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             Introduction 
 The concept of nanogaps, which are nanoscale gaps between 

nanostructures, has become one of the cornerstones of the fi eld 

of plasmonics due to the enormous electromagnetic (EM) 

fi eld enhancement and strong confi nement of the optical fi eld 

that can be induced between closely adjacent metal nanostruc-

tures. The optical properties of nanogaps are very important for 

surface-enhanced Raman scattering (SERS),  1 – 4   but they have 

also infl uenced other areas of nano-optics, including nonlinear 

plasmonics,  5 , 6   nano-optical forces,  7 , 8   optical nanoantennas,  9 , 10 

and nanolasers.  11   Localized surface plasmons (LSPs) can be 

excited in single metal particles and produce enhanced local EM 

fi elds, but unless the single particle has a very sharp feature, 

these fi elds are typically much weaker than that in a nanogap. 

The nanogap effect occurs because individual nanostructures 

couple electromagnetically if they are brought close to each 

other. The EM coupling results in additional near-fi eld 

enhancement in the nanogap, forming the so-called “hot spot,” 

and this effect can amplify both the driving fi eld and the radia-

tive emission rate of an emitter located in the gap.  12 , 13   In many 

cases, this is the basic reason why SERS is such a sensitive 

spectroscopic tool for molecular analysis.  14 – 17   In this article, 

we briefl y review some important concepts and experimental 

results on nanogaps for SERS. (See the August 2013 issue of 

MRS Bulletin  on SERS substrates and materials.) 

 The gap distance is one of the crucial parameters that deter-

mines the magnitude of the local EM fi eld. The additional fi eld 

enhancement in the gap only occurs if two metal nanoparticles 

(NPs) are close to each other. “Close” here refers to a distance 

comparable to the extension of the evanescent EM near-fi eld 

induced through excitation of a plasmon resonance. This dis-

tance is typically much smaller than the vacuum wavelength 

and often of the same order as the characteristic dimension 

of the nanostructure. With a further decrease in separation, 

the strength of EM coupling increases sharply, leading to 

a rapidly increased fi eld enhancement in the nanogap.  18 , 19 

The increase continues until the distance between the two 

metal surfaces becomes so small that electron spill-out and 

non-local effects become important, eventually leading to 

electronic tunneling and electrical shortcut. The dominant 

current view is that classical electrodynamics provides a good 

description down to gap distances of the order of one nano-

meter, after which quantum and non-local theory approaches 

have to be used.  20 – 22 

 Dipole approximation and voltage division 
 The strength of EM coupling between two metal NPs strongly 

depends on the gap distance, particle geometries, and exci-

tation confi gurations.  3 , 23 – 26   As illustrated in   Figure 1  , the 

optical properties of a nanoparticle dimer, which is the most 
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well-studied gapped structure in SERS and plasmonics, can be 

discussed starting from two simple but very different models.     

 In the dipole approximation, a NP situated in a medium 

with permeability  mε    acquires a dipole moment  m 0=P E    

when illuminated with light with electric fi eld strength  0E   . 

The wavelength dependent polarizability  α  contains all the 

information about the plasmon resonances in the particle. 

The oscillating dipole, in turn, generates an induced near-

fi eld that is strongest in the direction of the dipole moment. 

At a point  r  just outside the dipole, the total local fi eld 

becomes  3

loc 0 0
2+E E P r   , which can be signifi cantly 

enhanced compared to the driving fi eld if the particle is driven 

at resonance. In the case of two nearby particles, we instead 

have two induced fi elds that have to be added coherently to the 

driving fi eld. As illustrated in  Figure 1a , we can distinguish 

two special cases (i.e., when the polarization of the driving 

fi eld and therefore the induced dipole moments are parallel 

and perpendicular to the dimer axis).  27 – 29   In the former case, 

there will be a strong fi eld enhancement in the gap region 

because the strongest near-fi elds generated by the two par-

ticles act in concert. In the perpendicular case, on the other 

hand, the gap region falls completely outside the region 

of strongest near-fi elds. Moreover, from  Figure 1a , we see 

that the induced fi eld from one particle either opposes or helps 

drive the neighboring dipole moment. This effect leads to the 

formation of two new “hybridized” dimer plasmon resonances 

that are blue-shifted (perpendicular polarization) or red-shifted 

(parallel polarization) with respect to the resonance wavelength 

of a single sphere. 

 Although the color changes associated with particle 

“dimerization” and the resulting plasmon hybridization can be 

reasonably well explained from the picture discussed previ-

ously, it turns out that this dipole approximation severely 

underestimates the fi eld-enhancement in the gap region in 

most cases. The reason is that the fi eld distribution inside a 

gap that is small compared to the characteristic 

curvature of the two particles resembles that 

inside a parallel plate capacitor much more 

than that between two dipoles. To describe 

this situation accurately, one has to include 

hybridization between multipolar resonances 

up to a very high order using the Mie theory 

or advanced numerical methods. However, it 

is possible to estimate the enhancement in the 

gap based on the similarity to a capacitor in 

electrostatics. In this “voltage division” model, 

which is illustrated in  Figure 1b , we assume 

two identical particles of diameter  D  separated 

by a gap distance  d.  The particles are subject 

to a fi eld  E  0  polarized along the dimer axis. If 

we make the crude approximation that the par-

ticles are perfect conductors (disregarding 

that there would be no plasmon excitations), 

the total potential drop induced by the fi eld has 

to occur inside the gap, which implies that the 

local fi eld in the gap becomes  ( )loc 0 D= +E E d d  . The SERS 

enhancement factor, commonly approximated as the fourth 

power of the EM fi eld enhancement (the product of the inten-

sity enhancements at the incident and the Raman-scattered 

frequencies), is then simply given by  

4

1
D

M +
d

  , where 

 M  is the enhancement factor. 

 To illustrate the previous discussion,   Figure 2   shows 

calculated SERS enhancement factors as a function of sep-

aration distance  d .  23   The calculation is based on Mie theory for 

coupled spheres, and we look at two different positions, indicated 

in the inset in  Figure 2  as A and B, around a dimer composed 

of 200 nm Ag NPs that are excited by a plane wave polar-

ized parallel to the dimer axis. The illumination wavelength is 

514.5 nm, which is a common laser wavelength in SERS. It is 

seen that the enhancement factor approaches 10 9  at  d  = 1 nm, 

which is typically suffi cient for single molecule detection. We 

also see that the simple electrostatic “voltage division” model 

 ( )4
1M D +d    is in excellent agreement with the full gener-

alized Mie theory calculation for point A situated in the gap. 

Both electrostatics and Mie theory predict negligible enhance-

ment at position B outside the gap.       

 Nanogaps in NP oligomers 
 It has long been known that aggregates of metal NPs are effec-

tive substrates for SERS measurements (see the August 2013 

issue of  MRS Bulletin ). Large aggregates are typically used 

for practical SERS sensing due to multiple “hot spots” that 

are generated in the many crevices produced between densely 

packed particles while oligomers, such as dimers and trimers, 

are popular model systems for elucidating fundamental physical 

mechanisms in surface-enhanced spectroscopy and plasmon-

ics in general. 

 Small NP aggregates, such as dimers, can be easily pro-

duced via either nanofabrication or controlled aggregation of 

  

 Figure 1.      (a) Schematic illustration of the induced dipole fi elds generated by two metal 

nanoparticles (NPs) driven in-phase in parallel and perpendicular excitation confi gurations. 

(b) Schematic illustration of the “voltage division” model of the electric-fi eld enhancement. 

 D  and  d  represent the diameter of the NPs and the gap distance, respectively. Simple 

geometrical considerations suggest that the local electric fi eld  E  loc  is approximated by 

 ( )loc 0 D d d≈ +E E    within the gap region. Reproduced with permission from Reference 23. 

© 2011 SPIE.    
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colloidal metal NPs (e.g., by adding salts or molecules that dis-

rupt colloid stability).  30 , 31   The plasmonic response and Raman 

enhancement of dimers have been studied extensively.  18 , 32 – 36   

Xu et al. investigated SERS from hemoglobin (Hb) protein 

molecules at single molecule concentrations and found that 

the signal exclusively originated from dimers or sometimes 

aggregates of a few particles, see   Figure 3  a. Based on Mie 

theory calculations, they concluded that enhancement in 

nanogaps was the key factor behind the single molecule SERS 

effect, which had previously been reported by Nie and Emory  15   

and Kneipp et al.  16   The experimental SERS enhancement 

factor found by Xu et al. was of the order of  ∼ 10 10 , which was 

in good agreement with simulations of enhancement in gap 

distances of the order of  ∼ 1 nm. The enhancement factor was 

found to be  ∼ 10 4  times larger than the highest enhancement 

outside a single Ag NP, which explains why no “hot spots” 

were found in single particles in the study.     

  Figure 3b–c  gives two more recent examples of the many 

oligomer studies reported since the publication of Reference 14. 

Shegai et al. investigated the angular emission properties 

of surface-enhanced resonance Raman scattering (SERRS) 

from small Ag NP clusters incubated with Rhodamin 6G 

(R6G) using Fourier imaging, see  Figure 3b . For the case of 

a dimer, the emission was found to be concentrated in two 

well-defi ned lobes pointing in the direction perpendicular 

to the dimer axis. This pattern is just what can be expected 

for a strong SERS transition dipole oriented along the main 

dimer direction and localized to the gap between the two 

particles.  35   Similarly, the emission from a NP trimer was 

found to be in excellent agreement with a model based on 

three independent dipoles localized to the three gaps in the 

cluster.  35   

 In small NP clusters, not only the intensity 

but also the phase of the Raman-scattered light 

can be modulated if the geometric symmetry is 

changed.  37 – 39    Figure 3c  illustrates this through 

the complex polarization dependence and the 

Raman emission depolarization observed for a 

trimer.  37   Li et al. showed that by changing the 

position of the third NP with respect to the 

remaining dimer, the emission polarization of 

a dipole located at the dimer gap can be rotated, 

and the depolarization ratio can be changed 

due to the phase modulation.  37 , 39   For a linear 

trimer, the emission from the emitting dipole 

is linearly polarized along the axis, just like 

in the dimer case (see  Figure 3c , left panel).  37   

However, if the third NP is moved to the right 

side of the SERS active dimer, the polarization 

angle with respect to the dimer rotates because 

of the asymmetric coupling between the three 

particles. If the three NPs are positioned as in 

an equilateral triangle, the polarization is further 

rotated, as seen in the right panel of  Figure 3c . 

In this case, the emission was found to be 

homogeneously distributed over all angles, as might also 

be anticipated from the SERS Fourier map in  Figure 3b .   

 Nanogaps in nanoparticle aggregates 
 Larger NP aggregates naturally contain a larger number of 

hot spots useful for SERS sensing.  40 – 43   An important charac-

teristic is that large aggregates are usually not polarization 

sensitive—hot spots can be generated regardless of the inci-

dent polarization. This is especially useful for practical SERS 

applications. However, the complex geometry encountered in 

a large aggregate also complicates theoretical analysis of the 

optical near-fi eld distribution and far-fi eld response. Esteban 

et al. simulated the plasmon response of one-, two-, and three-

dimensional gold NP aggregates.  41   Interestingly, their calcu-

lations showed that the average EM fi eld enhancement in a 

one-dimensional gold NP chain excited at the lowest energy 

plasmon mode is only weakly affected by the extent of disorder 

if the chain contains more than  ∼ 10 NPs. The optical response 

of two- and three-dimensional aggregates similar to aggre-

gates encountered in experiments could be well described by 

the properties of a single one-dimensional chain. 

 The fabrication of NP aggregates in colloids for SERS is of 

great importance from a practical point of view. Experimental 

approaches include chemical binding using linker molecules, 

salt-driven aggregation of metal colloids, and NPs aggregated 

using optical tweezers.  4 , 31 , 44 , 45   Chemical binding often requires 

special linker molecules designed to interact with the surface 

of the metal NPs. The nanogaps thus created provide hotspots 

for SERS detection of the linker or external molecules. Optical 

tweezers make use of a highly focused laser beam to trap and 

manipulate NPs in solution.  46 – 48   The technique is particularly 

attractive in the context of SERS because of the possibility of 

  

 Figure 2.      Raman enhancement factor ( M ) versus gap distance for a dimer of 200 nm Ag 

nanoparticles excited by a 514.5 nm wavelength plane wave polarized parallel to the dimer 

axis. Crosses and squares refer to full electrodynamics simulations at positions A and B 

shown in the inset, respectively, while the full line is an estimate of the gap enhancement 

factor based on the “voltage division” model. Reproduced with permission from Reference 23. 

© 2011 SPIE.    
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optically aggregating NPs in an optical trap through strong 

nano-optical interparticle forces. Thus, free fl oating NPs that 

pass through an optical trap already loaded with NPs are 

attracted to the trap due to plasmon coupling, leading to the 

formation of SERS active NP dimers or larger aggregates.  49 , 50   

Integrated with microfl uidic channels, optical tweezers may 

be used for lab-on-a-chip and reusable SERS sensors for real-

time detection of analytes in solutions.  51     

 Nanogaps in heterostructures 
 Nanogaps between metallic heterostructures, including NP 

heterodimers with different sizes/compositions, NP/nanohole, 

and NP/nanowire (NW) structures are of particular interest in 

terms of EM coupling and SERS applications.  32 , 36 , 52 – 55   Due to 

the geometrical and/or compositional asymme-

try, the EM coupling can behave very differently 

than in a homodimer of spherical NPs. For 

example, it has been shown that bimetallic NP 

dimers exhibit highly emission-angle dependent 

scattering spectra, resulting in a nano-optical 

“color routing” effect, that is, light of different 

wavelengths are scattered to different directions 

determined by the dimer.  36   

 Individual nanoholes in a metal fi lm nor-

mally do not produce suffi cient EM enhance-

ment for SERS, but if coupled with a metal 

NP, as shown in   Figure 4  a, signifi cant Raman 

signals of a probe dye molecule (malachite 

green isothiocyanate, in this example) result.  53   

The explanation for this effect is that coupled 

NP-nanohole pairs form a relatively large 

“hot volume” at the small gap between the 

NP and the inner wall of the nanohole, as 

illustrated by three-dimensional fi nite differ-

ence time domain simulation shown in the inset 

of  Figure 4a .     

 Metal NWs that support propagating surface 

plasmon polaritons can also couple to a NP and 

generate enhanced EM fi elds for SERS.  52 , 54 , 56   

If the incident laser is polarized perpendicu-

lar to the NW axis, a propagating plasmon 

mode with an enhanced EM fi eld localized to 

the sides of the NW is created. This fi eld can 

couple to an adjacent metal NP and induce a 

strong EM gap fi eld between the particle and 

the wire. An interesting result of the propagat-

ing character of the wire plasmon is that the 

hotspot can be excited remotely, as shown 

in  Figure 4b . The maximum enhancement is 

obtained with incident polarization normal to 

the surface of the NW and pointing to the center 

of the NP. Remote SERS can be realized in 

the NP-NW system that avoids direct thermal 

degeneration or damage to the molecules caused 

by the incident laser. Note that a  cos   2   θ  depen-

dence, instead of  cos  4  θ , of the Raman enhancement was observed 

in this work, due to the fact that only the incident EM enhance-

ment is polarization dependent while the Raman emission is not.   

 Nanogaps between metal electrodes 
 Nanogaps between polycrystalline metal “nanofi ngers” can 

be formed using feedback-controlled metal electrodeposition. 

Studies of the polarization and separation dependent EM 

fi eld enhancement at such gaps indicate that an incident EM 

fi eld polarized across the nanogap induces the strongest 

local fi eld.  2 , 57 , 58   However, Herzog et al. observed the contrary 

behavior in SERS studies from nanogaps of 2–10 nm sepa-

ration formed between two gold nanowires with roughened 

edges (left panel in   Figure 5  a).  59   It was found that the transverse 

  

 Figure 3.      (a) Scanning electron microscope (SEM) images of Ag nanoparticle (NP) 

dimers with corresponding surface-enhanced Raman scattering (SERS) spectra of single 

hemoglobin molecules excited using a 514.5 nm laser polarized along the double arrows. 

(b) SERS Fourier images of a dimer (left) and trimer (right), respectively. Insets show 

corresponding SEM images. Data were recorded using an oil immersion objective with 

numerical aperture NA = 1.3, and the dashed circles in the images indicate the critical 

angle of a glass–air interface supporting the NP clusters. (c) Depolarization ratio ( ρ ) of the 

emission of a dipole (indicated by a red arrow) located in the gap of an Ag NP dimer (left) 

and trimer (right, with polarization angles). The data in (a), (b), and (c) were reproduced with 

permission from References 14, 35, and 37, respectively.    
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polarization resulted in much higher Raman 

enhancement of the probe molecules [ trans -

1,2-bis(4-pyridyl)-ethylene (BPE) as a self-

assembled monolayer on the gold surface] 

than the longitudinal case (across the gap).  59   

It was argued that the transverse polarization 

excites dark plasmon modes (that do not radiate) 

at the nanogaps with stronger enhanced local 

fi elds, as revealed by cathodoluminescence 

imaging and fi nite element method calcula-

tions ( Figure 5b ). From a comparison with 

previously reported SERS measurements 

on mechanical break-junctions and electromi-

grated electrodes,  2   the authors concluded that 

an intense transverse dipolar plasmon mode 

coupled to multipolar plasmons localized 

to the nanogap region induce much stronger 

near-fi eld and Raman enhancement for the 

transverse polarization, as indicated by the 

polarization dependence shown in the right panel 

of  Figure 5a .       

 Conclusion 
 Nanogaps between metal structures provide 

ultrastrong electromagnetic fi eld-enhancement 

due to electrostatic effects and near-fi eld 

coupling between localized surface plasmons. 

Surface-enhanced Raman scattering (SERS) 

is a direct application of this effect and also 

a measure that refl ects the magnitude and 

polarization information of the enhanced gap 

fi elds. Nanogaps in aggregates of metal NPs, 

gaps between NPs and nanoholes and nanowires, 

and gaps between metal electrodes have been 

investigated in relation to SERS. In most cases, 

the results can be quantitatively understood 

based on the electromagnetic theory of SERS. 

Future investigations into the basic mechanisms 

of SERS are likely to focus on obtaining a 

detailed quantum mechanical and quantum 

optical understanding of how molecular and 

plasmonic degrees-of-freedom couple in strongly 

enhancing nanostructures, such as nanogaps. 

It is also likely that the quest for the optimal 

SERS substrate, be it gapped or un-gapped, will 

continue for many years to come. 

  This article complements the August 2013 

issue of  MRS Bulletin  on SERS substrates and 

materials.     
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