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Plasmon resonances on metal tips: Understanding tip-enhanced
Raman scattering

A. L. Demming,a) F. Festy, and D. Richards
Department of Physics, King’'s College London, Strand, London WC2R 2LS, United Kingdom

(Received 30 November 2004; accepted 1 March 2005; published online 12 May 2005

Calculations of the electric-field enhancements in the vicinity of an illuminated silver tip, modeled
using a Drude dielectric response, have been performed using the finite difference time domain
method. Tip-induced field enhancements, of application in “apertureless” Raman scanning near-field
optical microscopySNOM), result from the resonant excitation of plasmons on the metal tip. The
sharpness of the plasmon resonance spectrum and the highly localized nature of these modes impose
conditions to better exploit tip plasmons in tip-enhanced apertureless SNOM. The effect of
tip-to-substrate separation and polarization on the resolution and enhancement are analyzed, with
emphasis on the different field components parallel and perpendicular to the subst2085©
American Institute of Physic§DOI: 10.1063/1.1896356

I. INTRODUCTION the tip and the frequency-dependent response of the tip
metal. The finite difference time domaiEDTD) method has

The plethora of applications poignant to Raman specheen applied successfully in the past to problems concerning
troscopy and nanolithography have inspired intense investimore realistic tip shapes'* Here we use FDTD to investi-
gation into near-field enhancement mechanisMighe use gate the effect on resonance wavelength and the enhance-
of metal tips in “apertureless” scanning near-field optical mi-ment factor in a metal tip and glass substrate syStstown
croscopy(SNOM) offers a convenient and controllable way in Fig. 1) as tip geometry and tip-to-substrate separation are
of increasing the total-to-incident-field ratio through the highaltered. We also consider the influence of incident light po-
curvature at the point of the probe and the excitation of lodarization on the resonant response of the relative magnitudes
calized surface plasmoﬁ‘s(? High spatial resolutions are as- of enhancements parallel and perpendicular to the substrate
sociated with the field enhancements from aperturelesplane.
probes, particularly as they are not limited by the aperture
size!® Thus apertureless SNOM probe field enhancements
lend themselves to processes which utilize local fields tdl' THE FDTD MODEL

modify surface chemistriésand to manipulate the position FDTD is a numerical algorithm which solves a discrete
of nanoparticle§™® and fluorescent behavior in formulation of Maxwell's equations to calculate field values
molecules:®*These probes can also be used to enhance th@roughout a defined problem space after each of a series of
modest Raman cross section, otherwise limited to arounéime steps? Charge distributions may be calculated from the
107 cn?, some 14 orders of magnitude lower than fluores-divergence of the electric field. For the purpose of defining
cence cross sections. The retrieval of a high signal in théne material parameters to describe a particular system, the
presence of background fields has proven an enduring chabroblem space is discretized into theoretical blocks called
lenge in recent studiéd:** An appreciation of the resonant Yee cells.
nature of metal tip systems and the sensitivity of such reso-  The system under investigation here comprises a metal
nances to system geometry and chemical composition agone with a spherical tip positioned in air above a glass sub-
pears vitaf>*?Although the overall enhancement factor is a strate of refractive index 1.Gee Fig. 1.’ Silver and gold are
major goal in such studies, the alignment of field enhanceattractive metals to consider in the study of field enhance-
ments with molecular orientation is also pertinent and mayments since they conveniently exhibit resonance peaks in the
affect the conditions for optimum performance. visible range. Here an approximation to a silver tip over a
Although approximations of tip geometry are able toglass substrate is modeled using a Drude response for the
provide useful qualitative informati8ri® to obtain an in-  frequency-dependent dielectric properties of the méta),

depth understanding of electric-field enhancements in the vi- 2
cinity of an illuminated metal tip employed in apertureless  3(w)=1 _—wp_—, (1)
SNOM, it is essential to perform full three-dimensional cal- w(w+iy)

culations of the electromagnetic-field distributions in the Vvi-\yhere wp is the plasmon frequency anglis the damping

cinity of a realistically modeled tip. In particular, it is neces- parameter. This Drude form does not account for interband
sary to account for both the axial and extended geometry ofansitions in the frequency-dependent dielectric response of
silver; however, by applying appropriate parameters, a match
¥Electronic mail: anna.demming@kcl.ac.uk with the experimentally obtained dielectric-response values
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< FIG. 2. (a) A comparison of the Drude modéhin lines for the dielectric
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w,=7 eV andy=0.4 eV for the Drude model. The re@l,) and imaginary

(e,) parts of the dielectric response are indicated by the dashed and solid

FIG. 1. The configuration of the problem space employed for a metal tiplines, respectively. The shaded area indicates the range over which the
above a glass substrate) The plane of incidenceR indicates the radius of ~Drude model may be considered to describe real silgiTotal, & (solid)
curvature at the end of the tig,the distance between the base of the tip and andz component{, (dashed field enhancement spectrum on the substrate
the substrateg the angle of incidence, and the cone opening angle. The surface, directly beneath the tip, forpolarized excitation and=5 nm. The
electric-field vectorE,, is shown in the instance gi-polarized incident ~ spectrum exhibits a broad peakiat 505 nm, which is dominated by the
illumination. (b) The substrate plane: the electric-field vectay,is given in component.

the instance ofs-polarized incident illumination. The apex of the tip is

directly above the substrate center. . . . . .
tem investigated is a valid reference point towards the be-

havior of an apertureless SNOM probe as it interacts with

for silver can be achieved over the visible range of thelight. Because of the nature of resonant systems, the algo-
spectrunt. Figure Za) demonstrates how the Drude model rithm was prone to exaggerate numerical errors. In order to
for the dielectric response of silver compares with experi-hold the propagation of these errors in check, symmetrizing
mental value$® By using a plasmon frequency,, of 7 eV,  procedures were called within the algorithm.
and a damping parametey, of 0.4 eV, the fit of the Drude- The FDTD simulations involve the excitation of the tip
modeled response and the experimental values fromystem with an incident plane-wave pulse. In all of the cal-
2.25 to 4 eV(i.e., photon wavelength o§=310-550 nmis  culations presented here, the incident pulse was analytically
good enough to consider the Drude metal as a model fodescribed by a Gaussian derivative. This is important when
silver within this range. studying resonant behavior as the system is thus exposed to a

Second-order Mur boundary conditions were imple-continuum of frequencies peaking around the resonant fre-
mented to inhibit reflections at the extremities of the problemguency of the system and analysis of the resulting enhance-
space’?**Mur boundary conditions cannot be applied at thement spectrum allows the resonance to be clearly identified.
interface of boundary with frequency-dependent materialsA frequency-dependent expression for the Drude response of
such as the metal tip. Thus a buffer layer matched to théhe tip is necessary to avoid instability at resonance and to
dielectric response of the tip material corresponding to typi-accommodate an incident pulse covering a range of frequen-
cal frequency at which resonances were supported in the sysies. The Drude response is computationally cumbersome
tem of w=3 eV (photon wavelengtih =414 m) is introduced once translated into the time domain, however, fortunately
between the tip metal and the boundary. Although smalthe Debye response function behaves more accommodat-
changes in the tip length do not affect the resonance of thaagly. Consequently, the Drude response is reformulated as a
system, deficiencies in the model’'s resemblance to an eXdebye response with specific relations between the
tended tip were revealed when the tip length was varied furparameteré?
ther in a problem space double the size. This is considered in  The pulse was considered incident from beneath a glass
detail in the final section in order to define the limitations of substrate at 40° to the normal so that on refraction at the
the current study. Nevertheless, as an approximation, the sygtass-air interface, it propagated near parallel to the substrate
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surface. This corresponds to illumination from the perimeter (a 20nm 7 (b) ”

of an objective lens of numerical aperturd.95. Thez axis

was defined to run parallel with the tip axis and thandy {;x gz
coordinates lie in the plane of the substrate surface such that

the refractedp-polarized pulse would propagate approxi- e A

mately parallel to thex axis with the polarization close to l ‘

parallel with the tip axis, Fig. &), while s-polarized illumi- y 0 y 1

nation would be polarized parallel with tlyeaxis[Fig. 1(b)]. _ o
FIG. 3. Thex (a) andz (b) components of the field enhancement distribu-

The Stanqard setup, for the p”rposes of Compar!son’ usedtiffi"ns on the substrate plane on resonance at 2.4€pkdton wavelength
tip comprised of a sphere of radif& 20 nm opening atr ~ \=505 nm.

=30° into a cone, positioned=5 nm above a glass sub-

strate, with p-polarized illumination. The radius of the p,ye peen determined at the substrate surface directly be-
spherical tip on the con&, the cone opening angle, tip-  4ath the tip.

end-to-substrate separatiah,and the polarization were then The resolution is quantified as the full width at half

adjusted to monitor the effect on the optical response of th?naximum(FWHM) of the Raman enhancemef, which is
system. Investigations into the effect of altering the COn€cjated as the fourth power of the field enhancement, as a
angle were more inhibited by the limitations of the problem gq,it of the tip acting as a nanoantenna for both incident and

space and Yee cell size. Substantial increasescause the  ¢caered photons. Unless stated otherwise, we assume the
tip to cross the problem space boundary at the sides as Wqﬁaman scattering to be isotropic, such that
as the top, provoking inconsistencies in comparison with sys- ’ '

tems where the boundary intercepts the tip at the top only. Q=& (4)

Decreases inx exacerbate problems due to the step edgg, giscussion relevant to molecules for which Raman scat-
effect of the Yee cells. The effects of altering the tip-sampleyging is only enhanced when the enhancement to the local

separation and radius of the spherical end of the tip are rejg|q is aligned with the axis of Raman-active mode of the
ported in Secs. Il and IV, while the result sfpolarized  ,5jecule o=¢&
il | 1"

excitation is considered in Sec. V.
The problem space was a cube of }020x 120, 1
-nm? Yee cells and time steps five times within the Courant!!l- TIP-TO-SURFACE DISTANCE DEPENDENCE

stability limit were used? Implementing fast Fourier trans- The spectra of the field enhancemety, andz compo-
forms on the output yields spectra with a frequency resolupent ¢ on the substrate surface ungepolarized illumina-

tion inversely proportional to the total run time of the simu-{jon when the tip is positioned 2 nm above the surface, are
lation. Using Yee cells of size greater thRh10 causes step ghown in Fig. 2b). The total enhancement spectrum com-
edge effects to mask the results. However, since the size 0fiises one peak at=505 nm, unequivocally dominated by
each time step is constrained by the size of the cells used @e contribution of the component. The distribution of the
compromise must be struck between the desired spatial resgqy; components to field enhancement on the substrate sur-
lution of the problem space and a reasonable frequency reS@ice (xy) plane is shown at resonandes 505 nm, in Fig. 3.

lution for the resulting spectra, in order to keep the cOMPUThe ; component of the field is highly concentrated directly
tations manageable. The field valugs fdf Ame steps of beneath the tip on the substrate surface, Fi),3with a
0.4x 10°'®s were calculated, rendering a frequency resoluygyer yet still appreciable enhancement to theomponent
tion of 0.16 eV. of the electric field forming lobes at either side while negli-

S n particular, we are interested in the field enhancemgn@ime directly beneath the tifFig. 3@]. Indeed, the in-plane
directly beneath the tip on the substrate surface for applicgsistribution for & simply reflects the radial nature of the

tions in_tip-enhanced near-field _mic_roscopy and I_ith(_)graphyin_p|ane electric field, as expected from a simple dipole
The ratio, &, of the total electric fieldF, to the incident qqe| Calculations of the charge distribution confirm that
electric field,E,, at the glass-air mterfacg is used as a meayyq charge is concentrated in a localized surface plasmon at
sure of the enhancement to the local field on the substratg o tip apex. This corresponds to the expected plasmon reso-

surface nance excited in a system with a high aspect ratio under
IE| incident illumination polarized in alignment with the axis of
= e tip~° As the tip is withdrawn, the field enhancement on
ot 2)  the tip? As the t thd the field enh t

[Eql the surface dwindles rapidigee Fig. 4 with a decay length

The enhancemergt to each polarization component was cal- of approximately 13 nm, ?ndigating a highly localized plas-

culated as the ratio of the magnitude of each field componer{{]On ”.‘Od?‘- Thg re‘f"def Is directed to Rgf. 35 for a more

E. (i=x,y,2) in the presence of the tip to the total fidlaver extensive investigation into the effect of tip-surface separa-
i EAYD N

: : tion on Raman-scattering enhancement.
all componentsin the absence of the ti .
P b P As well as the decrease in the enhancement, the separa-

Ei| tion between substrate and the tip also has a potent effect on
= a- (3 the resolution. Analyses of field enhancements off resonance
at\=631 nm, while diminishing the enhancement peaks, do
Unless stated otherwise, the enhancemépts, £,, and&,,  not affect the decay length or the resolutigee Ref. 3

§
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FIG. 4. The enhancement spectra, fppolarized excitation, as a function radius R (nm)

of wavelength for increasing separations between tip and substrate surface, ) ) )
d=2, 10, 20, and 30 nm, as indicated. The blueshift in the resonant waveF!G. 5. The effect of tip radiusk, on the total enhancement and resolution
length at the substrate surface, directly beneath theAlip~60 nm, indi- ~ On the substrate surface beneath the(lipes are guides to the elyéor

cating the effect of the dielectric surroundings on the plasmon field. p-polarized excitation and=5 nm. Increasing diminishes the resolution
and the enhancement.

confirming that the system is detuned from resonance but .

oscillating in the same mode. In addition to the enhanceWhich forms a shoulder in both theandz components at
ment's diminished impact and dilated profile on the substraté =303 nm. The field distributions in the substrate plane for
surface in response to increases in the tip-surface separatidgcitation resonant with these two modes are shown in Fig.
there is also a slight blueshift in the position of the resonancd- The asymmetry about they2) plane is mirrored in the
peak,A\=60 nm fromd=2 nm andd=30 nm, indicated in charge distribution and may be a numerical artifact. How-
the spectrum in Fig. 4. This shift, which is equivalent to only €Ver, the differences in the distribution of the components to
twice the frequency resolution for these calculations, hadhe field enhancement_ are sufficiently _sub_stgntial to indicate
been confirmed with higher-resolution calculations for whichthat the mode oscillating =303 nm is distinct from the
the total time and hence frequency resolution were doublefode oscillating akh =505 nm.

using a Yee cell size of 2 nm. The resonance in the spectrum

taken at the tip apex rather than on the substrate surface does

not shift with increases id and the wavelength at which the V. EXCITATION POLARIZATION DEPENDENCE

incident pulse peaked was not found to affect the position of )

the resonance peak in the field enhancement. Resonance AS May be supposed, thecomponent dominates the
shifts have been noted as a consequence of the sensitivity Bfhancement Whe6n_3t8he incident illuminationpgpolarized
plasmon resonances to the dielectric environment, attribute@ong the tip aX|§ ~ Indeed, illumination configurations
to the excitation of higher-order surface-plasmonhave been identified in which trlecomponent dominates the

resonance@* Moreover, in line with the blueshift which incident field at the center of a focused spbwhile the
we observe, Ref. 29 predicts a blueshift with increasirigr most impressive field enhancements on the surface beneath

small silver ellipsoids. This blueshift is also identified in Ref. the tip atd=2 nm occur undep-polarized illumination, it is
30 for small spherical nanoparticles and, in line with theSometimes desirable to have the field components parallel to
results of our own calculation of a metal tip, these authordh€ surface preferentially gnhanc]éthh this in mind, we
calculated a blueshift for larger nanoparticles, which is prob_have also calculated the field values for a tip-substrate sys-

ably more representative of a real infinitely long tip. tem in which t_he_incident pulse is polarized pe_zrpendicular to
the plane of incidence. The enhancements in the substrate

IV. TIP RADIUS DEPENDENCE 2

Figure 5 shows the effect on the total field enhancement R=40nm
on the surface directly beneath the tip and the resolution,
quantified as the FWHM of the Raman enhancement, as the
radius R is altered between 10 and 40 nm. Both the field
enhancement and the Raman resolution have deteriorated, as
may be expected, as the radius of curvature is increased. In
addition, the decay length of the field enhancement increases ol &
from 13 to 18 nm as the tip radius is increased frén 94
=20 to 40 nm. However, we note that at resonance a spatial Yo 30 w0 0 60 70 800
Raman resolution far sharper than the tip radius can be wavelength A (nm)
achieved. The resonance spectfig. 6) for the x and z
components of the electric-field enhancement on the suld=IG. 6. Resonance spectra # thex component, and,, thez components
strate surface beneath the 40-nm radius tip seem to indicagéthe field enhancement at the center of the substrate sufkact0 nm and

. P =5 nm). The increase in thg component ah =303 nm suggests that the
that the e_”hancemer_]t dominated b)_/ mepmponent an overall enhancement at the larger resonance at 505 nm may be diminished
=474 nm is succumbing to a competing higher-energy modeue to competition between modes.

—_
i

S

—
(=]
1

enhancement ¢
w
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A=505nm A=303 nm 0
(a) 20—mn (b) . ¥ & s-polarisation
5 5 gx § 61 Ay=11nm
X i X ';'5;
1] T T
L’ y 0 L; y 0 200 400 600 800
©° ., @ . ek

g FIG. 9. Comparison of andz components to the field enhancement, 11 nm

Z E_;z to the side of the center of the substrate as indicated by the cr@sk ithe

x X y field has fallen to less than half its value directly beneath the tip at this
point.

L» y ! T—' y ‘

In-plane enhancements of comparable magnitudes also

FIG. 7. Field enhancement distributions fa¥, (b) & and(c), (d) & onthe  Ooccur undemp-polarized illumination in the lobes, as seen in
substrate surface &), () A=505 nm andb), (d) A=303 nm, correspond-  Fig. 3(a). However, the distribution of the in-plane enhance-
'S”pgect?r;?rf Ft‘i’:;’ 6‘?'asm°” modes identified in the resonance enhancemeph o\t offered undes-polarized illumination is more accom-

modating for applications such as Raman microscopy. Being
gentralized under the tip, in the latter case, there will be less
problems associated with double images than may arise from
enhancements in two distinct lobes, although there are sub-
sidiary maxima in the in-plane enhancement to either [sige
Lp Fig. 8@], which will serve to reduce resolution. The em-
phasis on enhancements in the substrate plane as opposed to

ment reach the magnitude achieved ungigolarized illumi- perpendicular to the substrate is eminently relevant to studies

nation. Although to either side the component begins to for which coupling between field enhancements and mol-
take prevalence, thecomponent dominates directly beneath ecules orientated parallel to the substrate surface is desired,
the tip on the substrate surface. Undguolarized illumina-  SUCh @s in the case of tip-enhanced Raman scattering from

tion the charge is concentrated at either side of the tip iFingle-walled carbon nanotub@;.
contrast with the case gd-polarized illumination for which Figure 10 shows a comparison between the stronger of
the charge is concentrated at the tip apex. the in-plane components of the Raman enhancement, i.e., the

Figure 9 shows the enhancement spectra foytaedz X andy_ components forp- and s-polarized iIIu_minations,
components of the electric field at a point on the substratééSPectively. The spectra correspond to the point on the sub-
surface displaced byy=11 nm from the point directly be- Strate surface directly beneath the tip, and illustrate that the
neath the tifindicated by the cross in Fig(i9]. The photon ~Raman enhancement to an in-plane component is greater un-
wavelengthA =292 nm, corresponding to a photon energy ofder s-polarized illumination. It should also be noted that
4.26 eV, at which the system is at resonance undeyhile here we have considered the system illumined under
s-polarized illumination, is beyond the range for which our the same configuration with different polarizations for con-
Drude model provides a reasonable approximation of silversistency, calculations have been made for which the incident
so although the model still describes a metal tip over a glas8ngle was altered to 0° instead and the results were similar to
surface, that metal may no longer be considered to simulaée field distributions and trends of usisgpolarized illumi-
silver. However, from the field distributions in Fig. 8 and the nation.
peaks dominating the enhancement resonance spectra in Fig.

9, it is clear that a plasmon resonance maximizing in-plane
components of the field enhancement is excited under
s-polarized illumination.

plane and perpendicular to the substrate plane were sub
quently compared under-polarized ands-polarized illumi-
nations, respectively.

Figures 8a) and 8b) show the field distributions in the
substrate plane for the different components at resonanc
NA=292 nm. At no point in the plane does the field enhance

s

Raman enhancement @,

waelength (o)

FIG. 10. Comparison of the Raman field enhancements in the substrate
FIG. 8. (a) y and (b) z components of the field enhancements on the sub-plane for s-polarized (dashed and p-polarized (solid) illuminations. The
strate surface fos-polarized excitation. The cross (h) marks the point on tip-to-surface separation is 5 nm and the greater of the in-plane field com-
the substrate where thefield enhancement reaches a maximum. ponents is shown, i.ex field for p polarized andy field for s polarized.
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60

I (om) electric constant of the buffer is matched to that of the tip at
3 eV (A=414 nm), but at lower energies the dielectric re-
sponse of the tip diverges increasingly from the constant
88 value of the buffer, apparent from Fig(e®. This approxima-
tion to an extended tip has evident limitations. However, it is
fortunate that in the original regime using a 58-nm tip, the
surface modes associated with the finite size of the tip do not
58 dominate the system and so do not warp what may be con-
sidered the optical response of an extended tip system.

B
=

118

[\
<

=3

74

field enhancement &,
(=]

I

400 600 800
wavelength A (um) VII. CONCLUSIONS

go

FIG. 11. The effect, on the resonant fields at the substrate surface, of the Numerical calculations have demonstrated a steep de-
length of tip,|, within the problem spacé=58, 74, 88, and 118 nm. Reso- pendence on tip-to-surface separation of the electric-field en-

nances ah=300-450 nmmarked with X'g and\=600-750-nm shift to  \5cement beneath a silver tip. The effect of detuning from
longer wavelengths as the tip length increases, but the tip-localized plasmon

resonance ah=541 nm (marked by the dashed vertigastays constant, (€ resonance wavelength, with respect to enhancement and

although it appears as a shoulder as other resonances dominate. resolution achievable in tip-enhanced Raman SNOM, em-
phasizes the prominence of the role localized plasmons play

VI. AN ASSESSMENT OF THE MODEL: THE EFFECT in near-field enhancements. Shifts in the resonant wavelength

OF SIMULATED TIP LENGTH as the separation between the tip and the surface is altered

have demonstrated the substrate’s effects on the propagation

In order to evaluate the proficiency of our approximationof the scattered fields. Increasing the radius of curvature of
to an extended tip, the effect of altering the length of tipthe end of the probe was found to diminish the overall en-
within the problem space was investigated. Figure 11 showgancement and resolution and to allow the excitation of
a series of spectra as the length of tip within the problenhigher-order plasmon modes. The enhancements on the sur-
space was increased. Certain trends in the structure can bge from s polarization are lower than those using
distinguished, such as the increasingly prominent shoulders.polarized illumination, but the enhancement component
around\ =400 nm and\ =690 nm which almost swallow the  3jong the surface directly beneath the tip is maximized in
resonance associated with the localized plasmon nihi®  polarization. This is greater than the stronger of the in-plane
appears ak =541 nm, a difference fron=505 nm, as indi-  enhancements proffered by the system urglplarization,
cated in Fig. 4, equivalent to the frequency resolution of theyithough it should be emphasized that this is only the case
fast Fourier transform when using the larger Yee cells tagjrectly beneath the tip. The limitations of the approximation
explore larger problem spade3he alterations to the spectra g an extended tip system have also been defined and are not

as tip length is increased can be understood by consideringelieved to affect the conclusions drawn from the current
the excitation of extended rather than localized surfacestydy.
plasmon modes excited in the system. As the length of tip
within the problem space was increased from 60 to 120 nmacKNOWLEDGMENTS
the appearance of extended surface plasmons became appar- ) . o
ent, as indicated by the crosses in the spectra in Fig. 11. We would like to thank Robert Milner for his initial

In fact, an extended surface plasmon appears to be e)gi_e\{elopment of the code. We are grateful to the EPSRC for
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