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Deep ultraviolet tip-enhanced Raman scattering
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Electromagnetic mechanism of deep ultraviolet tip-enhanced

Raman scattering (DUV-TERS) is investigated theoretically

with the finite-difference time-domain (FDTD) method, stimulated

by recent DUV-TERS experimental reports. FDTD results

reveal that the strongest electromagnetic enhancement factor

for DUV-TERS is as high as 7 orders in the optimal geometry.

Tip-enhanced Raman scattering (TERS), which combines

surface-enhanced Raman scattering (SERS) with scanning

probe microscopy (SPM), such as scanning tunneling micro-

scopy (STM), atomic force microscopy (AFM), or scanning

near field optical microscopy (SNOM), provides not only rich

spectral and structural information of tiny amounts of the

probe molecules even down to a single-molecule level near the

metal tip but also a high spatial resolution of the sample

simultaneously.1–5

The investigation of the deep ultraviolet SERS (DUV-SERS)

and the deep ultraviolet tip enhanced Raman scattering

(DUV-TERS) is rapidly evolving, because of their advantages

and application in bioscience and material sciences.6–18 In the

search for DUV-TERS material, aluminium (Al) is found to

be one of the best candidates, because it has low absorption

down to a wavelength of 200 nm due to its free-electron-like

character and plasmon resonance in the UV range. In the

DUV region, the dielectric function of aluminium shows

reasonably small imaginary part, whereas the real part keeps

negative. Hence, it is reasonable to expect that aluminium is

one of the most promising plasmonic materials for achieving

surface plasmon enhancement in the DUV region.19 Experi-

mentally, Taguchi et al., for the first time, reported the

DUV-TERRS (tip-enhanced resonance Raman scattering),

where the substrate and the tip are the Al film and the Al

coated on the silicon tip, respectively.12

Based on Taguchi’s experimental report,12 and our previous

theoretical study on TERS in the visual region,20,21

DUV-SERS on Al nanoparticles6 and DUV-nanoholes on

an Al film,22 we theoretical investigate the electromagnetic

mechanism of DUV-TERS in this work, in order to find

optimal geometric parameters of the tip and the substrate

with side illumination, using the finite-difference time-domain

(FDTD) method.23 The model in the calculations can be seen

from Fig. 1(a). The optical constant data are taken from

experimental results from ref. 24. A nonuniformMesh method

was adopted to save simulation time. Mesh accuracy was set at

5 for the overall simulation region and smaller mesh was

chosen around the tip.

As a reference, we firstly study the DUV-TERS, where the

tip is pure Al. Fig. 2(a) shows incident angle (y) dependent

DUV-TERS enhancement, where the thickness of the Al

substrate is t = 40 nm, the tip is modeled as a conical taper

terminated by a hemisphere of radius r = 30 nm, and the gap

between the tip and the surface is d = 2 nm. The strongest

Fig. 1 (a) The model of DUV-TERS in the calculations, and (b) the

near field distribution of DUV-TERS excited at 233 nm, where

y = 251, d = 2 nm, t = 40 nm, r = 15 nm for silicon, thickness of

Al on the silicon tip is 15 nm.

Fig. 2 (a) The incident angle, (b) the thickness of the substrate,

(c) the hemisphere radius, and (d) the distance dependent surface

plasmon enhancements of DUV-TERS, where |M| = |Elocal/Ein|, and

Elocal and Ein are local and incident electric fields, respectively.
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electromagnetic field enhancement at the center of the nano-

gap between the tip and the substrate is considered in the

calculations. Fig. 2(a) shows that the strong electromagnetic

enhancement will occur in the range from 200 nm to 400 nm,

and there are three peaks around 233, 261 and 365 nm;

furthermore, the strongest surface plasmons are in the region

of 200 nm to 300 nm. It is found that when y is set to 251, the

strongest local electromagnetic enhancement can be obtained,

which is significantly different from the Au TERS system

(where the tip and the substrate are all made from Au), in

which the best y is 601 for the Au TERS system at the incident

light of 632.8 nm.20,21 The parameters in the calculations of

Fig. 2(a) are reasonable, which can be confirmed by below

calculations.

Fig. 2(b) shows that the electromagnetic enhancement will

increase sharply and blue shift, when the thickness of the Al

substrate t increases from 5 to 15 nm; while from 20 to 30 nm,

electromagnetic enhancement will increase gradually. When t

is larger than 30 nm, the electromagnetic enhancement will be

stable and will not increase. It is understandable that these

peaks in Fig. 2(b) will increase with t from 5 nm to 30 nm. If

the substrate is too thin, it cannot localize in the nanogap

between the tip and the substrate well, and will penetrate into

the substrate, due to the decay depth (I/I0 = 1/e) perpendicular

to the substrate.

Fig. 2(c) reveals that the optimal hemisphere radius should

be 20 nm o r o 45 nm, and when r 4 45 nm, the electro-

magnetic field enhancement will decrease. It is known that

the electromagnetic field enhancement in the nanogap between

the tip and the surface results from the balance between the

lightning-rod effect and size effect of the tip. It is found that

these three peaks will be red shifted with the increase of r. The

distance between the tip and the substrate is d = 2 nm in the

calculations shown in Fig. 2(a), which is also reasonable. Our

theoretical studies reveal that when d r 2 nm, the hot site is

localized at the center between the tip and the substrate, when

d Z 4 nm, the hot site is at 1 nm below the tip, and when the

d o 1 nm, the calculated result is not reasonable, due to

electron tunneling transfer between the tip and the substrate.

Fig. 2(d) shows change in electromagnetic field enhancement

with the distance between the tip and the substrate. Note that

the intensities are normalized to 1 for comparison. It is found

that peaks at 258 and 354 nm will not shift with the increase of

the distance from 2 nm to 10 nm, while the peak at 232 nm

(d = 2 nm) will be blue shifted slightly; further more when

d = 20 nm, this peak disappeared. So, the peak at 232 nm

should result from the strong coupling between the tip and the

substrate, and the other two peaks should originally result

from the tip, and should be enhanced by the coupling between

the tip and the surface; furthermore, these two peaks are

almost not shifted with the change in distance between the

tip and the surface. Note that the change in distance can only

influence the intensity of the other two peaks by coupling effect

between the tip and the surface, but these two peaks are not

shifted.

Now, we study the electromagnetic field enhancement of

DUV-TERS, where the silicon tip is coated by Al with different

thickness. When t= 40 nm, d= 2 nm and r= 15 nm, we study

electromagnetic enhancement in the nanogap, where different

thickness of coated Al (shell) is considered (see Fig. 3(a)). It is

found that with the increase of thickness of coated Al from

5 to 15 nm, the intensities of the electromagnetic field at

222 and 260 nm will sharply increase. When the thickness of

coated Al is larger than 15 nm, these two peaks will be red

shifted. If the thickness of coated Al is large enough (440 nm),

the intensity of these peaks will decrease gradually. So, it is

better that the thickness of coated Al on the silicon tip is

between 15 nm and 30 nm. When the thickness of coated Al on

the silicon tip is larger than 15 nm, the changing tendency of

both position and intensities of peaks is similar to the case of

pure Al tip shown in Fig. 2(c). Fig 3(b) reveals that the

intensities of electromagnetic field enhancement are sharply

increased with the increase of thickness of the substrate. When

t 4 30 nm, the electromagnetic field enhancement will not

increase too much. This qualitative conclusion is similar to

those in Fig. 2(b). To check whether y = 251 is the best one,

we studied y dependent electromagnetic field enhancement (see

Fig. 3(c)), where t = 40 nm, and the thickness of coated Al on

the silicon tip is 15 nm in the calculations. Fig. 3(c) reveals that

when y ranges from 151 to 251, the intensity of the peak at

222 nm is increased; when y 4 251, the intensity of the peak at

222 nm is decreased. So, y = 251 is the best one, which is

similar to the case shown in Fig. 2(a). Fig. 3(d) shows the

distance dependent electromagnetic enhancement. Note that

the intensities are normalized to 1 for comparison. It is found

that the peak at 222 nm will decrease with the increase of

distance, and will disappear when the distance is 20 nm. So,

this peak is totally dependent on the coupling between the tip

and the substrate. The other two peaks originally should result

from the tip, and should be enhanced by the coupling between

the tip and the surface; furthermore, these two peaks are

almost not shifted with the change in the distance between

the tip and the substrate. Fig. 1(b) is the near field distribution

in the DUV-TERS system with optimal parameters, where

t = 40 nm, d = 2 nm, the hemisphere radius of silicon (core)

r = 15 nm, the thickness of the coated Al on the silicon tip is

15 nm, the incident angle is 251, and the incident light is 222 nm.

It is found that the strongest electromagnetic enhancements

Fig. 3 (a) The hemisphere radius, (b) the thickness of the substrate,

(c) the incident angle, and (d) the distance dependent surface

plasmon enhancements of DUV-TERS, where the tip is an Al coated

silicon tip.
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are localized in the center of the nanogap between the tip and

the substrate.

It is noted that the surfaces of the Al tip and substrates are

easily oxidized, and the thickness of Al2O3 is often 1 to 2 nm.

Fig. 4(a) reveals that the intensities of electromagnetic field

enhancements will decrease slightly with the increase of

thickness of Al2O3. It is tolerable to measure DUV-TERS

spectra, since the maximum SERS enhancement shows about

one order of magnitude decrease when a 2 nm Al2O3 layer

forms on the pure Al surface. This Al2O3 layer is particularly

useful sometimes because a natural born oxide layer provides

an isolated layer to prevent the direct interaction between Al

and the probe molecules, similar to that of shell-isolated

nanoparticle enhanced Raman spectroscopy (SHINERS).22,25

Also, when the waist of the Gaussian beam is fixed for the

width wavelength from 200 to 500 nm in the calculations,

the accurate incident angle should be fixed at 350 nm, and the

incident angles will be slightly changed with the changes in

wavelength. To obtain accurate optimal incident light at

266 and 325 nm, respectively, we further calculated incident

angle dependent electromagnetic enhancement, which can be

seen from Fig. 4(b). It is found that the optimal incident angles

at 325 and 266 nm are 251, and 221, respectively.

In conclusion, electromagnetic mechanism of DUV-TERS

has been investigated theoretically, using the FDTD method.

The FDTD results revealed that the conditions of the strongest

local plasmon are y = 221, t 4 40 nm, and the thickness of

silicon coated on the Al tip is from 15 nm to 30 nm. There is

not too much influence of the Al2O3 layer on DUV-TERS

to obtain DUV-TERS signals. Our results offer abundant

opportunities to understand the underlying mechanism of

DUV-TERS and design a high efficiency platform for DUV-

TERS studies and applications.
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Fig. 4 (a) The thickness of the Al2O3 layer dependent electro-

magnetic field at y = 251, where the thickness of Al coated on the

silicon tip is 15 nm, t = 40 nm, where the thickness of Al2O3 is

included in the thickness of Al. (b) Electromagnetic enhancement of

DUV-TERS, where d = 2 nm, t = 40 nm, r = 15 nm for silicon, the

thickness of Al on the silicon tip is 15 nm.
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