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 Metal nanostructures that effi ciently capture or radiate elec-

tromagnetic waves at optical frequencies offer a means to 

concentrate electromagnetic energy into deep subwavelength 

regions. Wessel noted that these structures can therefore be 

considered antennas. [  1  ]  Recent work has focused on more 

effi cient designs, termed ‘optical antennas’, which employ 

small gaps or very sharp tips. [  2–4  ]  Optical antennas present 

opportunities for ultrasensitive spectroscopy, near-fi eld scan-

ning optical microscopy, and compact subwavelength light 

sources. [  5–7  ]  However, the achievable feature sizes are usually 

determined by fabrication, being approximately given by the 

gap size or tip sharpness. Here, we report a top-down fabrica-

tion procedure to fabricate pairs of nanoparticles separated 

by a controllable gap size that can be as small as 3 nm. As an 

application, we show that the enhancement factors of surface-

enhanced Raman scattering (SERS) increase signifi cantly for 

smaller gap sizes, indicating greatly enhanced electromag-

netic fi elds within the gaps. We anticipate that the fabrication 

method we introduce here for nanoparticle pairs with nano-

scale gaps would be useful not only for SERS, where it could 

potentially enable single-molecule sensitivity, but also for 

other applications in plasmonics. 

 Raman spectroscopy is a powerful analytical method, 

enabling molecules to be identifi ed through their char-

acteristic vibrational spectra. Through SERS, the Raman 

cross-section of molecules adsorbed to nanostructures can 

be increased by orders of magnitude. SERS has attracted 

renewed attention since the fi rst demonstrations of single-

molecule sensitivity. [  8  ,  9  ]  Increasing the adoption of the SERS 

technique further, however, requires fabrication methods 

capable of routinely delivering reproducible substrates with 

high enhancement factors. Dimer structures, consisting of 

two metallic nanoparticles closely placed together, are the 

simplest optical antenna structures that are confi rmed to be 

single-molecule SERS active. [  10  ,  11  ]  It is believed that substan-

tial electromagnetic fi elds generated in dimer gaps are one 

of the main enhancement mechanisms in single-molecule 

SERS. [  12  ,  13  ]  This motivates the development of a reproducible 
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method for the fabrication of dimers with very small gaps, 

especially below 10 nm. Dimers patterned by electron-beam 

lithography allow fl exible design and controllable gap size, 

but face diffi culties for gap sizes smaller than 10 nm, because 

of resolution limitations, [  14  ]  although such small features have 

been demonstrated using advanced lithography tools or spe-

cial substrates. [  15  ,  16  ]  There have also been numerous efforts 

in fabricating reproducible dimer structures with sub-10 nm 

gaps using chemical synthetic methods. [  17  ,  18  ]  However, fl ex-

ible control of dimer dimensions and location on device sub-

strates is not easily available with chemical synthesis. Other 

proposed methods to achieve sub-10 nm gaps include break 

junctions, [  19  ]  electromigration, [  20  ]  electrodeposition, [  21  ]  and 

sacrifi cial layers. [  22–25  ]  The fabrication of resonant optical 

dimer antennas, however, was not demonstrated in these pre-

vious works. In this work, we demonstrate arrays of dimers 

with controllable gap size well below 10 nm by combining 

electron beam lithography with the use of sacrifi cial layers. 

The measured SERS enhancement factors increase almost 

by two orders of magnitude by reducing the gap size from 

 ≈ 20 nm to  ≈ 3 nm. This signifi cant improvement confi rms that 

there is a substantial electromagnetic fi eld generated within 

dimer gaps. 

 The fabrication method is shown schematically in 

 Figure    1  a (see Supporting Information (SI) for details). The 

fabrication sequence was designed to yield a periodic array 

of paired gold nanoparticles (Figure  1 b), in which each nano-

particle consisted of a rectangle 100 nm long, 80 nm wide, and 

30 nm thick (Figure  1 c). The outer edges of the nanoparticles 

were designed to be rounded, with a radius of curvature of 

40 nm. As shown in Figure  1 a, in Step (1), the left side of the 

dimer structure was defi ned by conventional electron beam 

lithography and lift-off processes. In the evaporation step, tita-

nium (2 nm, adhesion layer), gold (30 nm), silver (30 nm) and 

chromium (10 nm) were deposited. In Step (2), the chromium 

layer was oxidized, either in ambient conditions (Figure  1 d), 

or in oxygen plasma (Figure  1 e) as discussed later in detail. 

As a result of the oxidation, the chromium layer expanded 

laterally on the order of several nanometers, resulting in it 

overhanging the edge of the silver layer. This can be seen by 

comparing Figure  1 d,e with Figure  1 f. In Step (3), the right 

side of the dimer was defi ned by a second electron beam 

lithography, in which alignment marks were employed. In 

the evaporation step, only titanium (adhesion layer) and 

gold were deposited. The length of the exposed pattern was 

chosen to be 144 nm, to result in an intentional overlap 
1H & Co. KGaA, Weinheim wileyonlinelibrary.com
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    Figure  1 .     Device fabrication. a) Schematic diagram of fabrication process. b) SEM image of a fabricated dimer array obtained with 50k ×  magnifi cation. 
c) SEM image of a dimer structure in the fabricated array of (b) obtained with 420k ×  magnifi cation. d–f) SEM images of the left side of the dimer 
structure, after ambient oxidation (d), 2 min oxygen plasma (e), and pattern without silver/chromium layer for comparison, which is taken by 
etching the left-side pattern with chromium etchant just after the oxidation process (f). g) Gap size, determined from SEM, as a function of oxygen 
plasma time. Each error bar represents standard deviation of gap size for a particular dimer array, determined from nine randomly selected dimers 
within the array.  
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of 40 nm with the left side pattern, taking into account an 

anticipated lateral expansion of chromium layer of  ≈ 4 nm. 

During evaporation, therefore, the length of the nanopar-

ticle formed on the substrate is 100 nm, with the remainder 

(44 nm) being deposited onto the chromium layer. Through 

this method, the alignment error typically achieved ( < 10 nm) 

between the fi rst and second lithography steps do not modify 

the gap size, and only results in an alteration of the length 

of the right side nanoparticle that is a small fraction of its 

total length. In Step (4), the silver and chromium layers were 
www.small-journal.com © 2011 Wiley-VCH Verlag Gm
wet etched away, along with the gold layer on top of them 

deposited in the second evaporation process. Finally, the 

sample was rinsed thoroughly and dried in Step (5), resulting 

in an array of dimers. It can be seen that the chromium layer 

served as the mask layer in this fabrication: the thickness is 

selected to ensure that the fi nal gap size is well below 10 nm. 

The silver served as the spacer layer: it formed an undercut 

structure beneath the chromium layer, in a similar manner to 

a bilayer resist in typical lift-off processes. It was found that 

the thickness of the silver layer is crucial to the overall yield 
bH & Co. KGaA, Weinheim small 2011, X, No. XX, 1–6
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    Figure  2 .     Retrieved extinction cross-sections for dimer arrays with 
different gap sizes, a) from measurement, b) from FDTD simulation.  
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of nanoscale gaps, as the chromium layer would be otherwise 

too thin to separate the gold patterns.  

 Figure  1 b shows scanning-electron microscope (SEM) 

images of a fabricated dimer array. Of the 6  ×  6 dimer struc-

tures in Figure  1 b, 29 are considered ‘good’: a yield of  ≈ 81%. 

Here, a ‘good’ dimer is defi ned as a structure with no con-

nections within the gap and no broken patterns. We believe 

that gap connections may have come from titanium/gold resi-

dues during the wet etching in Step (4) in Figure  1 a, or the 

evaporation in the Step (3) being not perfectly normal to the 

surface. Broken patterns, although not observed in Figure  1 b, 

may come from the wet etching step when removing silver 

and chromium. Figure  1 c shows a high magnifi cation SEM of 

a fabricated dimer. From the SEM, the gap size, here defi ned 

as the separation between the closest two points within the 

gap, is found to be 3 nm (see SI). The standard deviation of 

the gap sizes measured from 9 dimers within this array is 

 ≈ 1 nm. The fabrication results clearly demonstrate the ability 

of the method to fabricate dimer arrays with gaps well below 

10 nm. We further demonstrate that the gap size can be effec-

tively controlled by using oxygen plasma to carry out the oxi-

dation of Step (2) in Figure  1 a (see SI for details). Figure  1 g 

shows the measured gap sizes produced with different plasma 

times. From the linear best fi t to the data, the retrieved lat-

eral oxidation rate is 5.0 nm min  − 1 , which is suffi ciently slow 

to enable the fabrication of sub-10 nm gaps in a control-

lable manner. The gap size that results without the use of the 

oxygen plasma is  ≈ 2 nm. However, it should be noted that 

in addition to Step (3) of Figure  1 a, oxidation may occur in 

ambient conditions during other steps, such as resist baking 

for the second electron-beam lithographic step. 

 The optical properties of the fabricated dimer array were 

investigated by evaluating white light transmission spectra 

measured with polarized illumination (see SI).  Figure    2  a 

shows the extinction spectra of six typical samples retrieved 

from transmission spectra. Reducing the gap size red-shifts the 

resonance, which is consistent with theoretical predictions. [  26  ]  

This is further confi rmed by fi nite-difference time-domain 

(FDTD) simulation results (Figure  2 b, see SI for details). 

Resonance peaks from simulation slightly differ from those 

from measurement; but the trend is consistent. It may be due 

to the fact that the simulations take the dielectric constant 

of gold to be that of bulk gold, but this may not be the case, 

since it varies with grain structure. [  27  ]  Simulated resonance 

linewidths (full-width half-maximum of extinction spectrum) 

are  ≈ 50–70% smaller than measurements. This could be due 

to the nonuniformity of gap sizes within each array. It is also 

observed that the peak extinction cross-sections from meas-

urement vary for different samples; this may be due to differ-

ences in fabrication yield between samples. For example, the 

yield of the 3 nm-gap sample is estimated to be  ≈ 81%; while 

that of the 18 nm-gap structures is almost unity.  

 One of the major applications of optical antennas is 

for SERS. As discussed, it is generally accepted that higher 

enhancement can be achieved with smaller gaps. [  13  ]  How-

ever, few systematic studies on the variation in enhance-

ment factor with gap size in the sub-10 nm range have been 

performed, owing to the diffi culties associated with fabrica-

tion in this size regime. On the other hand, the fabrication 
© 2011 Wiley-VCH Verlag GmbHsmall 2011, X, No. XX, 1–6
method we introduce here enables such a study. We begin by 

comparing the SERS signals from samples with 3 and 12 nm 

gaps, as shown in  Figure    3  a,b. Self-assembled monolayers 

of benzenethiol were formed on both samples (see SI). The 

excitation wavelength for each sample was selected such that 

the mean value of laser wavelength and Stokes wavelength 

matched the peak resonance of the dimer array, to ensure the 

largest enhancement factor. [  28  ]  Even with the smaller laser 

power, the Raman counts from the 3 nm gap sample were 

much larger than those from the 12 nm gap sample. Indeed, 

the measured SERS enhancement factor (EF) for the 

1072 cm  − 1  Raman line is 1.1  ×  10 8  for the 3 nm-gap sample, 

and 4.4  ×  10 6  for the 12 nm gap sample, representing a  ≈ 25-fold 

improvement with the reduced gap size. Figure  3 c,d show the 

mappings of retrieved EFs over 75  μ m  ×  75  μ m dimer arrays 

with gap sizes of  ≈ 3 nm and  ≈ 12 nm, respectively. To under-

stand the mechanism of this enhancement better, the steady-

state fi eld distributions calculated by FDTD are shown in 

Figure 3e,f (see SI). The highest fi eld intensity (square of 

electric fi eld,  |  E   |   2  ) enhancement in the 3 nm gap is  ≈ 6 times 

larger than that in the 12 nm gap. A rough estimation of 

SERS EF is often based on  |  E  |  4  approximation, [  13  ,  29  ]  which 

indicates that the enhancement of the 3 nm gap antenna is 

 ≈ 36 fold higher than the 12 nm gap antenna. This is generally 

consistent with the improvement from the SERS measure-

ment, while a more rigorous estimation of electromagnetic 

EF (EM EF, see SI for details) is used later.  
3 & Co. KGaA, Weinheim www.small-journal.com
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    Figure  3 .     SERS measurement and simulation studies of device performance for dimer arrays with 3 nm and 12 nm gaps. a) Benzenethiol Raman 
spectrum measured on dimer array with 3 nm gaps. The excitation laser wavelength was 784 nm, and power at the sample was 0.82 mW. Raman 
signal integration time is 5 s. b) Benzenethiol Raman spectrum measured on dimer array with 12 nm gaps. The excitation laser wavelength was 
750 nm, and power at the sample was 1.14 mW. Raman signal integration time is 5 s. c) Mapping of retrieved enhancement factors over 75  μ m  ×  
75  μ m dimer array with gap sizes of  ≈ 3 nm. d) Mapping of retrieved enhancement factors over 75  μ m  ×  75  μ m dimer array with gap sizes of  ≈ 12 nm. 
e) Steady-state fi eld intensity distribution ( |  E  |  2 ) for dimer structure with 3 nm gaps calculated by FDTD. Plane-wave illumination was polarized 
along the antenna axes, at a wavelength of 821 nm. Field-intensity distribution is shown over center plane of dimer, 15 nm away from substrate. 
f) Log-scale steady-state fi eld-intensity distribution for dimer structure with 12 nm gaps. Plane-wave illumination was polarized along the antenna 
axes, at a wavelength of 776 nm. Field intensity distribution is again shown over center plane of dimer, 15 nm away from substrate.  
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 Identical measurements can be performed for dimer 

structures with other gap sizes. SERS EFs, as a function of 

dimer gap size, are mapped out in  Figure    4  . The laser exci-

tation wavelengths were again selected for each dimer array 

to ensure maximum enhancement factor. Raman signal inte-

gration time for all the measurements were 5 s. In Figure  4 , 

samples with the same gap size exhibit different enhance-

ment factors. This is likely to be due to differences in struc-

tural morphology between samples with the same gap size. 

FDTD simulations were also performed for structures with 

various gap sizes to determine the expected EM EF. As 

shown in Figure  4 , the simulated EM EFs were  ≈ 75 times 

smaller than from the measured SERS EFs. Because the 
www.small-journal.com © 2011 Wiley-VCH Verlag Gm
SERS measurements include the effects of chemical and 

electromagnetic enhancement, [  10  ,  30  ]  we estimate that most of 

this discrepancy is due to chemical enhancement. Although 

detailed explanation requires close examination of individual 

dimer structure and is beyond the scope here, it is on the same 

order as that noted by Talley et al., [  31  ]  although Lombardi and 

Birke fi nd that in other cases it can be much higher. [  32  ]   

 The SERS measurements reveal the effect of substan-

tially enhanced electromagnetic fi eld generated in dimer 

gaps. [  33  ]  From Figure  4 , for gap size larger than 10 nm, the 

EFs are  ≈ 10 6 . This case means that the EF is not signifi cantly 

improved over that obtained from isolated patterns, [  14  ]  repre-

senting weak enhancement within the gap between the two 
bH & Co. KGaA, Weinheim small 2011, X, No. XX, 1–6
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    Figure  4 .     Measured SERS EF and simulated EM EF as a function of gap 
size. Each experimental data point was obtained from measurements 
made on a different sample. EF error bars represent the standard deviation 
in measured EF for each sample, determined from measurements made 
at nine points on the sample. Gap size error bars represent standard 
deviation of gap size for a particular dimer array, determined from nine 
randomly selected dimers within the array. EM EF was calculated by 
the FDTD method, and was multiplied by 75 ×  to enable comparison to 
experimental data.  
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gold nanoparticles. [  12  ]  When the gap size is reduced to  ≈ 10 nm 

or less, EF approaches  ≈ 10 7 . This is the strong enhancement 

case: due to the small distance between the particles, localized 

surface plasmon resonance of each particle is further ampli-

fi ed by the other, thereby signifi cantly enhancing the fi eld in 

the gap. When the gap size is further decreased to 5 nm or 

below, or even 3 nm as demonstrated here, EF can exceed 

10 8 , approaching the requirement for single-molecule detec-

tion. [  34  ]  It should be pointed out that typical SERS single-

molecule SERS active dimer structure consist of two silver 

nanocrystals, which would provide a stronger surface plasmon 

resonance than the amorphous gold patterns employed here. 

Therefore the enhancement for these dimers is expected to 

be larger than that of the structures fabricated here. How-

ever, our lithographically fabricated dimer structure can be 

integrated with other plasmonic structures to achieve even 

higher enhancement factor, [  35  ,  36  ]  and therefore represents 

progress toward the goal of reproducible single-molecule 

SERS substrates. 

 In conclusion, we have developed a fabrication proce-

dure based on a sacrifi cial layer for the lithographic fabri-

cation of optical antennas with gaps well below 10 nm. We 

demonstrate that the gap size can be effectively controlled 

by oxidizing the sacrifi cial layer using oxygen plasma. Local-

ized electromagnetic fi elds can be signifi cantly enhanced 

within the nanoscale gaps, as indicated by SERS measure-

ments. This work enhances the ability to fabricate reproduc-

ible SERS substrates using a top-down method with a high 

enhancement factor. Moreover, by offering an accessible 

approach to fabricate features well below 10 nm, we antici-

pate that this technique will enable the fabrication of novel 

plasmonic structures otherwise not possible with standard 

techniques. 
© 2011 Wiley-VCH Verlag GmbHsmall 2011, X, No. XX, 1–6
  Experimental Section 

  Optical Measurements : Extinction cross-sections of dimer 
arrays were retrieved from white light transmission measure-
ments. An objective lens (10 × , NA  =  0.25) was used to focus the 
incident polarized light onto the dimer array. The transmitted light 
was collected by another objective lens (50 × , NA  =  0.55) into a 
spectrometer equipped with a thermoelectrically-cooled charge-
coupled device (CCD) array. An iris was used at the image plane of 
the objective to ensure that only the light transmitted through the 
array was detected. 

  SERS Measurements : Self-assembled monolayers of ben-
zenethiol were formed on the gold nanostructures by immersing 
the samples in a solution of benzenethiol in ethanol (3 m M ) for 2 h, 
rinsing with neat ethanol, and then blow drying with nitrogen. SERS 
measurements were carried out with a confocal Raman microscope 
(Renishaw inVia). The Raman signal was collected by an objec-
tive lens (20 × , NA  =  0.4) and input to a spectrometer containing a 
thermoelectrically-cooled CCD array. 

   Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author. 
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