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Lay Gold Nanorods Monolayer down on Solid Surfaces for Surface 
Enhanced Raman Spectroscopy Applications  

Haidong Zhao,a,b,c Katsuhiro Isozaki,*c,d Tomoya Taguchi,c Shengchun Yang b and Kazushi Miki *‡c  

Laying-down gold nanorods (GNRs) of a monolayer immobilized on a solid substrate was realized with the hybrid method, a 

combination of three elemental technologies: self-assembly, electrophoresis, and solvent evaporation. The self-assembly of 

CTAB-protected GNRs in the solution was induced by 0.05 mM of EDTA. The assembled GNRs were deposited in a laying 

form on the solid surface during the hybrid method. The final coverage is over 71 % on the substrate with an area being 

larger than 0.6 cm2. The spacing between the sides of GNRs is fixed to be 4.6 ± 0.9 nm by the thermal annealing-promoted 

crystalline packing of the bilayer of CTAB salt-bridged with EDTA. The obtained laying-down GNRs of a monolayer on the 

gold substrate shows a small shift of the transverse LSPR around 550–570 nm (with a width of around 100 nm) and a large 

red shift of the longitudinal LSPR to be 900–1050 nm (with a width of 500 nm), because of the strong electromagnetic 

coupling between GNRs and gold substrate. Therefore it can be used in a wide range of wavelength for surface enhanced 

Raman spectroscopy (SERS) applications. The film has a high enhancement factor with 105 for R6G.

1. Introduction 

As one of the anisotropic noble metal nanomaterials, gold 

nanorods (GNRs) have received a great deal of attention in 

recent years because of their unique physical properties, such 

as optical, electronic, and catalytic properties.1 By controlling 

the aspect ratio of the GNRs, it is possible to tune the localized 

surface plasmon resonance (LSPR) precisely in the visible to 

near-infrared range.2 Among the applications of GNRs in the 

field of optics, the enhancement of Raman scattering signals of 

organic molecules using GNRs as a substrate has become one of 

the most focused subjects.1,3 Generally, the assembly of GNRs 

into two- or even three-dimensional functional superstructures 

would lead to a strong enhancement of Raman scattering of 

adsorbed molecules due to the collective behavior of nanorods 

and high density of hotspots.4–21 

The optical properties of the GNRs vary depending on the 

type of assembly.5 Various strategies have been employed to 

prepare a well-ordered assembly in the solution system. For 

example, the assembly of GNRs on carbon grids can be induced 

by the electrostatic interaction between 

cetyltrimethylammonium bromide (CTAB) bilayers on the 

surface of GNRs.6 Moreover, well-ordered assemblies of GNRs 

can be fabricated by means of the intermolecular electrostatic 

interaction between CTAB and various molecules, such as 

ethylenediaminetetraacetic acid (EDTA),7 dimercaptosuccinic 

acid (DMSA),8 sodium phosphate (Na3PO4),9 and so on.10 

However, in most cases, the well-ordered structure can only be 

transferred onto a very limited area, such as the TEM grid,6–10 

which significantly restricts its applications, especially in the 

field of the optical device. Thus, up to date, many approaches 

have been developed to prepare the well-ordered GNRs array 

on the substrates such as glass and silicon. There are two main 

types of assembly for the GNRs monolayer film on a solid 

substrate, including standing-up and laying-down array.11–21 

The construction of standing-up GNRs monolayer film mostly 

relies on alignment in applied electric or magnetic fields,11 

capillary forces during controlled solvent evaporation drying,12 

gravity-driven approach,13 and templating.14 With regard to the 

assemblies of laying-down GNRs monolayer film, the strategies 

include the solvent evaporation induced self-assembly of 

GNRs,15 self-assembly of GNRs at air/liquid or polar/nonpolar 

solvents,16 immobilization of GNRs monolayers via electrostatic 

interactions,8,17 orientation and organization of GNRs using a 

strong magnetic field,18 accumulation and alignment of GNRs 

driven by an electric field,19 in situ growth of the GNRs on the 

substrate surface using surfactant-assisted seed-mediated 

growth method,20 and the Langmuir–Blodgett (LB) technique.21 

Although these methods can produce laying-down GNRs 

monolayer and multilayer 3D array over large area with high 

coverage, the products of laying-down GNRs monolayer film are 

only attached to substrates and thus luck the mechanical 

strength required for several applications. Therefore, it remains 

a major challenge to develop a facile and efficient method to 
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fabricate large area and dense laying-down GNRs monolayer 

film immobilized on the solid substrate.  

In our previous research, we have developed a hybrid 

method, which has been proven to be a facile and efficient way 

for the fabrication of chemically immobilized gold nanoparticles 

(GNPs) arrays on large substrates with high coverage and well-

ordered assembly.22 This method includes three elemental 

technologies: chemical modification of both GNPs with 

alkanethiol and the substrate with thiol-termination, 

electrophoresis, and solvent evaporation. Therefore, the hybrid 

method is an excellent choice for immobilizing the monolayer 

GNRs arrays onto the substrate surface. Herein, we apply the 

hybrid method to the fabrication of laying-down GNRs 

monolayer film with side-by-side assembly of high coverage 

over 71% on the large area (>0.6 cm2) gold-coated quartz 

substrate (Figure 1). We used a method including chemical 

modifications of both the GNR with CTAB and the substrate with 

thiol-termination, electrophoresis, and solvent evaporation. 

The applicability of the laying-down GNRs monolayer film was 

demonstrated by the surface-enhanced Raman scattering 

(SERS) with rhodamine 6G (R6G) showing the high 

enhancement factor with 105. 

Fig. 1  (a) Schematic illustration of side-by-side assembled 

laying-down monolayer film of GNRs. (b) SEM image of laying-

down monolayer film of l-GNRs on 1,6-hexanedithiol-coated 

gold substrate using the hybrid method. 

2. Experimental Section 

2.1 Materials 

Tetrachloroauric acid trihydrate (HAuCl4·3H2O), silver nitrate 

(AgNO3), and CTAB were purchased from Sigma-Aldrich. Sodium 

borohydride (NaBH4), EDTA, ascorbic acid, 1,6-hexanedithiol, 

sodium hydroxide (NaOH), hydrochloric acid (HCl) were 

commercially available (from NACALAI TESQUE, INC Kyoto, 

Japan). All chemicals were used as received without further 

purification. Milli-Q water was used throughout the 

experiments. 

 

2.2 Synthesis of GNRs 

GNRs were synthesized by using the seeding mediate growth 

method established by El-Sayed.2a Briefly, the as-prepared 

CTAB-capped seeds were added to a growth solution containing 

specific amounts of CTAB, AgNO3, HAuCl4, and ascorbic acid. 

This mixture was kept undisturbed for 24 h. The as-prepared 

GNR samples were centrifuged at 11,000 rpm for 15 min. The 

supernatant was discarded, and the residue was re-dispersed in 

distilled water. This process was repeated twice to remove the 

excess CTAB and other residual reactants. 

 

2.3 Assembly of GNRs in solution with different concentration 

of EDTA 

Initially, the GNR concentrations were maintained constant in 

all samples by diluting the purified GNRs to an optical density 

with 0.44 of transverse localized surface plasmon resonance 

(transverse LSPR) at 515 nm, and the pH values of the GNRs 

solutions and EDTA (1 mM and 10 mM) solutions were adjusted 

to 6.8 by using HCl or NaOH, respectively.7 Then, the GNRs 

solutions were centrifuged at 11,000 rpm for 10 min and a 

predetermined volume of the supernatant was removed. The 

GNRs were re-dispersed by sonication and diluted to the 

original volume by adding EDTA (1 mM and 10 mM) solution. 

The resultant GNR solutions, which have the same GNR 

concentration but with EDTA concentrations of 0.01, 0.05, 0.1, 

0.5 mM, were obtained. The spectral changes were analyzed by 

UV–Vis–NIR extinction spectra. 

 

2.4 Fabrication of monolayer film of laying-down GNRs by 

hybrid method 

The 1,6-hexanedithiol-coated substrate and plastic formed 

carbon (PFC) plate (10×10×1.0 mm) were used as the cathode 

and anode, respectively. In a typical procedure, the substrates 

were prepared by vapor-depositing chromium (10 nm) and gold 

(40 nm) metal onto quartz plates (10×10×0.6 mm). Then, the 

gold-coated quartz glass substrates were immersed in 1,6-

hexanedithiol solution in ethanol (3.27×10−1 M) at room 

temperature for 24 h. After washing with ethanol and acetone, 

and dried with flowing nitrogen, the dithiol-coated electrodes 

were obtained. The PFC electrodes were cleaned by sonication 

in water and hexane before being used. The solutions 

containing GNRs and EDTA were used for the hybrid method. 

The electrophoresis parameters were performed with the 

interelectrode distance of 1.2 mm and the applied DC voltage 

of 1.0 V. The electrophoresis vessel was opened to increase the 

rate of solvent evaporation. After the solvent was evaporated 

completely, the cathode was annealed on the hot plate at 50 °C 

for 12 h. After annealing, the substrate was washed by 

sonication in hexane for 1 min to remove the loosely adsorbed 

GNRs and then dried with flowing nitrogen to produce the 

monolayer film of laying-down GNRs on the substrate. 

 

2.5 Characterization methods 

UV–Vis–NIR extinction spectra of the GNRs solution were 

measured on a JASCO MSV-370 spectrometer using distilled 

water as a reference. For the laying-down GNRs monolayer-

coated substrate, UV–Vis–NIR extinction spectra in reflection 

geometry were obtained with a 1,6-hexanedithiol-coated 

substrate as a reference. Scanning electron microscope (SEM) 

images were taken on a Hitachi S-4800 electron microscope 
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without metal sputtering. The coverage values of GNRs on the 

substrate were calculated from 7 different points by analyzing 

the SEM images with ImageJ 1.44p software, as similar to the 

previous works.22 

 

2.6 SERS measurement 

SERS measurements were carried out on a confocal microprobe 

Raman spectrometer (Lab RAM HR800, HORIBA JOBIN YVON) 

with the 633 nm irradiation from He-Ne laser at room 

temperature. The laser was focused by a 100× objective 

(numerical aperture (NA) = 0.9) to a ~1 μm spot on the sample. 

The power of the laser beam on the sample was 0.05 mW and 

all spectra were integrated for 10 s. For SERS signals 

measurement, R6G was adopted as the analyte. To ensure the 

same amount of R6G molecules adsorbed onto different 

substrates, samples for SERS were prepared by immersing the 

substrates with GNRs monolayer into the aqueous solution of 

R6G (1×10−7 M) for 12 h, and dried with putting the substrates 

into the desiccator. 

3. Results and discussion 

In the current research, the hybrid method for immobilization 

of Au nanoparticles as reported by Isozaki et al.22a was applied 

to prepare a monolayer film of laying-down GNRs on substrates, 

which is schematically illustrated in Figure 2. At first, the 1,6-

hexanedithiol-coated Au substrate and plastic formed carbon 

(PFC) plate were used as the cathode and anode, respectively. 

The self-assembly of CTAB-protected GNRs in the solution was 

induced by 0.05 mM of EDTA. The hybrid method including 

electrophoresis and solvent evaporation was used to accelerate 

the self-assembly of GNRs at the air-liquid interface and transfer 

the self-assembled GNRs onto the substrate (Figure 2a). The 

positively charged GNRs and their assemblies are attracted to 

the cathode substrate by the electric field. The electrophoresis 

vessel was opened for increasing the rate of solvent 

evaporation until the solution level lowered to the bottom of 

the cathode, enabling the formation of the well-ordered GNRs 

arrays onto the large area of the substrate (Figure 2a). After the 

solvent was evaporated completely, the self-assembled 

aggregates of GNRs were physisorbed on the substrate (Figure 

2b). The self-assembled aggregates of GNRs were reported to 

have the spacing between the sides of GNRs with 8.7 nm7 

composed of the bilayer of CTAB with the width of 3.9 nm8 and 

the salt-forming EDTA layer with 0.9 nm width23 (Figure 2c). 

Finally, the substrate was annealed on the hot plate for 

covalent anchoring the monolayer film of laying-down GNRs. 

After the annealing, the substrate was sonicated to remove the 

adsorbed over-layers of GNRs on the monolayer film of GNRs. 

During the annealing process, the weakly physisorbed GNRs 

were covalently anchored on the substrate by the ligand 

exchange from CTAB to thiolate at the surface, giving sufficient 

mechanical strength for device applications (Figure 2d). In 

addition, the thermal annealing process accelerates the further 

self-assembly of CTAB-protected GNRs, producing the closely 

arrayed laying-down GNRs monolayer with 4.5 nm inter-

nanorod spacing (Figure 2e). The driving force to form such a  

Fig. 2  (a) Fabrication process of laying-down monolayer film of 

GNRs. Schematic illustration of self-assembled GNRs before (b, 

c)7 and after (d, e) thermal annealing. Side (b, d) and top views 

(c, e). 

 

 

 

 

 

 

 

 

 

 

Fig. 3  UV–Vis–NIR extinction spectra of aqueous solution of s-

GNRs, m-GNRs, and l-GNRs. The transverse LSPR optical 

densities were kept at 0.44 at 515 nm. The insets are 

corresponding SEM images. The scale bar is 100 nm. 

 

closer arrayed GNRs monolayer is considered to originate from 

the crystalline packing of the colloid particles at the substrate 

surface where a higher degree of interdigitation of alkyl chains24 

is induced to form a thermodynamically stable densely packed 

structure.25 

Figure 3 shows the UV–Vis–NIR extinction spectra of as-

prepared three kinds of GNRs solutions with different aspect 

ratios, such as 2.2, 2.8, and 3.1, named short-GNRs (s-GNRs), 

middle-GNRs (m-GNRs), and long-GNRs (l-GNRs), respectively. 

The obtained GNRs show two maxima in the UV–Vis–NIR 

extinction spectra, as similar to the well-known spectral feature 

of GNRs.2a,b,26 One of them is the transverse LSPR at 515 nm, 
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which is due to the plasmon excitation along the short axis. The 

other one is longitudinal LSPR ranging from 691 to 797 nm, 

which is due to the excitation along the long axis. Their peak 

positions shift depending on the aspect ratios of the GNRs. The 

insets in Figure 3 show SEM images of GNRs with different 

aspect ratios. The structural and spectral parameters of the as-

prepared GNRs are summarized in Table S1. It can be seen that 

the longitudinal LSPR band redshifts from 691 to 797 nm with 

increasing the aspect ratio of the GNRs, indeed the negligible 

shift of the transverse LSPR band, as similar to the previous 

reports.2a 

The self-assembly of CTAB-protected GNRs in aqueous 

solution was reported to be induced depending on the 

concentration of EDTA.7 The UV–Vis–NIR extinction spectra 

were used to monitor the self-assembly of GNRs in solution 

before and after the addition of EDTA. Figure S1 shows the 

spectral change in LSPR bands of the s- and l-GNRs dispersed in 

aqueous solution in the presence of EDTA with different 

concentrations. In the case of s-GNRs with the EDTA 

concentration lower than 0.01 mM, no significant change in the 

position and intensity of the longitudinal LSPR band is observed 

even after 24 h (Figure S1a and S1b). With the EDTA 

concentration of 0.05 mM, the intensity of the longitudinal LSPR 

band at around 690 nm presents a slight decrease after 24 h. 

When EDTA concentration increased to 0.1 mM, the 

longitudinal LSPR band only shows a slight redshift and decrease 

in intensity at 5 min, then shifts from 694 to 732 nm with a 

significant decrease in intensity after 24 h (Figure S1b), 

indicating the aggregation of GNRs has occurred. When EDTA 

concentration is higher than 0.5 mM, the longitudinal LSPR band 

becomes broad and accompanied by a great reduction in 

intensity even within 5 min (Figure S1a) and almost no 

absorption can be observed after 24 h due to the significant 

degree of aggregation (Figure S1b). As the concentration of 

EDTA increases further, the GNRs precipitated at the bottom of 

the container within a very short time. The redshift of the LSPR 

band with the addition of EDTA indicates the partial anion 

exchange of CTAB with EDTA to form CTA+–EDTA− complexes, 

which induces the self-assembly of GNRs in solution by edge-to-

edge interaction, as similar to previous reports.5a,7 Figure S1c 

and S1d show a similar spectral change in LSPR bands of l-GNRs, 

which reveals a similar, but more significant self-assembly 

nature of l-GNRs compared with those of s-GNRs with a smaller 

aspect ratio (Figure S1a and S1b). 

Figure 4 shows the SEM images of monolayer films of laying-

down l-GNRs on the substrate by the hybrid method in the 

absence or presence of EDTA with 0.05 and 0.10 mM, 

respectively. Without the addition of EDTA, no characteristic 

assembly was observed to show the coverage of 58% (Figure 4a). 

When the concentration of EDTA was 0.05 mM, the dense 

monolayer GNRs-array with high coverage of 87% was obtained 

(Figure 4b). The observed laying-down l-GNRs were composed 

of small islands of side-by-side assemblies which were randomly 

contacted each other, suggesting the structural shift of the self-

assembled GNRs from the edge-to-edge assembly in the 

solution by the self-assembly on the substrate due to the 

stronger side-by-side interaction than that of edge-to-edge on  

Fig. 4  SEM images of monolayer film of laying-down l-GNRs on 

gold coated quartz glass substrate prepared without (a), with 

0.05 (b) and 0.10 (c) mM EDTA. The insets show magnified SEM 

images. 

 

Fig. 5  SEM images of s-GNRs (a), m-GNRs (b), and l-GNRs (c) 

monolayers on gold coated quartz glass substrate prepared 

with 0.05 mM EDTA by hybrid method. The insets show 

magnified SEM images. 

 

the substrate. Previously, Pradeep reported the higher 

concentration of EDTA induces the structural shift of GNR 

assembly from edge-to-edge to side-by-side in the solution.7 In 

our case, local high concentration could be induced at the air- 

liquid interface during the self-assembly process, enabling the 

structural shift of GNR assembly from edge-to-edge to side-by-

side on the substrate. In contrast to 0.05 mM result, excess 

EDTA with 0.10 mM accelerated the significant aggregation of 

GNRs in the solution (Figure S1c and S1d), thus resulted in a 

decreased coverage of 41% (Figure 4c). These results indicate 

the existence of optimal concentration of EDTA for balancing 

the aggregation and immobilization of GNRs into the monolayer 

state on the solid substrate. 

Figure 5 shows SEM images of as-obtained s-GNRs, m-GNRs, 

and l-GNRs monolayers on the substrate by the hybrid method 

with 0.05 mM EDTA. The monolayer films of laying-down GNRs 

are composed of small islands of well-ordered structures and 

cover large area over 0.6 cm2 with high coverages: 71% for s-  

GNRs (Figure 5a), 81% for m-GNRs (Figure 5b), and 87% for l-

GNRs (Figure 5c, Figure S2). The typical spacing between the 

sides of GNRs arranged in a side-by-side fashion is measured to 

be 4.5 nm from the SEM images (Figure 5 insets and Figure S3), 

which is much smaller than the reported side-by-side spacing of 

GNR monolayers with 8.7 nm prepared by drop-casting of CTAB-

capped GNRs in the presence of EDTA.7 Such a shorter spacing 

is considered to be induced by the hybrid method including the 

thermal annealing process, which accelerates the formation of 

the densely packed crystalline state of CTAB bilayers. Herein, we 

obtained closely arrayed GNRs monolayer having a much 

smaller spacing between side faces which is the critical 

parameter for plasmonic applications.  
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The driving force to form the densely packed GNRs 

monolayer was investigated by preparing GNRs monolayers 

with different methods: the hybrid method consisted both of 

the electrophoresis and the solvent evaporation, only the 

electrophoresis without the solvent evaporation, and only the 

solvent evaporation without the electrophoresis. In all methods, 

the obtained substrates were thermally annealed at 50 °C for 

24 h and then sonicated in hexane for 1 min. The hybrid method, 

the combination of electrophoresis and solvent evaporation 

gave large area, dense and high coverage monolayer on the 

substrate (Figure S4a). The proportion of the GNRs monolayer 

relative to the entire substrate area reached around 60%. At the 

bottom side of the reaction vessel, the sparsely adsorbed GNRs 

were observed due to the consumption of colloidal GNRs in the 

solution during the preparation process. With regard to the 

sample prepared by the electrophoresis without the solvent 

evaporation, multilayer GNRs assembly was formed only at the 

gas-liquid interface, and no assemblies were observed under 

the interface (Figure S4b). The proportion of GNRs monolayer 

was estimated to be around 10%. In the case of the sample 

obtained by the solvent evaporation without the 

electrophoresis, only a few bands of GNRs assembly were 

observed (Figure S4c), and the proportion of GNRs monolayer 

was decreased to less than 5%. In all samples, SEM observation 

clarifies the inter-nanorod spacing with ca 4.5 nm (Figure S3, S5 

and S6) shorter than that of the reported CTAB-capped GNR 

aggregate in the presence of EDTA. This result reveals that both 

of the electrophoresis and the solvent evaporation don’t affect 

the inter-nanorod spacing, suggesting that the dense packing is 

accelerated by the thermal annealing step after the self-

assembly of GNRs.  

Figure 6 shows the UV–Vis–NIR extinction spectra of 

monolayer films of laying-down s-GNRs, m-GNRs, and l-GNRs on 

gold-coated quartz glass substrates. As shown in Figure 6, both 

transverse and longitudinal LSPR bands are red-shifted to 570 

and 892 nm for the s-GNRs, 550 and 1016 nm for the m-GNRs, 

and 565 and 1036 nm for the l-GNRs. El-Sayed previously 

reported that a side-by-side association of GNRs gives rise to a 

blue-shift of the longitudinal LSPR and a red-shift of the 

transverse LSPR, whereas an end-to-end association only gives 

rise to a red-shift of the longitudinal LSPR with a negligible shift 

of the transverse LSPR by DDA simulation.5a In fact, this  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6  UV–Vis–NIR extinction spectra of monolayer film of 

laying-down s-GNRs, m-GNRs, and l-GNRs on gold coated quartz 

glass substrates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7  SERS spectra of R6G (10−7 M) adsorbed on the surface of 

GNRs monolayer with different aspect ratio (red line: s-GNRs, 

blue line: m-GNRs, green line: l-GNRs), and the gold coated 

quartz glass without GNRs monolayer (black line: 50 times 

expanded background). 

 

tendency of LSPR shift of GNRs was experimentally confirmed in 

the recent papers.27 In contrast, the monolayer films of laying- 

down s-GNRs, m-GNRs, and l-GNRs exhibit the red-shifted 

longitudinal LSPR, although mostly composed of side-by-side 

aggregates (Figure 5), suggesting the strong contribution of 

plasmonic coupling between the immobilized GNRs and the 

supporting gold film.28 In the monolayer films, GNRs are 

immobilized to the gold film through 1,6-hexanedithiolate 

whose molecular length is 1.2~1.3 nm,29 much shorter than the 

inter-nanorod spacing with 4.5 nm. Such shorter distance 

between the immobilized GNRs and the gold film than the inter-

nanorod spacing results in the strong plasmon coupling of GNRs 

with gold films, as similar to the electronic coupling between 

GNPs and the gold film accelerating the catalytic turnover of 

silane alcoholysis.30 Thus, the observed red-shift of LSPR bands 

is considered to originate from the plasmonic coupling both 

between GNRs, and between GNRs and the gold film.  

The monolayer film of laying-down GNRs on the solid 

substrate is expected as SERS substrate for molecular 

detections with high sensitivity,7,27e,31 because the 

electromagnetic field is strongly enhanced by plasmon coupling 

when particles are placed close to each other, generating 

hotspots at the gaps between particles.3,32  The hybrid method 

for immobilizing the dense GNRs monolayer onto the substrate 

provides a guide for strong enhancement of Raman scattering 

of adsorbed molecules because of the high density of hotspots. 

As shown in Figure 7, the intense Raman signals of R6G 

molecules are observed at about 1652, 1513, 1364 cm−1 (C–C 

stretching modes of aromatic rings), 771 cm−1 (C–H out-of-plane 

bending), and 613 (C–C–C in-plane bending) cm−1, in fair 

agreement with previously reported results.15b,28,33 The relative 

SERS enhancement factor (the ratio of Raman signals intensity 

at 1364 cm−1 for gold-coated quartz glass substrates with and 

without GNRs monolayer) of s-, m-, and l-GNRs monolayer are 

obtained to be 3.93×105, 2.32×105, and 2.31×105 with 1.0×10−7 

M concentration of R6G, indicating the potent applicability with 

the remarkably low detection limit less than 1.0×10−12 M. 
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Although there have been reports on higher SERS enhancement 

factor of 107–108 order with cross-linked or metal-decorated 

gold nanomaterials, the obtained values are comparable or 

higher than reported GNR assemblies.3a,7,15a,31,34 It is 

noteworthy that a slightly higher enhancement in SERS was 

observed for s-GNRs monolayer than that of m- and l-GNRs, 

although the s-GNRs monolayer has the lower coverage of 71% 

than those of m- and l-GNRs monolayers of 81 and 87%. The 

higher enhancement of the s-GNRs monolayer is considered to 

originate from the stronger plasmon coupling between s-GNRs 

than other GNRs, because the width of s-GNRs with 16.0 nm is 

wider than that of m- and l-GNRs with 15.2 and 14.2 nm (Table 

S1), despite the same spacing with 4.5 nm between the sides of 

all GNRs (Figure S4 and S3). Thus, the more highly enhanced 

electromagnetic field is generated at the gap between s-GNRs 

than other GNRs. This result demonstrates the tunability and 

high applicability of the monolayer film of GNRs for sensor 

applications.  

4. Conclusions 

In summary, we developed a novel methodology for the 

immobilization of monolayer film of laying-down GNRs on the 

solid substrate. This method enables the formation of GNR 

monolayer films on a large area over 0.6 cm2 with high coverage 

over 71% and regular spacing of 4.5 nm between the sides of 

GNRs. The closely arrayed GNR monolayers were obtained by 

the thermal annealing process, which accelerates the crystalline 

packing of CTAB-protected GNRs in the solid state. The densely 

arrayed feature of the monolayer film of laying-down GNRs was 

demonstrated by the SERS activity, showing the remarkably 

high enhancement factors of 105 order toward R6G with 

1.0×10−7 M. This work demonstrates the applicability of the 

hybrid method for fabricating 2D arrays of various types and 

shapes of nanoparticles from the solution onto large area 

substrate. 
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