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Abstract 

The formation of gratings on gold nanoprisms arrays by plasmon-mediated reduction of a 

diazonium salt is investigated. Nanosphere lithography (NSL) is used to produce large surfaces of 

gold nanoprisms that are effective at reducing diazonium salts by producing hot electrons through 

excitation of localized surface plasmon resonances (LSPRs). Using single beam irradiation, we 

report here on the formation of periodic structures formed from the diazonium salts and that follow 

the NSL structures. On plasmonically active nanoprism substrates, the electric field enhancement 

promotes chemical reduction and hence modifies the grafting direction and grating properties of 

the ripples. The nanoprisms act as a plasmon guide which widens the pitch of the self-organized 

gratings and can even alter it from straight lines into a crisscross pattern. 
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1. Introduction 

Highly periodic surface gratings can develop upon single beam illumination on solids and liquids 

using either continuous-wave (CW) or pulsed lasers, provided that the illumination has a sufficient 

energy density [1]. Self-organized regular patterns emerge from interaction between an input 

optical field of the single beam and an initial variation of the physical or electromagnetic properties 

of the illuminated surface [2-3].These self-organized gratings produced under pulsed illumination 

are usually referred to as laser-induced periodic surface structures (LIPSS) in literature, where the 

irreversible ripples form lines parallel to the polarization direction [3-5]. The formation process 

and the subsequent grating properties can differ noticeably depending on the experimental opto-

geometric conditions such as laser intensity, polarization state, angle of incidence, wavelength, 

material roughness and index of refraction of the sample. 

The self-organization mechanism is explained considering the formation of a spontaneous 

interference pattern and its coupling with the substrate that yields the structure formation [1, 6]. 

Self-organized structures can appear on surfaces which support plasmons modes, polaritons, or 

surface-standing waves [7-10], as well as bare dielectric surfaces [11-12]. Specifically, the 

formation of self-organized interference patterns is correlated with the coupling between the 

incident beam and the scattered beam onto the surface of the sample. This  self-organization 

mechanism is analogous to Wood’s anomalies in metallic diffraction gratings whereby coupling 

of one of the primary diffraction orders with the sample is effective at the grazing angle [1]. The 

sample surface can have initial variation of any optical physical properties. Examples of such 

surface irregularities include surface roughness, defect density, or gradient of refraction index. 
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Surface irregularities can be considered as a spatial frequency which diffracts the incident beam 

into different directions following the Rayleigh diffraction law [1, 13]. The incident beam is 

perturbated from the surface irregularities and scattered into different directions depending on the 

incoming wavelengths and the incident angle. One range of surface irregularities with a specific 

spatial frequency can scatter the beam into the surface of the sample. The interference pattern 

formed by the input beam and the scattered contribution at the grazing angle will impinge on the 

sample surface and interact with the material. Light-matter interaction further enhances the surface 

irregularities in a feedback loop fashion. This spatial frequency of the surface irregularities yields 

interference patterns that couple with the material and grow in size until it reaches an optimal 

condition, in which other initial irregularities are washed out and periodic structures are formed 

[12]. The induction of the periodic structures by self-organized light can have distinct origins such 

as thermal (e.g., melting, phase transitions, recrystallization, and vaporization), saturable 

absorption and mass movement, plasma formation, surface chemical changes, refractive index 

changes, photodegradation, and photoetching[1, 6, 12, 14].  

In this paper, we report self-organization of LIPSS investigated on two types of surfaces: a bare 

glass and a plasmonic substrate. These substrates were immersed in a solution containing 

diazonium salts and irradiated with a single laser beam. Photochemical and plasmon-mediated 

reactions appear to direct the structure formation in specific fashions. The possible mechanisms 

for the reduction of the diazonium salts with metallic nanostructures has been reported, 

highlighting the role of the shape and the optical properties of the structures. In particular, it was 

shown that diazonium salts polymerize in polyaryl films predominantly through a radical process 

in the area where the induction of hot electrons is maximized [15]. In this work, we investigated 

the formation of a ripple structure at the interface of glass and diazonium salt-containing solution. 
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We further modified the substrate by introducing plasmonically active gold nanoprisms produced 

by nanosphere lithography (NSL). In this paper, we highlight the difference in the formation of 

these ripple structures on bare glass and plasmonic substrates.  

2. Experimental  

Nanosphere Lithography (NSL): Nanosphere lithography was performed on glass coverslips (22 

mm × 22 mm × 0.16 mm). A colloidal solution of 1 μm polystyrene spheres (Thermofisher 

Scientific) was prepared. A rubber O-ring was placed on the surface of the coverslips, and the 

polystyrene bead solution was drop-casted into the center and air dried for 24 hours. Once dried, 

the substrates were coated with 3 nm of titanium (adhesion layer) and 30 nm of gold using an 

electron-beam evaporator (Angstrom engineering). The substrates were then sonicated in 

anhydrous ethanol to remove the spheres, leaving a hexagonal array of gold nanoprisms [16]. 

Single Beam Induced Surface Gratings and Diazonium Salt Grafting: To inscribe the grating 

structures on the bare glass, the substrates were positioned over an inverted microscope equipped 

with a 632.8 nm laser. A 5 mM solution of 4-nitrobenzenediazonium tetrafluoroborate was 

prepared in MilliQ water (18.2 Ω) and drop-cast onto the surface of the substrates. A rubber O-

ring was used to keep the solution on top of the structures during irradiation and to prevent the 

samples from drying. Irradiation was performed through a 20× objective (N.A. = 0.5) with a laser 

intensity of 5.9 mW for a varying length of time. The sample stage was lowered past the focal 

point to generate a wider beam spot. After irradiation, the samples were washed with MilliQ water 

and dried under a gentle flow of nitrogen gas. A similar procedure was performed to graft the 

diazonium salts on the plasmonic substrates.  

Finite-Difference Time-Domain (FDTD) simulations: The electromagnetic modelling was 

performed using FDTD Solutions (Lumerical). The properties of the simulated structures were set 
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using the standard titanium and gold material indices on a silicon dioxide substrate [17]. The 

nanoprisms organized in a hexagonal array were set up using thicknesses of 3 nm for titanium and 

30 nm for gold. Simulations with a polarization angle of 90° were performed in a similar manner 

by rotating the input polarization of the light source while maintaining the proper boundary 

conditions. The amplitude of the input planar wave field was set to 1 V/m for the simulations. A 

total-field scattered-field light source with a wavelength range of 400 to 1000 nm was employed. 

The electromagnetic enhancement maps were calculated at the surface of the nanostructure at a 

wavelength of 630 nm during the simulation. 

Scanning Electron Microscopy (SEM): Scanning electron microscopy was performed using a 

LEO 1530 field emission SEM (Zeiss). Samples on non-conductive substrates (i.e., bare glass) 

were coated with ~5 nm of osmium prior to imaging to prevent charging on the surface. 

Atomic Force Microscopy (AFM): AFM scans were obtained using a BioScope Catalyst atomic 

force microscope (Bruker). Silicon tips (NCL-50, NanoWorld) with a force constant of 48 N/m 

and a resonance frequency of 190 kHz were used in tapping mode. Height images were recorded 

at a scan rate of 0.3 Hz to acquire sample topography. Image processing and extraction of cross-

sections were performed using Gwyddion software. 

3.  Results and Discussion 

The irradiation of the diazonium salt solution on a bare glass substrate results in the formation 

of ripples parallel to the direction of the polarization. The cationic reaction of the diazonium salt 

in solution, which is commonly referred to as spontaneous grafting, will result in aggregates of a 

polyaryl film. These aggregates can then adhere to the glass surface. In this process, which can be 

induced by heat or light, the heterolytic dediazonation of the salt forms cations that react with one 

another, resulting in the formation of the initial polyaryl thin film (Fig. 1a) [18-20]. The SEM 
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image of the polyaryl thin film (Fig. 1a) was treated with color segmentation using Python for a 

higher contrast to highlight the difference between the polyaryl thin film (blue) and the bare glass 

(white). 

The self-organized grating formation begins when the incident beam is scattered around 

nanoscale surface irregularities of the polyaryl thin film. The incident beam scattering causes a 

ripple-like interference pattern across the surface with high and low intensity areas [14, 21]. A 

longer irradiation time results in the enhanced formation of the periodic structures (Fig. 1b). A 

similar process initiates the grating formation on the plasmonic substrates. The hot spots generated 

by the plasmonic nanostructures act as nucleation sites for the grating formation. The nucleation 

sites affect both the pitch and the pattern of the grating. 

 The grating pitch can be determined using the phase matching condition (Eq. 1). When an 

electromagnetic wave is incident on an interface, Maxwell equations’ boundary condition requires 

that the tangential component of the light be continuous (Fig. 1b). The longitudinal vector 

component can then be derived using the dispersion relation (Eq. 2). 
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Fig. 1. a) A high contrast SEM image of the polyaryl thin film formation on glass substrate after 

2 minutes of irradiation (original provided as Fig. S1). b) Schematic illustration of the grating k-

vector and the light k-vector. The grating is fully formed after 8 minutes of irradiation. 

Phase-matching condition: 

𝑘ሬሬ⃗ ௧௥௔,௫ ൌ 𝑘ሬሬ⃗ ௜௡௖,௫ േ 𝑚𝑘ሬሬ⃗ ௚,௫    (Eq. 1) 

Dispersion relation: 

|𝑘ሬ⃗ ௧௥௔,௭|ଶ ൌ |𝑛௔௩௚𝑘ሬ⃗ ௜௡௖|ଶ െ |𝑘ሬ⃗ ௧௥௔,௫|ଶ  (Eq. 2) 

Where navg is the refractive index just above the material interface, m is the diffraction order, 

kinc is the incident light wavevector, ktra is the light wavevector in the transmission region, and kg 

is the grating wavevector. Considering Eqs 1-2, the grating periodicity Λ becomes (Eq. 3): 

𝛬 ൌ േ௠ఒ೔೙೎ ௦௜௡ ఝ

ሺ௡ೌೡ೒ ௦௜௡ ఏ೘ି௡೔೙೎ ௦௜௡ ఏ೔೙೎ሻ
  (Eq. 3) 

Where θm is the diffraction angle, θinc is the incident angle, φ is the angle between the normal to 

plane and the grating vector, and λinc is the wavelength of incident radiation. For a grating with 

crests and troughs running perpendicular to electric field (grating vector parallel to the electric 

field φ = 90º), the diffraction at grazing angle θm= 90º and normal irradiation θinc = 0º, the equation 

can be simplified to: 

 𝛬 ൌ
ఒ

௡ೌೡ೒
                    (Eq. 4) 
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Fig. 2. (a-c) SEM images of the gratings produced on glass with a polarization of 0°, 45°, and 90°, 

respectively. (d-f) Higher magnification images of (a-c), respectively. Patterns were obtained after 

an irradiance of 7.49×103 W/cm2 for 8 minutes. 

Three gratings were inscribed onto a bare glass substrate after 8 minutes of irradiation with 

distinct polarization orientations of the single beam (Fig. 2). When the input polarization is rotated, 

the resulting grating orients accordingly. The formation of these gratings is dependent on incident 

intensity. The 20× microscope objective (N.A. = 0.5) was slightly defocused to increase the beam 

size at the sample plane. The resulting size of the laser beam was approximately 10 μm. For this 

defocused beam, the average irradiance across the surface is 7.49×103 W/cm2, much lower than 

the irradiance corresponding to the focused beam spot (7.49×105 W/cm2). The lower irradiance 

allowed by the defocused beam results in the formation of periodic ripple structures. In contrast, 

with a focused beam, the ripples form only around the edges of the laser spot with an irregular 

structure in the center (Fig. S2). Under high irradiance, there is not enough time for the self-
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organization process. Instead, material deformation occurs over the entire irradiated area, forming 

irregular structures. Under low irradiance, this surface deformation does not occur. The grating 

amplitude increases with increasing irradiation time. After 10 minutes of irradiation, more material 

accumulates, and the ripple structures begin to recombine due to lack of space. Using AFM, we 

determined that the overall structure heights produced during the 8-minute irradiation were 

approximately 1.1 μm (Fig. 3a-b) at its maximum and the periodicity at the center of the grating 

of 390±20 nm. Due to the gaussian nature of the laser, the grating structures produced further 

exhibit a gaussian profile (Fig. 3b). 

 

Fig. 3. (a) AFM scan of the grating produced with a polarization of 0° (same structure as shown 

in Fig 1a). (b) Cross section of (a) as indicated in red. 

To ascertain the absence of interference from reflection within the glass, the pitch of the LIPSS 

was measured on three glass substrates with thicknesses of 130, 600, and 1000 µm (Fig. S3). The 

pitch of the grating on all three substrates were measured to be approximately 375 ± 10 nm. 

Therefore, we can conclude that the substrate thickness does not influence grating formation. 

Using Eq. 4, we can theoretically determine that a normal incident beam at the interface of the 

solution and substrate creates gratings with a pitch of 420 nm, where navg is 1.5. This differs from 

the experimental result by 10 %. This error can be explained by the fact the grating equation does 

not consider material response to the incident beam. Although the refractive index at the interface 
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of the substrate is considered in the equation, the equation does not consider structure growth, 

which depend on the chemical and physical properties of the material. The intensity dependence 

of chemical reduction of the diazonium salt are key factors in the structure growth. 

Plasmonic gold nanoprisms organized in a hexagonal geometry were produced using NSL to 

investigate directional control of the reduction of diazonium salts into a polyaryl layer. The 

plasmon resonance of the NSL substrates was determined to be approximately 640 nm (Fig. 4a), 

matching the excitation wavelength of the laser (632.8 nm). This allows for the excitation of the 

localized surface plasmon resonance on the nanoprism surfaces. Plasmon resonances can be used 

to induce chemical reactions through several reaction pathways, including thermal and hot-carrier 

processes [22-23]. In plasmon-mediated chemical reactions on nanostructures, grafting is 

dominated by a radical reaction since thermal effects dissipate very quickly in the solution [24]. In 

the radical reaction, hot electrons generated by light excitation are transferred from the gold 

structures to the diazonium cation, resulting in the formation of aryl radicals. These radicals react 

with the surface to form an aryl layer which continues to grow into a thin polymer film. The 

thickness of this polymer film varies with the irradiation conditions and local field enhancements. 

The formation of the polymer thin film is more efficient in the area where the field is maximum. 

This plasmon-mediated chemistry also eliminates the need for a catalyst to be present, indicating 

that the reactions are plasmon-induced [16, 25]. In Fig. 4b, we show the plasmon-induced 

functionalization in the vicinity of gold nanoprisms upon irradiation at 632.8 nm.  
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Fig. 4. (a) Absorbance measurements of the NSL substrates with the 632.8 nm irradiation 

wavelength indicated by the black line. (b) An SEM image of the inset molecule grafted to the 

surface using a 632.8 nm laser after 3 minutes of irradiation with an irradiance of 7.49×103 W/cm2. 

The diazonium salt appears to form a polyaryl layer coating around the individual gold 

nanostructures. Noticeably, when two triangles are facing each other, the small gap between the 

triangle where the field is the most concentrated further enhance the photoinduced grafting with 

larger amounts of grafted material. 

 

Fig 5. SEM images of the grating produced on an NSL substrate for different irradiation times, as 

indicated in the top right of each panel. The scale bar is 2 μm. 
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As the irradiation time of diazonium salt-containing solution on the NSL structures increases, 

self-organized gratings emerge (Fig. 5). After 4 minutes of irradiation, the diazonium salt grafting 

to the surface is noticeable (Fig. 5b) compared to the non-irradiated section (Fig. 5a). After 5 

minutes of irradiation, an even larger grafting amount is visible (Fig. 5c). A wider grating pitch of 

roughly 455 ± 10 nm compared to 375 nm on a glass substrate is observed after 6 minutes of 

irradiation (Fig. 5d). While the gratings along the edges of the nanoprisms form more quickly, the 

ridges between the structures take longer to form. This is highlighted in Fig. 5d, where prominent 

grating line alternates with a line of smaller amplitude. For longer irradiation times, the grating 

produced becomes more uniform (Fig. 5f, g). The accumulation of material away from the 

nanoprisms after 10 minutes of irradiation seems to influence the structure pattern resulting in a 

loss of order (Fig. 5h). 

 

Fig. 6. SEM images and FDTD calculations for grafting on an NSL substrate for horizontal (a-c) 

and vertical (d-f) polarizations. 

The spatial distribution of the electromagnetic enhancement was investigated using FDTD 

modelling to follow the grating growth and evaluate the polarization dependence (Fig. 6c, f). 

Gratings were inscribed using horizontal (Fig. 6a-c) and vertical polarizations (Fig. 6d-f). When 
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the polarization of the excitation source is along the base of the nanoprisms (Fig. 6c), the coupling 

between the plasmons at the apices of the adjacent nanoprisms is efficient and forms a series of 

aligned hotspots. When the input polarization is oriented along the height of the nanoprisms, two 

main hot spots can be observed at the junction between nanoprisms (Fig. 6f), and the center of the 

hexagonal lattice does not show any significant enhancement. In both cases, an enhancement of 

the electric field is observed, and a significantly higher enhancement factor is present at the apices 

of the triangles. These plasmon resonances can be used as guides to effectively direct plasmon-

mediated chemical reactions in the vicinity of the metallic nanotriangles, and to even modify the 

pitch of the self-organized ripples. 

 When the polarization is aligned with the bases of the triangles (Fig. 6a, b), the ripple structures 

are fully formed with a wider pitch as compared with bare substrate due to the alignment of the 

structures with the direction of plasmon-guided reactions. The electric field enhancement from the 

nanoprisms directs the pitch of the gratings. When the electric field enhancement is aligned along 

the base of the triangles, the nanoprisms perturbate the nucleation of the gratings by acting as a 

barrier and disturb the initial process of the interference pattern formation. However, when the 

polarization is aligned along the height of a triangle, a crisscross pattern is observed (Fig. 6d, e). 

The coupling between the plasmon resonances of the nanoprism apices acts as a physical guide to 

the reduction of the diazonium salts to the substrate surface. In a polarization configuration 

perpendicular to the triangle bases, the nucleation for the grating deviates from straight lines to a 

crisscross pattern. At the center of the lattices, the self-organization process follows the 

polarization direction in a similar fashion as on bare glass substrate. At the junction between 

nanoprisms, the hotspot generations perturbate the self-organization process and induce a different 

direction for grating formation.  
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Fig. 7. AFM scans of the grafting produced on the NSL substrates using (a) a horizontally polarized 

laser and (b) a vertically polarized laser, as well as (c) the bare NSL substrate. (d) The cross 

sections for (a), (b), and (c) are shown in red, blue, and black, respectively. The cross sections have 

been shifted in the y-axis for clarity. 

The height profiles of the gratings produced on the NSL were obtained using AFM (Fig. 7d). 

The grafting on both the horizontally- (Fig. 7a) and vertically-polarized (Fig. 7b) irradiated 

substrates show a height roughly 100 nm higher than the bare nanoprisms (Fig. 7c). This indicates 

that the accumulated material that comprises the polyaryl film is roughly 100 nm in height. 

Furthermore, the gratings produced with both polarizations no longer show a Gaussian profile. 

This further indicates that the nanoprisms actively direct the grafting occurring at the surface. 

This simple self-developing and polarization-dependent procedure makes these single beam 

structures possible candidates for a variety of photonic applications. The process of self-
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organization on solids and in liquids can be used for polarization sensitive devices [26]. 

Furthermore, the sensitivity of the self-organized gratings on plasmonic substrates make them 

interesting candidates for plasmonic sensors [16, 27]. The self-organized grafting of the diazonium 

salt on the nanoprisms demonstrates the effectiveness of plasmon-mediated chemistry to trigger 

spatially controlled and polarization-dependent surface reactions [28-30]. This process can 

potentially be used to graft molecules with distinct chemical functions into periodic gratings over 

nanostructures at specific wavelengths. 

4. Conclusion 

Herein, we reportgrafting and self-organized grating formation triggered by plasmon-mediated 

reduction of a diazonium salt. Irradiation of the diazonium salt solution on NSL structures initially 

results in homogenous grafting around the nanoprisms. Longer irradiation times facilitate the self-

organization of periodic ripples. The ripple structures on a bare glass substrate follow a self-

organization process. The pitch of the ripples follows the grating equation derived with the incident 

laser wavelength and the refractive index of the diazonium salt solution at the interface with the 

glass. In the presence of metallic nanostructures, localized field enhancement at the apices of the 

triangles disturb the initial growth of the self-organized interference pattern, resulting in the 

chemical reduction of diazonium salts into polyaryl layers. When the polarization is aligned with 

the triangle bases ripples form with a larger periodicity compared to those on the glass substrates. 

When the polarization is aligned perpendicular to the triangle bases, a crisscross pattern is instead 

formed. More complex metallic structures could be fabricated by more sophisticated 

nanolithographic techniques such as electron beam lithography to further investigate plasmon-

mediated patterning. Additionally, other wavelengths and distinct polarization states can be 
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explored, opening the possibility of multiplexing polymers onto nanostructures using light with 

moderate intensity. 
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