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M
etallic nanoparticles (NPs) can
spatially confine light on the nano-
meter scale by trapping energy

into localized surface plasmon (LSP)
modes.1�3 The LSP resonance of a single
NP depends on the material, size, and shape
as well as the local dielectric environment.4

This localized mode can also be tuned by
placing another metal NP in close proximity
(<50 nm),5 where the LSP of one particle
can couple to the other through dipolar
interactions.6 Furthermore, plasmonic NPs
arranged into assemblies (three or more NPs)
can manipulate near-field profiles7�9 and
modify far-field characteristics compared to a
single NP.8 For example, Au NP trimers can
enhance the intensity of dark plasmon
modes,8,10 and Au NP tetramers can preserve
the polarization state of incident light while
enhancing the local field.11 The intense loca-
lized fields confined within the gaps of
NP assemblies have been exploited for appli-
cations such as surface-enhanced Raman
scattering12 andplasmon-enhancedbiological

and chemical sensing.13 Plasmonic assem-
blies made from different materials (e.g.,
Au�Ag NP dimers) can show otherwise
forbidden optical signatures because of
composition asymmetry.14,15 Plasmonic het-
eroparticle assemblies can also boost the
function of weak or nonplasmonic materials
in plasmon-enhanced chemistries.16,17 For
example, Au�Pd NP dimers and Au@Pd
core�shell nanocrystals have been tested
as H2 gas sensors16,18 because Pd NPs can
rapidly incorporate hydrogen gas due to
short diffusion lengths for H atoms, while
the enhanced near-fields of Au NPs sensi-
tively detect and report changes in Pd NPs
as far-field spectral shifts.
Bottom-up methods that can organize

metallic NPs into well-defined assemblies
typically involve molecular linkers with spe-
cific recognition properties. For example,
the hybridization of complementary DNA
strands can facilitate the assembly of AuNPs
into extended structures19 with control over
NP separation down to 0.5 nm;20 however,
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ABSTRACT This paper describes how the ability to tune each

nanoparticle in a plasmonic hetero-oligomer can optimize architec-

tures for plasmon-enhanced applications. We demonstrate how a

large-area nanofabrication approach, reconstructable mask litho-

graphy (RML), can achieve independent control over the size,

position, and material of up to four nanoparticles within a

subwavelength unit. We show how arrays of plasmonic hetero-

oligomers consisting of strong plasmonic materials (Au) and

reactant-specific elements (Pd) provide a unique platform for

enhanced hydrogen gas sensing. Using finite-difference time-domain simulations, we modeled different configurations of Au�Pd hetero-oligomers

and compared their hydrogen gas sensing capabilities. In agreement with calculations, we found that Au�Pd nanoparticle dimers showed a red-shift and

that Au�Pd trimers with touching Au and Pd nanoparticles showed a blue-shift upon exposure to both high and low concentrations of hydrogen gas. Both

Au�Pd hetero-oligomer sensors displayed high sensitivity, fast response times, and excellent recovery.

KEYWORDS: plasmonic assemblies . heterogeneous oligomers . nanofabrication . hydrogen sensing . Au�Pd nanoparticle dimers .
Au�Pd nanoparticle trimers
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these and other solution approaches have low NP
assembly yield and require substantial purification
processes.9,14,20�24 The most common top-down ap-
proach to design plasmonic NP assemblies, including
dimers,5,12 tetramers,7 and heptamers,25 is electron
beam lithography (EBL). EBL can produce nano-
structures with more than one material in a subwave-
length region but requires both high alignment
accuracy and precision between metal depositions.16

EBL also has limited throughput. Template-assisted
lithography is a promising parallel strategy for inex-
pensive fabrication of plasmonic NP assemblies26

but has only realized arrays of simple geometries27�31

and/or twomaterials15,17 because of the prefixedmasks
involved in the procedures. Therefore, the fabrication
of plasmonic heterogeneous NP assemblies with high
throughput remains a fundamental challenge.
Here we present a nanofabrication approach;

reconstructable mask lithography (RML);that can
create large-area arrays of plasmonic hetero-oligomers
within a subwavelength footprint. Access to well-
defined assemblies of plasmonic NPs can facilitate
the emergence of new design principles to optimize
plasmon-enhanced applications. First, we built up Au
NP oligomers from a monomer unit to a tetramer
assembly. The construction of NP trimers and tetra-
mers resulted in the formation of side gaps besides a
center gap, which modulated the properties of these
higher ordered assemblies. Next, we examined the
versatility of RML by designing plasmonic hetero-
oligomers consisting of both strong plasmonic materi-
als (Au) and reactant-specific elements (Pt and Pd).
We used Au�Pd NP dimer and trimer assemblies to
study the coupling between Pd and two different Au

nanoantennas for hydrogen sensing. We found that
Au�Pd dimers showed small red-shifts while Au�Pd
trimers showed large blue-shifts upon hydrogen injec-
tion depending on the size of the side gap. Centimeter-
scale substrates of both types of Au�Pd hetero-
oligomers showed fast response times (seconds) and
recovery without hysteresis.

RESULTS AND DISCUSSION

Figure 1 depicts the parallel fabrication scheme of
RML to create plasmonic oligomer arrays over large
areas. First, a square array of nanoholes (d = 200 nm,
a0 = 400 nm) in a Ti film was patterned on Si(100)
wafers by a combination of phase-shifting photo-
lithography32,33 to define posts in the photoresist
(Methods), deposition of a thin Ti layer (10 nm), and
lift-off. We used an anisotropic KOH etch to create
pyramidal Si pits beneath the circular Ti holes; the pits
provided the subwavelength template to build the
plasmonic oligomers. The substrates were mounted
onto a rotational stage with an angle ψ relative to the
e-beam deposition direction (ψ = 0�, normal to the
surface; ψ = 90�, parallel to surface).
A Cr slit mask was built on top of the Ti hole mask by

Cr deposition at a high angle ψCr at two different in-
plane azimuthal angles jCr

1 and jCr
2 . After the slit mask

was constructed, plasmonic NPs with widths defined
by the Cr slit could then be formed in the Si pit in
subsequent plasmonic material depositions. For sim-
plicity, we illustrate this process using Au as the
plasmonic metal. Au can be deposited at a relatively
low angleψAu at azimuthal anglesjAu

1 andjAu
2 (or only

jAu
1 ) to produce Au dimers (monomers). The produc-

tion of a Cr slit mask above the circular Ti hole array

Figure 1. Scheme of reconstructable mask lithography. Deposition angles in 3D model are ψCr = 50� to create the Cr slit
mask andψAu = 20� to create theNPs. The azimuthal angles arejCr

1 = 0�,jCr
2 = 180�,jCr

3 = 90�,jCr
4 = 270�;jAu

1 = 90�,jAu
2 = 270�,

jAu
3 = 0�, jAu

4 = 180�.
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constitutes the most important step in RML because
this top Cr mask can be removed and reconstructed
between sequential depositions of the desired
plasmonic materials without the need to change the
underlying Ti hole array. The reconstructable Cr mask,
together with the deposition angle ψAu, determines
the size, shape, and position of NPs within the Si
template and allows the aspect ratio of the NPs as well
as the center gap distance in a dimer to be tuned.
One distinct advantage of RML is that circular Ti

holes can effectively become elliptical, which ensures
thatmultiple NPs deposited into a subwavelength area
can remain separatedwith defined gaps.We fabricated
more than two NPs in one pit by repeating the process
of Crmask construction and plasmonic particle deposi-
tion. After two Au depositions to produce a dimer, the
Cr film with slit holes was etched to reveal the under-
lying Ti circular hole arrays. Since Cr was deposited at
high angles (50�), deposition of Cr onto the sidewalls of
the pits was limited to the very top regions. There was
only minimal overlap between deposited Au and Cr
materials since Auwas deposited atmuch lower angles
(20�) and at perpendicular directions; therefore the Au
NPs stayed in the Si pits after the Cr layer was etched.
Then, Cr was deposited at azimuthal angles jCr

3

and jCr
4 (the substrate was rotated 90�) to construct

a second Cr slit mask. A third deposition of Au with
deposition angleψAu atjAu

3 can result in a trimer, while
the fourth deposition at jAu

4 results in a tetramer. The
configurability of Cr slit masks enables fabrication of
more than two NPs with equal sizes in close proximity
(10�20 nm), which is challenging for other parallel
nanofabrication methods. Because each NP requires
a separate deposition step, RML can achieve exquisite
structural control over the size, position, and material
of NPs in an assembly.
Using RML, we fabricated Au monomer, dimer,

trimer, and tetramer NP arrays (Figure 2). The dimen-
sions of the Cr slit mask and the deposition angle ψAu

controlled the size of the particles, where we used
a Cr slit mask with dimensions 130 nm � 70 nm and
Au deposition at ψAu = 20� (30 nm) to result in a
monomer NP with dimensions 120 nm � 60 nm �
30 nm (length � width � thickness, Figure 2a). The
roughness of the Au NPs was related to the deposition
conditions, including the vacuum and deposition rate.
Patterns on the poly(dimethylsiloxane) stamp used in
phase-shifting photolithography controlled spacings
between adjacent NP oligomers (Supporting Informa-
tion, Figure S1a). The aspect ratio of the Cr slit mask
(length to width) defined the aspect ratio of the plas-
monic Au NPs (Supporting Information, Figure S1b�e).
The deposition angle ψAu effectively controlled the
distance between the ends of the two NPs in the dimer
(Figure 2b). Small gaps, on the order of a few nano-
meters, are desirable for many applications and can be
realized by simply decreasing the deposition angleψAu

(Supporting Information, Figure S1f,g). Figure 2 shows
results where the Cr slit mask was built along the high-
symmetry directions of the square lattice, but RML can
also produce NPs oriented along different directions
(Supporting Information, Figure S1h,i).
To produce Au NP assemblies with equal NP sizes,

we kept the dimensions of the Cr slit mask (130 nm �
70 nm) and parameters for Au depositions (ψAu = 20�,
thickness = 30 nm) the same for NP trimers and
tetramers. Trimers had two side gaps created by the
third deposition of Au (Figure 2c), where the side
gaps (10�20 nm) between neighboring particles
were smaller than the center gap (30�40 nm) when
the same deposition angle was used (20�). Tetramer
NPs were formed by a fourth deposition of Au, which
resulted in two more side gaps and a symmetric
structure (Figure 2d). All plasmonic oligomers were
3D in shape because of the etched Si pyramidal pit.
However, since RML can also be used with different Cr
masks and substrates, 2D plasmonic oligomers can also
be created (Supporting Information, Figure S2).
To investigate the optical properties of the plasmonic

oligomers, we transferred the arrays from the Si tem-
plates onto transparent substrates via template
stripping34 using a UV-curable polymer (polyurethane,
PU, NOA 61, Norland Products).35 After template strip-
ping, the oligomers were situated on a PU pyramid; the
separation between nearest neighbor NPs within the
subwavelength footprint was often reduced slightly
(∼5�10 nm) compared to that in the Si pit from PU
shrinkage during the UV curing process. The transmis-
sion spectra were collected by a UV�vis spectrometer
(Methods). To elucidate the plasmonmodes of coupled
modes in the oligomer NPs, we kept the polarization
of light fixed where the electric field E was along the
x-axis and across the center gap (Figure 3). Under this

Figure 2. Au plasmonic oligomers. SEM images of arrays
of (a) monomer, (b) dimer, (c) trimer, and (d) tetramer NPs.
The insets show the structures at high magnification.
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polarization, in a Au NP trimer, the two NPs separated
by a center gap will have face-to-face plasmonic
coupling, and they can also couple to the third NP in
a side-by-side manner.
Plasmon hybridization is a useful phenomenological

model that can explain the LSP resonancewavelengths
of coupled structures in terms of the energies of iso-
lated structures.36 In this model, Au NP dimers support
bonding (bright) and antibonding (dark) modes, where
the bright mode should be red-shifted compared to a
single NP.37 Indeed, bothmeasurement and simulation
showed a clear red-shift from monomer to NP dimers
(Figure 4a,b). From dimers to NP tetramers, the simu-
lated spectra also showed small (<20 nm) red-shifts
(Figure 4b). Thesewavelength shifts were not observed
in experiment (Figure 4a); we attribute this mismatch
to plasmonic damping effects from surface roughness
and averaging from large sample areas (∼1 cm2).
The monomer exhibited a dipolar mode (λ =

772 nm), where the charges were separated at two
ends, and electric field lines circulated around the
NP (Figure 4c). In the dimer, coupling of the two NPs
resulted in charge redistribution and a resonance split.
The antibonding mode was dark since there was no
net dipole moment; the bonding mode with opposite
charges across the gap showed up at a longer wave-
length (λ = 831 nm), causing a red-shift in resonance
from monomer to dimer. Because the coupling
between two NPs in a dimer was in a face-to-face
configuration, the red-shift was large (Δλ= 59 nm). The
optical field was concentrated and enhanced in
the center gap (Supporting Information, Figure S3a).
Enlarged 2D projection views of the insets can be found
in the Supporting Information (Figure S4). Since Au
dimer arrays have C2v symmetry, the dimers exhibited
a polarization-dependent response (Supporting Infor-
mation, Figure S5).
In our 3D NP oligomers, trimers were especially

interesting because two side gaps were formed as a
vertical particle (2D projection view, Figure 4c inset)
was added to the dimer. This vertical particle bridged
part of the electric field lines and produced another
coupling channel for the two horizontal particles
(Figure 4c). Notably, the charges had opposite signs
across side gaps, which decreased the restoring force

acting on the oscillating electrons of the NP dimer and
thus resulted in a red-shift of the resonance compared
to that of the dimer (λ = 851 nm, Δλ = 20 nm). The
optical fields were strongly confined within the side
gaps for trimers (Supporting Information, Figure S3b).
Because coupling between the two horizontal particles
and the vertical particle was from side-by-side inter-
actions, the overall red-shift (Δλ = 20 nm) was smaller
than that from monomer to dimer (Δλ = 59 nm).
Analogously, the tetramer was composed of a trimer
and another vertical particle, which further red-shifted
the resonance (λ = 864 nm, Δλ = 13 nm). Au tetramer
arrays have C4v symmetry and show a polarization-
independent response (Supporting Information,
Figure S5).
Experiment was unable to resolve the high-energy

modes of trimers and tetramers and showed only
one resonance envelope (Figure 4a). The high-energy
modes around 550 nm were dominated by transverse
modes supported by the vertical NPs and also showed
complex charge distributions (Supporting Information,
Figure S3c). Compared to simulations, the experimental

Figure 4. Optical properties of Au plasmonic oligomers. (a)
Measured and (b) simulated transmission spectra of Au
plasmonic oligomers. (c) Near-field optical profiles of the
structures on resonance. The red arrows denote the polar-
ization direction.

Figure 3. Scheme defining side gaps and center gap for Au
NP trimers on a PU pyramid.
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resonances were broader, which can possibly be
attributed to small size variations in the NPs across
the large-area substrates (∼1 cm2). To assess the effects
of structural inhomogeneity on the LSP resonances, we
analyzed SEM images and obtained oligomer NP size
statistics (Supporting Information, Table S1). We calcu-
lated the LSP resonances of tetramers using different
NP sizes (Supporting Information, Figure S6). Compared
to simulations based on a single NP size, the LSP
resonance of the tetramer NP weighted by the size
distribution could be broadened by up to 50 nm while
the resonance position shifted within Δλ = 15 nm.
One distinct advantage of RML over other template-

assisted methods is the ability to control the composi-
tion of each NP in the subwavelength unit. A collection
of plasmonic hetero-oligomers is accessible because
we can replace the Au depositions with other plasmo-
nic metals, and notably, these NPs could be deposited
in any order. We chose Au antennas and materials that
are commonly used in catalysis and sensing (Pt and Pd)
to illustrate multimaterial arrays (Figure 5). To produce
Au�Pt dimers, Au and Pt were deposited with ψ = 20�
at azimuthal angles j1 = 90� and j2 = 270� through a
Cr slit mask. To demonstrate that RML can control the
aspect ratio of NPs, we used a Cr slit mask with a width
of 100 nm to obtain wide Au and Pt NPs (ca. 80 nm)
(Figure 5a). Importantly, the two different metal de-
positions to produce NPs using the same Cr slit mask
can be performed by rotating the substrate 180�.
To construct Au�Pd�Pt trimers, we deposited Pt and
Pd at azimuthal angles j1 = 90� and j2 = 270� using the
first Cr slit mask built with anglesjCr

1 = 0� andjCr
2 = 180�.

Then, we constructed the second Cr slit mask using
azimuthal anglesjCr

1 = 90� andjCr
2 = 270� anddeposited

Au at azimuthal angle j3 = 90� (Figure 5b). Following
similar procedures, we added another AuNP and created
Au�Pd�Pt tetramers with two Au nanoantennas
(Figure 5c). Arrays of plasmonic hetero-oligomers can
be fabricated over large areas with high uniformity
(Supporting Information, Figure S7). The assembly of NPs
with different compositions is a step toward integration
of multifunctions within deep subwavelength footprints.
The design of H2 sensors has received increasing

interest because of the expanded use of H2 as a

chemical reactant and as an energy carrier.16,17,38

H2 needs to be detected at low concentrations
(0.01�10%) for safety applications and over a wide
range (1�100%) for monitoring processes in the fuel
cell industry.39 Our hetero-oligomers provide a unique
platform where Au and Pd NPs can be organized into
multiple configurations to test and compare their H2

detection performances. We first analyzed the perfor-
mance of different Au�Pd NP oligomers using finite-
difference time-domain (FDTD) simulations (Methods).
We created Au nanoantennas from a single Au NP
or a Au NP dimer and then situated the Pd NP to
form either Au�Pd dimers or Au�Pd trimers. In these
architectures, the optical near-fields are primarily
enhanced within the center gap or two side gaps,
respectively (Supporting Information, Figure S3). We
investigated the change in far-field spectra and near-
field profiles of the Au�Pd oligomers before and after
H2 injection.
In the simulations, we considered two competing

factors when H2 adsorbed to Pd: dielectric change
and lattice expansion.40 The dielectric function of Pd
is modified when electrons from H enter the s- and
d-bands of Pd and change the density of states at the
Fermi level.41,42 Pd becomes less metallic after absorp-
tion of H2.

42 Meanwhile, dissociated hydrogen atoms
(H) in Pd form a solid solution (R-phase) at low
concentrations (H/Pd ≈ 0.015) but palladium hydride
(PdHx, β-phase) at high concentrations (H/Pd ≈ 0.6).
The β-phase is less mobile than the R-phase and can
result in a pronounced lattice expansion, as much as
4% (at room temperature, a0 changes from 0.3894 to
0.4040 nm).40,43 For simplicity, we assumed a complete
conversion of Pd into PdHx and used a 4% lattice
expansion. The dimensions of Au and Pd NPs were
set close to experiment (120 nm � 60 nm � 30 nm).
To elucidate separate effects of dielectric change and
lattice expansion, we performed three simulations to
compare the resonanceswith that of Au�Pd oligomers
without hydrogen injection. In the first simulation, we
considered only the dielectric change by replacing Pd
with PdHx. In the second, we only expanded the Pd NP
by multiplying the dimensions with a scaling factor
1.04. In the third, we expanded the size of the Pd NP
and then changed its dielectric function to represent
PdHx. In a Au�Pd dimer, the dielectric change of Pd
resulted in a blue-shift (Δλ = 16 nm) because the
refractive index of the Pd NP decreased after H2

absorption.44 Lattice expansion in Pd produced a larger
red-shift (Δλ= 18nm) because the increased size of the
Pd/PdHx NP reduced the gap distance. When both
effects were considered, the overall effect was a red-
shift of 6 nm (Figure 6a). Although the net wavelength
shift can be understood based on the two separate
effects, their effects cannot be combined linearly. The
dielectric change and lattice expansion in Pd affected
the near-field response of the Au NP (|E|2/|E0|

2 dropped

Figure 5. Hetero-oligomers with tunable material for
each single particle. SEM images of (a) Au�Pt heterodimers,
(b) Au�Pd�Pt heterotrimers, and (c) Au�Pd�Pt hetero-
tetramers.
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from 9� 102 to 3� 102) and caused a far-field spectral
shift compared to that before hydrogen injection.
Since Au�Pd trimers support very small side gaps,

Au and Pd NPs have the potential to touch. Therefore,
we performed a series of simulations where the side
gap was gradually reduced to zero to understand this
gap effect on the LSP resonance (Supporting Informa-
tion, Figure S8a). Under polarization parallel to the Au
NP dimer axis, Au�Pd trimers supported one reso-
nance (between 700 and 900 nm) when there were
side gaps and two resonances when Au and Pd NPs
touched (one between 700 and 900 nm and the other
at ca. 1500 nm, not shown). For each side-gap separa-
tion, we included effects from hydrogen incorporation
based on Pd dielectric change and lattice expansion
and found that the overall resonance shift direction
depended on whether the Au and Pd NPs were touch-
ing or not (Supporting Information, Figure S8b).

When Au and Pd NPs were separated before H2

injection (side-gap >0 nm), the resonance red-shifted
upon H2 injection. This red-shift decreased exponen-
tially as the side gap increased, which indicatedweaker
influence of the change in Pd on the resonance
when the Pd NP moved away from the Au dimer. As
a specific example, we investigated a side gap of 4 nm
(Figure 6b) and found that the dielectric function
change mainly broadened the resonance; the lattice
expansion dominated in this small-gap regime and
resulted in a red-shift of the resonance. The field
enhancement in the gaps did not change (|E|2/|E0|

2:
3 � 103), although more energy was confined within
the side gaps. Interestingly, if the side-gap separation
was zero, and Au and Pd NPs touched before H2

injection, the resonance blue-shifted after H2 injection
(Figure 6c). In this case, the Au and Pd NPs formed a
narrow conducting link that could induce anomalously

Figure 6. FDTD simulations for Au�Pd dimers and trimers upon hydrogen injection. Far-field spectral shifts and near-field
profiles of electric field enhancement and charge distribution for (a) Au�Pd dimers, (b) Au�Pd trimers (nontouching), and (c)
Au�Pd trimers (touching). For near-field profiles of Au�Pd dimers, x�z cross sections are shown. For Au�Pd trimers, x�y
cross sections of the smallest side gaps are shown for |E|2 and top-down projections for field lines. In all the simulations, light
was polarized along the x-axis.
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large field enhancement at the contacting surfaces.5

The expanded Pd lattice resulted in more energy
confinement between Au and Pd NPs (|E|2/|E0|

2 in-
creased from 2� 103 to 6� 103) (Figure 6c), and since
the dielectric constant of PdHx is lower than Pd, the
resonance was blue-shifted.
According to simulations, the change in the Pd NP

upon H2 injection could modify the near-field profiles
of Au NPs, and conversely, the enhanced optical fields
of Au NPs sensitively detected and reported the
changes in the Pd NP as observable far-field spectral
shifts. Therefore, we aimed to design Au�Pd oligomers
with very small gaps between the Au and Pd NPs since
the structural change of Pd had a dominating effect
in the small-gap size regime (<10 nm). We fabricated
Au�Pd dimer and trimer arrays using RML and com-
pared their H2 sensing performance. The large-area
arrays were uniform across the sample (Figure 7a)
and had very small center gaps (<25 nm in Si;
<15 nm in PU) and side gaps (<20 nm in Si; <10 nm
in PU) (Figure 7b,c). The samples were placed in a gas
flow cell (Figure 7d), and extinction spectra were
collected by high-resolution localized surface plas-
mon resonance (HR-LSPR) spectroscopy (resolution:
0.015 nm, Methods).13,45 N2 was used to purge the
system, and then H2 was injected with different flow
rates to study the response of the system under

different doses of H2. The extinction spectra of Au�Pd
oligomers under unpolarized light showed two reso-
nances in the visible and near-infrared wavelength
range (Supporting Information, Figure S9). For sensing,
we monitored both resonances but found only the
resonance involved in coupling between Pd and Au
NPs (650�850 nm) showed H2-sensing behavior.
With an injection of 8 sccm 100% H2 for 5 s, a red-

shift (Δλ = 0.3 nm) of the resonance was observed in
Au�Pd dimer arrays, while a blue-shift (Δλ = 1.5 nm)
was observed in Au�Pd trimer arrays (Figure 7e). The
NP response time was fast (seconds) and reproducible,
and the maximum responses (largest spectral shifts)
occurred approximately 1 min after H2 injection. We
also tested another set of samples with higher flow
rates and longer injection times. With a 60 s injection
of 50 sccm 100% H2, both Au�Pd dimers and trimers
showed larger spectral shifts (Δλ = 0.4 nm and Δλ =
5 nm, Figure 7f). In the latter case, we observed that the
maximum responses occurred∼10 s after H2 injection,
which were faster than those under low flow rates.
A clear saturation plateau indicated that the incorpora-
tion of H into the Pd lattice reached equilibrium
(Figure 7f). The magnitude of the LSP resonance shift
was reproducible over at least 10 cycles (Supporting
Information, Figure S10). To examine the long-term
stability of these substrates, we retested these oligomer
NP sensors two months after the first set of experi-
ments and observed reproducible shifts very similar
to that of the original ones (Supporting Information,
Figure S11).
The red-shifts observed in the Au�Pd dimer arrays

agreed with simulation (Figure 6a), and the unex-
pected blue-shifts in the Au�Pd trimer arrays also
matched the simulation results when Au and Pd NPs
touched (Figure 6c). This scenario is plausible since
small side gaps in Au�Pd trimers were observed in
experiment (Figure 7c, inset), and during template
stripping, curing of PU may cause shrinkage and clos-
ing of the side gaps. TheH2 pressure in the flow cell was
>1000 mbar at room temperature, which, under equi-
librium conditions, should achieve nearly 100% β-
phase formation.46 However, the resonance shifts in
experiments were generally smaller than those in
simulations, most likely because we used the largest
lattice expansion value (4%). Moreover, since our NPs
were partly embedded in PU, they may absorb less H2

than assumed in simulations. A common drawback in
Pd-based systems for H2 detection is hysteresis16�18

from lattice strain due to H incorporation and the
residual H left in the Pd lattice. Significantly, almost
no obvious hysteresis was observed in our Au�Pd
dimer and trimer systems (Figure 7e,f), and the spectral
shift was reproducible over many cycles tested. The
absence or minimum of hysteresis as well as the fast
response times demonstrates the promise of Au�Pd
oligomer arrays for practical use in H2 sensing.

Figure 7. Au�Pd dimer and trimer arrays as hydrogen gas
sensors. (a) Photographs of Au�Pd trimer on a glass cover-
slip. A U.S. dime is shown for comparison. Representative
SEM images of Au�Pd (b) dimers and (c) trimers in Si
pits. Insets show structures in PU after template stripping.
(d) Schemeof themeasurement setup. Responses of Au�Pd
dimer and trimer arrays upon injection of 100% H2 are
shown in red and blue. (e) Injectionwith 5 s of 8 sccmH2 and
then 10 min of 25 sccm N2 (three cycles). (f) Injection with
60 s of 50 sccm H2 and then 10 min of 100 sccm N2 (three
cycles).
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We further investigated detection limits at much
lower H2 concentrations by cycling 2% H2. The direc-
tion of the resonance shifts was consistent for both the
Au�Pd dimers and trimers (NPs touching), but the
magnitudes of the shifts were smaller (Supporting
Information, Figure S12). With injection of 100 sccm
2%H2 for 60 s, Au�Pd dimers showed a red-shift (Δλ =
0.35 nm) and Au�Pd trimers showed a blue-shift (Δλ =
0.7 nm). On the basis of these results at high (100%)
and low (2%) concentrations, we expect plasmonic
hetero-oligomers to be able to detect a wide range
of H2 concentrations after design optimization, which
promises applications for both safety and fuel cell
industry. We will first use FDTD simulations to optimize
the sensor structures for concentration-dependent
studies and then fabricate them using RML.

CONCLUSIONS

In summary,we report howarraysof hetero-oligomer
NPs can be used for plasmon-enhanced gas sensing.
We developed reconstructable mask lithography as an

effective approach to produce large-area, uniform ar-
rays of plasmonic homo-oligomer and hetero-oligomer
units composed of as many as four NPs. We demon-
strated that the optical properties of plasmonic oligo-
mers could be tuned by controlling the size, relative
position, and number of particles in each NP assembly.
A detailed analysis on both simulations and experi-
ments on Au�Pd hetero-oligomers was performed and
correlated. Using FDTD simulations, we showed that
upon hydrogen injection, Au�Pd dimers exhibited red-
shifts and that Au�Pd trimers exhibited red-shifts or
blue-shifts depending on whether the Au and Pd NPs
touched. We experimentally confirmed these calcula-
tions by testing macroscale arrays of Au�Pd hetero-
oligomers at both high (100%) and low (2%) hydrogen
concentrations. These substrates showed a fast re-
sponse time (seconds) and excellent sensor recovery.
We anticipate that hetero-oligomers consisting of
both strong plasmonic materials and reactant-specific
elements will open a unique platform for optimizing
plasmon-enhanced applications.

METHODS
Phase-Shifting Photolithography. A poly(dimethylsiloxane) (PDMS)

stamp with line spacing a0 = 400 nm was placed into conformal
contact with diluted, positive-tone, g-line photoresist (PR) (Shipley
S1805; ∼120 nm thick) on a Si(100) wafer and exposed under
a home-built solid-state photolithography system (emission at
405 nm with fwhm 10 nm). The mask was exposed twice (offset
90�) for 0.8 s to create square patterns. The exposed PR was
developed in a 1:5 dilution of Microposit 351 developer and
formed square arrays of PR posts on a Si substrate.

Finite Difference Time Domain Simulations. FDTD calculations
based on commercial software (FDTD Solution, Lumerical Inc.,
Vancouver, Canada) were used to simulate the linear pro-
perties (far-field and near-field) of Au oligomers as well as the
hydrogen-sensing performance of Au�Pd hetero-oligomers.
The optical constants of Au were taken from Johnson and
Christy47 (400�1200 nm), and those of Pd and PdHxwere taken
from ref 44 (400�1200 nm). The lattice expansion of Pd upon
hydrogen injection was assumed to be 4% according to the
literature.43 (1) In simulations of Au oligomers, a uniform mesh
size of 4 nm (x, y, and z directions) was used. The size of Au NPs
was 120 nm� 60 nm� 30 nm. The center gap size was 35 nm,
and the side gap size was 10 nm. (2) In simulations of Au�Pd
oligomers, a uniform mesh size of 2 nm (x, y, and z directions)
and another 0.5 nm mesh at the gap region were used to
improve the spatial resolution of the field distribution. The size
of Au and Pd NPs was 120 nm � 60 nm � 30 nm. The gap size
of a Au�Pd dimer was 10 nm. The center gap size of a Au�Pd
trimer was fixed at 25 nm, and the side gap size was varied from
11 to 0 nm.

Optical Measurements and High-Resolution Localized Surface Plasmon
Resonance (HR-LSPR) Spectroscopy. The transmission spectra of Au
oligomers were collected by a PerkinElmer Lambda 1050 UV/
vis/NIR spectrophotometer, which is a high-performance UV/
vis/NIR double-beam, double-monochromator, ratio-recording
spectrophotometer. A high-resolution LSPR setup was used for
H2 gas sensing. Our HR-LSPR apparatus includes mass flow
controllers to regulate flow rates and solenoid valves for precise
switching between H2 and N2 gases. The samples were placed
in a gas flow cell, and extinction spectra were collected with
a resolution of 0.015 nm by HR-LSPR spectroscopy.13,45 White
light from a tungsten halogen lamp was focused to a ∼1 mm
diameter spot on the sample, and the transmitted light was

refocused into a linear photodiode array spectrometer. A
LabVIEW program was used to control gas dosing and to
analyze the spectral shifts in real time by monitoring precisely
the position of a selected peak over time.43 This program
automated analysis by acquiring spectra at 100 ms intervals,
calculating the maximum wavelength by fitting a 100 nm
spectral region around the peak to a fourth-order polynomial
and displaying λmax in real time.
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