 £ 0.1 to 2.7 £ 0.1 [Fig. 7(a)], which
also contributes to a blue shift of the resonance.” The initial sharp
decline and gradual saturation of the aspect ratio is consistent with
conformal coatings. Uniform coatings on nanorods naturally lead
to a reduction of the aspect ratio, where rectangular features
become less elongated with increasing deposition layers. Additional
data in Figs. 7(c) and 7(d) show larger growth in the width and
height directions compared to the length direction, which is

(a)

32F

301 ]

Aspect ratio
|8
o]

26}
Pre-ALD 50 cycles 100 cycles 200 cycles
(C) 140 65
= length
1351 width | +  leo
ERE [ 55
e
§ 125+ ’ 150
120+ 145

1 1 1 1 4()
Pre-ALD 50 cycles 100 cycles 200 cycles

Width (nm)
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consistently observed across many samples and patterns. After 200
ALD cycles, the average growth in the length direction is 5.6 nm,
while growth in the width direction is 7.7 nm and growth in the
height direction is 7.4 nm. The growth difference is caused by ther-
modynamically driven reduction of surface energy that tends to
blunt sharp features and round corners.”® Lower temperatures or
different deposition chemistries may improve the AS-ALD
approach by maintaining higher aspect ratios or by reducing the
need for palladium seed layers.”>””

After initial blue shifts from heating and growth, the reso-
nance peak red shifts because of the reduction in the nano-
gaps.'»'*?%**%  Ag displayed in Fig. 7(b), average nanogaps
decrease from 11.9 + 1.6 to 6.5 + 2.2 nm after 200 cycles of growth.
The reduction is roughly linear with the number of cycles. The red
shifts are caused by hybridization of the nanorod plasmons, which
reduces the restoring force and decreases the resonant fre-

13,29,31 . .
. For fixed nanorod sizes, reducing nanogaps can lead

(b)

—
wn
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FIG. 7. Dimension changes in the AS-ALD process: (a) aspect ratio, (b) size of nanogaps, (c) length and width of nanorods, and (d) height of nanorods.
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to significant red shifts, especially when gap sizes are below 10 nm.
The red shifts observed in Fig. 6 from 50 to 200 cycles are relatively
small at 41 nm. The reasons for the small shifts are that nanogap
reductions are accompanied by offsetting factors associated with
ALD growth that include decreased aspect ratio and increased
height.

IV. CONCLUSIONS

We present a tunable and scalable method to fabricate plas-
monic dimer arrays with sub-10 nm nanogaps using AS-ALD. Sizes
of nanogaps were imaged by high-resolution SEM measurements
and quantified by ProSEM software. Extinction curves of plasmonic
dimer arrays were collected by a broadband source in a confocal
transmission arrangement. The extinction curves of Au/Pd-layered
templates prior to growth are significantly broader than pure gold
due to the damping effects of palladium layers. During growth,
extinction curves initially blue shift due to heating and decreasing
aspect ratio and become slightly broader. In contrast, thicker coat-
ings lead to red shifts due to the dominant effect of narrowing
nanogaps. Extinction features gradually sharpen as copper coats the
palladium layers and improves the resonances. AS-ALD provides a
reliable way to tune the optical properties of plasmonic dimers and
achieve sub-10 nm nanogaps on large area arrays.
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