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Feasibility of molecular-resolution fluorescence near-field microscopy
using multi-photon absorption and field enhancement near a sharp tip

Yoshimasa Kawata,a) Chris Xu, and Winfried Denkb)

Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974

~Received 26 August 1998; accepted for publication 26 October 1998!

Aperture-based near-field microscopy suffers from fundamental limitations imposed by the
electromagnetic skin depth of the aperture material and a rapidly decreasing throughput as the
aperture is made smaller. Apertureless approaches without these limitations have been demonstrated
for coherent imaging but are not easily applicable to incoherent processes such as fluorescence or
Raman scattering and to photochemical surface modification. Using multi-photon processes in
conjunction with the field enhancement that occurs at a sharp tip in close apposition to a substrate
should permit substantial localization of absorption and excitation to a nm sized volume. The
expected enhancement of the optical field at the tip edge is calculated here for various combinations
of metallic and nonmetallic tip and substrate materials. It is estimated that when using 100 fs pulses
repeating at 100 MHz average laser powers of about 10 mW should be sufficient to reach saturating
field strengths for three-photon absorption. Steady state and instantaneous temperature rises at the
tip are estimated and found likely not to be a limiting factor. Fluorescence quenching is expected to
limit the resolution achievable with metallic tips to about 5 nm, but tips made from highly refracting
insulators or semiconductors should allow truly molecular resolution. ©1999 American Institute
of Physics.@S0021-8979~99!05303-7#
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I. INTRODUCTION

Near-field scanning optical microscopy~NSOM! is in-
creasingly applied to a variety of imaging problems.1–4 The
prevailing probe type for fluorescence imaging still is t
melt-pulled tapered optical fiber that is then coated w
metal so as to leave a sub-wavelength aperture at the2

For tapered fiber probes the achievable resolution is lim
fundamentally by the skin depth of the coating material a
in practice also by signal-to-noise considerations since
light transmission decreases rapidly as the aperture beco
smaller.5 This precludes imaging at truly molecular or atom
resolution and limits the achievable rate of image acquisit
thereby making, for example, the observation of fast
namic phenomena impossible. Furthermore, optical d
storage is crucially dependent on high write and read
rates.

To overcome these limitations, several aperturel
schemes have been proposed and some of them have
experimentally demonstrated. High resolution imaging h
been observed with several coherent methods~detecting
elastically scattered light! such as particle plasmo
resonance,6 or dipole–dipole interactions between tip an
sample.4,7,8 Coherent schemes are, however, not applica
to most processes with high molecular sensitivity such
Raman scattering or fluorescence. Localization of surf
modification using optical field enhancement on tunnel
tips has been demonstrated.9,10 Light emission during elec-
tron tunneling11–16has been used to define the point of em
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sion with atomic resolution but there excitation doesn’t occ
via the optical field and the possibility of excitation spectro
copy is lost.

In this article we consider the practical feasibility of
slightly different approach that also doesn’t require an ap
ture but exploits the substantial local enhancement in
electrical field strength that can occur near and in betw
sharp geometrical structures,17–20 sometimes called the
‘‘lightning rod’’ effect. Together with nonlinear optical pro
cesses such an enhancement is expected to produce true
finement of optical excitation to nanoscopic volumes.9,10,19,20

As a particular embodiment of this approach we conside
in detail three-photon absorption of light above 1200 nm
excite fluorophores emitting visible light. To study the b
havior of the optical near field at molecular dimensions
used as in Ref. 19~see also Fig. 1! the electrostatic~nonre-
tarded! approximation for a class of geometries which allo
the solution to be expressed in terms of Legendre functi
of degreen ~see also Eqs.~A1!–~A14! of the Appendix!
because we were particularly interested in the scaling beh
ior at deep sub-wavelength distances, the dependence o
hancement exponents on tip geometry and materials, and
question of ‘‘substantial’’ localization.

II. TRUE LOCALIZATION OF EXCITATION

When actual molecular excitation rather than elas
scattering is to be used in near-field imaging it becomes
central importance that excitation itself is spatially confin
rather than merely restricting the volume within which
modulation of the signal occurs as a result of, for examp
an oscillating tip-sample distance.7,8 The reasons are two
fold: ~1! background excitation, even when unmodulate
il:
4 © 1999 American Institute of Physics
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TABLE I. Enhancement exponents, enhancement factors for three-photon absorption on the substrate (uEsubu6),
and right underneath~see Appendix D! the tip (uEmaxu6), required average laser powers@^P&(mW)# to reach
absorption saturation on the substrate, estimated temperature rise during a single pulse (DTi), and steady state
temperature rise (DTs), assuming 100 fs pulses at 100 MHz repetition rate at 1500 nm wavelength, 10 n
radius, and a tip opening angle of 45°.

Tip/gap/
subs. n uEmaxu6 uEsubu6 ^P&(mW) DTi(°) DTs(°)

Au/air/Au 20.0415 4.13108 5.83106 3.2 26 0.0055

Au/air/diamond 0.132 1.53107 1.53105 11 30 0.0092

Ir/Air/diamond 0.127–0.0257I 1.63107 1.63105 11 3.43102 0.3

W/Air/diamond 0.112–0.1I 7.23107 5.73105 6.8 1.93103 0.96

Pt/air/diamond 0.144–0.037I 1.23107 1.23105 11 5.23102 0.97

Si/airdiamond 0.342 2.83105 5.13103 33 2.9 0.0007

Si/air/silicon 0.292 7.23105 1.63104 23 2.6 0.0005

diamond/air/diamond 0.49 1.73104 5.33102 70 ¯ ¯
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leads to photodamage or photoconversion in molecules
side the focal area or volume;~2! in the case of fluorescenc
excitation, fluorescence light stemming from molecules o
side the modulation volume doesn’t create additional sig
but still generates photon shot noise, which can easily o
whelm the signal from molecules of interest inside the fo
volume. As the focal volume we consider the volume arou
the probe tip where the field strength is of the same orde
the peak field strength. The size of this volume determi
the achievable resolution.

Excitation localization to volumes about 10 nm across
easily achieved using small apertures1,21 but is difficult with-
out an aperture, if linear absorption is considered and no
is made of a resonance condition such as a part
plasmon.6,22 The use of a resonance, while offering substa
tial enhancements and true localization, severely restricts
choice of wavelengths and materials. For particle resonan
the reduction ofQ with decreasing particle size furthermo
limits the attainable resolution.23

Substantial excitation localization without an aperture
resonance can, on the other hand, be easily achieved
nonlinear optical processes, as we will argue. Due to th
much stronger dependence on the field strength, higher o
~>2! nonlinear processes require a much smaller enha
ment of the electrical field than linear processes to ge
certain enhancement of the excitation rate. For a proc
where multiple~n! photons are absorbed simultaneously
rate depends on the~2n!th power of the local electrical field
and even moderate enhancements in the field strength le
substantial localization of excitation. The criterion of su
stantial localization that we use is that a sizable fraction
all molecular excitations should occur in a small volum
This can be illustrated using an example from far-field o
tics: linear ~single-photon! absorption versus multi-photo
absorption in a focused laser beam.24,25 In the one-photon
case, even though the molecular excitation rate falls rap
away as the distance~r! to the focus increases, the tot
amount of excitation within, say, a volume bound by t
half-intensity surface of the beam, is only an infinitesim
n 2004 to 128.253.10.75. Redistribution subject to AIP
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fraction of the light generated in an infinite sample sin
each additional volume shell of a given thickness contribu
a roughly equal amount of excitation. This is the very reas
that optical sectioning requires the use of a confocal pinh
when one-photon excitation is used. For multi-photon ex
tation, on the other hand, most of the excitations oc
within a small volume and each additional volume shell co
tributes an amount that decreases withr 2(2n22), leading to a
rapid convergence of the total fluorescence.26 Optical sec-
tioning can therefore be achieved during excitation alo
This yields an almost complete elimination of photochemi
side effects, such as photobleaching, outside the immed
focal volume.

By applying the same reasoning to tip enhancement,
near-field microscopy, we find that the absorption probabi
has to fall off faster thanr 23 to lead to true confinement in
three dimensions (r 22 for a two-dimensional distribution o
absorbers, e.g., on the substrate surface!. Following the treat-
ment of Ref. 19, it becomes clear that even for the low
possible fractional degreen520.5 @the asymptotic behavio
of the field away from the tip is proportional tor n21 and that
of n-photon absorption to (r n21)2n] the r 23 condition is
only marginally reached for one-photon absorption and
number of excitations still diverges logarithmically.19 An ad-
ditional restriction is that in order to achieve that tip res
nance (n520.5) one would have to use a particular wav
length, at which even for the best tip materials such as g
and silver there still is significant absorption not to menti
the limitation to molecules absorbing at such wavelengt
N-photon absorption, on the other hand, provides true c
finement without such stringent conditions. Instead we o
need to fulfill n,n3d5123/2n and n,n2d5122/2n for
three- and two-dimensional absorber distributions, resp
tively. The general relation isn,12d/2n, whered is the
dimension of the chromophore distribution andn is the order
of the absorption process. Forn53 this condition can be me
both for two- and three-dimensional fluorophore distrib
tions using a wide range of materials over a wide range
wavelengths~Table I, Figs. 2–4!. It is worth noting that even
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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for dielectric tips the field strength diverges in the case
vanishing tip radius. This is very different from the case
an ellipsoid where for dielectric materials the field enhan
ment is limited toe-fold even in the case of an arbitraril
pointed prolate shape.23

FIG. 1. Tip/sample geometry used in our calculations. In prolate sphe
coordinates tip and substrate surfaces both are surfaces of constanth (h
5cosu12 andh5cosu235cos(p/2)50, respectively!. This allows a separa-
tion of variable for the partial differential equations for the field~see Refs.
19 and 42!.

FIG. 2. Field enhancement exponentn for different tip materials and open
ing anglesu as a function of the substrate refractive indexn3 . ~a! Ideal
metal,~b! gold, ~c! silicon.
Downloaded 08 Jun 2004 to 128.253.10.75. Redistribution subject to AIP
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A closer look at the enhancement exponent as a func
of various parameters reveals a number of interesting
tures. As expected, there is field enhancement even in
absence (n351) of the substrate, which in the case of th
ideal metal (e152`) would be sufficient for substantial lo
calization of three-photon excitation in three dimensions
tips with 45° half opening angle@Fig. 2~a!#. Even steeper
enhancement is expected for tips made of real metals s
as gold@Fig. 2~b!#. A conspicuous difference between meta
~n1,0 and dielectricsn1.1) is the behavior towards mor
acute tip opening angles~Fig. 3!, where metals tend to hav
their biggest enhancement while dielectrics peak at aro
45°. A comprehensive overview for the behavior of diele
trics is given in Fig. 4 for three different opening angles~10°,
45°, and 80°!. As expected from Fig. 3, the biggest enhanc
ment is seen at approximately 45°. The contours atn55/6,
2/3, and 1/2 indicate the boundaries of true confinement
one-, two-, and three-dimensional absorber distribution,
spectively.

We calculated the point-spread functions~see also Ap-
pendix B! for gold tips@Fig. 5~a!# and silicon tips@Fig. 5~b!#,
both over diamond substrates. For silicon, which provid
comfortable confinement at 45°,n is at the edge of the con
finement boundary at 80° and outside for 10°, and the po
spread function depends strongly on the tip opening an
Less dependence on the tip angle is found for gold, where
are well within the confinement boundaries for all angles

To get a sense for the degree of confinement, we e
mated the fraction of the total excitation actually localized
the focal volume, here defined as bounded by the surfac
half maximal excitation~see Appendix E!. Figure 6 shows
the results as a function ofn for two-dimensional absorbe
distributions and forn51, 2, and 3. The fraction, of course
becomes 0 as soon asn crosses the confinement boundary.
is worth noting that the confinement ratio increases stee
below the limit so that even withn close to the confinemen
boundary microscopy should be possible.

al

FIG. 3. Field enhancement exponentn as a function of tip opening angle fo
different combinations of tip/substrate materials.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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As we can see, sufficient enhancement for true confi
ment should exist in the three-photon case even for tips m
out of diamond, silicon, or silicon carbide~Table I!. Micro-
fabricated silicon tips, with a radius of curvature of less th
10 nm, integrated into force microscopy levers, are rea
available commercially~Digital Instruments, Park Scien
tific!. Because silicon is not absorbing above about 1200
large excitation intensities can be used without heating
tip by one-photon absorption. A practical advantage of mu
photon excitation is the easy discriminability of the fluore
cence light from the excitation light due to the large wav
length difference between excitation and emiss
wavelength.

III. LASER POWERS AND PULSE WIDTHS

To evaluate the feasibility of using tip-enhanced mu
photon excitation at high scan rates we calculated the a
age laser power necessary to saturate the fluorescence
tation of a molecule on the substrate right beneath the a
of the tip ~see also Appendix C!. Saturation, beyond which
an increase in intensity doesn’t increase the rate at wh
fluorescent photons are created, means that about one

FIG. 4. Contour plots ofn as it varies as a function of tip and substra
refractive indices for three different tip opening angles.~a! 10°, ~b! 40°, and
~c! 80°. The limits of convergence (n55/6, 2/3, 1/2! for one-, two-, and
three-dimensional absorber distributions and three-photon absorption a
dicated by thicker contour lines.
Downloaded 08 Jun 2004 to 128.253.10.75. Redistribution subject to AIP
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sorption event occurs per pulse repetition period or per fl
rescence decay time, whichever is longer. For the ultras
pulse lasers that are most common now the repetition pe
~'10 ns! is longer than the fluorescence decay times
most organic fluorophores,27 in particular when taking the
shortening of the excited state lifetime into account that w
result from tip and surface effects~see below!. To generate
about one absorption event per pulse of 100 fs duration
each fluorophore the absorption rate has to be 1013 s21. To-
gether with the typical three-photon absorption cro
section28 of s3'10294 m6 s2~photon!22 this yields an esti-

in-

FIG. 5. The expected point-spread function along the substrate surfac
different tip opening angles calculated for gold tip over diamond surface
for silicon tip over diamond surface~three-photon excitation!. The position
is expressed in units of the coordinate focal lengthf.

FIG. 6. Ratio of total excitation to the excitation that occurs within a v
ume bounded by the surface of half maxial excitation as a function ofn for
one-, two-, and three-photon absorption for a two-dimensional distributi
of absorbers.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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mate of the local intensity of about 631016 W/m2, or a field
strength ofEs'4.83109 V/m. Without any field enhance
ment but with diffraction limited focusing using a lens with
numerical aperture of about 1, an average power leve
several hundred mW is needed to saturate the fluoresc
transition.28 After taking the field enhancement due to ti
with 10 nm radius of curvature into account the range
average incident powers lies between 3 and 70 mW.
estimated the field enhancement by using the enhance
exponentsn as calculated above.19 We also assumed that th
incident light was focused to a spot roughly 1mm across.
The results for a variety of material combinations are lis
in Table I. The pulse energies required are betwe
3310211 and 7310210 J for three-photon absorption prob
abilities of order one/pulse. Even the power levels requi
for dielectric tips are easily achievable with optical param
ric oscillators, Cr41 lasers29 operating around 1500 nm, o
erbium doped fiber lasers.30

The calculated enhancement factors should be rea
ably accurate for dielectrics. Inside metallic materials
wavelengths become complex, however, and much sma
reducing the length scale up to which the electrostatic
proximation can be used.31

Tip heating

Since heating of the coating material limits the excitati
in aperture based near-field microscopy to rates many or
of magnitude below the saturation regime, we estimated
heating of the tip for the apertureless configuration to ins
that saturating excitation can, in fact, be used. We assu
saturating pulse energy levels and linear, i.e., one-photo,
sorption using bulk optical constants for metallic tips. Tw
separate time scales have to be considered. First, there
instantaneous temperature rise that occurs during a si
pulse at the point of maximal field enhancement. For a pu
duration of 100 fs thermal conduction is negligible even
the dimensions of the order of the tip radius~for a distance of
10 nm the thermal diffusion time is around 1 ps for gold!.
The volume density of energy~q! dissipated during a single
pulse is given by

q5ve iEi
2tp , ~1!

wherev is an angular frequency of light,e i5Im(e), tp is the
pulse length, andEi is the electric field just inside the tip
surface, its value related to the field outside the tipEout by
Ei5Eoute2 /e1 for the perpendicular component. For symm
try reasons the parallel component of the electric field is z
at the apex and it can be easily shown that the point
maximum field strength occurs at the apex both inside
outside the material. The instantaneous temperature riseDTi

caused by a single pulse at the point of maximum field
hancement is thus

DTi5tpve i@Emaxe2 /e1#2/cp , ~2!

wherecp is the heat capacity of the tip material. Predictab
the largest temperature rises occur for strongly absorb
metals like Pt, Ir, and W, which otherwise would be suitab
tip materials due to their mechanical properties and th
known ability to form and maintain sharp tips. The be
Downloaded 08 Jun 2004 to 128.253.10.75. Redistribution subject to AIP
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metal—from an optical but not mechanical viewpoint—
gold, with about 30° of temperature rise. These values
DTi are likely to still be overestimates because, as in vacu
tunneling of electrons, the energy is initially present in t
form of hot electrons and is transferred to the lattice throu
out a larger volume, determined by the mean free path.

Next we estimated the steady state temperature rise
simplify the problem we approximated the hyperboloid tip
a cone, which is illuminated up to a distance ofl/(2p) from
the tip. Such an approximation overestimates the tempera
rise by enlarging the volume where heat is produced. Thi
especially the case for metallic tips because the skin de
of good conductors are only on the order of nanometers.
maximum temperature rise occurs at the tip of the cone
can be calculated as32

DTmax5E
0

l/~2p! ve i uEu2

kr
r 2dr, ~3!

where k is the thermal conductivity. To obtain an analyt
cally tractable expression of Eq.~3!, we further approximate
the E field as

E5H Emax

e2

e1
, for r<r 0

Emax

e2

e1
S r 0

r D 12n

, for r .r 0

, ~4!

wherer 0 is the radius of curvature of the tip. Here we ha
utilized the asymptotic behavior of theE field.19 The maxi-
mum temperature rise is then given by

DTmax5
ve i ue2 /e1Emaxu2r 0

2

2k

3F12
1

Re@n#
1

1

Re@n# S l

2pr 0
D 2 Re@n#G , ~5!

where Re@n# denotes the real part ofn. Examples of the
calculated values are listed in Table I.

Heating by linear absorption should be negligible f
transparent dielectrics such as silicon. However, stron
doped silicon does show significant free carrier absorptio
1500 nm, which may rule out the use of tips that are fab
cated using the dissolved wafer process which requires v
high dopant levels. Heating caused by two-photon excitat
in silicon can also be estimated using the above models
cept that two-photon absorption cross section has to be u
and the heat deposition is now proportional touEu4. For the
values listed in Table I, we have used a two-photon abso
tion coefficient of;1.0 cm/GW for silicon~Xu and Denk,
unpublished result!. Clearly two-photon heating is negligibl
even at the intensity necessary for three-photon saturatio
the substrate.

IV. PITFALLS

A. Quenching of fluorescence

Fluorescence emission from a molecule can be seve
affected by the proximity of a surface.33,34 Metallic surfaces,
in particular, pose a problem for tip-enhanced excitation
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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fluorescent molecules, since these molecules can loose
energy via radiationless energy transfer to the tip or the s
strate material if either of those is strongly absorbing at
emission wavelength. Quenching by an absorbing subs
material is stronger than by an absorbing tip because
molecules to be imaged tend to be located at the subs
surface rather than on the tip. The use of an absorbing
strate is a disadvantage also because it prohibits, for
ample, the illumination and detection through the substr
Following Chanceet al.35,36 we used the following relation
to calculate for the extent of quenching:

bET5 S q

kf
3d3D S 3e2n1k1

2ue11e2u2
D , ~6!

wherekf , n1 , and k1 are the wave number of the fluore
cence, the refractive index, and the extinction coefficien
tip material, respectively, andq is the quantum yield of the
emitting state in vacuum.

The loss of fluorescence light due to quenching is som
what reduced by the increased emission rate due to the
enhancement effect. Emission, however, is a first order p
cess and its enhancement, with a much weaker depend
on the characteristic length, cannot fully compensate quen
ing, which increases liked3 for small distances. This limits
the resolution that is achievable for fluorescence excita
with metallic tips to about 5 nm. The use of Si tips improv
the situation somewhat but still requires a distance betw
tip and fluorophore of at least 2 nm.

To increase the spatial resolution to atomic dimensio
a dielectric tip material that is nonabsorbing at the emiss
wavelength has to be used. Even those dielectric mate
with the largest known refractive indices provide smaller e
hancement exponents~n! than metals or semiconducto
~Table I!. The exponents are, however, still large enough
provide true confinement@n,12d/(2n)# for >three-
photon excitation. For example, if we use diamond on a d
mond surfacen is about 0.49, well within the region of tru
confinement@Fig. 4~b!# for a two-dimensional absorber dis
tribution. For intermediate resolution metallic tips may
preferable because they generate larger field enhancem
even at moderate wavelength-to-tip radius ratios. For the
timate resolution in fluorescence microscopy transparent
are, however, necessary to avoid emission quenching.

B. Nonlocality of refractive index

Our calculations so far were based on the assump
that the refractive index is local, i.e., the polarization d
pends only on the local electrical field. This assumption
comes invalid for length scales below the mean free path
charge carrier in metals, as is, for example, manifest in s
face effects which reduce the effective conductivity in sm
particles.23 Nonlocal refractive index effects are likely to re
duce the actual enhancement in the case of very sharp m
tips but not for dielectrics, which don’t have mobile ele
trons. Like fluorescence quenching, nonlocality effects u
mately favor dielectric tips and substrate material over m
als at molecular dimensions.
Downloaded 08 Jun 2004 to 128.253.10.75. Redistribution subject to AIP
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C. Dielectric breakdown

The intensities required for dielectric breakdown va
strongly with the pulse width and no direct measurements
available for the 1500 nm wavelength regime. Measureme
at shorter wavelength, where the damage fluence for fu
silica was measured,37 yielded a value of abou
23104 J/m2 for 500 fs pulses at 1053 nm for both fuse
silica and CaF2 . The extrapolation of the theory used
interpret these results and some data for 150 fs pulses at
nm suggest a peak power damage threshold of ab
1017 W/m2. This value is comparable to the local intensiti
required for three-photon saturation (;631016 W/m2). Al-
though the intensities inside the tip and the substrate
reduced by factors ofe1

2 ande3
2, respectively, surface break

down may occur at such high intensities, especially tak
into account that the intensity right underneath the tip
higher than that on the substrate~Table I!. Dielectric break-
down could therefore limit the achievable three-photon ex
tation rate to values below singlet saturation.

D. Reduction of the field enhancement by an
absorbing molecule

The presence of an absorbing molecule underneath
tip is bound to reduce the local field in analogy to the case
a radio antenna, where the output voltage depends on
load impedance. If the load is comparable or larger than
characteristic output impedance of the antenna the ac
field will be considerable smaller than the unloaded fie
This, of course, implies that the actual enhancement wo
also be considerably reduced from its theoretical unloa
value. A crude estimate of this effect can be made by rep
ing the atom with a small sphere consisting of a lossy diel
tric. Given an absorption cross section ofs'10221 m2 the
size of an equivalent sphere with Im~e! of order 1 can then be
estimated by dimensional analysis as

d'A3 sl'A3 10221 m21026 m'1 nm.

This implies that a strong distortion of the unloaded fie
begins at tip radii below 1 nm for linear excitation. The ca
of nonlinear absorption is complicated by the fact thats is
not a simple property of the molecule but depends on
intensity of the impinging light. At a given intensity I we
can, however, define an effective cross-sectionseff . For
three-photon absorption

seff5d3I 2,

where d3 is the three-photon absorption cross section. F
the case of the saturating intensity, we findseff5t22/3d3

1/3

'2310223 m2 ~wheret is the pulse length!. This translates
into deff'0.3 nm, comparable to atomic dimensions a
therefore not necessarily negligible. But reducing the exc
tion intensity also reducesseff and an arbitrarily smalldeff

can, therefore, always be achieved, albeit at the expens
the excitation rate.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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V. POTENTIAL APPLICATIONS

A. Fluorescence microscopy

Among light microscopy techniques fluorescence m
croscopy has a special position because of its ability to
tinguish between different molecular species with extrem
high specificity. For example, it is possible to detect sin
fluorophore, e.g., labeled biomolecules like proteins a
DNA, in a focal volume that contains about 108 other
molecules.38,39This makes the availability of a fast-scannin
molecular-resolution fluorescence near-field technique de
able. Tip-enhanced nonlinear absorption is limited in
resolution only by the tip radius and does not suffer from
reduction of the excitation rate as the resolution is increas
The achievable scan rate is more likely to be limited by
speed of the distance control methods since, even at 1%
glet saturation, a single molecule will emit abo
106 photons/s, with an overall detection efficiency of, sa
10% a pixel dwell time of 100ms, which would give easily
detectable ten-photon signals.

B. Localized photochemical modification

Multi-photon excitation provides the necessary localiz
tion and, at the same time, allows one to reach the relativ
high quantum energies~typically in the UV range for one-
photon excitation! that are necessary for the modification
chemical bonds while the incident light is in the red or ne
infrared. This has been demonstrated of the case of t
photon absorption induced photochemical release of biol
cal agonists40 using far-field focusing. In near-field applica
tions an important additional advantage is that, in gene
the optical properties~like absorption! of materials that one
might use for the fabrication of tips are more favorably in t
near infrared wavelength region than in the UV.

C. Optical storage

The use of near-field optics in optical storage has b
proposed and demonstrated in principle several years a41

using the coated tapered fiber approach. As in the cas
microscopy applications, this approach suffers from opti
throughput problems that become exacerbated at high r
lution, i.e., high storage density. The tip-enhanced nonlin
absorption approach remedies that problem as no reduc
of the excitation rate occurs at high resolution and
achievable storage density is not limited by the electrom
netic penetration depth into the coating material.

VI. CONCLUSION

We have evaluated the feasibility of multi-photon ex
tation using tip-enhancement near-field microscopy.
found that for three or more photon excitation truly localiz
excitation should be possible with a wide range of tip ma
rials ~metals and dielectrics! and geometries. For fluores
cence imaging at molecular resolution dielectric tips will
necessary in order to avoid the quenching of the fluoresce
emission. The necessary laser powers and pulse width a
Downloaded 08 Jun 2004 to 128.253.10.75. Redistribution subject to AIP
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a range that is easily achievable with present technology.
or sample destruction by heating is not expected even
saturating three-photon excitation rates.

APPENDIX A: POTENTIAL AND ELECTRIC FIELD IN
HYPER PROLATE COORDINATE

Following Ref. 19, the electric potentialV(j,h) can be
written as

V~j,h!5J~j!3H~h!, j>1,21<h<1 ~A1!

in prolate spherical coordinates~j,h,w!, which are converted
to Cartesian coordinates~x,y,z! by

x5A~j221!•~12h2!cosw, ~A2!

y5A~j221!•~12h2!sin w, ~A3!

z5j•h,

where we assumed the distance between the two focal po
to be 1.
By considering the electromagnetic boundary conditions
tip and substrate surfaces, we get the following solution
the potential:

H~h!5H Pn~h!, h>h12

aPnn~h!1bPg~2h!, h12>h>0
cPn~2h!, h<0

, ~A4!

a5
12e3

2
c, ~A5!

b5
11e3

2
c, ~A6!

c5
2Pn~h12!

~12e3!Pn~h12!1~11e3!Pn~2h12!
~A7!

and components of the electric field are given by

Ex5
]V

]x
5

x

j22h2 S j
]V~j,h!

]j
2h

]V~j,h!

]h D , ~A8!

Ey5
]V

]y
5

y

j22h2 S j
]V~j,h!

]j
2h

]V~j,h!

]h D , ~A9!

Ez5
]V

]z
5

1

j22h2

3Fh~j221!
]V~j,h!

]j
2j~h221!

]V~j,h!

]h G .
~A10!

Immediately above the substrate surface

Hh50,
j25x21y211, ~A11!

the electric field components are

Ex5
x

j

]V~j,h!

]j
, ~A12!
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Ey5
y

j

]V~j,h!

]j
, ~A13!

Ez5
1

j

]V~j,h!

]h
. ~A14!

APPENDIX B: TWO-DIMENSIONAL POINT-SPREAD
FUNCTION p n„x ,y … FOR n-PHOTON EXCITATION

Using Eqs.~A11! through~A14!, the point spread func
tion @pn(x,y)# on the substrate surface can be calculated

pn~x,y!5UE~x,y,0!

E~0,0,0!
U2n

5U 1

e3Pn8~0!
U2nUj221

j2 Pn8
2~j!Pn

2~0!

1
e3

2

j2 Pn
2~j!Pn8

2~0!Un

. ~B1!

APPENDIX C: ELECTRIC FIELD FOR SATURATION

To get about one absorption event per pulse and fluo
phore the excitation rate during the pulse needs to be

sI 3'tp
21. ~C1!

For a pulse width of 100 fs and a typica
s3'1310294@m6 s2~photon!22# at a wavelength of 1500
nm, the required peak intensity for saturation is

I'4.631035@~photon!m22 s21#31.32310219@J~photon!21#

56.1331016@Wm22#. ~C2!

Using thatuEsu25I /(e0C) we find

uEsu'4.83109@V/m#. ~C3!

APPENDIX D: CALCULATION OF zEsub z2 AND zEmaxz2

uEmax~j,h!u25uE~1,0!u25uce3Pn8~0!u2, ~D1!

uEsub~j,h!u25uE~1,h12!u2

5Uc2 @~12e3!Pn8~h12!2~11e3!Pn8~2h12!#U2

.

~D2!

APPENDIX E: FRACTION OF TOTAL EXCITATION
THAT OCCURS WITHIN THE HALF MAXIMUM
EXCITATION

By integrating the point-spread function we can calc
late the fraction of the signal that is generated in the ‘‘foca
region

Rn5
**D1/2

pn~x,y!dxdy

**spacepn~x,y!dxdy
5

*1
jnpn~j!•jdj

*1
`pn~j!•jdj

, ~E1!
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wherejn is defined aspn(jn)51/2 with n the order of the
absorption process.
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