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ABSTRACT. The advancement of nanoenabled wafer-based devices requires the establishment 

of core competencies related to the deterministic positioning of nanometric building blocks over 

large areas. Within this realm, plasmonic single-crystal gold nanotriangles represent one of the 

most attractive nanoscale components but where the formation of addressable arrays at scale has 
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heretofore proven impracticable. Herein, a benchtop process is presented for the formation of 

large-area periodic arrays of gold nanotriangles. The devised growth pathway sees the formation 

of an array of defect-laden seeds using lithographic and vapor-phase assembly processes followed 

by their placement in a growth solution promoting planar growth and three-fold symmetric side-

faceting. The nanotriangles formed in this high-yield synthesis distinguish themselves in that they 

are epitaxially aligned with the underlying substrate, grown to thicknesses that are not readily 

obtainable in colloidal syntheses, and present atomically flat pristine surfaces exhibiting gold 

atoms with a close-packed structure. As such, they express crisp and unambiguous plasmonic 

modes and form photoactive surfaces with highly tunable and readily modeled plasmon 

resonances. The devised methods, hence, advance the integration of single-crystal gold 

nanotriangles into device platforms and provide an overall fabrication strategy that is adaptable to 

other nanomaterials.

1. Introduction

Single-crystal nanometals with a two-dimensional character form an architecturally diverse 

family of nanomaterials from which extraordinary structure-property relationships are derived.[1−6] 

Their existence is founded on the establishment of synthetic controls that are able to direct growth 

along highly anisotropic pathways that are counter to the symmetries of the underlying crystal 

structure. Referred to by such names as nanodisks,[7] nanoprisms,[5] nanoplates,[8,9] nanosheets,[10] 

and microflakes,[11,12] these structures can take on a variety of geometric forms including those 

that are irregular,[13] circular,[7] triangular,[5] hexagonal,[8] pentagonal,[14] spiral,[15,16] and star-

like.[17] Among these, plasmonic nanotriangles (NTs) take on a prominent status due to (i) in-plane 

dipolar and higher order plasmon resonances that offer tunability throughout the visible and near-
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infrared spectrum,[5,6,18] (ii) predictable behaviors based on variations to edge length,[6,19] 

thickness,[20,21] and aspect ratio,[6,20] (iii) intense electromagnetic near-field enhancements at their 

three corners,[22] (iv) a high refractive index sensitivity,[20] (v) tridirectional polarization-dependent 

scattering,[23,24] (vi) ultrafast nonlinear optical properties,[25] and (vii) remarkable coupling 

phenomena when placed in close proximity to similar[22] or dissimilar[26] structures. As such, the 

refinement of synthetic techniques that produce NTs that are able to fully and controllably express 

these plasmonic properties has taken on added importance.

The vast majority of Au NT growth modes directed toward the synthesis of plasmonic 

structures utilize solution-based methods. Essential to the success of these colloidal techniques is 

the implementation of synthetic controls that (i) promote planar growth, (ii) establish and maintain 

the required faceting, and (iii) purify the reaction product. The realization of planar growth is 

reliant on the formation of either preformed or spontaneously nucleated seeds with stacking faults 

defects that disrupt the ABCABC… stacking sequence that occurs along the [111] axis of a face 

centered cubic (fcc) metal. It is the protrusion of these planar defects at the periphery of the seed 

as low-energy reentrant grooves that provide the break in symmetry needed to promote lateral 

growth.[5,27] With the required seeds in place, suitably chosen capping agents direct the synthesis 

toward a triangular product with two large-area (111) facets. Cetyltrimethylammonium bromide 

(CTAB), cetyltrimethylammonium chloride (CTAC), and halide ions are typically used for this 

purpose[5] but where notable exceptions occur.[28,29] Even though such shape-directing agents have 

proven highly effective, the reaction product is compromised by structures having a three-

dimensional character because it has proven difficult to produce uniformly-sized defect-laden 

seeds in high yield. This has necessitated the need for shape-purification procedures, with 

depletion flocculation[30,31] and centrifugation in the presence of a NaCl additive[32] both giving 



4

rise to exceptionally high yields. Current methods for the preparation of seeds are also deficient in 

that they allow for limited variability in their diameter. This is significant because it is the seed 

diameter that is largely responsible for determining the NT thickness, a parameter of significance 

when tuning the localized surface plasmon resonance (LSPR) in the visible spectrum.[20] As a 

result, thin NTs with a range of thicknesses have been produced[28] while the synthesis of thicker 

plates (> 20 nm) require specialized two-stage procedures where they are first synthesized and 

then isotropically enlarged using a secondary colloidal chemistry.[20,21] A more appealing approach 

would allow for the NT edge-length and thickness to be adjusted as independent variables.

The integration of single-crystal nanometals with wafer-based processing techniques has taken 

on a newfound importance due to breakthrough capabilities and the advanced functionalities they 

have enabled.[1,33−36] Among the various nanocrystal geometries, noble metal nanoplates provide 

an especially appealing architecture since its planar character matches that of the substrate, an 

attribute that has already been a decisive factor in advancing numerous applications.[1] The 

majority of these efforts have relied on colloid-to-substrate transfers to populate substrate surfaces 

with single-crystal nanoplates. Although their placement on substrates in random configurations 

is straightforward, forming organized configurations has proven difficult. Advances are, however, 

occurring for self-assembly techniques yielding substrate-based Au NTs in close-packed 

configurations.[28,32,37−39] In contrast, only two reports by Mirkin and co-workers[40,41] have been 

responsive to the challenge of forming periodic arrays of Au NTs in which they use 

lithographically-defined trapping sites to capture and orient structures from a colloidal suspension. 

These demonstrations, while undeniably impressive, have only yielded sub-square-millimeter 

arrays, require the use of the technically demanding e-beam lithography method, and can only be 
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practiced on substrate materials amenable to these techniques (e.g., Si, PDMS, Au−Cr layers). 

There is, hence, opportunities to advance solutions that address these drawbacks. 

An alternate approach to the placement of colloidal nanoplates on substrate surfaces is to form 

seeds with the required stacking fault defects directly on a substrate followed by their exposure to 

liquid-state syntheses promoting planar growth. In some of the earliest studies, Zamborini and co-

workers[42] demonstrated this conceptually appealing approach but it has received little traction 

due to an inability to generate the required seeds in high yield. More recently, Golze et al.[43] 

overcame this hurdle by using heteroepitaxial interactions occurring at the Au-substrate interface 

as the primary driver for generating identically oriented Au seeds with the required internal defect 

structure. Herein, we capitalize on this breakthrough in demonstrating a first-of-its-kind synthesis 

in which single-crystal Au NTs are prepared directly on substrate surfaces in large-area periodic 

arrays. The so-formed structures exhibit epitaxy-induced alignment, atomically flat surfaces, and 

allow for LSPR tuning based on the independent control of NT thickness and edge-length. The 

work, therefore, forwards the nanofabrication techniques needed to exploit one of the foremost 

building blocks in the study and application of plasmonic materials.

2. Results

Figure 1a,b shows a schematic of the five-step benchtop process used to fabricate periodic 

arrays of single-crystal Au NTs along with optical images of the substrate taken after each step. In 

this procedure, nanoimprint lithography, in combination with reactive ion etching (RIE), is first 

used to form a hexagonal array of cylindrical holes[44] that extend through a bilayer resist to the 

surface of a [0001]-oriented sapphire (i.e., Al2O3) substrate. Sb and Au layers are then sequentially 

sputter deposited over the entire patterned surface, followed by a lift-off procedure that removes 
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the remaining resist to reveal cylindrical disks of Sb topped with a thin layer of Au. The disks are 

then exposed to a high-temperature vapor-phase assembly process that causes each of them to 

assemble into a single-crystal Au nanostructure as the Sb is lost to the vapor phase. Sb, while 

sacrificial, is crucial to array definition since multiple Au nanostructures appear near each of the 

array positions when the same procedure is carried out in its absence.[45] The Au nanostructure 

array then acts as seeds for a three-reagent liquid-phase synthesis of aqueous HAuCl4, Brij-700, 

and CTAB that promotes planar growth with three-fold symmetric side-faceting. Optimal NT 

arrays occurred for a 35 °C growth solution with HAuCl4, Brij-700, and CTAB concentrations of 

0.86, 4.38, and 1.08 mM, respectively. Figure 1c−e shows SEM images of the so-formed array. It 

reveals that NTs with sharp corners are formed in high yield with a high degree of in-plane 

alignment where each points either in an upward or downward direction (Figure 1d). Some of the 

arrayed structures, however, have truncated corners or three-dimensional morphologies. With 

long-range order occurring over an area that spans 8 mm × 8.35 mm, the periodic array establishes 

a new benchmark in terms of large-area capabilities for NTs that eclipses prior demonstrations[41] 

by nearly 200-fold.
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Figure 1. (a) Schematic of the five-step procedure used to fabricate periodic arrays of Au NTs. (b) 
Optical images of the substrate taken after the completion of each step in the procedure where the 
final image in the progression is the NT array. (c) Low-magnification SEM image of a NT array. 
High-magnification images showing (d) top and (e) tilted view SEM images of NTs. 

From a mechanistic standpoint, the emergence of NTs is contingent on the synthetic controls 

imposed by interfacial interactions between (i) Au and the underlying substrate occurring during 

seed formation and (ii) the components of the growth solution and the Au seeds occurring during 

the liquid-phase NT synthesis. During seed formation, it is the heteroepitaxial relationship formed 

between the (111) planes of Au and the (0001) surface of sapphire[46] that is largely responsible 

for the emergence of NTs that lie flat on the substrate surface in one of two equally probable in-

plane orientations offset by 180° (denoted by the red arrows in Figure 1d).[47] Additionally, it is 

the Au−substrate interactions occurring during seed assembly that result in seeds that are lined 
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with stacking fault defects that preferentially form along the [111] Au axis that is normal to the 

substrate surface.[43] With these defects in place, there is the required break in symmetry needed 

to induce a two-dimensional growth mode with a growth trajectory that is parallel to the substrate 

surface. The unwanted three-dimensional structures appearing in the array are caused by defective 

seeds that do not meet these criteria.[43] Once the seeds are immersed into the growth solution, they 

are reliant on the interplay between the three reagents if they are to emerge as NTs where HAuCl4 

acts as the metal precursor, Brij-700 as the reducing agent, and Brij-700 and CTAB as shape-

directing agents. The need for two shape-directing agents makes this aspect somewhat convoluted 

but some clarity stems from the fact that the synthesis, when performed in the absence of CTAB, 

yields mostly hexagonal nanoplates (Figure S1). CTAB is therefore required to promote the three-

fold symmetric side-faceting but is not needed in maintaining the planar geometry. It should also 

be noted that this substrate-based NT growth mode differs from its colloidal counterparts in that 

the reagent concentrations remain near-constant over the course of the reaction because they are 

supplied in quantities that far exceed those used in the synthesis. The reaction is, hence, terminated 

not by the consumption of reactants but by the mere removal of the substrate from the growth 

solution. Apart from an initial yellow-to-orange color change occurring in the first 30 min, the 

growth solution remains constant in color for syntheses lasting as long as 7 h. 

The crystallinity of the NTs was assessed using TEM characterization. For these 

measurements, NTs were prepared directly on silicon nitride (SixNy) TEM grids using Au seeds 

formed in random configurations. Although the yield is considerably lower when forming 

structures on the amorphous SixNy surface, NTs are nevertheless produced in sufficient quantities 

for single-particle characterization. Figure 2a shows a low-magnification TEM image of four NTs 

having edge lengths between 320 and 400 nm. A bright-field TEM image of an individual NT 
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(Figure 2b) reveals somewhat rounded corners and shows no evidence of dislocation defects. 

Selected-area electron diffraction (SAED) performed on the same structure shows the {220} 

reflections expected for a NT with its [111]-direction perpendicular to the underlying surface 

(Figure 2c). Also observed are six weak ⅓{422} reflections that are nominally forbidden for a 

face-centered cubic (fcc) crystal but which appear when stacking fault defects are present along 

the [111] zone axis. The result, hence, confirms that the symmetry-breaking defects responsible 

for the two-dimensional growth mode[5,27] are present in these structures. Figure 2d shows a high-

resolution TEM (HRTEM) image taken where the (111) top and (100) side facets meet (denoted 

by the green box in Figure 2b). It reveals both crisp faceting and the anticipated {220} lattice 

fringes with a 1.4 Å spacing. Overall, the TEM data shows that, apart from the required stacking 

fault defects, the NTs have a highly faceted single-crystal character.

The preparation of Au NTs directly on a SixNy TEM grid also allowed for an nanoscale 

assessment of their plasmonic properties by performing electron-energy loss spectroscopy inside 

a scanning transmission electron microscope (STEM-EELS). Figure 2e shows a high-angle 

annular dark-field (HAADF) image of a single Au NT on which beam positions corresponding to 

the NT vertex, center-point, and edge center-point are denoted. EEL profiles corresponding to 

these locations are shown in Figure 2f. The profile obtained for the beam positioned at the NT 

vertex (blue trace) exhibits four sharp plasmon modes, i.e., n = 1 (0.67 eV), n = 2 (1.25 eV), n = 3 

(1.67 eV), and n = 4 (1.89 eV). The corresponding EEL spectrum images, showing the spatial 

distribution for the n = 1, 2, and 3 modes, are displayed in Figure 2g. In agreement with previous 

studies48−50 is the observation of a dipolar mode (n = 1) with a strong energy-loss intensity near 

the NT corners and a quadrupole mode (n = 2) that additionally displays high intensity at the edge 

center-points. The n = 3 mode, which displays three nodes at each side of the nanostructure, 
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corresponds to a higher order multipolar mode whose observation signifies that the NT is of high 

quality. When the electron beam is placed near the NT edge center-point (green trace), the EEL 

profile shows intense peaks for even-numbered modes (n = 2, 4) because these modes have a high 

loss intensity at these center-edge positions, as is evident from the spectrum image for the 

quadrupole mode (i.e., n = 2, 1.25 eV). The relatively weak dipole peak is due to the diffuse 

scattering occurring when modes are confined to the corners of the NT.51 When the electron beam 

is positioned at the center of the NT (red trace), it exhibits two strong peaks corresponding to the 

bulk plasmon (2.34 eV)[52] and the quadrupole mode (1.25 eV). Taken together, these EEL 

measurements show behaviors that are consistent with those observed for colloidal NTs and 

confirm that high plasmonic activity is exhibited by these substrate-grown structures.
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Figure 2. (a) Low-magnification TEM image of Au NTs formed directly on a SixNy TEM grid. (b) 
Bright-field TEM image of a single NT and (c) its corresponding SAED pattern. (d) HRTEM 
images of the region where the (111) top and (100) side facet meet. (e) HAADF image of a single 
Au NT marked with the three electron beam positions investigated. (f) Energy-loss profiles 
corresponding to each of the three beam positions. Values corresponding to the center position 
(red) have been divided by two for the purpose of clarity. (g) EEL spectrum images showing the 
spatial distribution of the n = 1 (0.67 eV), n = 2 (1.25 eV), and n = 3 (1.67 eV) plasmon modes.

Atomic force microscopy (AFM) measurements were used to assess the height profiles of the 

arrayed structures. The topographical map, shown in Figure 3a, reveals NTs expressing a high 

degree of height uniformity as well as unwanted three-dimensional structures that protrude further 

from the surface. The line scan taken across four NTs (Figure 3b) shows near-identical NT 

thicknesses of approximately 50 nm. This level of consistency in height, which is preserved for 

growth times as long as 7 h (Figure 3c), demonstrates both the effectiveness of the lithographic 

process in establishing identically sized seeds and the ability of the capping agents in inhibiting 
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nanoplate growth in the vertical direction. Also noteworthy is that the NT thickness is considerably 

larger than is typically obtained in colloidal syntheses. Figure 3d shows a height profile extending 

from the surface of the substrate, along the edge of the NT, and ending at the top surface of the 

NT. With an edge slope of 54.8°, the result is consistent with the 54.7° angle expected for a [111]-

oriented NT with [100]-oriented side facets, as is shown schematically in the inset to Figure 3d. 

The top planar surfaces of the NTs are atomically flat, showing root-mean-square roughness values 

ranging from 0.05 to 0.08 nm (Figure S2). Figure 3e shows a fast Fourier transform (FFT) 

autocorrelated atomic stick-slip AFM image of the (111) surface of the NT. The image reveals the 

pattern expected for the hexagonal close-packed (111) plane of Au. An analysis of the pattern in 

which the six nearest neighbor distances was determined for all atoms except those on the edge (≈ 

1050) revealed an average interatomic distance of 0.2885 nm. This value is almost in exact 

agreement with the 0.2884 nm nearest neighbor distance expected for bulk Au.[46] The image also 

compares well with that obtained for single crystals of Au formed using a high-temperature 

surfactant-free vapor-phase synthesis.[53]
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Figure 3. (a) Topographic AFM image of a Au NT array. AFM line scans showing the height 
profiles for four adjacent NTs grown for (b) 2 and (c) 7 h. (d) Line scan across a single edge of a 
NT (green arrow) that expresses the slope expected for the NT whose faceting is schematically 
illustrated in the inset. (e) FFT autocorrelated atomic stick-slip AFM image of the (111) surface 
of the NT that exhibits the atomic arrangement expected for a hexagonal close-packed (111) Au 
surface where the inset shows an expanded view.

With the NT dimensions being the primary determining factor in tuning the plasmon resonance 

to a specific value, syntheses were carried out in which the growth time was systematically varied. 

For these studies, periodic arrays of seeds were cut into smaller pieces and inserted into a single 

growth solution. Then, in a process that is analogous to the removal of aliquots in a colloidal 

synthesis, individual pieces were successively removed from the growth solution at 1 h intervals 

and examined using both AFM and SEM. Figure 4a provides a sequence of AFM images that show 

the emergence of a NT from a roundish seed followed by a steady increase in its edge length. Both 

the flat upper surface of the NT and its downward sloping side facets are clearly visible in the 

images. Figure 4b shows a height profile for each of the structures where it is evident that the 

initial seed height sets the NT thickness for the entire duration of the synthesis. Figure 4c shows 

the time progression of the NT edge length where each data point was derived from a statistical 

analysis of over 100 structures viewed in SEM images (representative images are shown in Figure 
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S3). A linear dependency is observed for edge lengths up to 400 nm. Determining whether this 

linear dependency continues beyond 400 nm was not possible because the 600 nm center-to-center 

spacing of the array leads to the collision of growth fronts between adjacent NTs. It is, however, 

anticipated that the edge length versus growth time curve would eventually round off as the 

reactants become depleted.

Figure 4. (a) Time series of AFM images showing the transformation of a Au seed into a NT 
followed by growth that increases its lateral dimensions. It should be noted that the scale bar varies 
between images. (b) Height profiles of each of the structures taken along the dashed blue arrows 
in Figure 3a. (c) Time dependence of the NT edge length under optimum synthesis conditions. NT 
edge length average growth rate as a function of the (d) CTAB concentration and (e) temperature.

With CTAB being essential to the NT growth mode, syntheses were carried out where its 

concentration was varied around the optimal value of 1.08 mM while leaving all other growth 

parameters unchanged. Figure 4d shows a plot of the NT edge length growth rate as a function of 

the CTAB concentration. Observed is a growth rate that steadily decreases as the CTAB 

concentration is increased. For concentrations that are lower than the optimal value, there is a 

substantial increase in the growth rate but this advantageous property is offset by a significant loss 

in NT yield to nanoplate structures expressing a hexagonal geometry (Figure S4). For 
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concentrations that are higher than the optimal value, the growth rate becomes diminished and 

even turns negative in that the seeds entering the growth solution are larger than those that exit 

(Figure S5). The loss of Au to oxidative etching is well-known[54] but where it is anticipated that 

such influences are exaggerated in the current work when compared to seed-mediated colloidal 

syntheses since there is only microgram quantities of Au existing as seeds on the substrate. Thus, 

while CTAB is effective as a NT shape-control agent, there exists just a narrow window of 

concentrations where the fine balance between yield and growth is achievable. It is noteworthy 

that many of these same trends have been observed when using CTAB in colloidal NT 

syntheses.[21]

The temperature at which the synthesis is carried out also has a pronounced effect upon NT 

growth. Figure 4e shows the temperature dependence of the NT edge length growth rate under 

optimum reactant concentrations for synthesis temperatures ranging between 25 and 75 °C. At 25 

°C, the reaction product is nearly identical to the seed, indicating that essentially no growth occurs. 

Prominent NTs are formed over the rest of the temperature range where a more than ten-fold 

enhancement to the growth rate occurs between 35 and 75 °C. This increase is, however, 

accompanied by a gradual decline in the NT yield at the expense of nanoplates having irregular 

geometries (Figure S6). As such, a growth temperature of 35 °C was deemed optimal as it provided 

the highest yield while the relatively slow growth rate ensured that the growth time acted as a 

reliable control for adjusting NT dimensions.

By periodically removing and then reinserting a sample from the growth solution, it was 

possible to monitor the extinction spectrum as the NT edge length grew in size. Figure 5a shows 

the spectra obtained over a 6 h duration. The time series shows a plasmon resonance that both red-

shifts and strengthens as its width first sharpens and then broadens. Extracted from the data is a 
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linear dependence in the plot of the LSPR peak position versus growth time (Figure 5a, inset) but 

where there exists an initial 1 h period where little to no growth occurs. Simulations of the 

extinction spectra for NTs as a function of edge length (Figure 5b) exhibit the same overall trends 

as the experimental data where a linear dependence is observed in a plot of the LSPR peak position 

versus edge length (Figure 5b, inset). The linearity revealed for both dependencies indicates that 

the NT edge length grows linearly in time, an outcome that is corroborated by the experimental 

data presented in Figure 4c. Moreover, the linearity exhibited by the LSPR peak position as a 

function of edge length is in agreement with that observed[55.56] and calculated[19,57] for colloidal 

and lithographically patterned NTs. A close inspection of the simulated spectra reveals the 

existence of higher order modes that are not readily apparent in the experimental data due to 

plasmon broadening effects arising from NT corner truncation,[58] size variations, and 

nontriangular shapes. In general, such modes are not readily observed for low aspect ratio 

nanoplates[59,60] due to significant mode overlap. As a final comment, it is noted that the NTs 

produced in this study provide a readily modeled dielectric environment since they lie flat on the 

substrate whereas colloidal structures, when placed either on flat substrates or in lithographically 

defined trenches, can exist in a dielectric environment that varies from NT to NT due to slight tilts 

or the degree to which the NT contacts the trench sidewalls. Smith et al.[61] have convincingly 

demonstrated that such influences can lead to a break in symmetry that promotes plasmon mode 

splitting. 

The epitaxy-induced alignment of the NTs relative to the underlying substrate offers an ideal 

platform for assessing polarization-dependent responses. It should, however, be recognized that 

there exist two NT orientations offset by 180° (Figure 1d), and as such, their interactions with light 

will also be out of phase by 180°. Extinction measurements and simulations both show no obvious 
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polarization dependence (Figure S7). This result is in agreement with both theoretical and 

polarization-dependent spectroscopy measurements performed on lithographically-defined NTs 

that reveal two degenerate dipole modes offset by 90° where the response at intermediate angles 

is characterized by a superposition of these two fundamental modes.[61,62] Unexpected, is the 

observation that the refractive index sensitivity of the NTs shows a pronounced and highly 

reproducible polarization dependence (Figure 5c) in which values corresponding to the 

polarization along the NT vertex are about 7% higher than those for polarizations along its edge. 

Figure 5. (a) Time-dependent extinction spectra for a NT growth lasting 6 h where the inset shows 
a linear dependency in the LSPR peak frequency with time. (b) Simulated extinction spectra for X 
nm thick NTs having various edge lengths where the inset shows a linear dependency in the LSPR 
peak frequency with edge length. (c) Polarization dependence of the refractive index sensitivity 
where the schematic illustrates NT alignment relative to the polarizer. The rightmost plot shows 
representative data for the 30° polarization from which a refractive index sensitivity of 310 
nm·RIU−1 is extracted. 

With the seed size largely determined by the amount of Au that is sputter deposited into the 

lithographically-defined openings, it becomes a relatively straightforward task to controllably vary 

its dimensions. In doing so, it presents the opportunity to treat the NT thickness and edge-length 

as independent variables since the former sets the thickness while the latter is determined by the 
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growth time. Noteworthy is that colloidal growth modes directed toward the synthesis of thick NTs 

have not yet been able to achieve independent control but where its potential benefit in terms of 

tailoring the plasmonic properties in the visible spectrum is well-recognized.[20,21,28] In 

demonstration of this capability, Au seed arrays with five different sizes were prepared. 

Spectroscopic characterization of the seeds show that, as expected, the LSPR red shifts and grows 

in strength as the seed diameter increases (Figure 6a). SEM images reveal average diameters of 

60, 83, 86, 101, and 113 nm (Figure S8) while AFM characterization yields seed heights of 36, 48, 

56, 66, and 78 nm (Figure 6b). The fact that the seed heights are smaller than the diameters is 

caused by the apparent truncation of the sphere morphology at the Au−substrate interface. The 

subsequent exposure of the various seed arrays to the growth solution results in NTs of variable 

thicknesses (Figure 6c). Spectroscopic data taken for the five samples over the course of the 5 h 

growth sees the LSPR red shift and strengthen over time (Figure S9) in a manner analogous to that 

shown in Figure 5a. Plots of the LSPR peak wavelength versus time (Figure 6d) for each NT 

thickness all show similar behavior in that there is little change in the first hour, followed by a 

linear dependency where the slope of the line increases as the thickness decreases. The average 

NT growth rate over the 5 h interval (Figure 6e) remains largely unchanged for NT thicknesses up 

to 60 nm but then shows a significant falloff. A plausible explanation for this behavior is that the 

lateral growth rate for thinner structures is limited by the capping agent since its coverage on the 

side-facets is essentially the same for all thicknesses, whereas the growth rate for similarly capped 

thicker structures is limited by a growth solution that cannot maintain an adequate supply of Au 

ions in the vicinity of the much larger NT growth front. 
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Figure 6. (a) Extinction spectra and (b) AFM height profiles for Au seeds of varying heights. The 
inset to Figure 6a shows a representative AFM trace. (c) SEM images showing NTs derived from 
each of the seeds. (d) Time dependence of the LSPR peak wavelength when each of the five seed 
sizes is subjected to the NT growth solution. (e) Average NT growth rate as a function of NT 
thickness.

3. Discussion

With the advent of this new approach for preparing Au NTs, a discussion of its strengths and 

weaknesses is warranted. When compared to the colloidal synthesis of Au NTs, the substrate-based 

approach offers advantage in that the seeds produced have diameters that are larger than those 

accessible to solution-based synthesis, and as such, provide the means to synthesize thicker NTs 

without resorting to two-stage procedures.[20,21] Additionally, the substrate-based synthesis lends 

itself to the independent control over NT thickness and edge-length. The colloidal approach is, 
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however, currently able to achieve thinner nanoplates than those accessible to the new approach. 

Even though the yield of seeds with the required stacking fault defects is quite high when compared 

to colloidal methods,[30−32] the requirement placed on yield is far more demanding since substrate-

immobilized NTs are not amenable to standard post-synthesis purification schemes. The NT 

synthesis, therefore, is in need of further refinements in terms of yield along with improvements 

in size and shape uniformity if it is to be competitive with leading-edge colloidal NT growth modes 

that are subjected to purification procedures.[30,32] It is, however, of significance that the NT 

synthesis forwarded in this study realizes structures, which after a mere rinse in solvents, present 

(111) surfaces that are atomically flat, as is exemplified by the close-packed arrangement of Au 

atoms observable in AFM measurements. This is in contrast to other NT syntheses where surfaces 

are compromised by capping agents that can decisively influence physicochemical properties.[63] 

Even more favorable comparisons are made when the current techniques are weighed against 

competing substrate-based platforms. Previously demonstrated methods for forming periodic 

arrays of single-crystal Au NTs require colloid-to-substrate transfer processes where NT colloids 

populate shallow triangular trenches formed on a substrate surface.[40,41] With trench fabrication 

requiring e-beam lithography, such methods become technically demanding, time-consuming, 

cost-prohibitive, and only realizable over small areas. Moreover, the arrays suffer from (i) 

vacancies, (ii) the in-plane misalignment of NTs originating from the need for oversized trenches 

in the assembly process, and (iii) a rather complicated and variable dielectric environment around 

each NT. In contrast, the current approach realizes large-area arrays using benchtop methods 

without the use of cleanroom facilities. The NTs show a high degree of in-plane alignment due to 

heteroepitaxy, lie flat on the substrate, and maintain a consistent and readily modeled dielectric 

environment. The existence of two equivalent heteroepitaxial relationships between Au and 
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sapphire do, however, lead to NTs with two in-plane orientations offset by 180°, an occurrence 

that is not inherent to the e-beam lithographic techniques. Substrate-based Au NT arrays have also 

been produced using lithographic technique in combination with the physical vapor deposition 

(PVD) of polycrystalline Au.[64,65] The majority of these demonstrations rely on e-beam 

lithography and, as a consequence, are similarly disadvantaged in terms of cost, scalability, and 

throughput. The use of low-cost colloidal lithographies[66,67] to define polycrystalline NT arrays 

offset these disadvantages but where true long-range order is sacrificed. More significant, 

however, are the well-documented advantages of single-crystal nanostructures when compared to 

those that are polycrystalline where the former offers (i) sharper corners capable of supporting 

larger local electromagnetic field enhancements, (ii) reduced plasmon damping due to smoother 

surfaces and the absence of adhesion layers, (iii) surfaces that support facet-dependent catalysis 

and functionalization, (iv) higher optical and thermal damage thresholds, and (v) superior device 

processing characteristics related to etching, ion milling, and the formation of crisp interfaces with 

subsequently deposited overlayers.[35,68−71] 

4. Conclusion

In summary, a benchtop nanofabrication route has been devised for forming large-area periodic 

arrays of single-crystal Au NTs directly on substrate surfaces. The nanofabrication route forwarded 

is unique in that a three reagent liquid-phase synthesis has been discovered that, when practiced 

on substrate-immobilized seeds, gives rise to three-fold symmetric planar growth along the surface 

of the substrate. The approach provides an attractive alternative to the technically demanding 

processes that form periodic arrays of NTs by populating lithographically-defined trenches using 

colloid-to-substrate transfer mechanisms. By further employing the unique synthetic controls 
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accessible through lithographic and high-temperature directed-assembly techniques, NT syntheses 

becomes amenable to the independent control over thickness and edge-length, and in doing so, 

allows for greater optical tunability and NT dimensions that lie outside the range of those currently 

accessible to colloidal techniques. Other NT properties of significance include the straightforward 

removal of capping agents, atomically flat top surfaces, and a heteroepitaxy-induced alignment 

that gives rise to polarization-dependent optical properties. Taken together, the work advances the 

practices and knowhow needed to fully exploit one of the most important nanostructure 

architectures and, from a broader perspective, contributes to an ongoing effort that sees single-

crystal nanomaterials integrated into device platforms.

5. Experimental Section

Materials. Au NTs were grown on two-side polished [0001]-oriented sapphire substrates with 

dimensions of 10 mm × 10.5 mm × 0.65 mm that were diced from 100 mm diameter wafers (MTI 

Corp.). The Sb target used for sputter depositions was cut from a 19 mm diameter rod with 

99.999% purity (ESPI Metals). A similarly sized Au sputter target was punched from a 0.5 mm 

thick Au foil (99.9985% purity, Alfa Aesar). Au seed assembly was carried out in ultrahigh purity 

Ar (Airgas). The solution-based chemical synthesis of Au NTs used tetrachloroaurate (III) 

trihydrate (HAuCl4·3H2O, 99.99% trace metal basis, Beantown Chemical), 

hexadecyltrimethylammonium bromide (CTAB, > 99% purity, Sigma-Aldrich), Brij-700 block 

copolymer (Average MW 4,670, Spectrum Chemicals), and deionized (DI) water with a resistivity 

of 18.2 MΩ·cm. The nanoimprint lithography process used a bilayer resist composed of mr-I 

7030R (Micro Resist Technology) and polydimethylglutarimide (PMGI SF 3S) as well as a 40% 

CD−26 developer (Kayaku Advanced Materials). Nanoimprint lithography stamps were sourced 
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from Lightsmyth Technologies, after which a trichloro(1H, 2H, 2H-perfluorooctyl)silane 

(MilliporeSigma) antisticking layer was applied. TEM work was carried out using 20 nm thick 

silicon nitride grids (SIMPore Precision Membrane Technologies). Refractive index sensitivity 

measurements used toluene (Beantown Chemical) and acetonitrile (BDH Chemicals).

Au Seed Fabrication. Periodic arrays of Au seeds were fabricated using a modified version of our 

previously reported process.[43,44] The essence of the overall process has not changed in that 

nanoimprint lithography is used to define a hexagonal array of Au−Sb disks that, when heated, 

assemble into an array of crystalline Au nanostructures as the sacrificial Sb component is lost to 

the vapor phase. The modification made in the current study is that nanoimprint lithography is 

carried out using a bilayer resist[72] instead of a single-layer resist. The bilayer consists of two 

sequentially spin-coated resists where the lower resist is developed through a chemical process 

whereas the upper resist is moldable when subjected to a lithographically patterned stamp. An 

array of openings is made in the top resist by imprinting it with a stamp composed of an array of 

cylindrical pillars followed by a reactive ion etching (RIE) procedure that ensures that the lower 

resist is exposed at the bottom of each cylinder. These openings are then extended to the substrate 

surface using a chemical developer that removes the exposed lower resist while leaving the upper 

resist unscathed and slightly undercut. In the subsequent Au−Sb deposition, it is this undercut that 

offers a key advantage in that it creates a disconnect between the material deposited onto the 

substrate and unwanted material deposited on the sidewalls of the resist. This allows for a crisp 

and orderly separation of the metal film and resist during the subsequent lift-off process. The newly 

introduced lithographic procedure, while having added complexity, consistently yields a superior 

product. Au seeds formed directly on SixNy TEM grid were made by sequentially depositing 
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continuous layers of Sb (20 nm) and Au (0.2 nm), followed by a heating regimen that sees the 

temperature raised to 900 °C in 20 min followed by a cooldown to ambient temperatures.

Au NT Synthesis. NT syntheses, which were carried out in a 50 mL Pyrex beaker, proceeded by 

first adding CTAB (1.5 mL, 10 mM) to Brij 700 (11 mL, 4.1 mM) under the mild stirring brought 

about by a 1 cm magnetic stir bar rotating at 300 rpm. The Au seed array was then placed at the 

bottom of the beaker off to one side of the stir bar, after which the solution is heated to 35 °C over 

a 15 min duration. The synthesis is initiated by injecting aqueous HAuCl4 (1.2 mL, 10 mM) and 

allowed to proceed for durations that varied depending on the desired NT size. The synthesis is 

terminated by removing the substrate from the growth solution, rinsing residual chemicals away 

in DI H2O and ethanol, and drying it under a N2 gas flow. The reuse of beakers demanded that 

they be thoroughly cleaned if the formation of a dense colloid is to be avoided in subsequent 

syntheses. Used beakers were cleaned in (i) boiling H2O, (ii) wiped and rinsed with ethanol, 

acetone, and, H2O using a lint-free disposable wipe, (iii) exposed to room-temperature aqua regia 

(Hazard: aqua regia is highly toxic and corrosive) for 3 h, and (iv) thoroughly rinsed in DI water.

Refractive Index Sensitivity. Polarization-dependent refractive index sensitivity measurements 

were carried out by suspending a NT array in a liquid-filled cuvette. The array was exposed to four 

different index of refraction mediums composed of acetonitrile, toluene, or combinations thereof 

with values ranging from 1.346 and 1.496. Refractive index sensitivities were then extracted from 

the linear slope of LSPR versus refractive index plots. Polarization measurements were taken at 

15° intervals.

STEM-EELS Measurements. Low-loss EELS measurements are performed using the Nion 

aberration-corrected high energy-resolution monochromated EELS-STEM (HERMES) setup 

located at Oak Ridge National Laboratory. The instrument was operated at an accelerating voltage 
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of 60 kV with a convergence angle of 30 mrads, a collection angle of 25 mrads, and a beam current 

of ~10 pA. The scattered electrons are dispersed in a Nion Iris spectrometer at 5 meV per channel 

with an energy resolution of ~21 meV. EEL spectra and maps were aligned and then normalized 

with respect to the ZLP in the selected energy window.

Simulations. NT extinction spectra were simulated using the finite-element method (FEM) 

available through the COMSOL® Multiphysics software package. The geometrical model used 

for NTs resembles that shown in the inset to Figure 3d where the NT thickness was held constant 

at X nm, its edge length was varied between 100 and 300 nm, and the (100) side-faceting took on 

the angles demanded for its intersection with the top and bottom (111) planar surfaces. All NT 

corners were rounded to prevent unrealistically high near-fields. The optical response was 

calculated for light having its electric field polarized in various directions parallel to the (111) 

surface of the NT. Additional details regarding simulations can be found elsewhere.[73]

Instrumentation. Secondary electron SEM images were obtained using a Helios G4 Ux SEM/FIB 

workstation (FEI). TEM images and the associated SAED patterns were acquired using a Spectra 

30-300 (S)TEM (ThermoFisher Scientific) operating at 300 keV. Topographical and stick-slip 

AFM data utilized a Cypher ES AFM (Oxford instruments) equipped with XXX silicon tips. 

Spectroscopic data was obtained using a JASCO V−730 UV−visible spectrophotometer fitted with 

linear polarizers. Au seed preparation utilized a (i) home-built nanoimprinter,[44] (ii) Laurell spin 

coater, (iii) SAMCO RIE-1C reactive ion etcher, (iv) model 681 Gatan high resolution ion beam 

coater and (v) Lindberg Blue M furnace fitted with a quartz tube and an Ar gas handling system.
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Figure S1. SEM image of an array of structures formed when the NT synthesis is carried out in 
the absence of CTAB. It should be noted that hexagon nanoplate growth is favored under these 
conditions. 
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Figure S2. AFM images of (a) an entire Au NT and (b) the masked central region on its top surface. 
(c) Experimental parameters showing that the top surface is exceptionally smooth with root-mean-
square (Rq) and average roughnesses (Ra) of 71.40 and 56.59 pm, respectively. 

Figures S3. SEM images showing the time progression in NT size for synthesis times ranging 
from 1 to 7 h. The 0 h image shows a seed array that has never been exposed to the NT growth 
solution.
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Figure S4. Histogram showing the shape distribution of arrayed structures as a function of CTAB 
concentration. Observed is an increase in NT yields up to 1.08 mM that is accompanied by a decline 
in the yield of hexagonal nanoplates. At the 1.44 CTAB concentration, growth is inhibited to the 
extent that the structures retain the three-dimensional character of the seed. It should be noted that 
the software used to assess nanostructure shape is quite stringent in that NTs with one truncated 
corner can result in its designation as an irregular 2D structure.

Figure S5. SEM images comparing (a) Au seeds and (b) identical Au seeds that have been exposed 
for 6 h to a NT “growth solution” in which high concentrations of CTAB (2.55 mM) were used. It 
should be noted that this high CTAB concentrations results in a reduction in seed size. 
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Figure S6. Histogram showing the shape distribution of the arrayed structures as a function of the 
growth temperature. It reveals that the yield of NTs is maximum for syntheses carried out at 35 
°C. As temperature is increased, the NT yield steadily decreases as the number of irregularly 
shaped nanoplates increases. This finding likely indicates that CTAB gradually loses its ability to 
preserve the correct NT side faceting as the temperature and the associated lateral growth rate are 
increased. At 25 °C, growth is inhibited to the extent that all of the seeds retain their three-
dimensional character. 

Figure S7. (a) Experimental and (b) simulated extinction spectra showing that the LSPR position 
is independent of the polarization angle.

Figure S8. SEM images of Au seed arrays showing that the nanostructure size can be 
systematically varied. The average seed diameter (red) and height (blue) as derived from AFM and 
SEM images is provided for each of the arrays. 
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Figure S9. Time-dependent extinction spectra for NT growths lasting 6 h that are derived from 
seeds with heights of (a) 36, (b) 48, (c) 56, (d) 66, and (e) 78 nm. 
 


