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Fluorescence quenching in tip-enhanced nonlinear optical microscopy
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We describe the theoretical treatment of fluorescence quenching in tip-enhanced nonlinear optical
microscopy(TENOM). Finite difference time domain simulations demonstrate that while sharp
pyramidal probes yield fluorescence signal enhancement that decays monotonically as a function of
probe-fluorophore distance, more commonly used conical probes cause more complex image
contrast. Fluorescence quenching can thus explain the halo-type images that are sometimes observed
in TENOM. Formation of a dielectric spacer layer on the TENOM probe should alleviate the
complications associated with quenching. @005 American Institute of Physics
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Tip-enhanced nonlinear optical microscopENOM) In order to calculate the TENOM signal enhancement for
uses the enhanced and confined optical field at the apex ofaagiven probe-fluorophore geometry, one must calculate the
sharp noble metal probe as a two-photon fluorescence exaéxcitation enhancement at=825nm and the dipole quan-
tation source. This approach vyields optical images with tum yield ath =450 nm. As previously reported, we calculate
sub-20 nm spatial resolutidnHowever, TENOM has prima- the electric-field enhancement factor by illuminating the ge-
rily been used for the study of molecularly aggregated sysemetries of interest with 825 nm plane waves in 3D FDTD
tems for which fast energy transfer relaxes excitation energyzimulation%l (see Fig. 1 The position-dependent fluores-
large distances from the proB’é.Fast energy transfer there- cence quantum yieldgen=k;/(k +k,), is calculated by
fore mitigates the effects of fluorescence quenching by theimulating a Hertzian dipole in FDTD. This is achieved by
gold or silver probes in these experiments. calculating the amplitude and phase of the dipole radiated

However, fluorescence quenching will be important inelectric field reflected back to the dipole position by the
TENOM of isolated fluorophores. Several groups have reprobe, and determining the effect of the metal nanoprobe on
ported the use of metal-coated atomic force microscopyhe power radiated by the dipotélf k=k +ky in the pres-
probes for fluorescence imagiﬁ‘d.ln these experiments, un- ence of the probek, is the dipole decay rate in the absence
derstanding the quenching properties of the threeof the probe, andV/W, is the relative power radiated by the
dimensional3D) nanoscale metal probe is of utmost impor- dipole in the presence of the probe, then the position and
tance. While the Chance, Prock, Silb&P9S theor)? can be wavelength-dependent effective quantum yield can be calcu-
used to treat dipole quenching by flat metal mirrors, the curlated

vature of apertureless near-field scanning optical microscopy | 6mQse,
(NSOM) probes is on the same scale as the experimental —=1+ 3 ErSiN ¢g,
probe-fluorophore separation. As such, the analytically MoK
soluble CPS theory cannot be applied in a straightforward
fashion. 11
We present the application of 3D finite difference time . 101 e
domain (FDTD) electromagnetic calculatidf® coupled to §09] .
the CPS theory for the understanding of optical contrast in 0.8 .
TENOM of isolated fluorophores. Combined electric-field i 0.71
enhancement and fluorescence quantum yield calculations al- < 0.6 o
low us to determine the signal enhancement expected for g 057 *
arbitrary probe-fluorophore geometries. When rounded coni- N 0.4 o .
cal probes are used, the signal enhancement for the dipole E 0.31 ° .
peaks at an experimentally significant distance from the $ 0.2 ° ' ]
probe apex. The drop in signal at zero separation explains the 0.1 ® e o
appearance of a halo-type optical contrast. This complicated 0.0

o
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contrast can be avoided by selecting probes designed for op- 2 Distance (nm)
)

timal field enhancement or by maintaining some minimum
probe-fluorophore separation. FIG. 1. Normalized electric field enhancement for the conical p«éibed

squares and the right trigonal pyramidal probéempty circle$ at \
=825nm as a function of distance from the probe apex along toés is

dauthor to whom correspondence should be addressed; electronic maitalculated with FDTD. The pyramidal probe confines the field more strongly
xie@chemistry.harvard.edu than does the conical probe.
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FIG. 2. FDTD (filled squaresand analytically calculatetvia CPS theory, 124 " -
solid line) quantum yields for dipoles near gold mirrors. The dipole is po- g
larized normal to the gold-air interface, and the interface-dipole distence & 10 .
is varied. The FDTD calculated quantum yields match the analytical results 8 .
reasonably well to distances of approximately 40 nm. _g 8 1 . »
=
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Here,k, is the radiative decay rate, akg is the nonra- 0 .

diative decay rate. The quantum yield of the free dipgles
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1.0 4 . - . @ F_IG. 4. (a) Signal enhancement cross section fona450 nm emitting
U . dipole separated by 15 nm from the probe apex alongztteis. The peak
signal enhancement occurs at the smallest lateral displacetbgm/hen
0.8 " the dipole is only 3 nm from the conical probe apex, the peak signal en-
hancement occurs when the dipole is laterally displaced by 18 nm. This
phenomenon explains the halo-type image contrast seen in TENOM imaging
. 0.6 4 of isolated fluorophores.
<
0.4 4 assumed to be Xk is the wave vector for the dipole, ards
the permittivity of the medium. The near-field generated sig-
0.2 nal enhancemen(S) at a given position and wavelength is
simply the product of the square of the electric-field intensity
0.0 enhancementG) and the effective quantum yield of the di-
0 pole
So GPhey.
160 = (b)
1 As in previous two-dimensional FDTD calculations of
140: . quenching by aperture NSOM probes, we simulate the
£ 120 quenching of fluorescence by a mirror in order to verify the
g 1001 =t " . V accuracy of our calculations. Simulated results are com-
g§ . . z]: pared to those calculated via the analytical CPS théseg
E 80: ! Fig. 2. Proper treatment of the simulated material optical
ED 60 o o . constants, in the near-IR and at 450 nm, allows us to accu-
& 40 v ° ra_ltely model quenching of dipoles normal to a gold mi_rror at
] o distances of up to 50 nniDue to the fact that the dominant
04 ZI ° R excitation field in our experiments is polarized normal to the
0] : ! . probe, calculation of quenching for dipoles in other orienta-

0 6 12 18
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24 30

tions is superfluous.
Previous research into the quenching of fluorophores by

FIG. 3. (a) The effective quantum yield of a dipole emittingXet450nm  metal-coated atomic force microscopy probes has used CPS
clearly depends on the geometry of the probe, as the analytically calculategy|cylation to provide a theoretical framewdridowever

quantum yield for the dipolésolid line) near a mirror is significantly dif- . . .
ferent from that calculated with FDTIfilled squaresfor a dipole near a our reSUItS, Cl,early demonStrate that the behawor of d_IDOIeS n
conical gold probe(b) Signal enhancement is calculated with FDTD for close proximity to conical TENOM probes is vastly different

pyramidal and conical probes. While the pyramidal prdfited squares  than that for dipoles near gold mirrofsee Fig. 8)]. The
generates the strongest signal enhancement at the smallest calculable proéfective quantum yield for the dipole near the conical probe
dipole distancg3 nm), the conical probéempty circles yields signal en- increases much more rapidly than does the quantum yield for

hancement that peaks 9 nm from the probe apex. . . . .
the dipole near a mirror. At 12 nm interface-dipole separa-
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tion, the quantum yield for the cone is roughly three times  We have demonstrated the use of 3D FDTD simulations
greater than that for the mirror. This discrepancy is intuitive,for the explanation of fluorescence quenching and image for-
as the radius of curvature of the probe apex, 15 nm, is commation mechanisms in the TENOM experiment. This FDTD
parable to the probe-dipole distances. As the dipole movegpproach provides a straightforward alternative to field ex-
away from the probe, the curvature of the probe becomeBansion approaches, such as that of Novdinyhile
apparent. Only at minute distances will the probe appear tdENOM probes with optimal field enhancement can over-
be planar from the dipole’s point of view. come Io_w fluorescence quantum yields at small probe-dlpole
Furthermore, the shift from a conical to a pyramidal S&parations, more commonly used conical probes can easily
probe yields qualitative differences in signal enhancemenf€Sult in images complicated by fluorescence quenching.
[see Fig. ®)]. The quasi-infinite conical probe is experi- 'V'a'r?ta'r.“”g a minimum pr'obe-fluorophore separation, as by
mentally commort2*Swhile the finite right trigonal py- application of a dielectric spacer layéron the probe

ramidal probe has been shown to yield optimal ﬁeld'éll'IIDEGI}\IXC’)M shoulq ?mpllfy Image Interpretation in
enhancement It is important to note that the pyramidal experiments.

probe is terminated in a single 3 nm cubic cell rather than ay oy, E. 3. Sanchez, and X. S. Xie, Ultramicroscaply 21 (1998.
15 nm radius sphere. While the pyramid has its highest sig2c. J. sanchez, L. Novotny, and X. S. Xie, Phys. Rev. L&2, 4014
nal enhancemen(tl61) at a probe-dipole distance of 3 nm (1999.

3 .
th mallest distan lculable in th imulati M. L. Horng and E. L. Quitevis, J. Phys. Cher@i7, 12408(1993.
(the smallest distance calculable ese simulajjotie “D. A. Higgins and P. F. Barbara, J. Phys. Che®, 3 (1995.

conical probe yields minimal signal enhancemgtr®) at the 5T. J. Yang, G. A. Lessard, and S. R. Quake, Appl. Phys. L8, 378
smallest separation. Conical probe signal enhancement peakg000.

at 9 nm separation at 8& This nonmonotonic distance de- bW. Trabesinger, A. Kramer, M. Kreiter, B. Hecht, and U. P. Wild, Appl.

MR ) . _Phys. Lett. 81, 2118(2002.
pendence in signal enhancement causes halo-type optlcai;. Kawata, C. Xu, and W. Denk, J. Appl. Phy85, 1294(1999.

contrast. _ . 8R. R. Chance, A. Prock, and R. Silbey, Adv. Chem. Pt3&. 1 (1978.
In order to test this theory, we calculated signal enhance-°A. Taflove and M. E. Brodwin, IEEE Trans. Microwave Theory Te&,

ment cross sections for the conical probe at two probe-dipole0623s(1973- g Cberdhe Finite Dt _ _
; ; ; ; K. S. Kunz and R. J. Luebber§he Finite Difference Time Domain
z dlsplacementssee Flg. 4’ W.hen the. d|p0|e .IS 15nm away Method for Electromagnetic’CRC Press, Boca Raton, FL, 1993
from the conical probe_apex in theaxis, _the S|gnal_ enhance- 11 T kug II, E. J. Sanchez, and X. S. Xie, J. Chem. PHyE§ 10895
ment decays monotonically as a function of y displacement. (2002.
. . 1 . .
Separating the dipole from the probe by 15 nm ensures thafR. X. Bian, R. C. Dunn, X. S. Xie, and P. T. Leung, Phys. Rev. L&§,

; . o o 4772-5(1995.
the signal is optimized when the probe is directly above thagL. Novotny, R. X. Bian, and X. S. Xie, Phys. Rev. Left9, 645 (1997.

fluorqphore, simplifying the image contrast. However_, wheniq_ Noyotny, M. R. Beversluis, K. S. Youngworth, and T. G. Brown, Phys.

the dipole is only separated from the probe by 3 nm inzhe Rev. Lett. 86, 5251(2002.

axis, the signal enhancement cross section is more complff’Ag-0 Hggscgggogsl Sanchez, X. S. Xie, and L. Novotny, Phys. Rev. Lett.
. . . . , 55 .

cated, \'Nlth.3|gnal enhancement peaking\gt=18 nm. Thls 19 Novotny, Appl. Phys. Lett.69, 3806(1996.

dramatic difference explains the observed halo artifact in7e j sanchez, J. T. Krug 1I, and X. S. Xie, Rev. Sci. Instri#8, 3901

TENOM of isolated fluorophores. (2002.

Downloaded 11 Sep 2005 to 128.103.60.225. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



