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ABSTRACT  

Mixing different elements at the nanoscale to obtain alloy nanostructures with fine-tuned 

physical and chemical properties offers appealing opportunities for nanotechnology and 

nanoscience. However, despite wide-spread successful application of alloy nanoparticles made 

by colloidal synthesis in, for example, heterogeneous catalysis, nanoalloy systems are so far only 

very rarely used in solid state devices and nanoplasmonics related applications. One reason is 

that such applications require integration in arrays on a surface with compelling demands on 

nanoparticle arrangement, uniformity in surface coverage, and optimization of the surface 

density. These cannot be fulfilled even using state-of-the-art self-assembly strategies of colloids. 

As a solution, we present here a generic bottom-up nanolithography-compatible fabrication 

approach for large area arrays of alloy nanoparticles on surfaces. To illustrate the concept, we 

focus on Au-based binary and ternary alloy systems with Ag, Cu and Pd, due to their high 

relevance for nanoplasmonics and complete miscibility, and characterize their optical properties. 

Moreover, as an example for the relevance of the obtained materials for integration in devices, 

we demonstrate the superior and hysteresis-free plasmonic hydrogen sensing performance of the 

AuPd alloy nanoparticle system.   
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Synergistic effects of the constituents in metal alloy nanoparticles may significantly broaden 

their characteristics and enhance their functionality compared to pure analogues. Hence, their 

rich and interesting physical and chemical properties have for a long time attracted wide interest 

in, for example, the field of heterogeneous catalysis.1–4 Also in the field of nanoplasmonics noble 

metal alloy nanoparticles have been considered, and the optical properties of colloidal binary 

alloy nanoparticles, such as AuAg or AuCu, have been studied.5,6 Apart from fundamental 

interest, research in the field is spurred by the significant potential to use alloying as additional 

handle to control and tailor plasmonic properties in combination with other relevant 

functionalities such as catalytic activity, magnetic properties or – as in focus here – hydrogen 

sorption properties. However, despite these significant prospects, alloy nanoparticles and 

nanostructures are so far seldom used in solid-state devices and nanoplasmonics related 

applications. We believe that one main contributing reason is that, as the state-of-the-art, alloy 

nanoparticles are almost exclusively produced via colloidal synthesis,2,5,7,8 which has a number 

of key implications and consequences, in particular with respect to their applicability in devices. 

For example, synthesis of noble metal alloy nanoparticles with controlled size larger than 30 nm 

has not been successful9–17 until the very recent work by Rioux and Meunier, who developed a 

synthesis route combining a co-reduction and seeded growth approach that yielded spherical 

AuAg alloy nanoparticles in the 30−150 nm size range.18 However, in nanoplasmonics it is 

typically nanostructures with a characteristic dimension larger than 50 nm that are most relevant 

due to their, for instance, higher scattering efficiencies and larger optical cross sections.19,20 

Moreover, it is crucial to fabricate nanoparticles with shapes other than spheres in order to tune 
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the spectral position of the resonance and craft more complex structures like optical 

metamaterials and metadevices.21 

The second important factor is that wet-chemically synthesized alloy nanoparticles naturally 

come in a solution. However, solid state and typical plasmonics applications often require their 

integration in arrays on a surface with compelling demands on nanoparticle orientation, 

uniformity in coverage at the mm2 to cm2 scale, and optimization of the surface density to control 

both near and far field interactions.22,23 Fulfilling these criteria with colloidal nanoparticles, even 

using state-of-the-art self-assembly strategies, is extremely difficult. Therefore, nanolithography 

based fabrication methods like electron beam lithography (EBL) or colloidal lithography in 

different variants, are today widely used workhorses for the integration of nanostructures in solid 

state devices in general, and in nanoplasmonics in particular,24–26 since they offer superior 

control of the aforementioned critical parameters. However, to date with few exceptions,27,28 

there are no reports of nanofabricated arrays of alloy nanoparticles with well-defined 

nanoparticle size, shape and composition that can be made with a reasonable yield in terms of 

uniformity and covered surface area.   

In response to the above, we present a generic bottom-up nanolithography strategy for the 

fabrication of large-area arrays of plasmonic alloy nanoparticles with excellent control of 

nanoparticle size, shape and composition. Our approach is based on finely tuned layer-by-layer 

physical vapor deposition of alloy constituents through a nanofabricated mask, and subsequent 

annealing. We demonstrate the nanofabrication of large area arrays of binary and ternary Au-

based alloy nanoparticles with Ag, Cu and Pd. We choose these metals owing to their high 
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relevance for plasmonic applications, and because they do not exhibit miscibility gaps in their 

equilibrium phase diagrams at room temperature.29 As a demonstration of the superior 

functionality that can be achieved by alloying, we further investigate the optical plasmonic 

hydrogen sensing properties of AuPd binary alloy nanoparticles.  

RESULTS 

Our general approach to producing alloy nanoparticles is sketched in Scheme 1. First, we 

fabricate layered nanostructures of the alloy elements by subsequent evaporation into a 

supported, pre-fabricated mask. We use our well-established nanofabrication method Hole-Mask 

Colloidal Lithography (HCL)26 to generate the mask (see Methods section for details). 

Nevertheless, we highlight that our approach is compatible with basically any other nano-

lithographic mask fabrication technique, e.g. electron beam lithography, photolithography or 

other colloidal lithography variants such as nanosphere lithography.25 The most critical step, to 

be evaluated and fine-tuned for any chosen nanolithography, is to guarantee a precise alloy 

composition. This is achieved by careful derivation of the thickness of the deposited layers of 

each constituent, which is done via simple geometrical considerations (see Supporting 

Information SI), and by relying on the Ångström resolution of state-of-the-art physical vapor 

deposition systems in terms of thickness of the grown layers. A crucial factor to consider when 

estimating the required thickness of the alloy element layers is the fact that the evaporated 

material continuously builds up on top of the mask and, critically, at the rim of the holes in the 

mask, eventually causing it to shrink.26,30,31 This effect generates a tapered structure of the 
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nanoparticle grown on the substrate through the hole in the mask, which has to be taken into 

account in the layer thickness calculation (see SI).  

The next fabrication step is thermal annealing to promote the alloy formation from the layered 

structure. This process relies on the thermodynamically driven atomic mixing of alloy 

components that can occur far below their melting temperatures. Therefore, we anticipate 

formation of homogeneous alloys provided that this is thermodynamically favorable, and that we 

allow sufficient time at an appropriate temperature to reach the equilibrium state. At the same 

time, as shown below, the annealing process may also induce a minor change of the aspect ratio 

of the nanoparticle, while the general shape (here a disk) is retained quite nicely (see also Figure 

S4 in the SI). This slight aspect ratio change is driven by the particles’ appetence to attain its 

equilibrium shape according to the Wulff rule, which in turn is depending on a number of factors 

such as wetting of the alloy elements with the substrate, annealing time and temperature. 

Nonetheless, as shown in Figure S5 in the SI, even anisotropic particles like nanoellipses retain 

their anisotropy after the annealing. The gas environment during the alloying step is also 

important and has to be controlled accordingly, with details depending on the targeted alloy. If 

the alloy is to contain constituents prone to oxidation, annealing in inert or even reducing 

atmospheres is required to retain the metallic state of the nanoparticles. Annealing will also 

affect the crystallinity of the particle with a general tendency of recrystallization to occur, which 

leads to grain growth. To this end, it has been reported that annealing also significantly reduces 

the line-width of plasmonic resonances.32,33 
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To demonstrate and evaluate our new approach we fabricated and characterized series of large-

area quasi-random arrays of Au-based binary alloy nanodisks (i.e. AuAg, AuPd and AuCu) with 

varying compositions (0−100 at. % of Au, in steps of 10 at. %) and pre-annealing dimensions of 

190 nm average diameter and 25 nm thickness (Figure 1a). To prevent oxidation of the Ag, Cu 

and Pd constituents we annealed all the samples in reducing atmosphere (4 % H2 in Ar) at 773 K 

for 24 h. To determine the constituent layer thicknesses for the intended alloy compositions we 

use the reported taper angle of 60o for nanostructures grown by using HCL-fabricated 

evaporation masks (see SI).26,28 After annealing, we measured the composition of the alloy 

nanodisks by energy-dispersive X-ray spectroscopy in a scanning electron microscope 

(SEM/EDS, see Methods section for details) and found all of them to match the nominal 

compositions with astonishing precision (Figure 1b). It is therefore motivated to highlight the 

achieved precision and put it in perspective.  

Common colloidal synthesis methods for alloy nanoparticles rely on the mixing of appropriate 

amounts of the alloy precursor compounds, which is limited in accuracy by the “human factor”. 

Furthermore, colloidal synthesis often requires physical transfer of materials from one test tube 

to another. These two factors cause significant day-to-day uncertainties and thus negatively 

affect both batch-to-batch reproducibility and overall accuracy of alloy composition. These 

issues are surpassed using our nanolithography-based approach, where the deposition of each 

metallic layer is carried out in a state-of-the-art electron-beam evaporation system with thickness 

accuracy and reproducibility at the Ångström level. This aspect, together with the fact that we 

assemble the alloy nanoparticles directly on the final support, promises highly reproducible 

fabrication with clear advantages over colloidal synthesis in terms of composition accuracy.  
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To further assess our fabrication method and analyze the spatial homogeneity of the alloys, we 

performed EDS elemental mapping of all three AuAg, AuPd and AuCu systems with 50:50 

composition at the single nanoparticle level in a scanning transmission electron microscope 

(STEM/EDS, Figure 1c−e, respectively; for the same analysis of AuAg 10:90 and 90:10 

composition see Figure S3). For all three systems we observe a homogeneous distribution of the 

elements throughout the whole particle, i.e. a fully homogeneous alloy is formed, in agreement 

with the equilibrium phase diagrams for these binary systems.29 Line-scans across the particles 

further confirm the alloy homogeneity for all three systems. Furthermore, we performed selected 

area electron diffraction (SAED) on single alloy nanoparticles for all three systems (Figure 2). 

Together with high-angular annular dark field (HAADF) STEM images also shown in Figure 1, 

this analysis reveals the polycrystalline nature of the structures. Moreover, the initial disk-shape 

is quite nicely retained, despite the high temperature annealing (see SI). This has important 

implications since it shows that most likely also geometrically more complex structures (as e.g. 

fabricated by EBL) could retain their target shape after post-fabrication annealing.  

We now turn to an analysis of plasmonic properties, after having established the chemical 

homogeneity of the alloy nanoparticles formed and confirmed their structural integrity and 

crystallinity (Figure 3). For the AuAg alloy system, we find an orderly and smooth spectral 

transition of the plasmon resonance when increasing the Au content in the alloy in 10 at. % 

increments from pure Ag to pure Au (Figure 3a). The resonance peak shifts around 0.2 eV to the 

red (lower photon energy/longer wavelengths) from pure Ag to pure Au. The peak shifts scales 

monotonically with the mixing ratio, however, not in a perfectly linear fashion, in agreement 

with earlier work34,35 but slightly opposing to also reported linear correlations14,15 (Figure 3d).  
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In the case of AuCu, we first observe a slight increase of the plasmon energy up to 35 at. % Au, 

where it reaches a maximum of ca. 2 eV, followed by a linear decrease towards the pure Au 

value at ca. 1.9 eV. (Figure 3b and d). The total peak shift observed between pure Cu and pure 

Au is thus significantly smaller compared to the AgAu system, in agreement with earlier reports 

from colloidally synthesized AuCu nanoparticles.36–38 

For our last binary alloy system, AuPd, the presented detailed and systematic series of alloy-

composition-dependent plasmonic properties is, to the best of our knowledge, the first of its kind. 

We find that adding only a small amount of Au to Pd already significantly shifts the resonance 

peak to the red, ca. 0.35 eV, reaching a maximum at ca. 40 at. % Au, after which the peak 

position remains more or less constant and quite close to the one for pure Au (Figure 3c and d).  

It is now interesting to also look at the linewidth (Figure 3e), or full-width-at-half-maximum, of 

the resonance peak, since it is inversely proportional to the plasmon lifetime and thus governed 

by the losses in the system.39 We determine its value from the extinction spectra by multiplying 

the peak half-width, as measured from the resonance maximum toward the low energy side, with 

a factor of 2, to avoid convolution with, e.g., interband absorption contributions or higher order 

plasmonic modes.39  For the AgAu system, we observe a monotonic decrease of the linewidth for 

increasing Au content in the alloy. For the AuCu system, the trend is almost opposite, i.e. the 

linewidth increases from ca. 0.3 eV to a maximum around 0.45 eV for a 50 at. % Au content, 

before slightly decreasing towards pure Au. Finally, for the AuPd case the situation is most 

interesting. We first observe that, even for increasing Au content up to ca. 40 at. %, the linewidth 

is Pd-like, i.e. much larger than for Au due to the additional interband damping in Pd.39,40 At the 
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same time, as noted above, in this regime the peak position is drastically changing and rapidly 

approaching the value for pure Au. Surprisingly, upon further increasing the Au content the 

linewidth actually further increases until it reaches a maximum at ca. 60 at. % Au, after which it 

rapidly drops towards the value for pure Au. This means that the two parameters, i.e. peak 

position and linewidth, behave completely opposite also in this regime since above 40 at. % Au 

the former is basically constant, whereas the latter changes significantly. This implies that for the 

AuPd alloy system, the two parameters change quite independently from each other. While 

elucidating the physics of this effect in detail is beyond the scope of this paper, we speculate that 

it could be connected to the relative contributions of the constituents to the real and imaginary 

parts of the complex dielectric response function of the alloy becoming significant at different 

compositions. This conceptual picture is based on the (slightly simplified) view that the real part 

of the dielectric function predominantly determines the resonance frequency of the plasmonic 

excitation, whereas the imaginary part accounts for the damping/losses of the system reflected in 

the linewidth.   

As the next example for the new possibilities offered by our nanofabrication approach, we 

discuss a ternary alloy system, i.e. an array of 33:34:33 at. % AuAgPd alloy nanodisks with 

nominal dimensions of 190 nm diameter and 25 nm thickness. As previously discussed, the 

fabrication of a ternary alloy requires simply the addition of a third constituent layer during 

evaporation. As before, we analyze the obtained alloy nanoparticles by SEM/EDS and find 

consistently excellent agreement between the targeted and obtained elemental composition, as 

shown in Figure 4a. Specifically, we measured Au, Ag and Pd concentrations of 33.2, 32.8 and 

34.0 at. %, respectively, as the average over five measurements with a standard deviation of less 
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than 0.5 at. % for all elements (see Table S2 in SI). As before, we also carried out STEM/EDS 

elemental mapping of a single ternary alloy nanoparticle and find again remarkably 

homogeneous distribution of the elements throughout the nanoparticle, indicating the formation 

of a homogeneous alloy also in this case (Figure 4b). The line scan across the particle (dashed 

red line in Figure 4b) further confirms a homogeneous distribution of the constituents.  Lastly, 

the optical extinction spectrum of the ternary AuAgPd alloy nanoparticle array is shown in 

Figure 4d. Interestingly, as seen above for the AuPd binary system, the spectral linewidth is 

dominated by the Pd constituent in the alloy, despite only 33 % abundance.  

In order to illustrate further possibilities and effects becoming available with our method, we 

also fabricated a sample consisting of two miscible and one immiscible elemental component, 

i.e. Au, Pd and Zn. As shown in Figure 5, we can form structures that consist of a 

homogeneously alloyed part of the two miscible components (AuPd) and a phase-segregated part 

of the pure immiscible component (Zn), similar to the recently reported immiscible system of 

AuNi.27 This finding highlights further possibilities offered by our method, i.e. the 

nanofabrication of arrays of bimetallic (alloy) nanostructures based on phase segregation. While 

this is not demonstrated here, we also anticipate the possibility to obtain core-shell 

nanostructures by optimizing annealing conditions. 

Having established our new process of homogeneous binary and ternary plasmonic nanoparticle 

array nanofabrication, we now turn to a second aspect, namely the possibility to tailor the alloy 

nanoparticle dimensions. For this purpose, we fabricated 50:50 AuAg alloy nanoparticles with 

different pre-anneal diameters of 140, 170, 190 and 210 nm, respectively, and constant thickness 

 11 



of 25 nm, and measured their optical extinction spectra (Figure 6a). As previously reported for 

pure metal nanodisk arrays fabricated using the HCL method, we observe a distinct and linear 

spectral red-shift for increasing diameter, due to a change in nanoparticle aspect ratio in 

combination with radiation damping and dynamic depolarization effects39,40 (Figure 6b). This 

means that, also for these alloy nanoparticles, tailoring of nanoparticle size and shape can be 

used to control the plasmon resonance frequency across the near-visible light spectral range.  

In the last part of this work, we will demonstrate a specific application of plasmonic alloy 

nanoparticle arrays, namely as signal transducers in plasmonic all-optical hydrogen sensing.41 

The data presented here are an extension of our initial study of AuPd binary alloy nanoparticles 

as hysteresis-free plasmonic hydrogen sensors,28 which further significantly advances the 

performance. The background to these efforts is that pure Pd is a widely used transducer material 

in hydrogen sensor applications (not only optical) as it readily and selectively dissociates and 

absorbs hydrogen even at room temperature, and accordingly transforms to a hydride with 

significantly different dielectric properties.41 However, the applicability of pure Pd as transducer 

material in a real hydrogen sensor is very limited as it features a large response only in a very 

narrow hydrogen pressure range, i.e. around the hydride formation and decomposition pressure 

(the equilibrium “plateau”). Moreover and very critically, Pd exhibits a wide hysteresis between 

absorption and desorption of hydrogen in this regime, due to a kinetic barrier induced by lattice 

strain upon hydride formation (decomposition) due to volume increase (decrease) of the 

system.42 This makes the sensor readout ambiguous within the hysteresis pressure range since it 

depends on the history of the hydrogen pressure, thus drastically reducing sensor accuracy. To 

this end, alloying Pd with other metals (e.g. Au, Ag) is known to reduce hysteresis 
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significantly.43,44 The same holds true, as we have shown in our earlier work, for nanoparticle 

systems where alloying with up to 25 at. % Au significantly reduced or completely eliminated 

hysteresis.28 Consequently it improved plasmonic hydrogen sensor accuracy to above 5 % 

throughout the considered 1-1000 mbar hydrogen pressure range. Thus, in this respect, these 

sensors already met the stringent demands set by the automotive industry for future hydrogen 

sensors in terms of accuracy.45  

Here we set out to further improve this performance by increasing the Au content to 30 at. %. In 

our evaluation, we directly compare the hydrogen sensing performance of these new AuPd 30:70 

structures with the “champion” system (25 at. % Au) of our earlier work28 (Figure 7a). As 

before, we use the extinction change at plasmon peak maximum, ΔExtinction@Peak, as the 

readout. Clearly, also for the AuPd 30:70 alloy, hysteresis is completely suppressed at room 

temperature, indicating that we are hydrogenating the system above its critical point. However, 

in contrast to the AuPd 25:75 case reported earlier, the AuPd 30:70 system features a perfectly 

monotonic response to hydrogen throughout the investigated pressure range. In other words, the 

typical regions associated with hydrogen sorption in metals (solid solution at low hydrogen 

pressures, two-phase coexistence, hydride at high hydrogen pressure) are completely absent. 

Moreover, the total extinction change of AuPd 30:70 as response to exposure to hydrogen gas 

exceeds the AuPd 25:75 system by about a factor of 2.5.  

High resolution TEM (HRTEM) further confirms the polycrystalline nature of the nanoparticles 

(Figure 7b, left). Moreover, it is clear that the nanoparticles retain their metallic character thanks 

to the reducing nature of the annealing environment, as they do not show the presence of an 
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oxide shell (Figure 7b, right). From the fast Fourier transform (FFT) analysis of a selected area 

to the left of the grain boundary (Figure 7c), two reflections are visible corresponding to a 

distance of 2.32 Å between atomic planes. The latter falls between the values found in the 

literature for the (111) reflections family of Pd and Au (d111,Pd = 2.28 Å and d111,Au = 2.35 Å, 

respectively).46,47 Yet more detailed information can be obtained from the FFT of a selected area 

to the right of the grain boundary (Figure 7d). The diffractogram is compatible with a FCC 

crystal – as expected from a PdAu alloy – with [101] as the zone axis. Moreover, it shows 

reflections corresponding to a distance between the atomic planes of 1.96 Å, which is between 

the values found in the literature for the (020) family of reflections of Pd and Au (d020,Pd = 1.94 Å 

and d020,Au = 2.04 Å, respectively). For both families of reflections, the relative difference is 

around 4% (corresponding to the difference in unit cell parameter). Such a difference would 

easily be distinguishable in FFT of lattice fringe images acquired at the present magnification. 

The fact that a single value of the unit cell parameter can be retrieved from the measured lattice 

spacings indicates a homogeneous crystal structure and unit cell size throughout the thickness of 

the nanodisk.  

These findings have two key implications for plasmonic hydrogen sensing: (i) Optimizing alloy 

composition in nanoparticles provides a powerful strategy to engineer and eliminate hysteresis 

and thus hydrogen sensor accuracy. (ii) Optimizing alloy composition also provides a means to 

tailor and maximize optical contrast upon hydrogen sorption and thus optimize hydrogen sensor 

resolution. This, in turn, paves the way for the development of highly sensitive optical hydrogen 

sensors, which is one important step towards the realization of a hydrogen economy and crucial 

for a large-scale market introduction of hydrogen fuel cell powered vehicles.45 
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CONCLUSIONS 

In conclusion we have presented a versatile bottom-up nanofabrication approach for large-area 

(cm2) metal alloy nanoparticle arrays based on successive fine-tuned deposition of alloy element 

layers through a nanofabricated mask, followed by thermal annealing to promote alloy 

formation. The approach is generic as it allows numerous alloy elements to be mixed, with 

excellent control over their concentration, as we showed specifically on the example of arrays of 

binary AuAg, AuCu and AuPd homogeneous alloy nanoparticles, as well a homogeneous ternary 

AuAgPd alloy. Moreover, the approach is readily extendable to other nanolithography methods 

(e.g. electron beam lithography as opposed to Hole-Mask Colloidal Lithography we used here) 

and thus allows highly controlled fabrication of alloy nanostructures in terms of their size, shape, 

and arrangement on the substrate. Our fabrication strategy thus provides a new means to explore 

alloy nanoparticles for plasmonic applications. In this field, they are of high interest because they 

feature the unique combination of spectrally fully tunable plasmonic characteristics that follow 

the same design rules as their traditional pure metal counterparts and tailored chemical properties 

optimized for a specific targeted function. As demonstrated on the specific example of superior 

plasmonic hydrogen sensing performance of an optimized AuPd alloy, this combination of 

tunable plasmonic and chemical properties will open the door to “alloy plasmonics”, which we 

predict to have a significant impact in applications such as plasmonic gas sensing, plasmonic 

metamaterials and plasmon mediated catalysis.  
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METHODS 

Alloy nanoparticle array fabrication: Evaporation masks were fabricated using the standard 

hole-mask colloidal Lithography (HCL) process26 on 1x1 cm2 glass substrates (Borofloat, Schott 

Scandinavia AB) and on TEM “windows” made in-house following the procedure by Grant et. 

al.48 The steps of the mask fabrication were as follows: (i) Substrates were cleaned (by ultrasonic 

agitation for the case of glass and only by rinsing for the TEM windows in order to not break the 

membrane) subsequently in acetone, isopropanol (IPA), and de-ionized (DI) water. (ii) 

Poly(methyl methacrylate) (PMMA, MicroChem Corporation, 4 wt % diluted in anisole, MW = 

950 000) was spin-coated onto the substrates at 2000 rpm for 1 min (yielding a PMMA thickness 

of ~280 nm) followed by a soft baking at 443 K on a hotplate for 10 min. (iii) Samples were 

subjected to a 5 s oxygen plasma (50 W, 250 mTorr, Plasma Therm Batchtop RIE 95m) to 

enhance the hydrophilicity of the sample surface. (iv) A polyelectrolyte solution (poly 

diallyldimethylammonium (PDDA) MW = 200000÷350000, Sigma Aldrich, 0.2 wt. % in Milli-Q 

water, Millipore) was pipetted on the surface of the samples and left incubating for 40 s before 

rinsing in DI water. This created a positively charged surface layer on the PMMA surface. (v) A 

suspension of negatively charged polystyrene beads (PS 140 nm, 170 nm, 190 nm and 210 nm, 

sulfate latex, Interfacial Dynamics Corporation, 0.2 wt, % in Milli-Q water, Millipore) was 

added to the surface. The size of the PS beads determines the bottom diameter of the fabricated 

nanodisks at the end of the processing. After 3 min incubation the suspension was rinsed away 

using DI water, and the samples were blown dry with nitrogen. (vi) A 15 nm thick Cr film was 

evaporated onto the surface of the samples using a Lesker PVD 225 Evaporator at a base 

pressure of 5 × 10-7 Torr, evaporation rate 1 Å s-1. For the fabrication of nanoellipses, the 
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deposition was done at 45o tilt angle. (vii) The PS beads were removed by tape stripping (SWT-

10, Nitto Scandinavia AB) for glass samples and by a wet tissue for TEM windows. This left a 

Cr film with holes at the positions of the stripped PS beads. (viii) The samples were subjected to 

5 min oxygen plasma treatment (50 W, 250 mTorr, Plasma Therm Batchtop RIE 95m) to etch 

through the PMMA layer exposed beneath the holes in the Cr mask. (ix) Au and alloy elements 

were deposited in sequence through the mask at deposition rate of 1 Å s-1). The thicknesses of 

each individual layer determined the final composition of the alloy particles, see SI. (x) The 

remaining PMMA layer was dissolved in acetone, removing the mask from the sample, only 

leaving the nanodisk structures on the substrate after lift-off. (xi) Samples were soaked in IPA 

and blown dry with nitrogen. (xii) The samples were annealed in a homemade flow furnace 

under 4 % H2 in Ar (100 ml min−1) at 773 K for 24 h to induce alloying.  

Electron microscopy characterization: To facilitate the elemental analysis, nanoparticles were 

fabricated on the TEM windows mentioned in the previous section. The composition of the 

alloys was measured using an Inspect S SEM (FEI), at an acceleration voltage of 10 kV. At least 

three spectra were acquired for each sample. The relative composition of the nanoparticles (in 

wt. % units) for a given specimen was determined by fitting each EDS spectrum using the 

software AZtec v. 2.4 (Oxford Instruments), and by averaging the obtained values for each 

metal. The relative atomic concentration was then obtained from the weight concentration using 

the respective tabulated atomic weight. Average and standard deviation of the atomic 

concentration were obtained using standard error propagation theory. STEM/EDS 

characterization was carried out in a FEI Titan 80-300 microscope at 120 kV acceleration 

voltage. EDS mapping was performed using an INCA x-sight detector (Oxford Instruments), 
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using a sampling distance of 5 nm and an integration time of 3 s for each spectrum. The spectra 

were fitted using the TEM Imaging and Analysis software v. 4.2 (FEI). Bright field TEM images 

and SAD patterns were acquired in a Tecnai T20 G2 microscope (FEI) at 200 kV accelerating 

voltage. High resolution bright field TEM images were acquired using a Titan 80-300 TEM 

(FEI), operated at 300 kV accelerating voltage with a post objective lens spherical aberration 

corrector (CETCOR unit, CEOS). 

Hydrogen sensing: The hydrogen sensing experiments were carried out in a homemade vacuum 

chamber with optical access. The hydrogen pressure was monitored using a capacitive pressure 

gauge (MKS Baratron Capacitance Manometer).  The temperature of the sample was measured 

using a thermocouple in direct contact with the sample surface and controlled by a temperature 

controller (Eurotherm 3216N) and a heating coil in a feedback loop manner. Throughout the 

hydrogenation measurements, the temperature was kept constant at 303 K. Simultaneously,  the 

optical transmittance through the sample was measured via two UHV-compatible sapphire 

windows by utilizing a fiber-coupled unpolarized white light source (Avantes AvaLight-Hal) and 

a fixed grating fiber coupled spectrometer (Avantes SensLine AvaSpec-2048XL). Isotherms 

were constructed by plotting the LSPR descriptors (i.e. peak wavelength and extinction@peak) 

of the sample directly during the measurement, derived by fitting of the LSPR peak in the optical 

spectra using a Lorentzian function.

 18 



FIGURES  

 

Scheme 1. Conceptual illustration of the alloy nanoparticle nanofabrication strategy. First, 

subsequent vapor deposition of metallic alloy component thin films is carried out through a 

nanofabricated mask on a substrate. The alloy proportion is determined by the thickness of the 

layers in conjunction with the overall dimension of the nanoparticle. Conceptually there is no 

limitation on the number of alloy components that can be used. After the deposition of the 

desired alloy component layers, thermal annealing is employed to induce alloy formation. A 

slight change in nanoparticle dimensions and promotion of recrystallization and grain growth in 

the nanoparticles is to be expected during annealing. 
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Figure 1. Binary alloy characterization. (a) SEM overview micrograph of an array of 50:50 

AuAg alloy nanoparticles after annealing, scale bar: 2 µm. (b) The Au content determined by 

SEM/EDS in AuAg, AuCu and AuPd alloy nanoparticle arrays plotted vs. the nominal Au 

content. Note the excellent agreement that corroborates the remarkable precision of our 

fabrication approach. The data points are averaged over at least three measurements and error 

bars are smaller than the symbols, i.e. smaller than 2.5 at. % (see Table S1 in the SI). Below, 
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STEM/EDS elemental maps of single (c) AuAg, (d) AuCu and (e) AuPd alloy nanoparticles are 

shown in the right panels and reveal homogeneous distribution of the alloy constituents 

throughout the entire particle. In the left panels, high-angular annular dark field (HAADF) 

STEM images of representative single alloy nanoparticles are shown together with a 

corresponding elemental profile acquired across the particles (red dashed lines). For all systems 

the ratio of alloy constituents is remarkably constant throughout the entire particle, further 

confirming the homogeneous nature of the formed alloys. The differences in counts of both alloy 

elements across the particle are likely originating fro the three-dimensional topography of the 

nanoparticle. 
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Figure 2. Crystallinity of the fabricated alloys. Left: bright field TEM images of single (a) 

AuAg, (b) AuCu and (c) AuPd alloy nanoparticles (scale bar 50 nm). Several grains are clearly 

visible in each nanoparticles, indicating their polycrystalline nature. The variation in diameter of 

the nanoparticles is most likely due to the polydispersity of the polystyrene beads used during the 

mask fabrication process, as discussed in the SI and the corresponding Figure S4. Right: 

corresponding SAD patterns (right, scale bar 2 nm-1). The polycrystalline nature of the 

nanoparticles is further confirmed. The halo of small particles present around the nanodisks is a 

feature inherent to nanostructures fabricated using a lithography mask with an undercut. Its 

origin is deflection of incoming evaporated species from the mask rim such that they land “off 

target” and thus form the halo.  
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Figure 3. Plasmonic response of binary allos nanoparticle arrays. The evolution of normalized 

extinction spectra for (a) AuAg, (b) AuCu and (c) AuPd alloy systems for systematically 

increasing Au atomic content (0−100 at. %, in steps of 10 at. %) and their extracted (d) 

resonance peak position and (e) spectral linewidth. For AuAg, the extinction spectra transition 

smoothly between their pure constituent counterparts, as clearly seen from their resonancepeak 

position position (d) and linewidth (e) values. In the case of AuCu and AuPd, two regimes can be 

noticed for both peak position and linewidth. For the AuCu system, a constant peak position is 

observed for low Au content up to 30 at.% followed by a decrease towards pure Au, while the 

opposite trend is observed for the linewidth. Similar trends are also seen for AuPd alloys where 

the peak position changes significantly for low Au content up to 40 at. % before it becomes more 

or less constant, whereas for the linewidth basically the opposite behavior is observed.  
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Figure 4. Ternary AuAgPd alloy characterization. (a) The measured Au (yellow), Ag (grey) and 

Pd (blue) content in nominal 33:34:33 AuAgPd ternary alloy, as derived from SEM/EDS 

analysis. Note the excellent agreement between nominal and measured composition. The dashed 

line marks 33.33 at. % and the error bars (red lines, less than 0.5 at. %) represent the standard 

deviation over five measurements (see Table S2 in the SI). (b) Elemental mapping of AuAgPd. 

The right panels show elemental maps of a single AuAgPd particle for Au (yellow), Ag (grey) 

and Pd (blue). In the left panel a high-angular annular dark field (HAADF) STEM image 

together with a corresponding elemental profile acquired across the particle (red dashed line) 

further confirms the homogeneous constituent distribution. (c) Bright field TEM image of a 

nanoparticle (top, scale bar 50 nm) and corresponding SAD pattern (bottom, scale bar 2 nm-1) 

 24 



confirming the polycrystalline nature of the structure. (d) Optical extinction spectrum of a quasi-

random array of AuAgPd nanoparticles. We note again the dominant effect of Pd (despite only 

33% abundance) manifested by the peak linewidth, which is much larger than for Au and Ag 

nanoparticles. 
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Figure 5. Combining phase-segregation and alloying in the AuAgZn system. The figure shows a 

STEM/EDS elemental map (right panels) together with a (HAADF) STEM image and the 

corresponding elemental profile acquired across the particle (red dashed line). As can be seen, 

when combining two miscible components (AuPd) and an immiscible component (Zn), both 

alloying (between Au and Pd) and segregation of Zn occur during annealing. This opens up 

intriguing possibilities for the fabrication of heterostructures consisting of alloy and pure element 

components in the same nanostructure. 
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Figure 6. Spectral tunability of alloy nanoparticles by dimension design. (a) The normalized 

optical extinction spectra evolution of 50:50 AuAg alloy nanoparticles with different nominal 

diameters (140, 170, 190 and 210 nm) and constant 25 nm nominal thickness. (b) The extracted 

peak positions correlate linearly with the change of the diameter of the nanoparticles, in 

agreement with the well-established trends found for pure noble metal plasmonic nanoparticle 

systems. The dashed line is guide for the eye. 
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Figure 7. (a) Hydrogen absorption and desorption isotherms of AuPd 30:70 (blue) and 25:75 

(green) binary alloy systems. The upward and downward arrows indicate the direction of the 

hydrogen pressure change (i.e. absorption and desorption, respectively). All isotherms were 

measured at 303 K by tracking the extinction change at plasmon peak maximum, 

ΔExtinction@Peak. Clearly both alloys do not feature any hysteresis. However the AuPd 30:70 

alloy shows higher sensitivity and exhibits a monotonic response to changing hydrogen pressure 

throughout the entire 1-1000 mbar hydrogen pressure range. Inset: the change of the alloy 

plasmonic peak resonance upon hydrogen absorption. The AuPd 25:75 data is adopted from 

Wadell et al.28 (b) TEM characterization. Left: bright field image of a single AuPd 30:70 

nanodisk (scale bar 20 nm). Right: higher magnification image of two adjacent crystallites (scale 

bar 10 nm). (c) FFT of a selected area to the left of the grain boundary in panel b). Two 
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reflections are visible, corresponding to a distance between the atomic planes is 2.32 Å, which is 

between the values found in the literature for the (111) family of reflections of Pd and Au (d111,Pd 

= 2.28 Å and d111,Au = 2.35 Å, respectively).46,47 (d) FFT of a selected area to the right of the 

grain boundary in panel b). The diffractogram is characteristic of a FCC crystal with [101] as the 

zone axis. The reflections corresponding to the families of planes (020), (111) and (202) can be 

identified, with respective interplanar distances d020 = 1.96 Å, d111 = 2.32 Å and d202 = 1.42 Å. 
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1. Geometrical Considerations 
 

 

 

Scheme S1. The geometrical considerations for alloy composition determination for the case 
of a tapered cone. Each metal constituent layer (𝑀𝑀𝑖𝑖 , 𝑖𝑖 = 1,2,3 … ,𝑛𝑛) is defined by its diameter 
(𝑑𝑑𝑖𝑖) and height (ℎ𝑖𝑖). However, as described in the text below, the alloy proportions are 
dictated solely by the thickness of each layer, given the total height (ℎ), base diameter (𝑑𝑑1) 
and taper angle (𝛼𝛼). 

 

The atomic composition of the alloy nanoparticles is controlled by varying the volume of their 
constituent layers. As discussed in the main text, material deposition through a mask creates a 
tapered structure,1,2 as sketched in Scheme S1. The volume of a tapered cone (𝑉𝑉tc) is known 
as: 

𝑉𝑉tc = 1
12
𝜋𝜋ℎtc �3𝑑𝑑𝑡𝑡𝑡𝑡2 −  6ℎtc 𝑑𝑑𝑡𝑡𝑡𝑡

tan𝛼𝛼
+  4ℎtc

2

tan2𝛼𝛼
�    (1) 

where 𝛼𝛼, 𝑑𝑑tc and ℎtc are the cone’s taper angle, diameter and height, respectively. Hence a 
general formula for each constituent layer with diameter 𝑑𝑑𝑖𝑖 and height ℎ𝑖𝑖 (Scheme S1) is:  

𝑉𝑉i = 1
12
𝜋𝜋ℎi �3𝑑𝑑𝑖𝑖2 −  6ℎi 𝑑𝑑𝑖𝑖

tan𝛼𝛼
+  4ℎi

2

tan2𝛼𝛼
�.    (2) 

However, from the schematic it is clear that each constituent diameter is related to the height 
and the diameter of the prior constituent(s) as 

𝑑𝑑i = 𝑑𝑑i−1 − 2 ℎ𝑖𝑖−1
tan𝛼𝛼

 ,     (3) 

which in the end can be expressed as a function of the base diameter 𝑑𝑑1 

 𝑑𝑑i = 𝑑𝑑1 − 2 (ℎ𝑖𝑖−1+ℎ𝑖𝑖−2+⋯+ℎ1)
tan𝛼𝛼

 .    (4) 

Furthermore, the height of each constituent layer ℎ𝑖𝑖 is related to each other as: 

ℎ1 + ℎ2 + ⋯+ ℎi = ℎ      (5) 

By substituting equation 4 and 5 into equation 2, the layer volume can be expressed as a 
function of taper angle, base diameter and total height. 
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Knowing the volume of the respective constituent layers, it is then straightforward to define 
the number of atoms in each layer (in other words, the number of atoms for each metal) as: 

𝑛𝑛i = 𝜌𝜌𝑖𝑖𝑉𝑉𝑖𝑖
𝑀𝑀𝑖𝑖

𝑁𝑁𝐴𝐴      (6) 

where ρ, M, and NA are the density, molar mass and Avogadro number, respectively. 

And lastly their atomic percentage can be determined, 

𝑎𝑎𝑎𝑎. %𝑖𝑖 =  𝑛𝑛𝑖𝑖
∑ 𝑛𝑛𝑗𝑗𝑛𝑛
𝑗𝑗=1

      (7) 

For our work, we fabricated the alloy nanoparticles with 190 nm diameter and 25 nm height 
by depositing the Au layer first. The angle α will be material dependent. In our case, we have 
estimated α to be ~ 60° for previous work.3 Knowing all these parameters, we can plot the Au 
thickness required for any desired AuAg, AuCu and AuPd compositions, as shown in 
Figure S1. 

 

 

Figure S1. Au content for different Au layer thicknesses in binary alloy systems AuAg, AuCu 
and AuPd with 190 nm diameter, 25 nm height and 60o taper angle. The relation holds true if 
the Au layer is deposited first.  
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2. Plasmonic Response of Layered Nanostructures Prior to Annealing 

 

 

Figure S2. Plasmonic response of unalloyed layered of (a) AuAg, (b) AuCu and (c) AuPd 
nanodisks with different layer thicknesses for the intended alloy compositions (cf. Figure S1). 

 

3. SEM/EDS Analysis 

 

Table S1. SEM/EDS analysis of the binary alloy AuAg, AuCu and AuPd compositions. 

Nominal 
Au Content (at. %) 

Measured Au Content (at. %) 
AuAg AuCu AuPd 

10 9.0 ± 0.53 8.93 ± 0.22 11.09 ± 0.69 
20 19.0 ± 0.65 19.47 ± 1.30 21.62 ± 1.06 
30 29.03 ± 0.18 29.94 ± 0.80 33.25 ± 0.36 
40 39.53 ± 1.28 38.89 ± 0.36 42.85 ± 0.35 
50 49.1 ± 0.72 49.22 ± 0.53 50.25 ± 0.15 
60 59.36 ± 0.66 58.95 ± 0.78 59.96 ± 0.61 
70 68.64 ± 0.51 69.85 ± 2.42 70.94 ± 0.49 
80 77.81 ± 0.23 79.62 ± 0.93 80.23 ± 0.30 
90 89.48 ± 0.61 88.28 ± 1.31 89.43 ± 0.11 

 

 

Table S2. SEM/EDS analysis of the ternary alloy AuAgPd composition. 

Nominal Elemental Content (at. %) Measured Elemental Content (at. %) 
Au Ag Pd Au Ag Pd 
33 34 33 32.80 ± 0.50 33.20 ± 0.30 34.00 ± 0.40 
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4. TEM EDS Elemental Maps of AuAg 10:90 and 90:10 Alloy 

 

 

Figure S3. EDS elemental maps of AuAg of (a) 10:90 and (b) 90:10 composition, 
respectively. The right panels reveal homogenous distribution of both alloy constituents 
throughout the particles. The left panels show high-angular annular dark field (HAADF) 
STEM images of representative single alloy nanoparticles and a corresponding elemental 
profile acquired across them (red dashed lines). These results together with the one from 
50:50 AuAg alloy (cf. Figure 1c in the main text) demonstrate a reliable fabrication of 
homogenous alloy nanoparticles across the entire range of compositions considered in our 
work. 

 

5. Shape Preservation upon Annealing 

 
Figure S4. SEM images of AuAg 50:50 nanodisk arrays before (left) and after (right) 
annealing at 773 K for 24 h, shown together with their corresponding size distributions. The 
observed distribution of the unannealed nanodisks is inherited from the polydispersity of the 
used colloidal particles during fabrication. This size distribution is basically preserved after 
annealing. Even though the overall diameter slightly shrinks, excellent shape preservation is 
observed after annealing. Scale bars are 1 μm. 
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Figure S5. SEM images of AuAg 50:50 nanoellipse arrays before (left) and after (right) 
annealing at 773 K for 24 h, shown together with their corresponding size distributions. It 
becomes clear that the anticipated structural anisotropy of the ellipses is retained after 
annealing. In fact, the anisotropy is even slightly enhanced, as it can be seen by comparing 
the aspect ratio between ellipse long and short axis. At the same time, a slight change of 
shape (from more elliptical to more rod-like) is observed, however, without detrimental 
consequences for the overall purpose of the structure, that is, to exhibit distinct structural 
anisotropy. Scale bars are 1 μm.   

 

6. Hydrogen Sensing 

 

 

Figure S6. Hydrogen absorption and desorption isotherms of AuPd 30:70 (blue) and 25:75 
(green) binary alloy systems. The result is similar to the Figure 7 in the main text but with 
peak position change (Δλpeak) as readout. The AuPd 25:75 data is adapted from Wadell et al.3 
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