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SERS Substrates
Non-lithographic SERS Substrates: Tailoring Surface 
Chemistry for Au Nanoparticle Cluster Assembly

  Sarah M.   Adams  ,     Salvatore   Campione  ,     Joshua D.   Caldwell  ,     Francisco J.   Bezares  , 
    James C.   Culbertson  ,     Filippo   Capolino  ,     and   Regina   Ragan   *   
© 2012 Wiley-VCH Verlag Gm

 Near-fi eld plasmonic coupling and local fi eld enhancement in metal nanoarchitectures, 
such as arrangements of nanoparticle clusters, have application in many technologies 
from medical diagnostics, solar cells, to sensors. Although nanoparticle-based cluster 
assemblies have exhibited signal enhancements in surface-enhanced Raman scattering 
(SERS) sensors, it is challenging to achieve high reproducibility in SERS response 
using low-cost fabrication methods. Here an innovative method is developed for 
fabricating self-organized clusters of metal nanoparticles on diblock copolymer 
thin fi lms as SERS-active structures. Monodisperse, colloidal gold nanoparticles 
are attached via a crosslinking reaction on self-organized chemically functionalized 
poly(methyl methacrylate) domains on polystyrene- block -poly(methyl methacrylate) 
templates. Thereby nanoparticle clusters with sub-10-nanometer interparticle spacing 
are achieved. Varying the molar concentration of functional chemical groups and 
crosslinking agent during the assembly process is found to affect the agglomeration 
of Au nanoparticles into clusters. Samples with a high surface coverage of 
nanoparticle cluster assemblies yield relative enhancement factors on the order of 
10 9  while simultaneously producing uniform signal enhancements in point-to-point 
measurements across each sample. High enhancement factors are associated with the 
narrow gap between nanoparticles assembled in clusters in full-wave electromagnetic 
simulations. Reusability for small-molecule detection is also demonstrated. Thus it 
is shown that the combination of high signal enhancement and reproducibility is 
achievable using a completely non-lithographic fabrication process, thereby producing 
SERS substrates having high performance at low cost. 
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  1. Introduction 

 Planar assemblies of nanometer-spaced metal nanoparticles 

allow scientists and engineers to harness electromagnetic 

fi elds for imaging, photonics, and medicine at the nm-size 

scale. For instance, imaging at resolutions well below the 

diffraction limit is possible using 2D arrays of metal nano-

particles, [  1  ]  while photovoltaic devices have exhibited an 

increase in effi ciency due to optical fi eld enhancements asso-

ciated with excitation of the surface plasmon resonance of 

metal nanoparticle arrays on the surface. [  2  ]  Planar nanopar-

ticle arrays for medical diagnostics have achieved detection 

of target biomolecules at molecular concentrations signifi -

cantly lower than conventional methods provide. [  3  ]  Studies 
1bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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measuring signal enhancements in surface enhanced Raman 

scattering (SERS) sensors based on metal nanoparticles 

have shown that decreasing interparticle spacing between 

the metallic nanostructures yields exponential increases in 

signal intensity with the strongest electromagnetic signals 

being formed at hotspots between the nanoparticle with gaps 

below 10 nm. [  4  ]  It is also important to note that in creating 

such near-fi eld plasmonically coupled systems, that the plas-

monic fi elds induced are extended into the volume between 

the particles as opposed to being confi ned to the surface of 

an isolated particle. Au-coated polymer nanopillars fabri-

cated using nanoimprint lithography from electron beam 

lithography-fabricated silicon molds were also used to create 

high enhancement factors when exposure to solvent caused 

the pillars to coalesce into pentagons with narrow gap spac-

ings. [  5  ]  Facsimiles of Au nanoparticle aggregate-like clusters, 

prepared with conventional lithographic techniques exhibited 

1–5  ×  10 8  signal enhancement. [  6  ]  The development of low-cost 

non-lithographic methods for designing planar metal nanoar-

chitectures with nanometer scale interparticle spacing allows 

for greater utilization of the near-fi eld properties in metal 

nanostructures for device applications. For example, colloid 

monolayers of Au and Ag nanoparticles measure 10 4  to 10 5  

SERS signal enhancement, [  7  ]  and some have reported com-

bined electromagnetic and chemical enhancements up to 

10 7  when analytes chemically interact with nanoparticles. [  8  ]  

Efforts to increase this enhancement with clusters of tightly 

spaced nanoparticles are of interest. 

 While low-cost SERS substrates have been realized, these 

frequently exhibit a wide distribution of SERS enhancement 

factors across a given sample surface. While conventional 

lithographic patterns have demonstrated uniform large-area 

( ∼ 100  μ m or more) SERS at 1.2  ×  10 8  signal enhancement with 

Au-capped nanopillars, [  6b  ]  and non-conventional lithographic 

methods such as Au deposition on anodized aluminum oxide 

substrates [  9  ]  with enhancements of 8  ×  10 6  demonstrate less 

than 10% variance in sample signal uniformity, analysis of 

hexagonally closed packed (HCP) nanospheres coated with 

Ag determined that the hottest sites, local enhancement 

factor greater than 10 9 , contributed to 24% of overall SERS 

intensity yet were distributed across only 0.006% of the total 

sample surface. [  10  ]  Other work involving HCP nanoparticles 

for SERS have reported enhancements of 10 4 –10 7 . [  11  ]  Sub-

monolayer coverage of Ag nanoparticles on surfaces also 

produces enhancements on the order of 10 7 . [  12  ]  Efforts to pro-

duce SERS substrates with nanosphere lithography that pro-

duces metal triangular [  13  ]  or hexagonal cavity arrays, [  14  ]  have 

exhibited 10 6  to 10 8  SERS enhancements albeit there can 

exist diffi culty in achieving high uniformity over large length 

scales. Wrinkled nanowalls with narrow gaps of gold fi lms [  15  ]  

have impressive signal enhancements, though exhibit one 

or two order of magnitude variability of SERS intensity in 

point-to-point measurements. Efforts to regulate SERS inten-

sity uniformity across samples using hexagonally ordered Ag 

nanocap arrays [  16  ]  or by regulating hotspots on multi-tiered 

particle design [  17  ]  have produced patterns with theoretically 

calculated enhancement factors between 10 4  to 10 7  using 

fi nite-difference time-domain analysis. While it is diffi cult to 
2 www.small-journal.com © 2012 Wiley-VCH V
directly compare enhancements in different systems, most 

non-lithographic SERS substrate designs exhibit signal vari-

ability due to non-uniformities on the substrate surface. Here 

we present a low-cost, self-organization method, for forming 

nanoparticle clusters over large areas in order to achieve uni-

form, large signal enhancements across the surface with the 

capability for reuse in small-molecule SERS detection. 

 The SERS substrates discussed here consist of arrays of 

nanoparticle clusters that are fabricated in the absence of 

any lithography and without the need for any vacuum phase 

metal deposition methods. To achieve nanometer scale inter-

particle distances to enable the generation of large volumes 

of SERS hotspots, colloidal nanoparticles were selectively 

attached on chemically functionalized self-organized domains 

on diblock copolymer surfaces [  18  ]  to form clusters. Prior work 

using self-organized diblock copolymers as templates pro-

duced composite Au-polymer nanopillars with feature sizes 

down to 100 nm, [  19  ]  arrays of single 10–40 nm Au nanopar-

ticles [  19,20  ]  and Au/TiO 2  nanoparticles. [  21  ]  SERS substrates 

designed using diblock copolymer templates where Ag or 

Au was deposited on plasma or chemically etched nanopillar 

arrays produced signal enhancements up to 10 6 . [  22  ]  Nanopar-

ticles have also been electrostatically assembled on chemical 

domains with feature sizes as low as 100 nm that were pat-

terned with soft UV nanoimprint lithography to produce 

amino terminated Si. [  23  ]  Here we use phase-separated poly-

styrene- b -poly(methyl methacrylate) (PS- b -PMMA) diblock 

copolymer thin fi lms to achieve 40 nm poly(methyl methacr-

ylate) (PMMA) domains that are chemically modifi ed with 

primary amines [  24  ]  for controlled placement of carboxylic 

acid functionalized metal nanoparticles of monodisperse 

size and shape as small as 10 nm in diameter and achieved 

enhancements on the order of 10 9 . It was found that by 

encasing the plasmonically active nanoparticles with thioctic 

acid ligands, the Au nanoparticles are both attached onto the 

PMMA chemical domains and are protected from further 

chemical bond formation on the surface. Thus, the sensor can 

be reused, as the analyte cannot chemically bond to the gold 

colloid. Prior work on reusable SERS sensors has involved 

more complicated surface chemical functionalization, such as 

approaches using reversible binding of an analyte with DNA 

aptamers. [  25  ]  Thioctic acid, with chain length of approximately 

1 nm, functionalization is a facile approach to enable sensor 

reusability for Raman-active molecules. 

 The developed chemical self-assembly process also pro-

vides a platform with great versatility for metal nanoarchi-

tecture design. Since the attachment mechanism involves the 

localized attachment of Au nanoparticles with thioctic acid lig-

ands from colloids, the advantage of this method is the ability 

to attach any metallic nanostructures that can be functional-

ized with carboxylic ligands in colloidal solution. Nanoparti-

cles prepared from colloidal solution can be produced with 

diverse size, [  26  ]  shape, [  27  ]  and core–shell composition [  28  ]  in 

order to tune its corresponding surface plasmon resonance. [  29  ]  

Thus metal nanostructures with desired physical characteris-

tics can be implemented onto a patterned template design. 

The diblock copolymer templates can be varied by simple 

changes in the polymer molecular weight [  30  ]  and interfacial 
erlag GmbH & Co. KGaA, Weinheim small 2012, 
DOI: 10.1002/smll.201102708



Non-lithographic SERS Substrates

     Figure  1 .     Schematic illustration of Au nanoparticle attachment on planar PS- b -PMMA thin fi lm 
by a) surface chemistry functionalization of Au nanoparticles with thioctic acid and b) PMMA 
surface regions of copolymer with ethylenediamine, followed by c) EDC/S-NHS crosslinking 
chemistry on the nanoparticle, d) to selectively attach on the PMMA surface regions.  
energy between template and substrate [  31  ]  

to vary template patterns and thereby the 

arrangement of nanoparticles on surfaces. 

Furthermore, the copolymer matrix allows 

for incorporation of functional polymers 

designed as a diffusive trap for an ana-

lyte of interest [  32  ]  and uniform fi lms have 

been fabricated on 3–8 inch wafers [  33  ]  that 

can be used to produce large area SERS 

sensors. Overall, this report presents how 

metal nanoparticle arrays can be varied 

by simple changes in the chemical design 

parameters to optimize nanoparticle 

spacing and cluster arrangements. 

   2. Results and Discussion 

  2.1. Chemical Assembly of Au Nanoparti-
cles on Polymer Templates 

 Selective placement of Au nanoparticles 

on diblock copolymer templates is per-

formed by selective chemical functionali-

zation of PMMA domains on PS- b -PMMA 

thin fi lms and chemical attachment of Au 

nanoparticles to PMMA domains. The 

process is depicted in the schematic in 

 Figure    1  . First, colloidal Au nanoparticles 

were functionalized by solution-phase 

ligand attachment of thioctic acid mole-

cules that have carboxylic acid end groups, 

as illustrated in Figure  1 a. Afterwards, PS-

 b -PMMA diblock copolymer thin fi lms 

were immersed in an ethylenediamine/

dimethylsulfoxide (ED/DMSO) solution 

to functionalize PMMA domains with sur-

face primary amine chemical groups, [  24  ]  as 

shown in Figure  1 b. 1-Ethyl-3-[3-dimeth-

ylaminopropyl] carbodiimide hydro-
chloride (EDC), via coordination cross-linking chemistry 

with  N -hydroxysulfosuccinimide (S-NHS), was then used 

to anchor the Au nanoparticles onto PMMA domains. [  18  ,  34  ]  

EDC/S-NHS cross-linking chemistry is incorporated to facili-

tate bonding of Au colloidal nanoparticles with carboxyl 

ligands onto the amine-functionalized PMMA domains. A 

schematic of the reaction pathway is shown in Figure  1 c, 

which is designed to lead to attachment of Au nanoparticles 

onto the PMMA domains as illustrated in Figure  1 d.  

 Citrate-stabilized Au nanoparticles in aqueous solutions 

were functionalized with thioctic acid ligand groups by addi-

tion of thioctic acid to solution. Dynamic light scattering 

(DLS) was used to measure nanoparticle size before and after 

the addition of thioctic acid (TA). Two sets of particles were 

analyzed, one set with diameter of 10 nm and the other set 

with diameter of 20 nm. DLS data of measured nanoparticle 

size versus molar concentration of thioctic acid within Au 

nanoparticle solution is presented in Supporting Information 
© 2012 Wiley-VCH Verlag Gmsmall 2012, 
DOI: 10.1002/smll.201102708
(SI), Figure S1. TA addition of 0.25 m m  to aqueous nanopar-

ticle solutions exhibited an increase in nanoparticle diameter 

in DLS measurements indicative of ligand attachment on the 

nanoparticle surface without aggregation. The addition of TA 

in concentrations greater than 0.5 m m  for 10 nm nanoparti-

cles and 1 m m  for 20 nm nanoparticles exhibited an increased 

polydispersity index (PDI) in DLS measurements due to 

nanoparticle aggregation in solution. Thus, nanoparticles 

were functionalized with 0.25 m m  unless otherwise indicated. 

 The PS- b -PMMA diblock copolymers used have number 

average molecular weight (M n ) of 260 kg mol  − 1  (PS) and 

63.5 kg mol  − 1  (PMMA) and the resulting thin fi lms have 

40 nm diameter PMMA domains as measured by AFM. PS-

 b -PMMA diblock copolymers in toluene solution were spin-

coated on Si(001) substrates with random PS/PMMA brush 

layer and annealed at 170 °C in order to initiate phase sepa-

ration into PS and PMMA domains. [  35  ]  Though the work here 

was performed on Si(001) substrates, PS- b -PMMA diblock 
3www.small-journal.combH & Co. KGaA, Weinheim



S. M. Adams et al.full papers

     Figure  2 .     1  μ m  ×  1  μ m AFM images of Au nanoparticles deposited on PS- b -PMMA thin fi lms 
having M n  of 260 kg mol  − 1  (PS) and 63.5 kg mol  − 1  (PMMA) of a) topography and b) phase 
contrast with deposited 20 nm Au nanoparticles and of c) topography and d) phase contrast 
with deposited 10 nm Au nanoparticles.  
copolymer thin fi lms can also be formed on glass and plastic 

substrates. [  36  ]  PS- b -PMMA templates were immersed in ED/

DMSO for 2 min at a concentration of 3% (v/v) of ethylene-

diamine in ED/DMSO. 

 The Au nanoparticle solution was treated with the EDC/

S-NHS chemical crosslinker at concentrations of 30  μ  m  EDC 

and 75  μ  m  S-NHS for the 20 nm Au nanoparticles and at con-

centrations of 18  μ  m  EDC and 45  μ  m  S-NHS nanoparticle 

solution for the 10 nm Au nanoparticles while the substrate 

was immersed in the solution. In  Figure    2  , 1  μ m  ×  1  μ m AFM 

images showing topography (a) and phase contrast (b) are 

shown of Au nanoparticles having diameter of 20 nm and 

topography (c) and phase contrast (d) of Au nanoparticles 

having diameter of 10 nm that were chemically assembled on 

PS- b -PMMA templates. The AFM topography images pre-

sented in Figure  2 a and d show the Au nanoparticles attach 

to depressed regions on the surface. Prior work has shown 

that ED/DMSO exposure of the PS- b -PMMA results in 

local depressions in PMMA domains. [  18  ]  In order to confi rm 

the depressed regions are composed of PMMA, AFM phase 

images were also acquired. Phase imaging measures energy 

dissipation during tip approach and retraction. [  37  ]  Thus, PS 

and PMMA regions can be differentiated in AFM phase 

images since PMMA has a greater elastic modulus than PS 
4

   Table  1 .    Sample process parameters for SERS analysis. 

Sample no. Sample name Muliparticle 
frequency [%]

[Thioctic acid] 
[m M]  

[EDC]-[S-NHS] 
[ μ  M ] - [ μ  M ]

Au areal 
coverage [%]

I 16MP  16  ±  8 0.25 20 −50 3.2

II 28MP    28  ±  10 0.25 30 −75 4.6

III 90MP  90  ±  5 1.0 30 −75 15.4
and will appear darker in AFM phase 

imaging in repulsive mode thus, providing 

a method for evaluating nanoparticle 

selectivity for PMMA versus PS surface 

regions. In the phase images of Figure  2 b 

and d, Au nanoparticles are observed on 

or adjacent to PMMA domains on the 

surface. This is consistent with previous 

studies for selective attachment of Au 
www.small-journal.com © 2012 Wiley-VCH Verlag GmbH & Co. KGaA
nanoparticles onto PMMA domains using 

EDC/S-NHS crosslinking chemistry. [  18  ]  It 

was also found in this prior study that in 

the absence of the crosslinking agent, only 

a few Au nanoparticles/ μ m 2  were observed 

on the surface.  

 In the AFM images of Figure  2 , the 

surfaces are covered with several isolated 

Au nanoparticles, some dimers and a few 

trimers. We found the degree of clustering 

of Au nanoparticles chemically assembled 

on PMMA domains was affected by the 

molar concentration of thioctic acid for 

ligand attachment to Au nanoparticles, 

and the molar concentration of the EDC 

crosslinking agent. Three different samples 

were prepared for SERS analysis, all con-

sisting of 20 nm Au nanoparticles on PS-

 b -PMMA templates with 40 nm PMMA 

domains, in order to investigate how the 

degree of Au nanoparticle clustering affects 

SERS response. AFM and SEM images 

were acquired to measure how cluster 

geometry was affected by varying chemical 

processing parameters.  Table    1   lists the 

process parameters that were varied and 
the resulting percentage of clusters containing multiple Au 

nanoparticles and the total Au nanoparticle coverage on the 

surface as determined from SEM images. At least ten SEM 

images with a fi eld of view on the order of a few microns 

were analyzed for each sample to gather statistics on the 

surface coverage of cluster assemblies. The fi rst sample was 

prepared with a reduced concentration of the EDC/S-NHS 

chemical crosslinker, 20  μ  m , in order to obtain a sample with 

primarily isolated nanoparticles. This sample had 16% of the 

nanoparticles on the surface incorporated into clusters and 

is referred to as 16MP; the rest are isolated nanoparticles on 

the surface. For the second sample, ligand attachment on Au 

nanoparticles was performed with thioctic acid concentration 

of 0.25 m m  and 30  μ  m  of EDC was used for crosslinking, the 

same process used for chemical assembly of Au nanoparticles 

described in the prior section and shown in Figure  2 . This also 

produces predominantly single Au nanoparticles on the sur-

face as observed in SEM analysis with 28% of the nanopar-

ticles on the surface incorporated into clusters. This sample 

is referred to as 28MP. In order to increase Au nanoparticle 

agglomeration to achieve clusters with multiple nanopartices 

on the surface, the concentration of thioctic acid during ligand 

attachment was increased to 1.0 m m  for the third sample while 

EDC concentration was held fi xed. SEM analysis determined 
, Weinheim small 2012, 
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     Figure  3 .     1  μ m  ×  1  μ m AFM topography images of the nanoparticle-copolymer surfaces, 20 nm Au nanoparticles attached on 40 nm PMMA domains 
with varying nanoparticle clustering at a) 16% multi-particle clusters b) 28% multi-particle clusters, and c) 90% multi-particle clusters with SEM 
inset. As larger clusters form, Au nanoparticles extend to the PS regions on the surface.  

   Table  2.     SERS spectral and assignments for benzenethiol. 

Vibrational 
mode

Raman shift 
[cm  − 1 ]

SERS 
assignments a)  

Vibrational assignments b)  

 ν  1 420 7a(a 1 ),   ν   CS   +    β   CCC C-S stretching and ring in-plane 

deformation

 ν  2 690 6a(a 1 ),   β   CCC   +    ν   CS Ring in-plane deformation and C-S 

stretching

 ν  3 998 12(a 1 ),   β   CCC Ring out-of-plane deformation and 

C-H out-of-plane bending

 ν  4 1021 18a(a 1 ),   β   CH Ring in-plane deformation and C-C 

symmetric stretching

 ν  5 1071 1(a 1 ),   β   CCC   +    ν   CS C-C symmetric stretching and C-S 

stretching

 ν  6 1571 8a(a 1 ),   ν   CC C-C symmetric stretching

    a) Taken from Reference [38a]. Letters in parentheses indicate vibrational symmetry, while   β   and 

  ν   indicate in-plane bending and stretching modes, respectively;  b) Taken from Reference [38b].   
that 90% of the nanoparticles are incorporated in clusters. 

This third sample is referred to as 90MP. AFM topography 

images are shown in  Figure    3  a, b, and c for the 16MP, 28MP, 

and 90MP samples, respectively, which demonstrate consistent 

particle height indicative of particle agglomeration as surface 

clusters instead of aggregation in the colloid.   

   2.2. SERS Measurements of Nanoparticle Arrays 

 SERS experiments were performed using a DeltaNu Exam-

ineR micro-Raman system. Samples for SERS analysis 

were prepared by immersing PS- b -PMMA templates with 

Au nanoparticles in a 1m m  solution of benzenethiol in eth-

anol for approximately 18 h. Measurements were collected 

from three separate lasers with excitation wavelengths of 

532 nm, 633 nm, and 785 nm, focused to an approximately 

2  μ m spot size on the sample surface. The dominant observed 

SERS vibrational modes for benzenethiol and corre-

sponding Raman shifts are labeled as  ν  1  to  ν  6  and shown in 

 Table    2  . [  38  ]  According to Mie theory, 20 nm Au nanoparticles 

have a surface plasmon resonance (SPR) near 533 nm. Thus, 
     Figure  4 .     SERS spectra recorded from three separate samples of 20 nm Au attached on 40 nm 
PMMA regions of PS- b -PMMA thin fi lm treated with a monolayer of benzenethiol for optical 
enhancement analysis comparing signal measured with change in excitation laser wavelength 
of 633 nm and 785 nm for a) 16MP, b) 28MP, and c) 90MP. SERS vibrational peaks  ν  1 - ν  5  are 
identifi ed in Table  2 .  
in the absence of plasmonic coupling, we 

expect the measured SERS intensities to 

be highest at 532 nm. However, the infl u-

ence of the increased dielectric medium of 

PS and PMMA with respect to air and the 

interparticle plasmonic coupling induced 

due to their partial to almost complete 

agglomeration within the samples studied 

will induce a signifi cant red shift in the SPR 

position. [  39  ]  Therefore, it was anticipated 

that SERS measurements near 532 nm 

incident would be relatively weak, with 

a stronger SERS response observed at 

633 nm laser excitation with a drop-off in 

intensity when measured with 785 nm inci-

dent. As anticipated using a 532 nm excita-

tion source, the SERS intensity was in the 

noise range for samples 16MP and 28MP 

and showed measurable intensity only for 

sample 90MP. A SERS spectrum is shown 

in the SI (Figure S2) for sample 90MP for 

532 nm laser excitation.  Figure    4  a, b and 

c show SERS spectra with the intensity 

normalized for both the incident laser 
© 2012 Wiley-VCH Verlag Gmsmall 2012, 
DOI: 10.1002/smll.201102708
power and integration time for samples a) 16MP, b) 28MP, 

and c) 90MP at excitation wavelengths of 633 (dashed line) 

and 785 (solid line). The measured SERS intensity with the 
5www.small-journal.combH & Co. KGaA, Weinheim
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     Figure  5 .     a) SERS spectra obtained at 633 nm laser excitation from 16% MP, 28% MP, and 90% MP samples. b) SERS signal enhancement factors 
(EF) are graphed comparing laser excitation wavelength at 532, 633, and 785 nm for vibrational peaks  ν  3 ,  ν  5 , and  ν  6  for 16MP, 28MP, and 16MP. 
( ∗  ν  3  data for 16MP was poorly distinguishable from 2nd Si harmonic peak.)  
633 nm excitation laser is clearly stronger for all designated 

vibrational peaks, thus the SERS enhancement was maximum 

near this incident wavelength. This implies that consistent 

with the hypothesis outlined above, that the SPR for the col-

lections of Au nanoparticles within these samples is located 

near 633 nm, with the center presumably located to the red of 

this wavelength, thus explaining the stronger SERS response 

at 785 nm with respect to 532 nm incident.   

  2.2.1. SERS Signal Enhancement Factor Analysis 

 We compare the SERS spectra obtained at 633 nm for the 

three different samples. In  Figure    5  a, SERS spectra for 16MP, 

28MP, and 90MP samples demonstrate signifi cant increase in 

SERS signal with increased nanoparticle coverage and mul-

tiparticle clustering. It is signifi cant to note that the Au areal 

coverage of 16MP and 28MP does not greatly differ; the dif-

ference is less than 1.5%. Yet the SERS signal is much lower 

for 16MP than 28MP illustrating the importance of plasmonic 

coupling between nanoparticles that occurs due to the nano-

particle agglomeration to achieve high enhancement values. 

In order to quantify, the Raman enhancement factor (EF) 

was calculated for the  ν  3  vibrational mode at 998 cm  − 1  for all 

three samples from the expression:

 
E F = ISERS/NSERS

IRaman/NRaman   
(1)   

   where  I  SERS ,  I  Raman ,  N  SERS , and  N  Raman  are the SERS and 

neat Raman intensities and number of molecules measured, 

respectively. In this calculation,

 ISERS = ISERS
Raw /(P · t)   (2)   

is the measured SERS signal normalized for laser power ( P ) 

and acquisition time ( t ).

 NSERS = ρsurf NA

(
fAu Aspot

)
  (3)   

is the average number of absorbed molecules in the laser 

stimulated SERS region. This value is determined by nor-

malizing the excited surface area with the Au area coverage 

percentage, which when combined with the reported sur-

face coverage of benzenethiol   ρ   surf  of 0.544 nmol/cm 2 , [  6b  ,  40  ]  

provides an accurate measurement of the number of mol-

ecules participating in the SERS measurement. Further,  N  A  

is Avogadro’s number,  f  Au  is the Au nanoparticle fractional 
6 www.small-journal.com © 2012 Wiley-VCH 
coverage, and  A  spot  of the laser spot size area.  I  Raman  is the 

Raman signal intensity in solution phase (Neat) of the meas-

ured analyte benzenethiol molecule again normalized for 

laser power and acquisition time, for which  N  Raman   =    ρ  neat V  

is the average number of molecules in a scattering volume 

 V  with benzenethiol density   ρ  neat   of 9.739 mmol/cm 3 . [  6b  ]  In 

the calculation of EF, we normalize with the Au nanopar-

ticle coverage in order to directly compare samples. The  ν  3  

mode at 998 cm  − 1  was used for the EF since this mode has 

the strongest Raman signal for neat benzenethiol. 

 The average calculated EF at the  ν  3  SERS vibrational 

mode was 1.0  ×  10 7   ±  0.3  ×  10 7  (1 σ ) for the 28MP sample and 

3.1  ×  10 7   ±  0.9  ×  10 7  (1 σ ) EF for the 90MP sample. Note that 

the 16MP SERS signal at the  ν  3  (998 cm  − 1 ) peak was poorly 

distinguishable from the Si second harmonic vibrational 

peak and thus an EF could not be accurately calculated. The 

largest EF calculated for 90MP was 4.1  ×  10 7 . This is several 

orders of magnitude greater than the SERS enhancement of 

roughened Au surface under optimal conditions. [  41  ]  We also 

consistently see the same order of magnitude enhancement 

from sample to sample. The relative SERS EF increases 

approximately by a factor of 5 when comparing the EF ratio 

of 28MP to 16MP and approximately by a factor of 4 when 

comparing the EF ratio of 90MP to 28MP. Thus, agglomera-

tion of Au nanoparticles into multi-particle clusters leads to 

higher EF due to the signifi cantly larger plasmonic electro-

magnetic fi eld intensities induced via plasmonic coupling. In 

order to compare SERS enhancements for all samples, rela-

tive EF calculations were also performed using  Equation 1  

for addition vibrational modes of benzenethiol,  ν  5  and  ν  6 . 

 Figure  5 b summarizes the EF and the relative EF that 

were calculated for all samples, in Table  1 , as a function of 

the laser excitation wavelength (532, 633, and 785 nm) and 

vibrational mode. As mentioned prior, only the 90MP sample 

produced suffi cient SERS signal when excited at 532 nm and 

thus the other samples are not plotted at this wavelength. 

Figure  5 b shows that for all samples and all the vibrational 

modes, excitation at 633 nm produced SERS EF that are one 

to two orders of magnitude greater than those calculated 

from resulting data at the 532 nm and 785 nm excitation laser 

sources. The 90MP sample exhibits enhancements of 3.1  ×  

10 7   ±  0.9  ×  10 7  (1 σ ), 5.8  ×  10 8   ±  1.4  ×  10 8  (1 σ ), 3.1  ×  10 9   ±  0.8  ×  

10 9  (1 σ ) for  ν  3 ,  ν  5 , and  ν  6,  respectively. In the SI, we provide 

the details of the calculation of EF and show the detailed cal-

culation for the  ν  6  mode for the 90MP sample. 
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     Figure  6 .     Normalized fi eld map for different confi gurations: a) dimers, b) linear trimers, c) trimers (90 ° ), d) trimers (60 ° ), and e) hexagonal close-
packed (HCP). All fi eld maps have been computed with plane wave illumination with electric fi eld polarized as in (a). Values of fi eld enhancement 
factor are in Table  3 .  

   Table  3.     Electric fi eld enhancement  E  cl / E  0  for different cluster confi gu-
rations. The SERS enhancement is proportional to the fourth power of 
the fi eld enhancement. 

Wavelength 
[nm]

Dimers Linear 
trimers

Trimers 
(60˚) a)  

Trimers 
(90˚) a)  

HCP a)  

532 17.4 15.7 16.6/ 13.8 12.9/ 13.5 8.1/ 7.5

633 62.9 89.7 49.7/ 45.4 58.1/ 32.6 23.8/ 20

785 20 25.8 17.2/ 15.4 16.5/ 11.8 25/ 24.4

    a) For the trimers (60 °  and 90 ° ) and the HCP cases, the ‘/’symbol separates enhancements for 

vertical (as in Figure  6 ) and horizontal polarized incident electric fi eld, respectively.   
 Full-wave simulations using HFSS [  42  ]  of representative 

metal clusters fabricated in this paper (shown as insets in 

 Figure    6  ): dimers, linear trimers, trimers (60 ° ), and trimers 

(90 ° ), are performed, and a summary of the results is shown 

in  Table    3   and Figure  6 . For comparison purposes, we ana-

lyze also the standard hexagonal close-packed (HCP) con-

fi guration. The aim of the numerical simulations is to show 

the formation of fi eld hot spots, and thus the fi eld enhance-

ment, intended as  E  cl / E  0 , where  E  0  is the plane wave fi eld 

magnitude without clusters and  E  cl  is the maximum fi eld 

magnitude with clusters, occurring between the nanospheres. 

Au nanoparticles in simulations have diameter of 23 nm, 

in agreement with dynamic light scattering measurements 

of nanoparticle diameters (with permittivity matching the 

values from [  43  ] ). The nanospheres have been assumed to be 

embedded in a layer with dielectric constant of 2.47 (40 nm 

thickness) which accounts for the PMMA layer with a homo-

geneous layer of molecules on top, on top of a silicon sub-

strate. The gap between the nanospheres is assumed to be 

2 nm taken from SEM images and used in HCP structures 

for accurate comparison. For simplicity of calculations we 

assume that the clusters in Figure  6  are arrayed in a square 

lattice, with a period large enough to affect weakly the max-

imum fi eld between the nanospheres in a cluster (in Table  3  

the assumed period is 120 nm; see SI (Table S1) for results 

assuming a period of 150 nm that do not show a dependence 

between fi eld and periodicity). We illuminate each structure 

with a plane wave orthogonal to the surface and polarized as 

in Figure  6 a at the three laser wavelengths employed in the 

experiment (i.e., 532, 633 and 785 nm): the fi eld enhancement 

results are summarized in Table  3 . The data leads to two-

main observations: i) stronger fi eld enhancement is achieved 

at 633 nm laser excitation, in agreement with the experi-

mental results in Figure  5 ; and ii) stronger fi eld enhancement 

is achieved with the dimer and trimer clusters analyzed in 
© 2012 Wiley-VCH Verlag Gmsmall 2012, 
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this paper with respect to a HCP confi guration, at 633 and 

532 nm. This is due, in part, to the fact that the HCP array 

exhibits a red shifted resonance with respect to dimers and 

trimers. At 785 nm, the HCP exhibits a fi eld enhancement 

stronger than or equal to the one of the clusters at the same 

wavelength, that is still however lower than the fi eld enhance-

ment of dimers and trimers at 633 nm. These results show 

that ad-hoc clusters can be designed and fabricated to obtain 

larger fi eld enhancements than with the HCP structure for 

the particle dimensions considered in this paper. Ordered 

periodic structures may exhibit large enhancements also due 

to long-range interactions and this depends on the complex 

resonance frequency or wavenumber evaluated as in Fructos 

et al., [  44  ]  for example. Also breaking of local symmetry may 

excite dark modes, [  45  ]  not considered here, that may lead to 

strong enhancements as well. More precise assessments con-

sidering also ordering as well as other particle dimensions 

and distances require further investigation. Since the fabri-

cation process developed allows for nanoparticle diameter 

and shape to be varied, simulations can provide insight for 

optimal structures.   

 In Figure  6  we show the normalized fi eld maps (with 

respect to each maximum fi eld magnitude) for the struc-

tures analyzed in Table  3  with 633 nm laser excitation, exhib-

iting the expected hot spots between the nanoparticles. As a 

fi nal remark, the SERS enhancement is proportional to the 

fourth power of the fi eld enhancements shown in Table  3 . 

For example, the linear trimer at 633 nm exhibits a  E  cl / E  0   =  

6.5  ×  10 7  enhancement, purely looking at the fi eld, which is 

however smaller than the value of 10 9  shown in Figure  5 . This 

difference is expected because in the calculation we have 

completely neglected any molecule-cluster near-fi eld inter-

action, which is supposed to further enhance scattering. Accu-

rate investigations accounting for such interactions will be 

carried out in the future, for example simulations that include 

an ideal dipole in the gap between nanoparticles yield higher 

enhancements than those in Table  3 . 

 Furthermore, a uniform SERS response was reproducibly 

observed across the sample surface for both 90MP and 28MP. 

In  Figure    7  a and b, the measured SERS spectra with modes 

 ν  3 ,  ν  4 , and  ν  5  labeled are shown for multiple positions on 

sample 28MP and 90MP, respectively. The signal is relatively 

consistent from point to point on the surface, as observed in 

the standard deviation values, indicating that hotspots are 

distributed across the surface and uniform with respect to 

the laser spot size. By increasing the areal coverage of Au on 

the surface beyond 15%, and thereby the density of hotspots 
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     Figure  7 .     SERS intensity measurements at multiple sample positions for  ν  3 ,  ν  4 , and  ν  5  
vibrational peaks for a) 28MP and b) 90MP.  
in the laser spot, we expect a reduction in acquisition time 

below the current 30 s. Self-assembled SERS substrates to 

date have exhibited a high degree of variability in signal 

response across a single sample surface; EF typically vary by 

a few orders of magnitude [  10  ,  15  ]  and typically require longer 

acquisition times.  

   2.2.2. Nanoparticle Array Reusability and Shelf Life 

 Reusability and shelf life of the SERS substrates was also 

examined. Following the initial SERS analysis at 785 nm 

laser excitation, data shown in (Figure  4 ), 16MP, 28MP and 

90MP, within three days of the initial exposure and measure-

ment, no longer exhibited benzenethiol related SERS inten-

sity when excited at 785 nm. These samples were analyzed 

again with three different SERS deposition and measure-

ment cycles of varying excitation wavelength six months later 

after re-exposure to benzenethiol, providing seven separate 

measurements of reusability. SERS measurements acquired 

at 785 nm laser excitation were analyzed immediately after 

re-exposure and again seven days later. In  Figure    8  a, SERS 

measurements with 785 nm laser excitation for sample 28MP 

are shown i) after the initial exposure, ii) immediately after 

benzenethiol re-exposure six months after the initial expo-

sure, and iii) seven days after the re-exposure without any 

further treatment or rinsing of the sample. Immediately after 

benzenethiol re-exposure, case (ii), the samples clearly dis-

played renewed SERS signal strength at approximately 25% 

the original measurement for 28MP when comparing the  ν  3 , 

 ν  4 , and  ν  5  vibrational modes. SERS intensity associated with 
www.small-journal.com © 2012 Wiley-VCH Verlag GmbH & Co. KGaA,

     Figure  8 .     SERS spectra obtained at 785 nm laser excitation from samples with benzenethiol 
vibrational peaks  ν  3 ,  ν  4 , and  ν  5  designated for: a) sample with 28MP coverage with 
benzenethiol monolayer deposited on the surface including scan of i) 1st exposure, ii) after 
benzenethiol 2nd re-exposure, and iii) following a 7-day delay after exposure and b) samples 
measured after redeposition of benzenethiol with MP coverage of i) 90MP, ii) 28MP, and 
iii) 16MP.  
 ν  3 ,  ν  4 , and  ν  5  vibrational modes are not 

observable seven days later, case (iii), sug-

gesting that the benzenethiol has evapo-

rated from the surface and thus did not 

chemically bind to the gold nanoparticles, 

illustrating the protective nature of the 

thioctic acid surface treatment. We there-

fore attribute the ability to re-use sam-

ples to the fact that thioctic acid is stable 

on the Au nanoparticle surface and is not 

exchanged with the benzenethiol analyte. 

Small or bulky incoming ligands are steri-

cally hindered from replacing the original 
ligand monolayer on the nanoparticle surface. [  46  ]  Therefore, 

while the molecular analyte of interest during SERS analysis 

can approach the plasmonic fi elds needed to induce the SERS 

effect, the sensor can be reused, as the analyte cannot chemi-

cally bond to Au nanoparticles. Renewed SERS intensity at 

 ν  3 ,  ν  4 , and  ν  5  after re-exposure to benzenethiol solution [case 

(ii)] indicates that the benzenethiol molecule is absorbed on 

the polymer surface and held in regions near the Au nanopar-

ticles. In Figure  8 b, SERS measurements were performed on 

i) 90MP, ii) 28MP, and iii) 16MP after a second benzenethiol 

exposure that occurred 6 months after the initial exposure. 

Although the SERS signal strength is not always equal to 

the original measured signal, it is stronger on samples with 

higher Au nanoparticle clusters, and the benzenethiol SERS 

vibrational modes are detectible on all three samples. This 

indicates the potential viability of fabricating reusable SERS 

substrates, with analyte removal between analyses, even for 

analytes with a strong chemical affi nity for the Au nanopar-

ticles. Further, by modifying the nanoparticle material, size, 

shape and density one can envision fabricating tailored SERS 

substrates for a given incident wavelength with low cost, 

highly reproducible methods.  

     3. Conclusion 

 To summarize, thioctic-acid functionalized Au nanoparticles 

were preferentially attached onto the ethylenediamine-modi-

fi ed PMMA regions of PS- b -PMMA diblock copolymer tem-

plates when using EDC/S-NHS as a chemical crosslinker. The 
agglomeration of Au nanoparticles into 

clusters is dependent on the concentration 

of the chemical cross-linking agent and the 

concentration of thioctic-acid during nan-

oparticle functionalization. For samples 

with a higher fraction of Au nanoparticles 

incorporated in clusters, this SERS-sub-

strate fabrication method provides repro-

ducibly high enhancement factors across 

the sample surface. For instance, com-

paring the response at 633 nm excitation 

for the  ν  6  mode, the average EF measured 

on the surface was 3.1  ×  10 9  for a sample 

with a high fractional coverage of clusters 

(90MP) and lower, 7.6  ×  10 8 , for a sample 

with a lower fractional coverage of clusters 
 Weinheim small 2012, 
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(28MP), i.e., more isolated single particles. The self-organized 

chemical domains on the diblock copolymer surface and 

nanoparticle chemical attachment on domains allow for for-

mation of clusters on surfaces with narrow gap spacing. Full-

wave HFSS simulations of the local fi eld enhancement as a 

function of cluster arrangement demonstrate that high signal 

enhancements are associated with the narrow gap spacing in 

the different types of clusters observed in SEM data. These 

simulations show that at 633 nm excitationlinear clusters pro-

vide maximum signal enhancement with dimers and trimers 

being only slightly lower. The EF is maximum at 633 nm for 

cluster arrangements in agreement with experimental results. 

SERS signal intensity for the detection of benzenethiol was 

uniform when comparing measurements taken across a single 

sample surface for the two samples, 28MP and 90MP. In the 

case of benzenethiol detection, the SERS-active molecule 

is volatile and removable in between measurements becau-

sethe thioctic acid is not exchanged during the measure-

ment, providing reusability for an unmodifi ed SERS spectra 

with respect to the Raman spectra of the analyte molecule. 

Removal of larger analyte molecules may be possible via 

rinsing allowing for multiple applications. This method also 

exhibits versatility in nanostructure surface array formation, 

whereby we demonstrated array assembly of spherical nano-

particles down to 10 nm in diameter, the chemical methods 

used could be applied to nanoparticles and nanorods of many 

different sizes, shapes, and compositions. Overall, the fabrica-

tion method thus provides the capacity for creating reproduc-

ible and reusable SERS-active surfaces with a high degree of 

versatility in architecture, and thereby SPR frequency, using 

inexpensive materials and self-assembly processes. 

   4. Experimental Section 

  Materials : Random copolymer poly(styrene- co -methyl 
methacrylate)- α -hydroxyl- ω -tempo moiety (PS- r -PMMA) (M n   =  
7400, 59.6% PS) and block copolymer poly(styrene- b -methyl meth-
acrylate) (PS- b -PMMA) (M n   =  260 000 (PS), 63 500 (PMMA)) were 
purchased from Polymer Source, Inc. (Dorval, Canada). Gold(III) 
chlor idetrihydrate(HAuCl 4 ·3H 2 O),  DL- 6,8-thioctic acid (C 8 H 14 O 2 S 2 ), 
ethylenediamine, dimethyl sulfoxide (DMSO), ethanol, isopro-
panol, and toluene were purchased from Sigma Aldrich (St. Louis, 
MO). Sodium citrate, sodium hydroxide, hydrofl uoric acid (HF) were 
purchased from Fisher Scientifi c (Pittsburgh, PA). MES 0.1  M  buffer, 
1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride 
(EDC), and  N -hydroxy sulfosuccinimide (S-NHS) were purchased 
from Thermo Scientifi c Pierce Protein Research Products (Rockford, 
IL). Silicon (110) wafers were purchased from University Wafer 
(South Boston, MA). Nanopure water (18.2 M Ω  cm  − 1 ) was obtained 
from a Milli-Q Millipore System and used for all experiments. 

  Nanoparticle Preparation and Functionalization : Two sets of 
Au nanoparticles were prepared for chemical attachment on the 
copolymer surface, one by sodium citrate stabilization in aqueous 
colloidal solution (1 wt%) at 20 nm diameter and the second as 
purchased from British Biocell International in aqueous colloid 
(1 wt%) at 10 nm diameter. The nanoparticle size was verifi ed 
by measurement with dynamic light scattering using a Zetasizer 
Nano ZS. The two nanoparticle sets were treated identically with 
© 2012 Wiley-VCH Verlag Gmsmall 2012, 
DOI: 10.1002/smll.201102708
the attachment of carboxylic acid ligand groups. The nanoparticles 
were fi rst washed once, replacing the solvent with dilute pH 11.67 
NaOH solution, followed by chemical ligand functionalization with 
 DL -6,8-thioctic acid (Sigma-aldrich) with 18 h continuous stirring, 
as described in previous research. [  18  ]  A range of thioctic acid con-
centration (5 to 20  μ L, 0.05 m M)  in ethanol for each milliliter of Au 
nanoparticle solution was analyzed. For the experimental standard 
of TA (0.25  μ  M)  in Au nanoparticle solutions were prepared by the 
addition of TA in ethanol (5  μ L, 0.05 m M)  to the aqueous Au nano-
particle solution. After attachment, the residual thioctic acid was 
removed and the basicity of the colloidal solution was reduced to 
pH 8 by centrifuging the 20 nm Au-TA nanoparticles at 7000  g  for 
20 min and the 10 nm Au-TA at 65 000  g  for 50 min followed by 
resuspension of the nanoparticles in Milli-pore MilliQ deionized 
water. 

  Patterned Copolymer Template Preparation and Functionaliza-
tion : The diblock copolymer patterned thin fi lms were formed on 
fl at silicon substrates by spin coat deposition of block copolymer 
solution in toluene. To form vertical arrangement of the copolymer 
block domains on the substrates, random copolymer brush was 
formed such that the polymer domains have a neutral interface wet-
ting to the substrate and orient perpendicular to the substrate. [  47  ]  
For this, a random PS-r-PMMA, with anchoring  α -hydroxy- ω -tempo 
moiety end groups, was deposited on the substrates, which were 
cleaned beforehand and treated with a fresh oxide layer for the Si 
substrate. The random copolymer, having number average molar 
mass (M n ) and weight average molar mass (M w ) of 7.4 kg mol  − 1  
and 11.8 kg mol  − 1 , was deposited to form a thin fi lm by spin 
coating a toluene solution (1 wt%) at 3000 rpm for 45 s. The fi lm 
was annealed at 170 °C for 72 h in vacuum conditions, followed by 
rinsing with toluene to form a 6–7 nm fi lm with random patterning 
59.6% surface polystyrene. 

 PS- b -PMMA diblock copolymer template was then formed 
on the prepared random copolymer layer with molecular weight 
260 kg mol  − 1  (PS) and 63.5 kg mol  − 1  (PMMA). Polymer solution 
of 1 wt% in toluene was deposited from spin-coat deposition on 
the random copolymer surfaces at 5000 rpm for 45 s. The resulting 
thin fi lm was annealed at 170 °C for 120 h. 

 The PMMA regions of the diblock copolymer were function-
alized with primary amine surface end groups by treatment with 
dilute ethylenediamine. [  24  ]  The polymer fi lms were immersed 
in solutions of ethylenediamine in dimethylsulfoxide (2% v/v), 
where the length of time treated effected marginal polymer surface 
etching from 1 to 5 min. The surfaces were then rinsed with isopro-
panol before further treatment. 

  Nanoparticle Crosslinking Attachment : The thioctic acid-func-
tionalized nanoparticles are attached onto the ethylenediamine-
functionalized PMMA surface domains of the diblock copolymer 
templates by the interaction of an EDC/S-NHS chemical crosslinker. 
The crosslinker is introduced by the addition of an EDC (2 m M)  and 
a S-NHS (5 m M)  solution in MES buffer (0.1  M)  to the aqueous TA-
functionalized nanoparticle colloidal solution. The volume of the 
crosslinker solution (5 to 20  μ L) was varied per milliliter of Au col-
loid depending on the resultant interparticle clustering desired. 
The amine-functionalized polymer fi lms were then suspended in 
the solution, and incubated at 40 °C for 1-h durations followed by 
isopropanol wash. 

  Nanocharacterization : The surfaces were analyzed with atomic 
force microscopy using an Asylum Research MFP 3D atomic force 
9www.small-journal.combH & Co. KGaA, Weinheim
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