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Feasibility of molecular-resolution fluorescence near-field microscopy
using multi-photon absorption and field enhancement near a sharp tip
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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[S0021-897@9)05303-7

I. INTRODUCTION sion with atomic resolution but there excitation doesn’t occur
via the optical field and the possibility of excitation spectros-
Near-field scanning optical microscogilSOM) is in-  copy is lost.
creasingly applied to a variety of imaging probletn$The In this article we consider the practical feasibility of a
prevailing probe type for fluorescence imaging still is theslightly different approach that also doesn’t require an aper-
melt-pulled tapered optical fiber that is then coated withture but exploits the substantial local enhancement in the
metal so as to leave a sub-wavelength aperture at the tipelectrical field strength that can occur near and in between
For tapered fiber probes the achievable resolution is limitegharp geometrical structurés;?® sometimes called the
fundamentally by the skin depth of the coating material and‘lightning rod” effect. Together with nonlinear optical pro-
in practice also by signal-to-noise considerations since theesses such an enhancement is expected to produce true con-
light transmission decreases rapidly as the aperture becoméisement of optical excitation to nanoscopic volunig$°2°
smaller® This precludes imaging at truly molecular or atomic As a particular embodiment of this approach we considered
resolution and limits the achievable rate of image acquisitionin detail three-photon absorption of light above 1200 nm to
thereby making, for example, the observation of fast dy-excite fluorophores emitting visible light. To study the be-
namic phenomena impossible. Furthermore, optical dathavior of the optical near field at molecular dimensions we
storage is crucially dependent on high write and readoutised as in Ref. 18see also Fig. llthe electrostati¢nonre-
rates. tarded approximation for a class of geometries which allow
To overcome these limitations, several aperturelesghe solution to be expressed in terms of Legendre functions
schemes have been proposed and some of them have beafndegreev (see also Eqs(Al)-(A14) of the Appendix
experimentally demonstrated. High resolution imaging havecause we were particularly interested in the scaling behav-
been observed with several coherent methddistecting ior at deep sub-wavelength distances, the dependence of en-
elastically scattered light such as particle plasmon hancement exponents on tip geometry and materials, and the
resonancé, or dipole—dipole interactions between tip and question of “substantial” localization.
sample®”® Coherent schemes are, however, not applicable
to most processes with high molecular s'ens.itivity such 3% TRUE LOCALIZATION OF EXCITATION
Raman scattering or fluorescence. Localization of surface
modification using optical field enhancement on tunneling  When actual molecular excitation rather than elastic
tips has been demonstratet Light emission during elec- scattering is to be used in near-field imaging it becomes of
tron tunneling*~*®has been used to define the point of emis-central importance that excitation itself is spatially confined
rather than merely restricting the volume within which a
dCurrent address: Shizuoka University, Johoku, Hamamatsu, Japan. modulation of the Slgnal occurs as a result of, for example,

bAuthor to whom correspondence should be addressed; electronic maiftn Oscillating tip-sample .dis_tanéé.The reasons are two-
denk@bell-labs.com fold: (1) background excitation, even when unmodulated,
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TABLE I. Enhancement exponents, enhancement factors for three-photon absorption on the siBstg&)e (

and right underneattsee Appendix Dthe tip (Enal®), required average laser powdk$)(mw)] to reach
absorption saturation on the substrate, estimated temperature rise during a singlé\piulserfd steady state
temperature riseXT), assuming 100 fs pulses at 100 MHz repetition rate at 1500 nm wavelength, 10 nm tip
radius, and a tip opening angle of 45°.

Tip/gap/

subs. v |Emad® |Equd® (P)Y(mW) ATi(°) AT(°)
Au/air/Au —0.0415 4.K1¢¢ 5.8x1C° 3.2 26 0.0055
Aulair/diamond 0.132 1810° 1.5x10° 11 30 0.0092
Ir/Air/diamond 0.127-0.02571 1%10° 1.6x10° 11 34x1¢¢ 0.3
W/Air/diamond 0.112-0.1I 7210 5.7x10° 6.8 1.9x16°  0.96
Pt/air/diamond 0.144-0.037I 20" 1.2x10° 11 52x10?  0.97
Si/airdiamond 0.342 2810° 5.1x1C° 33 2.9 0.0007
Si/air/silicon 0.292 7.10°  1.6x10* 23 2.6 0.0005
diamond/air/diamond 0.49 7100 5.3x 107 70

leads to photodamage or photoconversion in molecules oufraction of the light generated in an infinite sample since
side the focal area or volumé?) in the case of fluorescence each additional volume shell of a given thickness contributes
excitation, fluorescence light stemming from molecules outa roughly equal amount of excitation. This is the very reason
side the modulation volume doesn'’t create additional signalthat optical sectioning requires the use of a confocal pinhole
but still generates photon shot noise, which can easily overwhen one-photon excitation is used. For multi-photon exci-
whelm the signal from molecules of interest inside the focaltation, on the other hand, most of the excitations occur
volume. As the focal volume we consider the volume aroundvithin a small volume and each additional volume shell con-
the probe tip where the field strength is of the same order asibutes an amount that decreases with?"~2), leading to a
the peak field strength. The size of this volume determinesapid convergence of the total fluoresceft®ptical sec-
the achievable resolution. tioning can therefore be achieved during excitation alone.
Excitation localization to volumes about 10 nm across isThis yields an almost complete elimination of photochemical
easily achieved using small apertur&sbut is difficult with-  side effects, such as photobleaching, outside the immediate
out an aperture, if linear absorption is considered and no us®cal volume.
is made of a resonance condition such as a particle By applying the same reasoning to tip enhancement, i.e.,
plasmorf?? The use of a resonance, while offering substannear-field microscopy, we find that the absorption probability
tial enhancements and true localization, severely restricts thieas to fall off faster tham 3 to lead to true confinement in
choice of wavelengths and materials. For particle resonancethree dimensionsr( 2 for a two-dimensional distribution of
the reduction ofQ with decreasing particle size furthermore absorbers, e.g., on the substrate supfa€ellowing the treat-
limits the attainable resoluticfT. ment of Ref. 19, it becomes clear that even for the lowest
Substantial excitation localization without an aperture orpossible fractional degree= — 0.5 [the asymptotic behavior
resonance can, on the other hand, be easily achieved withf the field away from the tip is proportional t§ ! and that
nonlinear optical processes, as we will argue. Due to theiof n-photon absorption tor¢~1)2" the r 2 condition is
much stronger dependence on the field strength, higher ordenly marginally reached for one-photon absorption and the
(=2) nonlinear processes require a much smaller enhancewumber of excitations still diverges logarithmicalfAn ad-
ment of the electrical field than linear processes to get dlitional restriction is that in order to achieve that tip reso-
certain enhancement of the excitation rate. For a processance ¢=—0.5) one would have to use a particular wave-
where multiple(n) photons are absorbed simultaneously thelength, at which even for the best tip materials such as gold
rate depends on th@n)th power of the local electrical field and silver there still is significant absorption not to mention
and even moderate enhancements in the field strength leadttee limitation to molecules absorbing at such wavelengths.
substantial localization of excitation. The criterion of sub-N-photon absorption, on the other hand, provides true con-
stantial localization that we use is that a sizable fraction ofinement without such stringent conditions. Instead we only
all molecular excitations should occur in a small volume.need to fulfill v<vsy=1-3/2n and v<<v,4=1-—2/2n for
This can be illustrated using an example from far-field op-three- and two-dimensional absorber distributions, respec-
tics: linear (single-photoin absorption versus multi-photon tively. The general relation i#<1-—d/2n, whered is the
absorption in a focused laser bedh?® In the one-photon dimension of the chromophore distribution ami the order
case, even though the molecular excitation rate falls rapidlpf the absorption process. For= 3 this condition can be met
away as the distancé) to the focus increases, the total both for two- and three-dimensional fluorophore distribu-
amount of excitation within, say, a volume bound by thetions using a wide range of materials over a wide range of
half-intensity surface of the beam, is only an infinitesimalwavelengthgTable I, Figs. 2—4 It is worth noting that even
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FIG. 1. Tip/sample geometry used in our calculations. In prolate spherical 0.2-
coordinates tip and substrate surfaces both are surfaces of comstant
1 ) 1 T T

=c0s 6, and n= cos 6,3= cos@@/2)= 0, respectively. This allows a separa-
tion of variable for the partial differential equations for the fi¢dtte Refs.
19 and 42

for dielectric tips the field strength diverges in the case ofOI
vanishing tip radius. This is very different from the case of
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FIG. 3. Field enhancement exponeras a function of tip opening angle for
ifferent combinations of tip/substrate materials.

an ellipsoid where for dielectric materials the field enhance-

ment is limited toe-fold even in the case of an arbitrarily
pointed prolate shape.
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FIG. 2. Field enhancement exponentor different tip materials and open-
ing anglesd as a function of the substrate refractive index (a) Ideal
metal, (b) gold, (c) silicon.

A closer look at the enhancement exponent as a function
of various parameters reveals a number of interesting fea-
tures. As expected, there is field enhancement even in the
absence if;=1) of the substrate, which in the case of the
ideal metal €;=—«) would be sufficient for substantial lo-
calization of three-photon excitation in three dimensions for
tips with 45° half opening angléFig. 2(a)]. Even steeper
enhancement is expected for tips made of real metals such
as goldFig. 2(b)]. A conspicuous difference between metals
(n,<0 and dielectrics1;>1) is the behavior towards more
acute tip opening anglggig. 3), where metals tend to have
their biggest enhancement while dielectrics peak at around
45°, A comprehensive overview for the behavior of dielec-
trics is given in Fig. 4 for three different opening ang(&6°,
45°, and 805. As expected from Fig. 3, the biggest enhance-
ment is seen at approximately 45°. The contourgab/6,

2/3, and 1/2 indicate the boundaries of true confinement for
one-, two-, and three-dimensional absorber distribution, re-
spectively.

We calculated the point-spread functiofsee also Ap-
pendix B for gold tips[Fig. 5@] and silicon tipg Fig. 5(b)],
both over diamond substrates. For silicon, which provides
comfortable confinement at 459,is at the edge of the con-
finement boundary at 80° and outside for 10°, and the point-
spread function depends strongly on the tip opening angle.
Less dependence on the tip angle is found for gold, where we
are well within the confinement boundaries for all angles.

To get a sense for the degree of confinement, we esti-
mated the fraction of the total excitation actually localized to
the focal volume, here defined as bounded by the surface of
half maximal excitation(see Appendix E Figure 6 shows
the results as a function of for two-dimensional absorber
distributions and fon=1, 2, and 3. The fraction, of course,
becomes 0 as soon agrosses the confinement boundary. It
is worth noting that the confinement ratio increases steeply
below the limit so that even withr close to the confinement
boundary microscopy should be possible.
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6 FIG. 5. The expected point-spread function along the substrate surface for
different tip opening angles calculated for gold tip over diamond surface and
5 for silicon tip over diamond surfacghree-photon excitation The position
is expressed in units of the coordinate focal lenigth
4
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FIG. 4. Contour plots ofv as it varies as a function of tip and substrate
refractive indices for three different tip opening angl@s.10°, (b) 40°, and
(c) 80°. The limits of convergencev&5/6, 2/3, 1/2 for one-, two-, and

(=10 n9 is longer than the fluorescence decay times for
most organic fluorophoréed,in particular when taking the
shortening of the excited state lifetime into account that will
result from tip and surface effec{see below. To generate
about one absorption event per pulse of 100 fs duration in

three-dimensional absorber distributions and three-photon absorption are igggch fluorophore the absorption rate has to b8 40 To-

dicated by thicker contour lines.

gether with the typical three-photon absorption cross
sectiorf® of o3~10" % m® (photon 2 this yields an esti-

As we can see, sufficient enhancement for true confine-

ment should exist in the three-photon case even for tips made
out of diamond, silicon, or silicon carbid@able I). Micro-
fabricated silicon tips, with a radius of curvature of less than
10 nm, integrated into force microscopy levers, are readily
available commercially(Digital Instruments, Park Scien-
tific). Because silicon is not absorbing above about 1200 nm,
large excitation intensities can be used without heating the
tip by one-photon absorption. A practical advantage of multi-
photon excitation is the easy discriminability of the fluores-
cence light from the excitation light due to the large wave-
length difference between excitation and emission
wavelength.

Ill. LASER POWERS AND PULSE WIDTHS

To evaluate the feasibility of using tip-enhanced multi-
photon excitation at high scan rates we calculated the aver-
age laser power necessary to saturate the fluorescence exci-
tation of a molecule on the substrate right beneath the apex
of the tip (see also Appendix JC Saturation, beyond whic

confinement ratio

0.40

0.30

0.201

0.104

0.00

h FIG. 6. Ratio of total excitation to the excitation that occurs within a vol-

me bounded by the surface of half maxial excitation as a functionfof

an increase in intensity doesn’t increase the rate at WhicBne., two-, and three-photon absorption for a two-dimensional distributions
fluorescent photons are created, means that about one al¥-absorbers.
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mate of the local intensity of about610'® W/n??, or a field ~ metal—from an optical but not mechanical viewpoint—is
strength ofEs~4.8x 10° V/m. Without any field enhance- gold, with about 30° of temperature rise. These values for
ment but with diffraction limited focusing using a lens with a AT; are likely to still be overestimates because, as in vacuum
numerical aperture of about 1, an average power level ofunneling of electrons, the energy is initially present in the
several hundred mW is needed to saturate the fluorescené@m of hot electrons and is transferred to the lattice through-
transition?® After taking the field enhancement due to tips Out a larger volume, determined by the mean free path.
with 10 nm radius of curvature into account the range of ~ Next we estimated the steady state temperature rise. To
average incident powers lies between 3 and 70 mw. weaimplify the problem we approximated the hyperboloid tip as
estimated the field enhancement by using the enhancemetcone, which is illuminated up to a distancexd{2) from
exponents as calculated aboV€.We also assumed that the the tip. Such an approximation overestimates the temperature
incident light was focused to a spot roughlyun across. rise by enlarging the volume where heat is produced. This is
The results for a variety of material combinations are listedespecially the case for metallic tips because the skin depths
in Table I. The pulse energies required are betwee®f good conductors are only on the order of nanometers. The
3%x10 * and 7x 10 1°J for three-photon absorption prob- maximum temperature rise occurs at the tip of the cone and
abilities of order one/pulse. Even the power levels require¢an be calculated s
fpr dielgctric tips are easily achie\{able with optical paramet- N2m) we|E|2
ric oscillators, Ct" laser$® operating around 1500 nm, or ATmaX=f radr, (3
erbium doped fiber lasefS.
The calculated enhancement factors should be reasofvhere « is the thermal conductivity. To obtain an analyti-
ably accurate for dielectrics. Inside metallic materials thecally tractable expression of E(B), we further approximate
wavelengths become complex, however, and much smallethe E field as
reducing the length scale up to which the electrostatic ap-

KI

. . €

proximation can be uset. e, for r=ry

Tip heating E= € [To| 1" ' 4
Since heating of the coating material limits the excitation max ¢ (7) . forr=ro

in aperture based near-field microscopy to rates many orders

of magnitude below the saturation regime, we estimated th%tri]liezﬁjrotrllse tgse ﬁdlgﬁcoggﬁ;\(,?é?rgfiﬁg}?efépigﬁee xgxfi\_ave
heating of the tip for the apertureless configuration to insure ymptotic . '
um temperature rise is then given by

that saturating excitation can, in fact, be used. We assumed

saturating pulse energy levels and linear, i.e., one-photo, ab- we|€x] €1 Emad?ra

sorption using bulk optical constants for metallic tips. Two ATmax= P

separate time scales have to be considered. First, there is the

instantaneous temperature rise that occurs during a single 1 1 A\ 2Rdv

pulse at the point of maximal field enhancement. For a pulse X|1= Re v] + R v] | 27, ' ®)

duration of 100 fs thermal conduction is negligible even for
the dimensions of the order of the tip radifier a distance of
10 nm the thermal diffusion time is around 1 ps for gold
The volume density of energlyy) dissipated during a single
pulse is given by

where Rév] denotes the real part of. Examples of the
calculated values are listed in Table I.

Heating by linear absorption should be negligible for
transparent dielectrics such as silicon. However, strongly
doped silicon does show significant free carrier absorption at
q=weElTy, (1) 1500 nm, which may rule out the use of tips that are fabri-
cated using the dissolved wafer process which requires very
high dopant levels. Heating caused by two-photon excitation
in silicon can also be estimated using the above models ex-
_cept that two-photon absorption cross section has to be used
@nd the heat deposition is now proportional &*. For the

wherew is an angular frequency of ligh¢; = Im(e), 7, is the
pulse length, and; is the electric field just inside the tip
surface, its value related to the field outside theHjp; by
E;=E,u€2/ €4 for the perpendicular component. For symme
try reasons the parallel component of the electric field is zer . :
at the apex and it can be easily shown that the point oyalues listed in Table |, we have used a two-photon absorp-
maximum field strength occurs at the apex both inside and°" co_efﬁment of ~1.0 cm/GW for sﬂmon()ﬁu gnd De_n!<,
outside the material. The instantaneous temperature\iise unpubhshed_ res@'{‘ Clearly two-photon heating is neghglple
caused by a single pulse at the point of maximum field engven at the intensity necessary for three-photon saturation on

hancement is thus the substrate.
ATi:7'pw6i[Emaxfz/el]zlcp, (2)

wherec, is the heat capacity of the tip material. Predictably,A Quenching of fluorescence
the largest temperature rises occur for strongly absorbing” 9
metals like Pt, Ir, and W, which otherwise would be suitable = Fluorescence emission from a molecule can be severely
tip materials due to their mechanical properties and theiaffected by the proximity of a surfacé3*Metallic surfaces,

known ability to form and maintain sharp tips. The bestin particular, pose a problem for tip-enhanced excitation of

IV. PITFALLS
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fluorescent molecules, since these molecules can loose thdir Dielectric breakdown
energy via radiationless energy transfer to the tip or the sub- The intensities required for dielectric breakdown vary

stre}te.material if either of thosg is strongly absqrbing at thestrongly with the pulse width and no direct measurements are
emission wavelength. Quenching by an absorbing S‘ubs‘tr"’“:ﬁ/aiIable for the 1500 nm wavelength regime. Measurements

material is stronger than by an absorbing tip because thgt shorter wavelength, where the damage fluence for fused

molecules to be imaged tend to be located at the substrag?lica was measured, yielded a value of about

surface rather than on the tip. The use of an absorbing subs, 1y 32 for 500 fs pulses at 1053 nm for both fused
strate is a _dlsaglva_ntage also begause it prohibits, for &ilica and Cal. The extrapolation of the theory used to
ample,_ the |IIum|nat|on35a3r25d detection through_the SUb_Strateinterpret these results and some data for 150 fs pulses at 825
Following Chanceet al>>*" we used 'Fhe following relation nm suggest a peak power damage threshold of about
to calculate for the extent of quenching: 10" W/m?. This value is comparable to the local intensities
q ) required for three-photon saturation 6x 106 W/m?). Al-

; (6)  though the intensities inside the tip and the substrate are

k3d3 2 2 ;
reduced by factors of{ and 3, respectively, surface break-
wherek;, n;, and x; are the wave number of the fluores- down may occur at such high intensities, especially taking
cence, the refractive index, and the extinction coefficient ofnto account that the intensity right underneath the tip is
tip material, respectively, ang is the quantum yield of the higher than that on the substrdfgable ). Dielectric break-
emitting state in vacuum. down could therefore limit the achievable three-photon exci-
The loss of fluorescence light due to quenching is sometation rate to values below singlet saturation.

what reduced by the increased emission rate due to the field
enhancement effect. Emission, however, is a first order pro-
cess and its enhar_mement, with a much weaker dependenge raquction of the field enhancement by an
on the characteristic length, cannot fully compensate que”db‘bsorbing molecule
ing, which increases like® for small distances. This limits ]
the resolution that is achievable for fluorescence excitation Th€ presence of an absorbing molecule underneath the
with metallic tips to about 5 nm. The use of Si tips improvestiP I bound to reduce the local field in analogy to the case of

the situation somewhat but still requires a distance betweef 'adio antenna, where the output voltage depends on the
tip and fluorophore of at least 2 nm. load impedance. If the load is comparable or larger than the

To increase the spatial resolution to atomic dimensionsc_haracteristic output impedance of the antenna the actual

a dielectric tip material that is nonabsorbing at the emissiofi€ld will be considerable smaller than the unloaded field.

wavelength has to be used. Even those dielectric material5his; of course, implies that the actual enhancement would
with the largest known refractive indices provide smaller en-2IS0 be considerably reduced from its theoretical unloaded

hancement exponent&) than metals or semiconductors yalue. A crudeiestimate of this effect can be made by rgplac-
(Table ). The exponents are, however, still large enough tdnd the atom with a small sphere consisting of a lossy dielec-
provide true confinemenf»<1—d/(2n)] for =three- triC. Given an absorption cross section @f 10~ % m? the
photon excitation. For example, if we use diamond on a diaSize of an equivalent sphere with (& of order 1 can then be
mond surfacer is about 0.49, well within the region of true ©Stimated by dimensional analysis as
confinemen{Fig. 4(b)] for a two-dimensional absorber dis-
tribution. For intermediate resolution metallic tips may be d%%m%/lo_zj‘ m?10-® m~1 nm.
preferable because they generate larger field enhancements
even at moderate wavelength-to-tip radius ratios. For the Ukrhis implies that a strong distortion of the unloaded field
timate resolution in fluorescence microscopy transparent tipfegins at tip radii below 1 nm for linear excitation. The case
are, however, necessary to avoid emission quenching. ot honlinear absorption is complicated by the fact thais
not a simple property of the molecule but depends on the
intensity of the impinging light. At a given intensity | we
B. Nonlocality of refractive index can, however, define an effective cross-sectieyx. For

3€2anl

2|e;+ €

bET

Our calculations so far were based on the assumptio?‘lhree'pho'[On absorption
that the refractive index is local, i.e., the polarization de-
pends only on the local electrical field. This assumption be-  Teff™ O3
comes invalid for length scales below the mean free path of
charge carrier in metals, as is, for example, manifest in surwhere 65 is the three-photon absorption cross section. For
face effects which reduce the effective conductivity in smallthe case of the saturating intensity, we fioge=17 2 853/
particles?® Nonlocal refractive index effects are likely to re- ~2x 1022 m? (wherer is the pulse length This translates
duce the actual enhancement in the case of very sharp metfato d.+~0.3 nm, comparable to atomic dimensions and
tips but not for dielectrics, which don’t have mobile elec- therefore not necessarily negligible. But reducing the excita-
trons. Like fluorescence quenching, nonlocality effects ulti-tion intensity also reduces.s and an arbitrarily smaltg;
mately favor dielectric tips and substrate material over metean, therefore, always be achieved, albeit at the expense of
als at molecular dimensions. the excitation rate.

| 2
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V. POTENTIAL APPLICATIONS a range that is easily achievable with present technology. Tip
or sample destruction by heating is not expected even at

saturating three-photon excitation rates.
Among light microscopy techniques fluorescence mi-

croscopy has a special position because of its ability to dis-
tinguish between different molecular species with extremerAppENDlx A: POTENTIAL AND ELECTRIC FIELD IN

high specificity. For example, it is possible to detect singleypER PROLATE COORDINATE
fluorophore, e.g., labeled biomolecules like proteins and

DNA, in a focal volume that contains about &l @ther Following Ref. 19, the electric potenti®l(¢, ) can be
molecules®3°This makes the availability of a fast-scanning written as
molecular-resolution fluorescence near-field technique desir- —

. . R o V(& n)=E (&) XH(n),
able. Tip-enhanced nonlinear absorption is limited in its (&7) (-§) (77)_ _
resolution only by the tip radius and does not suffer from an prolate spherical coordinatés 7,¢), which are converted
reduction of the excitation rate as the resolution is increasedo Cartesian coordinates,y,2 by

A. Fluorescence microscopy

Ez1,-1sy=<l1 (A1)

The achievable scan rate is more likely to be limited by the ) 5

speed of the distance control methods since, even at 1% sin- x= \/(§ ~1)-(1=n")cose, (A2)
glet saturation, a single molecule will emit about  y_ \[(£2_1).(1— 5?)sin ¢, (A3)
10° photons/s, with an overall detection efficiency of, say,

10% a pixel dwell time of 10Qus, which would give easily z=§- 7,

detectable ten-photon signals. where we assumed the distance between the two focal points

to be 1.
By considering the electromagnetic boundary conditions at

tip and substrate surfaces, we get the following solution for
Multi-photon excitation provides the necessary localiza-the potential:

tion and, at the same time, allows one to reach the relatively

B. Localized photochemical modification

high quantum energie@ypically in the UV range for one- P(n), 7=
photon excitationthat are necessary for the modification of ~ H(7)=1y @P,»(7)+bP,(=7), 7,=7=0,  (A4)
chemical bonds while the incident light is in the red or near cP,(=mn), »<O0
infrared. This has been demonstrated of the case of two- 1—e
photon absorption induced photochemical release of biologi- a= 3 c, (A5)
cal agonist¥ using far-field focusing. In near-field applica- 2
tions an important additional advantage is that, in general, 1+ €;
the optical propertieglike absorption of materials that one b= 2 c, (AB)
might use for the fabrication of tips are more favorably in the
near infrared wavelength region than in the UV. 2P (712 A7

AP (Lt P~ 7 il
C. Optical storage and components of the electric field are given by

The use of near-field optics in optical storage has been v X N(&,7) (& 7)
proposed and demonstrated in principle several year%lagoEﬁa—X: C (é pY: A ) (A8)
using the coated tapered fiber approach. As in the case of &= K
microscopy applications, this approach suffers from optical
throughput problems that become exacerbated at high res&y:ﬂ: 5 y 5 ( NEm) 7 av(gﬂﬂ), (A9)
lution, i.e., high storage density. The tip-enhanced nonlinear Yy &-9 43 a7
absorption approach remedies that problem as no reduction
of the excitation rate occurs at high resolution and th%zzﬂ:;
achievable storage density is not limited by the electromag- =~ 92  £2— 5?2
netic penetration depth into the coating material.
x| mez-1) DETD g2 —W(f’”)}.
9¢ an
VI. CONCLUSION (A10)
We have evaluated the feasibility of multi-photon exci- Immediately above the substrate surface

tation using tip-enhancement near-field microscopy. We
found that for three or more photon excitation truly localized { n=0, (A11)
excitation should be possible with a wide range of tip mate- E=x>+y*+1
rials (metals and dielectrigsand geometries. For fluores- hea electric field components are
cence imaging at molecular resolution dielectric tips will be
necessary in order to avoid the quenching of the fluorescence _X V(& n) (A12)

emission. The necessary laser powers and pulse width arein > ¢ 9¢& '
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Yy V()
e A
_1 V(g

TE gy (A14)

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

Using Eqgs.(A11) through(A14), the point spread func-
tion [ p,(X,y)] on the substrate surface can be calculated
E(x,y,0)
E(0,0,0)

2n

pn(XaY):

1 ‘Zn
€sP.(0)|
2

+ 22 PAOPLO)

£-1
§2

P/2(£)P%(0)

n

. (B1)

APPENDIX C: ELECTRIC FIELD FOR SATURATION
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where &, is defined a9, (£,)=1/2 with n the order of the
absorption process.
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