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Abstract 

Metallic nanostructures that exhibit tailored optical resonances spanning from the near to mid-

infrared spectral range are of particular interest for spectroscopic and optical measurements in 

these spectral domains that can benefit from localized surface-enhancement effects. Plasmon 

resonances shifted in the near or mid-infrared range could be used to further enhance the 

excitation and/or the emission of an optical process. Surface-enhanced infrared absorption 

(SEIRA) is one of such processes and can particularly benefit from plasmon-enhanced local 

fields yielding an increase in sensitivity towards the detection of an analyte. Herein, we have 

fabricated a series of gold dendritic nanostructures, prepared by electron-beam lithography, that 

exhibit plasmon resonances spanning the near and mid-infrared spectral regions. We explore the 

influence of the number of branches of the dendritic structures, as well as the length of each 

generation together with the overall effect of the shape and symmetry on the resulting optical 
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resonances. The creation of new resonances that appear upon newer fractal generation are 

explained in light of an hybridization model. Selected structures were then evaluated for SEIRA 

measurements towards an analyte. 

 

Introduction: 

The design and fabrication of conductive nanostructures for plasmon-enhanced spectroscopy 

has become a field of intense research due to their application in molecular sensing and 

biosensing.1-5 Under ideal conditions, extreme sensitivity can be reached, pushing the 

performances of optical measurements in terms of spatial resolution,6-7 and sensitivity down to 

the single molecule level.8-10 Metallic nanostructures with rational dimensions and shapes can, in 

ideal experimental conditions, locally enhance and confine an electromagnetic field that can be 

used as a local antenna either in collection (enhancement of the impinging light) or in emission 

(enhancement of the emitted field).11 When a molecule of interest is placed in these nanoscale 

regions of electromagnetic enhancement, the magnitude of the enhanced vibrational spectra 

depends on numerous factors, including geometrical factors (i.e. the design of the structure with 

respect to an excitation wavelength and an input polarization), distribution and density of the 

molecular species over the structure and of the considered optical process. The field of molecular 

plasmonics relies on this interaction, and has been exploited to a variety of spectroscopic 

techniques, most notably for surface-enhanced Raman spectroscopy (SERS), tip-enhanced 

Raman spectroscopy (TERS) and surface-enhanced infrared absorption (SEIRA).12-14 In SERS or 

TERS, since the enhancement factor varies with the fourth power of E/E0, a minimal local field 

enhancement of a 10 fold factor will therefore yield a predicted enhancement of 104.15 Many 

other linear or nonlinear optical measurements can benefit from such enhancement that scales 
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with the considered optical process.16-18 In multiple waves mixing processes, the first difficulty is 

to enhance multiple wavelengths on distinct spectral ranges with a given structure. Being 

coherent processes, the second difficulty in diffraction limited nonlinear waves is to keep phase 

matching conditions: the nonlinear sources enhanced by the nanostructure must add up in phase 

to enable frequency conversion.19 Last, depending on the considered nonlinear process, this 

enhancement may depend on the symmetry of the metallic nanostructure.18, 20 Keeping in mind 

all these spatio-temporal critical factors, the possibility to tune multiple resonances over a large 

spectral domain could be further exploited in nonlinear optical vibrational spectroscopy such as 

sum-frequency generation or coherent anti-stokes Raman processes, yielding higher sensitivity.21  

Critical to the field of molecular plasmonics is the tailoring of the localized surface plasmon 

resonance (LSPR) of the nanostructure such that it is in resonance or pre-resonance conditions 

with the impinging and or the emitted light. This is commonly achieved through a variety of 

methods including the alteration the chemical nature of the conductive metal, adjusting the size 

and shape of the nanostructures, the configuration of the nanostructures arrangement or changing 

the dielectric constant of the media that surrounds the platform. The development of plasmonic 

structures that exhibit SERS compatibility is relatively straightforward as it is only necessary to 

have a resonance that covers a narrow spectral region that both overlaps the excitation and the 

Raman shifted photons. Expanding into the infrared remains a greater challenge as it is necessary 

to have enhancement over a broader spectral region (500 – 4000 cm-1, 2.5 – 20 µm).  

To achieve the enhancement in the infrared range, different conceptual approaches can be 

undertaken. One means of achieving enhancement in the mid-infrared is through the use of 

colloidal metallic nanoparticles.22-24 Although these platforms can be readily prepared, they often 

suffer from low enhancement and offer poor reproducibility. In addition, the use of a solvent to 
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keep the integrity of the colloidal particles can be detrimental to the optical measurement. To 

overcome these particular limitations, structures prepared by lithographic techniques have 

emerged as means of fabricating structures that have LSPRs in the infrared. One of the most 

common classes of structures are nanorods. An advantage of this type of structure is that they 

can be readily produced using a variety of lithographic techniques including electron-beam 

lithography (EBL),13, 25-28 nanostencil lithography,29-30 nanoimprint lithography,31 and direct laser 

writing lithography.32-33 When fabricated as isolated structures, or as dashed lines, a single 

absorption is most often observed. Although it can be possible to tune the absorptions of such 

structures to a narrow portion of the infrared spectral region, introducing additional resonances, 

beyond the multipolar resonances, using a single rod is not possible. 

Introducing multiple absorptions in the infrared spectral region can be achieved by 

incorporating structures with distinct sizes within the probed region.34-35 In these studies, the 

absorption of a given structure is individually tailored to a particular wavelength. By having 

multiples structures, multiple resonances are introduced. Another alternative to introducing 

multiple absorptions is to superimpose the nanostructures orthogonally to each other.36 The 

resulting structure is capable of generating different absorptions simply by rotating the 

polarization of the impinging light. Although these methodologies have been successfully 

applied to measurements involving SEIRA, the resulting absorptions of the nanostructure are 

generally too narrow for the mid-infrared range, thus requiring many variations of the structure 

to yield multiple resonances with optimized spectral overlap. SEIRA has followed the early 

developments of SERS,37-39 but only recent work by Neuman et al. has shed a new light on the 

mechanism of SEIRA.40 Briefly, the role of scattering and absorption by the nanostructured 

metallic antenna were elegantly modelled highlighting that maximum enhancement was 
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observed when both mechanisms, i.e. scattering and absorption, had similar spectral maxima 

magnitude. From such modelling work on linearly shaped antennas, it was concluded that 

tailoring the ratio between absorption and scattering losses could yield optimal structures for 

SEIRA. Such tailoring could be done by tuning the dimension and the aspect ratio of the 

antenna.40 

In the context of nanomaterials with resonances in the infrared spectral range and keeping in 

mind the observations reported above for vibrational spectroscopy applications, fractal and 

fractal-like structures have emerged as an interesting class of structure that are capable of 

exhibiting a greater number of resonances.41-48 For many of these structures, nanorods and rod-

like structures are used as the base units and are repeated radially, such as in the example of the 

Cayley Tree.42 Introduced as a plasmonic fractal, the Cayley Tree structures inscribed on quartz 

substrates showed spectral resonances that could be finely tuned between 880 and 4500 nm. 

However, no resonances were observed beyond 4500 nm due to the use of a quartz substrate that 

fully absorbs infrared light beyond this wavelength.49 Furthermore, it is likely that due to the 

overall small size of the individual nanorods (100 – 180 nm) comprising the Cayley Tree, a 

significantly high number of generations would have been required to prepare structures with 

compatibility in the mid-infrared range. Finally, although the optical properties were well 

explored, no measurements were performed to ascertain the applicability of such a structure to 

analyte detection by SEIRA. In this study, we further expand on the use of nanorods as a means 

of generating dendritic fractals. In particular, we explore larger sized nanorods with different 

number of branches for the starting generation, along with the higher order generations as a 

means of preparing dendritic fractals that are compatible with SEIRA spectroscopy. 
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Here, EBL is used to prepare these structures onto CaF2 optical windows that are mid-infrared 

compatible. With a resolution between 10-20 nm,50 EBL is ideally suited to the fabrication of 

dendritic fractals in particular for the smallest structures present on the highest generations. 

Utilizing synchrotron radiation as the source of infrared light for our measurements, we begin by 

using a three-branched dendritic fractal to explore how the optical properties of the dendritic 

fractal are altered as higher-order generations are developed. Through the use of finite difference 

time domain (FDTD) calculations, we evaluate the absorption spectra of the structure to the 

fractal composition at the fourth-order generation and we establish the wavelength spatial 

distribution of the plasmon resonances over the selected structure. We then introduce various 

means of tailoring the optical properties of the dendritic fractal across the near- and mid-infrared 

spectral regions. This is achieved by not only altering the size of the individual nanorods, but 

also by increasing the number of branches in the first-order generation. It was found that 

increasing the number of branches results can result in the branches becoming too tightly packed. 

Therefore, we also prepare truncated dendritic fractals as a means of further tuning the optical 

properties and measured their mid-infrared resonances. Last, the prepared platforms were 

functionalized with an analyte to demonstrate the compatibility of the structures for molecular 

plasmonics in the mid-infrared. 

Experimental: 

Electron-Beam Lithography 

CaF2 windows (13 mm diameter x 2 mm, Spectral Systems LLC, NY, USA) were first cleaned 

using reactive O2 plasma for 20 minutes to ensure adhesion of the thin film of resist. The 

windows were then coated with a 100 nm thick layer of poly(methyl methacrylate) (PMMA, A2 

950 resist (MicroChem Corp., MA, USA)). A thin layer of AquaSave (Mitsubishi Rayon 
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America Inc., NY, USA) was subsequently applied above the PMMA layer. A Leo Zeiss 1530 

SEM was used to perform all electron beam lithography using a 30 kV EHT acceleration voltage 

and 10 μm aperture. An area exposure dose of 260 µC/cm2 was used for the writing of each 

structure, and each array was fabricated as a patch with an area of 50 x 50 μm2. Following 

exposure, the solutions were developed (water to remove AquaSave, and 1:3 methyl isobutyl 

ketone: isopropanol (Microchem Corp., MA, USA)), and dried under air. Electron beam 

evaporation was used to deposit a 3 nm titanium adhesion layer, and 20 nm layer of gold at a rate 

no greater than 0.5 Å/s. The liftoff of remaining PMMA was performed in acetone 

(CHROMASOLV, Sigma-Aldrich, MO, USA). Scanning electron micrographs of the structures 

were collected with a Leo Zeiss 1530 SEM. Prior to imaging the structures, the sample was 

coated with 5 nm of osmium. 

Infrared Absorption and Surface-Enhanced Infrared Absorption 

Fourier transform infrared (FT-IR) spectroscopy measurements were performed at the Mid-IR 

beamline synchrotron facility located at the Canadian Light Source (Beamline 01B-01). The 

beamline end station consists of a Bruker Optics Vertex 70v FT-IR Spectrometer coupled to a 

Hyperion 3000 IR Microscope (Bruker Optics, MA, USA). Light was focused and collected in 

absorbance mode using a 36× objective (NA 0.65). The input source coming from the 

synchrotron beam was linearly polarized. The collected light was measured using a narrowband 

fast DC coupled mercury cadmium telluride (MCT) (liquid nitrogen cooled) Kolmar (Kolmar 

Technologies, Inc., MA, USA) detector. Measurements were collected from 8000-800 cm-1 with 

a spectral resolution of 4 cm-1. Each spectrum is the average of 512 spectra. For surface-

enhanced infrared absorption measurements, the samples were functionalized for 6 hours in a 

freshly prepared 10-3M solution of 4-nitrothiophenol (4-NTP) (Sigma-Aldrich, MO, USA) 
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prepared in dry ethanol. After 6 hours, the solution was dipped in dry ethanol to remove any 

unbound 4-NTP and was dried under air. 

Electromagnetic Field Modelling 

Finite Difference Time Domain (FDTD) modelling (Lumerical) was used to simulate the 

absorption and electromagnetic fields of the dendritic fractals. Shown in the text, the individual 

nanorods that the dendritic fractal was comprised of had lengths of 200 nm, widths of 50 nm, 

heights of 20 nm for gold, and 3 nm of titanium placed beneath the gold. Palik dielectric values 

for gold and titanium were used for the FDTD calculations.51 The structures were placed on a 

substrate with a constant refractive index of 1.42 representing the CaF2 window, and had a 

thickness of 250 nm. Periodic boundaries on the x and y axes conditions were no smaller than 

700 nm, and were representative of the periodicity of the fabricated structure. Last, a perfectly 

matched layer (PML) was used in the z axis. Mesh sizes of 7.5 nm were used in the x and y axis 

and 4 nm in the z axis. In an attempt to mimic the experimental conditions considering the use of 

an objective with a numerical aperture of 0.65 (40 degrees half angle), calculations were 

performed at distinct incidences and showed no major effect on the position of the resonances in 

the modelled spectra. 

Results and Discussion: 

General Optical Properties of Dendritic Fractals 

The dendritic fractals shown in Figure 1 are based on the Cayley Tree structures first used by 

Halas et al.42 In their work, the structures, that were inscribed up to the 3rd generation, did not 

show any resonance in the mid-infrared range due to the cut-off wavelength of the quartz 

substrates (4.5 µm) .49 Here, we have made use of CaF2 that has a cut-off closer to 10 µm, 

providing access to the fingerprint region from 1000 to 1800 cm-1.33, 35 
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Figure 1. Scanning electron micrograph of dendritic fractals in the A) first, B) second, C) third, 

and D) fourth-order generations. E-H) Corresponding experimental (solid line) and calculated 

(dashed line) absorption spectra for each of the generations. The experimental spectra were 

collected on the same sample as the SEM images. The scale bar in the inset SEM images is 200 

nm. 

To investigate the influence of fractal generation on the optical properties, structures were 

fabricated up to the fourth-order generation, as shown in the SEM images Figure 1A-D. Each 
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gold rod of the dendritic fractal had a thickness of 20 nm, a width of 50 nm, and the rod elements 

forming the fractals shown in Figure 1A-D had lengths of 200 nm. Beneath each structure was a 

titanium adhesion layer of 3 nm. The structures were fabricated in (50 × 50) µm2 arrays, with 

varying periodicities. A sufficiently large gap (at least 700 nm) between the adjacent fractals was 

used to ensure that no plasmon coupling occurred between fractals. Within the patch of 

structures, it was found that the structures were fabricated with a high degree of reproducibility 

(Figure S1). 

The infrared absorption measurements taken for each sample shown in Figure A-D are shown 

in Figure 1E-H together with the calculated spectra. In order to maximize the signal-to-noise 

ratio of our infrared measurements, the mid-infrared beamline of a synchrotron was used. In a 

previous study done by our group, a comparison between the use of the CLS mid-infrared 

beamline synchrotron source and a conventional FT-IR source showed no change in the spectral 

position for the absorptions of superimposed nanoprisms.35 Thus, the spectral location of the 

absorptions can be described as being source independent. 

Beginning with the first-order generation, a single absorption at 5500 cm-1 was observed. 

Although such an absorption is not particularly relevant for SEIRA, it may be of value for other 

surface-enhanced spectroscopies, specifically surface-enhanced near-infrared absorption 

(SENIRA),52 and surface-enhanced Raman spectroscopy (SERS).53 As a technique, SENIRA 

probes the vibrational overtones associated with the infrared vibrational modes that can be 

probed by SEIRA.52 Although not explored in this study, the ability to have a plasmonic platform 

that is compatible with both SEIRA and SENIRA may be of interest, as it could provide a more 

complete vibrational fingerprint for a molecule of interest. SERS measurements predominantly 

rely on the use of visible light. More recently, there has been an interest in developing platforms 
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compatible with longer wavelengths, such as 1550 nm (6452 cm-1) because these longer 

wavelengths are retina-safe.53 Although the results of the dendritic fractal (Figure 1E-H) do not 

have absorptions at such a wavelength, it should be possible to tune the absorptions to such a 

wavelength. In doing so, the dendritic fractal could then potentially be used for SEIRA, 

SENIRA, and SERS. 

For the dendritic fractals, we observed that in the Nth generation, the infrared spectra were 

dominated by N resonances. As higher-order generations were probed (N>1), additional 

resonances were found at lower wavenumbers. As it has been previously described, the dominant 

absorptions presumably correspond to various dipolar modes of the structure at each generation. 

Reciprocally, the weaker absorptions near 5800 cm-1 and 4700 cm-1, were observed for the third-

order generation (Figure 1G) and fourth-order generation (Figure 1H) respectively, and are 

assigned to the quadrupolar resonances of the structure. The dendritic fractal was also inscribed 

for the fifth-order generation, shown in Figure S2A. However, we were unable to introduce any 

new dominant absorption bands at lower wavenumbers (Figure S2B). This is most probably 

because in the fourth-order generation, the lowest energy absorption was near 1200 cm-1, very 

close to the cut-off limitation of the CaF2 substrate. At the fifth-order generation, the new low 

energy absorption would likely be lower than 1000 cm-1, and could not be probed. So although 

higher-order generations are within the fabrication limitations, they cannot be exploited in the 

mid-infrared range. 

In order to correlate the resonances and their spatial localization with the generation order of 

the dendritic fractal, a plasmon hybridization model was used.54-56 In Figure 2, the calculated 

spectra and associated field enhancements for the first four generations of the dendritic fractals 

are calculated between 1000 and 7000 cm-1 using finite difference time domain (FDTD) 
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calculations. When going from the first-order generation to the fourth-order generation, the 

number of resonances increases from 1 to 5. Since these structures are composed of concentric 

features (i.e. the dendron that forms the iterative fractal components), the hybridization model 

appears relevant to explain the major resonances together with the electric field distribution.  For 

the lower-order generations of the fractal, the initial resonance(s) splits into two resonances with 

high (HE) and low (LE) energies (Figure 2). When going from the first to the second-order 

generations, the initial single mode that appears at λ=1.92 µm is split into two modes with 

wavelengths of λ=2.22 µm (HE) and λ=4.06 µm (LE). To better understand this splitting, we 

proposed a hybridization model that combines the structure from the first-order generation (G1), 

along with the outer-most structures that were introduced in the second-order generation (G2-

G1) (Figure S3). This approach provides the most physically acceptable energetic assignments 

accounting for the modes of G1 and G2-G1. 

 The third-order generation shows four modes hybridized from the second-order generation 

structure located at λ=1.75 µm (HE1) and λ=6.62 µm (LE1) as well as λ=2.14 µm (HE2) and 

λ=4.42 µm (LE2), respectively (Figure 2). A similar approach was used for the hybridization 

model (Figure S3), where the parent structures of the second-order generation (G2) and the 

outer-most structures of the third-order generation (G3-G2) were combined. Moving to the 

fourth-order generation shows a more complex spectrum with overlapping resonances. Here, the 

electric field enhancement is calculated only for the five major resonances derived from the 

previous generation. Once again, the hybridization of the plasmon modes between the previous 

generation and that of the newly introduced structures can tentatively be used to explain the 

newer resonances that appear at λ=1.78, 1.95, 4.38, 6.72 and 9.36 µm. When higher order 
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generations above the fourth-order are calculated, very little spectral difference can be observed 

experimentally (Figure S2A) or from calculation (not shown). 

 

Figure 2. Normalized extinction spectra for first, second, third, and fourth-order generation 

dendritic structures with individual rod lengths of 200 nm. For each generation, the normalized 

electric field distribution (E/E0)2 under horizontal polarization was calculated for each resonance 

and displayed using log scale for clarity. The plasmon hybridization (red dashed line) is shown 

upon iteration of the fractal generation. The wavelengths associated with the multiple resonances 

in the third-order generations are λ=1.75, 2.14, 4.42, 6.62 µm, and λ=1.78, 1.95, 4.38, 6.72, 9.36 

µm for the fourth-order generation. 

Details on the resonances observed in the fourth-order generations structures are provided in 

Figure 3. The electric field distribution over the structure were calculated for selected input 

wavelengths that correspond to the four major resonances as shown in the spectrum of Figure 1H 

and Figure 2. Two orthogonal polarizations (0° and 90°) were selected for these calculations. 
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Figure 3. FDTD calculations of the transverse components of the electric field (|E/E0|)2: log 

scale representation at wavelengths corresponding to the absorptions of the fourth-order 

generation dendritic fractal comprised of gold nanorods with side lengths of 200 nm. 

Examining the electric field distribution maps, shown in Figure 3, highlights a well-defined 

relationship between the fractal order and the spatial distribution. Starting with the highest 

energy absorptions (Figure 3A,B), the electric field is enhanced in the branches introduced in the 

fourth generation. By altering the polarization of the impinging light, it is possible to selectively 

excite the LSPRs across the entirety of the outer periphery of the structure. Moving to the second 
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highest energy (Figure 3C,D), the enhancement now incorporates the branches from the third and 

fourth generations. As the absorptions move to lower energies (Figure 3E-H), each absorption 

incorporates the branches from an additional generation, until as shown in Figures 3G,H, the 

LSPR is spread over the whole structure. It is necessary to note that in this work, the absorptions 

closer to the fingerprint region are the most important since they will be used to enhance the 

absorption fingerprint of the analyte. Therefore, ensuring that absorption(s) of the structure are in 

this region is critical. Furthermore, the intensity of the electric field at these regions must also be 

considered. The electric field distribution map of Figure 3 provides an estimated (E2/E0
2) 

enhancement of 103.5. This enhancement is lies within the range of 102-105 that is experimentally 

observed for SEIRA compatible nanostructures. 

To better visualize the spatial distribution of the multiple resonances, the iso-wavelength maps 

at the orthogonal polarizations were calculated (Figure 4).57 In this representation, each map is 

first calculated at 44 discrete wavelengths over a spectral range of 1.4 – 10 µm. For each 

polarization, this forms a 3rd rank tensor of dimensions X(308), Y(308) and λ(44). For each (x,y) 

spatial location, the tensor is then analyzed along the λ direction, and the λ max is extracted and  

assigned to an (x,y) spatial positon.  This representation forms a new matrix of (X,Y) that 

represents the distribution of the λmax associated with the multiple resonances and that we refer to 

as the iso-wavelength maps. 

These iso-wavelength maps are shown for both orthogonally-polarized input sources (Figure 

4B and C). Using the SEM image in Figure 4A for reference, the variation of the wavelength 

corresponding to the electric field maximum can be seen as an overlap of the results shown in 

Figure 3. Under varying polarizations of the input electric field, it is once again observed that the 

outer branches correspond to higher energy wavelengths, whereas the inner most branches 
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coupled with the outer branches exhibit stronger electric fields at lower energies. Owing to the 

configuration of the three-branched dendritic fractal, only a few branches of the structure 

contribute to the enhancement of the electric field. As such, the fabrication of dendritic fractals 

with a greater number of initial branches may lead to improved enhancement of the electric field, 

yielding greater enhancement for measurements in molecular plasmonics. Importantly, the iso-

wavelength maps show an interesting polarization-dependence that can be further exploited. In 

Figure 4B, the distribution of maximum wavelength is asymmetric with respect to the 

polarization direction. This implies that the left part of the structure is predominantly subject to 

shorter wavelength resonances meanwhile the right part display resonances at longer 

wavelengths. For the orthogonal polarization direction, that does not match any symmetry axes 

of the structure, the iso-wavelength map shows that longer wavelengths are confined in the inner 

cavity formed by the longer branches of the structure. Such symmetry effects could potentially 

be used for optical processes where symmetry of the structure is critical with respect to the input 

field. The proposed structure could potentially be active for second-order non-linear optical 

processes due to its absence of an inversion center. This also implies that the rotation of the input 

polarization in this structure with 3-fold symmetry will enable each plasmon resonance to be 

tuned on demand in selected part(s) of the structure. 

Figure 4. A) SEM image of the fourth-order generation fractal where the side lengths are 200 
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nm. Colour coded map of iso-wavelength distribution representing the distribution of the 

maximum electric field for a B) x- and C) y-polarized input field.  

Increasing the Size of the Dendritic Fractal 

As has been described, the spatial location of the absorptions is related to the overall shape of 

the dendritic fractal and the input polarization direction. However, tuning the absorptions of the 

structure based exclusively on the number of generations is not ideal as it may not be possible to 

tune absorptions across spectral range spanning from near to mid-infrared. Therefore, to bridge 

the spectral gap, it is necessary to turn to alternative means for spectral tuning. 

A common procedure for tuning plasmonic properties is by altering the size of the individual 

building blocks that compose the nanostructure.58 In this study, the lengths of the individual rods 

of the dendritic fractal were varied from 200 – 400 nm. This range of size was selected as it was 

believed that such structures would offer the ability to have a greater number of absorptions 

closer to the fingerprint region, as opposed to the sizes previously studied for the Cayley Tree 

fractal (100 – 180 nm).42 
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Figure 5. Infrared absorption of three-branched dendritic fractal with different sized nanorods at 

the A) first-order, B) second-order, and C) third-order generations. The lengths of the rods are 

indicated in A). 

As expected, increasing the size of the individual nanorods within the dendritic fractal results 

in a red-shift of the absorptions (Figure 5). It was found that for the structures probed, a spectral 

shift of 6-7 nm was introduced for every 1 nm increase in the length of the nanorods. With such a 

high degree of spectral tunability, it was possible to shift the absorption of the first-order 

generation absorption from 5500 cm-1 to 3150 cm-1 simply by increasing the size of the nanorods 

from 200 to 400 nm (Figure 5A). It is important to note that in studies involving isolated 

nanorods for applications involving SEIRA, the lengths of the rods are required to be longer. For 

example, gold nanorods with lengths of 710 nm, widths of 60 nm, heights of 55 nm, with a 

spacing of 50 nm between adjacent nanorods, had an absorption at 3093 cm-1.59 With the 

dendritic fractals, it is possible to achieve a similar absorption using nanorods that are 

approximately half the size. This is because in the dendritic fractal, the nanorods are connected 

to each other. As such, although the individual nanorods are 400 nm, the entire length of the 

resulting first-order dendritic fractal is 600 nm along the x-, and 692 nm along the y-directions. 

Examining the second-order generation dendritic fractal (Figure 5B), the same red-shift of 6-7 

nm spectral shift for every 1 nm increase in length, is observed for each absorption. The same 

spectral shift is also observed for the third-order generation in Figure 4C. However, it is 

necessary to note that increasing the size of the nanorods too much eventually leads to a 

diminishing return. As was the case for expanding beyond the fourth-order generation, if the 

individual nanorods become too large (such as 350 and 400 nm), it is no longer possible to 

observe all the absorptions. The absorption corresponding to the global plasmon resonance of the 
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structure is lost due to the CaF2 cut-off. Therefore, in addition to the limitation of the number of 

generations, there is a limitation in terms of structure size that must also be considered when 

fabricating dendritic structures for applications in plasmonics. 

Further tuning of the spectral positions of the absorption could be investigated in future work. 

For example, when the lengths of the nanorods were increased, this was applied to all rods within 

the structure. One can envision a structure where the branches corresponding to each generation 

are of different lengths. The likely result of such a structure is that the total number of 

absorptions would remain the same whilst a spectral shift is observed for each absorption. If the 

desire is to have the greatest number of absorptions, an alternative method would be required. 

Here, each arm of the dendritic fractal would have nanorods with different lengths. The resulting 

absorption spectrum of such a structure could be viewed as a combination of the spectra obtained 

when each individual length was studied, as was done in this study (Figure 4). 

Increasing the Number of Branches 

Thus far, the emphasis of spectral tuning has been placed on the generation order and the size 

of the individual nanorods within the structure. Since the shape of the dendritic fractal can be 

altered by increasing the number of branches within the first generation, there may exist yet 

another means of tuning the absorptions. Figure 6A shows that as the number of branches in the 

first-order generation increases from 3 to 8, a noticeable blue shift from 4428 cm-1 to 4815 cm-1 

is observed. For the second-order generation fractals, the number of branches is still based on n – 

1. This implies that the second-order generation for the dendritic fractal would only be explored 

for up to n = 6. This is because as n increases, the available space decreases for the outer 

generations. At n = 8, there is likely to be insufficient space to have 7 branches that are fully 

resolved. The second-order generation fractals exhibit a significant blue-shift for the higher 
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energy absorptions (Figure 6B). The lower energy absorption, corresponding the global plasmon 

resonance is less influenced by the increase in the number of branches in the first generation. 

Beyond introducing a blue-shift, increasing the number of branches has an additional benefit to 

the plasmon tuning ability of the structure. As shown in Figure 6A, increasing the number of 

branches from 3 to 8 decreases the polarization dependence for both orthogonal polarizations. 

This can be explained based on the overall size of the structure. As the number of branches 

increases, the resulting dendritic fractal adopts a structure that bears a stronger resemblance to a 

circle. Since structures such as plasmonic nanodiscs do not exhibit a strong dependence on the 

input polarization, it is unsurprising that the dendritic fractals with a greater number of branches 

would exhibit similar optical properties. 
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Figure 6. Infrared absorption spectra of dendritic fractals with varying number of inner branches 

probed under varying polarizations of the input light for the A) first-order and B) second-order 

generations. The number beside each spectrum corresponds to the number of branches in the 

first-order generation. The length of the individual nanorods for the resulting structures is 300 

nm. 
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Figure 7. SEM images of the third-order generation of a 5 branched dendritic fractal that is A) 

original fractal and B) truncated. C) Absorption spectra of the dendritic and truncated fractals 

from A and B. D and E) SEM images of truncated second-order generation of an 8 branched 

dendritic fractal. F) Absorption spectra of the truncated fractals from D and E. All of the fractals 

are comprised of nanorods with lengths of 400 nm. The outline colour of the SEM images 

corresponds to the colour of the absorption spectrum. The scale bar in the SEM images is 400 

nm. 

It was possible to fabricate the typical second-order generation dendritic fractal comprised of 5 

inner branches (Figure 6B). When fabricated, increasing to the third-order generation results in a 

dendritic fractal such as the one that is shown in Figure 7A. The branches of the outer generation 

are not fully resolved, due to a limitation during the fabrication process. As the pattern is being 

written, rods that are overlapping or are very close together, are exposed to the electron beam 
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multiple times. This yields an effective dose that is greater than the nominal exposure dose. 

Instead of having isolated branches, the branches are instead connected, yielding a “duck foot” 

like structure. Since it is not possible to add additional space to the pattern, the only means to 

solve this issue is to remove branches in the outer generation. These new dendritic patterns are 

hereby described as being truncated dendritic fractals. 

Truncating the outer generation of the third-order generation dendritic fractal yields the 

structure in Figure 7B. A comparison of the absorption spectra of the original and truncated from 

Figure 7A,B is shown in Figure C. Examining the spectra shows that truncating the fractal does 

not alter the spectral position of the lower energy absorption. The higher energy absorptions are 

significantly different between the two spectra. For the original fractal, the higher energy 

absorptions do not bear a resemblance to the spectral pattern from the second-order generation 

absorption spectrum (Figure S4A). By truncating the fractal, we not only have our nanorod 

structure, we also have higher energy absorptions that are closer to those that were observed in 

the second-order generation dendritic fractal. 

The process of truncating the dendritic fractal was also performed on second-order generation 

structures. This was necessary when the number of inner branches was high. Figures 7D,E show 

two possible configurations for truncated 8 branched second-order generation dendritic fractals. 

In the first configuration, three of the outer seven branches are removed (Figure 7D), and in the 

second four of the branches are removed (Figure 7E). The comparison of the absorption spectra 

of the resulting structures once again shows that the lower energy absorption, here corresponding 

to the global plasmon resonance of the structure, is only marginally altered (Figure 7F). Much 

like the case for the 5 branched structures, the absorptions at higher wavenumbers are altered, 

most notably the absorptions near 3600 and 4200 cm-1. It is important to note that although there 
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is a spectral location difference between these absorptions relative the first order generation, the 

overall profile of the absorption remains similar (Figure S4B). Much like the case of the third 

order truncated dendritic fractal from Figure 5B, the truncation prevents the formation of duck 

feet, allowing for an absorption spectrum that bears a stronger resemblance to the previous 

generation. When structures are brought in closer proximity to each other, there is a red-shift in 

the LSPR. In the case of the truncated fractal shown in Figure 7D, the outer branches of each arm 

are close together (<50 nm). As such, those branches can couple together, and would yield a red-

shift in the LSPR relative to a structure that has the rods placed further apart (Figure 7E). For 

both sets of structures, there are more resonances observed than what would be expected based 

on the prior results (Figure 1). This is attributed to the increase in size of the nanorods from 200 

to 400 nm, which doubles the overall size of the fractal. Due to the overall size of the resulting 

structures (2.4 µm for Figure 6A,B and 1.6 µm for Figure 7D,E), we attribute these other 

absorptions to the multipolar resonances of the fractal. 

Surface-Enhanced Infrared Absorption 

SEIRA measurements were performed on samples functionalized with 4-nitrothiophenol (4-

NTP). 4-NTP was selected as a model analyte due to the strong absorption of the NO2 symmetric 

stretching mode at 1340 cm-1 which matches one of the dominant plasmon resonance seen 

throughout our various dendritic structures.35 In experimental conditions where the plasmonic 

resonance  is tuned with the vibrational oscillation of the molecule, a sharp negative dip appears 

at the molecular vibration frequency of s(NO2) at 1340 cm-1 as seen in the inset of Figure 8A.60-

61 Such coupling is referred to as a Fano resonance, and is the result of interference between the 

background of the plasmonic excitation mode and the vibrationally induced molecular dipole 

governed by the optical near-field confined in the vicinity of the structure.62 An anti-resonance 
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(sharp dip) is generally observed for weak coupling, as in the case of organic molecules. The 

observed magnitude of the anti-resonance in the resulting extinction spectra depends on the 

individual contributions of both absorption and scattering processes, which are mostly dependent 

on the parameters of the structure.40 In order to more easily identify the absorption of the analyte 

near 1340 cm-1, a polynomial fit was applied to the SEIRA spectra. The resulting fit 

corresponding to absorption of the structure was then subtracted from the SEIRA spectrum. This 

was applied to multiple patterns under resonance conditions (i.e. the plasmon resonance is tuned 

with the molecular vibration) as shown in Figure 8B. The patterns used in the acquisition of the 

SEIRA spectra all had resonances between 1230 and 1410 cm-1. The previous work of Vogt et al. 

demonstrated that a slight red-shift of the vibrational frequency of the analyte relative to the 

frequency of the plasmon resonance yields the greatest SEIRA enhancement.63 The results of 

Figure 8B shows that the strongest signal for the s(NO2) occurs when the ratio of ωvib/ωres = 

0.96, consistent with the previously mentioned study.63 To illustrate that the signal obtained is 

the result of the dendritic fractal, a comparison is made between the results of the three branched 

fourth-order generation (ωvib/ωres = 1.03) and a 50 × 50 µm2 patch of flat gold (Figure S5). No 

significant signal for the s(NO2) of 4-NTP was observed on the functionalized flat gold, 

whereas the signal was observed on the dendritic fractal. This leads us to conclude that the 

prepared dendritic fractals are compatible with SEIRA based measurements. To maximize the 

enhancement for SEIRA, additional design considerations should be considered, notably the 

presence of an LSPR that is slightly blue-shifted relative to the frequency of vibration for an 

analyte. Once this has been obtained, further modifications can yield additional enhancement. 

For example, configuring the structure such that it is on a pedestal has been shown to provide an 
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additional order of magnitude of enhancement.27 Future studies involving SEIRA on the 

dendritic fractals should focus on these types of modifications. 

 

Figure 8. SEIRA measurements of 4-NTP functionalized dendritic fractals. A) Truncated 8 

branched second-order generation dendritic fractal (same as Figure 6D). The inset in the figure 

highlights the symmetric stretch of NO2. B) SEIRA spectra of 4-NTP on different dendritic 
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fractals with a polynomial fit having been removed. The spectra are offset for clarity and the 

ratios of ωvib/ωres are included. 

Conclusion: 

We have demonstrated the design, fabrication, characterization, and application of dendritic 

fractals for SEIRA. The dendritic structures can generate multiple LSPRs that span the near- and 

mid-infrared spectral regions. In the first-order generation of the dendritic fractal, there is a 

single resonance. With each subsequent generation, a new absorption is introduced at lower 

wavenumbers. These new absorptions correspond to the additional generations, with the lowest 

energy absorption being the global LSPR of the structure and are tentatively explained using the 

hybridization model. By tuning the size of the individual nanorods that comprise the dendritic 

fractal, it is possible to tune spectral position of the absorptions with a high degree of control. 

Increasing the number of internal branches results in a blue-shift of the higher energy 

absorptions, and decreases the polarization dependence of the structure. However, as the number 

of branches in the first-order generation increases, less space exists for the greater number of 

branches needed in the higher-order generations. Thus, it becomes necessary to truncate the 

fractal to maintain the rod like structure of the outer branches. These changes do not significantly 

alter the global LSPR, and instead allow for tuning of the higher energy absorption. We have 

demonstrated how the lower energy resonances, such as the global LSPR, can be used to detect a 

molecule of interest when there is spectral overlap between the resonance of the structure and the 

vibrational mode of the molecule. Overall, the dendritic fractals provide a simple means of 

preparing nanostructures that exhibit broad optical properties across the near- and mid-infrared 

spectral ranges. Further work on the dendritic fractal should emphasize optimizing the 

enhancement of the electromagnetic signal. This can be achieved by altering the configuration of 
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the plasmonic platform. Additionally, due to the thin width (50 nm) of the individual nanorods 

that make up the dendritic fractal, the structure may also exhibit optical properties in the visible 

region. These absorptions could then be used for techniques such as SERS and surface-enhanced 

fluorescence. Such a study could then validate the dendritic fractal as being another structure 

capable of multispectral molecular plasmonics. 
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