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Nanoscale surface corrugation strongly determines the plasmonic response of gold nanoparticles

with dimensions of several tens of nanometres. Scattering spectra of individual spheres with a

rough surface were found to red-shift and broaden. The plasmon modes exhibited quadrupole

damping, in contrast to particles with smooth surfaces. Additionally, rougher spheres display a

higher SERS activity, which demonstrates the crucial role of nanoscale surface texturing on the

plasmonic response of gold particles.

Introduction

The excitation of localized surface plasmon resonances in

nanometre-sized metallic particles is appealing for a variety

of applications since they possess unique, highly tunable,

optical properties in the visible and near infrared (NIR)

regions of the spectrum. The synthesis of nanocrystals with

tailored plasmon energies not only demands the fine-tuning of

particle size and morphology, but also the identification

and quantification of the intrinsic factors governing plasmon

excitation: specifically the particle size, shape and composition.1–3

Additionally, as observed with macroscopic metallic surfaces,4

the extent of surface plasmon excitation in subwavelength

metal nanoparticles is strongly influenced by the surface

topography. So far, only a few recent studies have explored

the relationship between surface roughness (or porosity) and

optical response. For instance, Halas and co-workers

investigated the effect of surface texturing on the optical

properties of submicrometre gold nanoshells,5,6 as well as on

Au ‘‘meatball-like’’ spheres.7 For both types of mesoscopic

corrugated particles, damping of the higher-order plasmon

modes and spectral shifts were claimed to occur. In a latter

theoretical work, Pecharromán et al. postulated that even

atomic scale surface roughness could induce significant red

shifts in the longitudinal plasmon band of small Au nanorods.8

Recently, this behaviour has been observed in highly

corrugated9 (micron) and highly porous10 (submicron) Au

rods. However, in all these works, the optical effects resulting

from surface roughness are obtained as an average over all the

particles in the colloidal solution. Since surface corrugation

varies from particle-to-particle, a combined morphological

and optical investigation at the single particle level would be

highly desirable. Dark-field microspectroscopy (DFM) has

become one of the most widely used techniques for single

particle spectroscopy investigations in Au,11,12 Ag13,14 and

even Ni colloids.15 In combination with electron microscopy

imaging, it has allowed the elucidation of the size and shape-

dependent scattering response of several types of individual

nanocrystals.16–21

Nanoscale surface texturing in metal nanoparticles can lead

to significantly higher local field enhancement factors

compared to those obtained with smooth particles.5,22 The

electromagnetic enhancement is one of the principal

mechanisms contributing to surface enhanced Raman scattering

(SERS).23,24 Thus, the optical enhancement exhibited by these

corrugated nanostructures makes them promising candidates

for applications such as SERS detection.7,25

In this paper we investigate (qualitatively) the effect of

nanoscale surface corrugation on the optical far-field and

near-field performance of spherical Au colloids of various

sizes, between 100 and 200 nm. The far-field (Rayleigh)

scattering of corrugated/uncorrugated Au spheres of various

sizes was tracked at the single nanocrystal level by means of

DFM/SEM on each particle,17 whereas the optical amplifica-

tion was probed through ensemble SERS, i.e. SERS from an

ensemble of colloidal particles characterized by a stable

average spectrum with well defined frequency and band-

width.26 Our results clearly demonstrate that surface corruga-

tion plays a major role in their plasmonic response.

Experimental

Chemicals

Tetrachloroauric acid HAuCl4�3H2O, trisodium citrate

dihydrate, cetyltrimethylammonium bromide (CTAB), L-ascorbic

acid, poly(methyl methacrylate) (PMMA,Mw 120 000 g mol�1)

and polyvinylpyrrolidone (PVP, Mw 40 000 g mol�1)

were purchased from Aldrich. Mercaptopolyethyleneglycol

(PEG-SH, Mw 5000 g mol�1) was procured from Fluka. All

reactants were used without further purification. Milli-Q grade

water was used in all the preparations.
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Synthesis of Au spheres

Three colloid samples containing gold spheres in CTAB

solution (average diameters: 120, 150 and 197 nm from

TEM measurements) were prepared according to the seeded-

growth method described by Rodrı́guez-Fernández et al.27

Additional aqueous dispersions of commercial gold spheres

(111, 159 and 198 nm size from TEM measurements) were

procured from BB International. The particles synthesised

in-house showed corrugated surfaces and accordingly they

will be referred to as ‘‘rough’’ hereafter; whereas the commercial

ones, with smoother surfaces, will be termed ‘‘smooth’’.

Sample preparation for single particle spectroscopy

ITO (indium tin oxide) coated glass substrates (Delta

Technologies, Ltd.) were cleaned (30 min sonication in

2-propanol), dried with an air stream and spin-coated (3 s,

5000 rpm) with 30 mL of a PMMA solution (1%, in chloro-

form). The polymer was allowed to dry for at least 2 h at room

temperature. In order to reduce the scattering contribution

from the surfactant (CTAB), each gold colloid was centrifuged

and redispersed in water. For the commercial samples, the

111 nm colloids were used as received, whilst the ligands of the

larger 159 nm and 198 nm samples were exchanged with

polyvinylpyrrolidone (PVP) or mercaptopolyethyleneglycol

(PEG-SH), respectively, to improve particle dispersion in the

films. Subsequently, 30–200 mL of the clean dispersions were

spin-coated (5 s, 3000 rpm) on the PMMA-modified ITO

substrates.

Substrate marking

The as-prepared substrates containing deposited gold nano-

particles were etched using the focused ion beam (FIB)

registration method reported by Novo et al.,17 which facilitates

the identification and localisation of the gold nanoparticles

within a specific area, both under dark-field illumination

and scanning electron microscopy (SEM). Box-like patterns

(50 mm � 50 mm in size, 1 mm in depth) were milled using the

FIB functionality of an xT Nova NanoLab SEM. For each

box the corner etchings were unique to allow unequivocal

identification.

Single particle spectroscopy and imaging

Gold nanoparticles located inside and around the box area

were imaged and their scattering spectra acquired using a

100 W halogen lamp illumination source on a Nikon Eclipse

TE-2000 inverted optical microscope coupled to a Nikon

Dark-field Condenser (Dry, 0.95–0.80 NA). The scattered

light from each nanocrystal was collected with a Nikon Plan

Fluor ELWD 40�/0.60 NA objective and focused onto the

entrance slit of a MicroSpec 2150i imaging spectrometer

coupled with a TE-cooled CCD camera (PIXIS 1024B

ACTON Princeton Instruments). The acquisition time was

6–60 s depending upon the sample, the larger spheres required

a shorter collection time. To allow a direct correlation between

particle position on the substrate and the corresponding

spectrum, the box and adjacent areas were imaged and

mapped in the DFM. Subsequently, the same particles were

identified and imaged using an SEM xT Nova NanoLab. All

the scattering spectra were corrected dividing by the

background collected from an adjacent region without

particles. Particles with ellipticity 41.1 were discarded during

post-processing of the data.

Optical modelling

Scattering spectra of spherical Au particles of various sizes were

calculated according to generalizedMie theory based on multiple

elastic scattering of multipole expansions (MESME).28,29

The gold dielectric data were taken from Johnson and

Christy.30 The surrounding medium was accounted for by

considering the particles to be embedded in a homogeneous

medium with an effective refractive index, neff = 1.25, equal to

the mean of air (n = 1) and the substrate/PMMA layer

(n = 1.5). In order to evaluate the effect of the substrate on

the calculated optical properties of the gold nanoparticles,

additional simulations2 (not shown) were performed on gold

spheres of various sizes supported on silica substrates. The

influence of illumination under dark-field conditions was also

evaluated. This involved calculation of the integrated scattering

spectra over the range of angles of incidence produced by the

dark field condenser, from y = 531 to y = 721, and over all

the azimuthal angles (f= [0–3601]). The light was assumed to

be collected along the sample normal in all cases.

SERS measurements

SERS spectra were recorded with a LabRam HR (Horiba-

Jobin Yvon) Raman instrument. Prior to the SERS

experiments the Au and CTAB concentrations in all the

colloidal dispersions (rough and smooth) were adjusted to

0.25 mM and 1 mM, respectively. 1-Naphthalenethiol

(1-NAT, Acros Organics) was used as a Raman probe.

Typically, 1-NAT (at a final concentration of 10�5 M) was

added to each gold colloid solution and allowed to chemisorb

overnight. Average SERS spectra of the colloidal suspensions

were collected with excitation at either 633 nm (He–Ne) or

785 nm (diode) in backscattering geometry using a macro-

sampling 901 objective adaptor. Spectra were collected with

accumulation times of 10 s.

Results and discussion

Spherical gold colloids were synthesized through seed-

mediated growth of smaller nuclei in an aqueous CTAB

solution.27 Representative TEM micrographs and size

distributions are provided in the ESI (Fig. S1).w This protocol

yields spherical nanoparticles of pre-determined size, with low

ellipticity, narrow size distribution and well-defined optical

response. In particular, three samples with 120, 150 and

197 nm average (TEM) diameter were investigated. The

optical (scattering) and morphological properties of individual

Au spheres from the three batches were investigated by DFM

and SEM on each nanoparticle. This protocol permits a direct

evaluation of the single particle optical response and correla-

tion with the particle’s morphological features. Representative

scattering spectra and correlated high-resolution SEM images

on the same Au nanosphere are shown in Fig. 1(A–C). These

micrographs show considerable inhomogeneities (nanoscale

corrugation) on the surfaces of the nanocrystals, in clear

5910 | Phys. Chem. Chem. Phys., 2009, 11, 5909–5914 This journal is �c the Owner Societies 2009



contrast to the apparent surface smoothness previously

reported after low-resolution SEM characterization.27 In all

cases, the scattering spectra exhibit a well-defined and broad

dipolar plasmon resonance band that red-shifts as the particle

size is increased. In the spectrum of the largest imaged sphere

(of4 = 199 nm, Fig. 1C), a shoulder at lower wavelengths

(ascribed to a quadrupolar mode27) is also apparent.

However, the scattering response from these particles

deviates notably from the spectra calculated using Mie theory

(spectra superimposed in the same plots). The experimental

spectra are considerably red-shifted, and exhibit broadening in

some cases, of the dipolar (or quadrupolar) mode. In addition,

the plasmon energies of the individual particles systematically

lie below the ensemble peak wavelength (in water, n = 1.33).

This occurs even though the average refractive index around

the single particles (supported on PMMA-modified ITO

substrates) is lower (ca. n = 1.25). Such anomalous behaviour

could be readily ascribed to the observed texturing of the

nanocrystal surface. However, additional factors, such as the

conditions of the dark-field illumination (hollow cone of light

impinging on the sample) or the supporting substrate could

also contribute.

The influence of both factors was evaluated theoretically.

First, it was confirmed that the annular dark-field illumination

(between 53–721 from the normal to the substrate, see the

Experimental section for details) in the calculated spectra has

almost no effect on the response of the smaller particles (120

and 150 nm, Fig. 1A and B, respectively). For the larger sphere

(199 nm, Fig. 1C), just a slight blue-shift of the dipole and an

increase in the quadrupole intensity are predicted theoretically.

The substrate only induces a slight red shift in the simulations,

compared to unsupported particles in air2 (simulations not

shown). We can therefore conclude that neither the specific

dark-field illumination conditions, nor the effect of the

substrate can explain the strongly red-shifted experimental

spectra. As a consequence, the surface texturing (evident in

the SEM images) is concluded to be the main contributing

factor to the experimentally observed deviations from the

calculated spectra.

To further explore the role of surface roughness on the

optical properties of individual Au spheres we also investi-

gated three additional samples (111, 159 and 198 nm average

TEM diameter) of gold spheres with smooth surfaces using

DFM/SEM. Representative results are given in Fig. 1(D–F)

and further summarized in Table 1. Indeed, all the particles

show well-defined and narrower plasmon resonances with

energies in good agreement with Mie theory, in contrast to

the corrugated particles. Obviously, nanoscale surface texturing

leads to considerable peak-broadening and red-shifting of the

single particle plasmon resonances. However, the fact that the

rough spheres show red-shifted spectra at the single particle

level is not evident from the ensemble spectrum, which

actually agrees well with the calculated extinction in water

(not shown).27 Moreover, no significant differences are observed

in the ensemble absorption spectra of corrugated/smooth Au

spheres of the same average size. Both observations indicate

that surface roughness does not change the extinction

properties of the ensemble significantly (at least for the degree

of surface texturing observed in our experiments) as also

reported by Halas and co-workers for Au nanoshells.6 The

red shift in the spectra of individual rough particles (in air, ca.

n = 1.25) vs. the ensemble (in water, n = 1.33) could be

explained on the basis of ‘‘hot spots’’ (local surface sites where

the electric-field is highly localized and enhanced) created on

the textured sphere upon light excitation, an effect also

reported for gold nanoshells.5 The ‘‘hot spots’’ touching or

Fig. 1 Representative scattering spectra/SEM micrographs of single Au spheres with either corrugated (A–C) or smooth (D–F) surfaces. The

particle diameters as well as the dipole and quadrupole resonance wavelengths are summarized in Table 1. The light (red in the electronic version)

curves show the scattering cross section of each particle, as calculated from Mie theory with (dashed) and without (solid) consideration of the

illuminating cone directions, for light collection along the sample normal. The corresponding ensemble spectra (in water) are superimposed as a

darker (blue in the electronic version) solid line. All the spectra were normalized at the dipole maximum wavelength to facilitate comparison.
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in close proximity to the substrate may interact very efficiently

with it, resulting in a dramatic red shift of the dipolar mode,31

which does not occur in the averaged ensemble situation,

where the particles are embedded in a truly homogeneous

medium.

The effect of nanoscale surface roughness is further illustrated

in Fig. 2, where the Rayleigh scattering spectra of two gold

spheres (rough and smooth) of the same size are compared. It is

clear that the spectrum of the rough sphere is red-shifted and

broadened (due to roughness-induced plasmon damping) as

discussed above. The size-dependent effect of surface corrugation

on the dipole and quadrupole plasmon wavelengths, as measured

in single particles, is depicted in Fig. 3. Comparison with the

results from Mie theory reveals the anomalous behaviour of the

rough spheres, whereas the spectra of smooth particles agree well

with the theoretical predictions. In all cases, regardless of surface

structure, the dipole mode of the Au spheres undergoes a red

shift with increasing particle diameter. The same holds for the

quadrupolar mode, which is less sensitive and therefore shows

smaller shifts.32 Interestingly, the quadrupole is observed on very

few corrugated spheres (just a few points in Fig. 3), appearing as

a weak shoulder in most cases (see e.g. Fig. 1C). This differs from

the smooth particles, which in most cases show well-defined

quadrupolar bands (see e.g. Fig. 1E). This observation is also in

agreement with the angle-dependent light scattering investiga-

tions and FDTD calculations on gold nanoshells5,6 and Au

‘‘meatballs’’,7 where damping of the higher-order plasmonic

modes due to nanoscale surface roughness is reported by the

authors. In addition, the random nature of surface roughness

might justify the large spread of dipole wavelengths for Au

spheres of similar size. In fact, in our experiments, the 150 nm

sample (e.g. Fig. 1B), which exhibits particularly high surface

corrugation, is the sample which displays the widest spread of

dipole mode energies.

So far we have demonstrated the strong influence of nano-

scale surface corrugation on the single particle response of

spherical gold nanoparticles. However, the presence of such

nanoscale protuberances on the particle surfaces is expected to

modify not only their far-field response, but also to promote

local near-field enhancements5 that might increase their SERS

efficiency. Therefore, we investigated the SERS performance

of corrugated and smooth colloids, using 1-naphthalenethiol

(1-NAT) as a model analyte33 that covalently binds to the Au

surface atoms through the thiol group. We evaluated the

average SERS activity in solution of three corrugated (113,

158 and 190 nm) and three smooth (102, 159 and 198 nm

average TEM diameter) samples, displaying the characteristic

single particle response described previously. The electrostatic

stabilizer of the commercial (smooth) samples was exchanged

with CTAB (with no change in the colloid stability) to ensure

that the chemical nature of the stabilizer in rough vs. smooth

samples did not play a role.

Representative SERS spectra of 1-NAT after excitation with

both 633 and 785 nm laser lines are displayed in Fig. 4A. The

spectra are dominated by the ring stretching (1553, 1503

and 1368 cm�1), CH bending (1197 cm�1), ring breathing (968

and 822 cm�1), ring deformation (792, 664, 539 and 517 cm�1)

and CS stretching (389 cm�1) modes.33 The SERS activity of the

different samples was compared by monitoring the intensity of

the ring stretching band at 1368 cm�1. SERS amplification per

particle (Fig. 4B and C) was obtained by normalizing the

intensity of the ring stretching mode to the number of gold

particles in each sample. For both samples, smooth and

corrugated, the SERS intensity recorded upon excitation with

both laser lines increases with particle size, in full agreement

with the recent literature.34,35 However, it is clear that regardless

Table 1 Diameter, dipole and quadrupole resonance wavelengths of the corrugated/smooth Au spheres shown in Fig. 1

ROUGH SMOOTH

Image Diameter/nm lmax,dipole/nm lmax,quadrupole/nm Image Diameter/nm lmax,dipole/nm lmax,quadrupole/nm

A 120 650 — D 114 569 —
B 150 714 — E 165 618 567
C 199 836 598 F 214 746 557

Fig. 2 Normalized scattering spectra of two gold spheres of the same

size (hdiameteri = 111 nm) and ellipticity (ca. 1.05), but different

surface roughness, as observed in the SEM images: rough (upper

panel) and smooth (lower panel). The bands are centred at 642 and

572 nm, respectively.

Fig. 3 Size-dependence of the dipole (circles) and quadrupole

(triangles) plasmon resonance wavelengths in rough (dark/black)

and smooth (light/red in the electronic version) Au spheres, as

characterized by correlated DFM/SEM. The theoretical data

calculated fromMie theory (with no consideration of the experimental

dark-field illumination conditions) are also shown.

5912 | Phys. Chem. Chem. Phys., 2009, 11, 5909–5914 This journal is �c the Owner Societies 2009



of the excitation wavelength, a higher SERS amplification was

consistently obtained from the more corrugated particles. This

results in an increase from 2 up to 5 fold in SERS intensity,

depending on particle size and laser wavelength. The higher

performance of the rough particles is likely to stem from the

following factors: (a) the increase of the surface area due to

corrugation; (b) the better plasmon-laser line coupling;36 and, (c)

focussing of the electromagnetic fields at the apices of

the small tips formed due to the corrugation.37 SEM images

(cf. Fig. 1A–C) clearly reveal that the increase in surface area of

the rough colloids is insufficient to explain the differences in

SERS signal amplification shown in Fig. 4B and C. Moreover,

single particle localized surface plasmon spectra (Fig. 1) show

that excitation with the 633 nm laser line better overlaps the

plasmon as the particle size increases in the smooth spheres and

therefore SERS intensity increases. However, in the case of

corrugated colloids, 633 nm irradiation only weakly excites the

surface plasmon mode of the smaller colloid, while in the

other samples it lies on the blue side of the plasmon bands.

Unexpectedly, the SERS intensity still increases, showing that

amplification in this case may be due to electromagnetic focuss-

ing at the apex of the generated tips. This is further confirmed

upon excitation with the NIR line (785 nm). The smooth spheres

show an increase in SERS intensity as a consequence of the

better plasmon-laser coupling as described previously.38 How-

ever, rough colloids show a much stronger increase, due to both

plasmon-laser line overlap and plasmon focussing at the tips.

Thus, focussing of the electromagnetic field due to the textured

surface topography seems to have a significant influence on the

SERS amplification by corrugated colloids.

Conclusions

We have demonstrated that nanoscale surface corrugation

plays a major role on the localized surface plasmon response

of spherical gold colloids. We have shown that the far-field

(scattering) spectra of individual Au particles are extremely

sensitive to the particle surface topography. Corrugation (even

if small) induces a very significant red shift and broadening of

the localized surface plasmon resonance, along with damping

of the quadrupolar mode. Surface texturing also modifies the

near-field enhancing properties of the particles. The rough

particles show higher SERS performance, compared to the

smooth ones, and their activity is size dependent (with the

SERS enhancement increasing with particle size).
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