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Single-molecule near-field optical energy transfer microscopy
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The nano-optical interaction between a sharp tip and a single dipolar emitter is investigated.
Changes of the excited state lifetime and the fluorescence rate of single molecules are recorded
simultaneously as a function of the tip position relative to the molecule. A subdiffraction-limited
area of decreased fluorescence and shortened lifetime is observed for gold-coated Si3N4 tips. The
results are discussed in terms of molecular fluorescence in a system of stratified media. The outlined
methodology holds promise for applications in ultrahigh-resolution near-field optical imaging at the
level of single fluorophores. ©2002 American Institute of Physics.@DOI: 10.1063/1.1506952#
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Tip-enhanced~scattering-type! scanning near-field opti
cal microscopy~SNOM! constitutes an alternative approa
to near-field optical imaging with aperture probes.1,2 Tip-
enhanced SNOM has been applied to image polymer m
tures with infrared light in vibrational absorption at a res
lution of l/100.3 In the visible spectrum, tip-enhanced tw
photon fluorescence microscopy4 and tip-enhanced
fluorescence5–8 have been reported.

Experimental9,10 and theoretical studies11 of the interac-
tion of sharp tips with well-defined objects, i.e., single dip
lar emitters, can contribute to a deeper understanding
nano-optics. However, despite of all achievements,
implementation of tip-enhanced SNOM schemes with sing
molecule sensitivity remained a challenge. Quenching
molecular fluorescence by the proximity of the metal
probe tip was thought to be a major disadvantage of SN
techniques when extended to ultrahigh resolution.12,13

In this letter, we present a study of the nano-optical
teraction between a sharp metallized tip and a single-dip
emitter. We simultaneously record changes in the fluor
cence rate14 and lifetime changes15,16 as a function of the tip
position relative to the molecule. Respective maps show
tinct features with lateral dimensions well below the diffra
tion limit. The lifetime maps clearly demonstrate a shorte
ing of the lifetime, compatible with the appearance
additional molecular decay channels in the proximity of t
tip. By simultaneous recording of both, tip-position depe
dent lifetime and intensity, effects of field enhancement, a
energy transfer close to a tip can be disentangled. By exp
ing selective quenching of individual molecules in sm
clusters, the method holds promise for applications
ultrahigh-resolution tip-enhanced SNOM of single mo
ecules.

The setup is a sample-scanning confocal optical mic
scope based on an inverted microscope~Zeiss Axiovert 135!
in combination with a tip-scanning atomic force microsco
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~AFM! ~Digital Instruments, Bioscope! ~Fig. 1!. An actively
mode-locked Nd:YAG laser~Coherent Antares!, frequency-
doubled to 532 nm with 150 ps pulse width and 76 MH
repetition rate is intensity-stabilized~Cambridge Instru-
ments, LS 100! and coupled into a single-mode optical fibe
A small fraction of the excitation light is directed onto a fa
photodiode to provide a time reference. After exiting the
ber, the circularly polarized light is collimated by a lens a
reflected via a dichroic mirror onto the back aperture of
oil immersion microscope objective ~Zeiss, Plan-
Apochromat,363, 1.4NA, `! which focuses the light to a
diffraction-limited spot on the sample. Emission from th
sample is collected by the objective and transmitted by
dichroic mirror. A set of two holographic notch filters~Kaiser
Optical Systems! and a set of suitable cutoff and shortpa
filters remove Rayleigh-scattered excitation light and the 6
nm line of the AFM laser. The transmitted fluorescen
~550–625 nm,>60%) is focused onto the 200mm diameter
active area of a single-photon counting avalanche photod

ss:
;

FIG. 1. Left-hand side panel: Principle of the experiment. Right-hand s
panel: Shape of the gold-coated tip used in the experiment of Fig. 3.
view and side view. The thickness of the gold layer is 50 nm. The tip e
in a knife edge of 170 nm in width.
8 © 2002 American Institute of Physics
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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~SPCM-ARQ 14, Perkin–Elmer! which serves as confoca
pinhole. For online acquisition of fluorescence lifetime da
during scans, time-correlated single-photon counting in co
bination with an averaging scheme is employed. Specifica
the output of a time-to-amplitude converter is converted i
a continuous step function and averaged by a low-pass fi
Details are described elsewhere.17

AFM measurements are performed in contact mode w
commercial cantilevers~Digital Instruments, DNP! with
Si3N4 tips in the shape of a quadratic pyramid~base length 4
mm, height 3.3mm! coated with;20 nm of gold. In conven-
tional contact mode AFM scans, only the very tip apex~i. e.,
a microtip! interacts with the sample. In fluorescence expe
ments, also regions of the tip, which are not in immedi
contact with the sample, can affect image formation. Sc
ning electron microscopy images showed that the four c
ners of pyramidal tips in general do not meet in a sin
point but often form a knife-edgelike structure~see Fig. 1,
right-hand side panel!. The particular tip of Fig. 1 was use
in one of the experiments discussed later in this letter.

Samples were prepared by spincasting~9600 rpm! of
a 10 ml droplet of a solution of poly~methyl-
methacrylate! ~PMMA! in toluene that contained th
dye 1,18-dioctadecyl-3,3,38,38-tetramethylindocarbo
cyanineat a concentration of'1029 M onto cleaned stan
dard glass cover slips. The difference in refractive indic
between PMMA and glass are neglected in the followin
AFM of the polymer film revealed a smooth surface and
thickness of about 20 nm. Standard confocal single-molec
fluorescence microscopy without AFM tip showed typic
diffraction-limited fluorescence spots of molecules with ra
dom dipole orientation. During the experiments, the sam
was subject to a laminar flow of nitrogen to exclude oxyg

Prior to the experiment, the scan window has to be c
tered around the confocal volume18 containing a single mol-
ecule. While scanning the tip over the surface of the PMM
film, the molecule is continuously illuminated and fluore
cence rate and lifetime are recorded as a function of the
position.

In order to locate a molecule, the tip is held at a fix
position and the sample is scanned using an actively lin
ized piezoelectricxyz-scanning stage~PI, P-517.3CL!, until
the fluorescence exceeds a threshold, indicating the pres
of a molecule. Once a molecule is found, the position of
scan stage is frozen for continuous monitoring of the m
lecular fluorescence during tip action. The excitation inte
sity is typically 500 nW, resulting in fluorescence emissi
rates of 1 – 33104 photons/s.

The rather complex geometry of a single molecule e
bedded in a thin PMMA layer on glass with a gold-coat
Si3N4 AFM tip may be modeled to first-order approximatio
by a system of stratified layers.19–24 This is justified by the
fact that on molecular length scales, the radius of curva
of the tips is still very large. However, all details about t
spatial extension and directionality of the interactions pa
lel to the layered system are neglected. Nevertheless,
influence of the air gap, which is of major importance f
high-resolution optical imaging, can still be studied in deta
Figure 2 shows the lifetime of a dipolar emitter calculat
for a system of stratified layers of glass/air/gold/Si3N4 as a
Downloaded 08 Sep 2002 to 131.152.1.1. Redistribution subject to AIP
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function of the air gap for the two fundamental orientatio
of the molecular dipole. The molecule is located 1 nm bel
the polymer surface. For a large air gap, corresponding to
situation where the tip is absent, there is a strong orienta
dependence of the fluorescence lifetime. Molecules w
emission dipoles oriented perpendicular to the interface h
a lifetime more than three times longer than that of m
ecules with parallel orientation. This effect has been verifi
experimentally.25,26 Decreasing the air gap leads to some
terference undulations before, at around 200 nm, for the
pendicular dipoles, the lifetime drastically decreases11 down
to zero. For the dipoles oriented parallel to the interface,
lifetime decreases even more sharply to zero over the las
nm. This decay indicates strong nonradiative energy tran
to the gold.

We have investigated a large number of molecules us
gold-coated Si3N4 tips. Figure 3~a! shows a typical fluores-
cence rate map obtained with a gold-coated tip~top-to-
bottom scan!. The molecule stays stable throughout the sc
ning process until finally, after 60% of the imag
photobleaching occurs. Undulations and a pronounced lo
decrease of the fluorescence rate can be observed.
fringes are likely due to far-field interferences due to t
presence of the AFM tip in the vicinity of the molecule
Depending on the relative position of molecule and tip, t
molecule experiences an effectively increased or decrea
excitation intensity due to reflection by the tip. Also, th
probability that a fluorescence photon is emitted in the so
angle covered by the detection optics is altered.

In contrast to the far-field fringes the sharp depression
the left-hand side center of Fig. 3~a! is of subwavelength
dimensions, clearly indicating a near-field optical origin, p
sumably due to local quenching of the molecular fluor
cence by the tip.

The occurrence of a depression in the fluorescenc
consistent with the fact, that a strong field enhancemen
the tip is not to be expected:~i! the illumination conditions
are such that the polarization component along the tip ax

FIG. 2. Molecular lifetimes in a systems of stratified media indicated in
inset as a function of the air gap. Wavelength of emission is 570 nm.
lifetimes are expressed in units of the lifetime in a homogeneous polym
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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small. For this configuration, even a decreased intensity
neath the tip apex is predicted.27 ~ii ! The wavelength of ex-
citation ~532 nm! is too far in the green to excite local pla
mons at the tip. For a similar tip configuration, a plasm
resonance was observed for wavelengths around 588 n28

For a similar wavelength~578 nm!, using solid gold tips
scanned over a single fluorophore, enhanced fluoresc
was observed.29

The depression exhibits a double-lobed shape. S
asymmetric patterns are expected when quenching dip
emitters have symmetric tips. The shape of such patte
should be related to the dipole orientation. However, ima
acquired on several molecules~with random orientations!
with the tip shown in Fig. 1~right-hand side panel! exhibit
identically oriented patterns. The shape of the depressio
therefore likely due to the knife-edgelike shape of the t
The orientation and the length of the knife edge fit very w
to the dimension of the depression. The interruption of
depression is caused by a small particle on the surface o
polymer film @left-hand side inset of Fig. 3~a!#, which forces
the tip to retract locally by'10 nm. A linecut across the
upper lobe reveals a width of'70 nm and a local decreas
of the fluorescence count rate by 10 kHz, with steep ed
also indicative of very short-ranged interactions. In the low
lobe, which is spatially more extended, almost complete s
pression of the molecular fluorescence down to a count
of 5 kHz is seen.

Mapping the molecular fluorescence rate alone does
permit one to conclude whether a change in the emission
of the molecule is due to altered excitation or to a change
the excited-state decay rate. For this reason, simultan
fluorescence lifetime maps were recorded. Changes of
~nonradiative! decay rate manifest in modified fluorescen
lifetimes. Continuous monitoring of the fluorescence lifetim

FIG. 3. Quenching experiment with gold-coated Si3N4 cantilever:~a! fluo-
rescence rate as a function of the tip position. Insets show zooms of the
indicated by the white square: Left-hand side: topography, right-hand s
fluorescence.~b! fluorescence lifetime as a function of the tip position r
corded simultaneously to~a!. Inset: Zoom of the area indicated by the whi
square.~c! Line section at the white line through~a!. ~d! line section at the
white lines~1, 2! through~b!. All scale bars are 200 nm.
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therefore provides a measure for the strength of additio
decay channels appearing due to the presence of the tip.
thermore, lifetime measurements provide an intensity in
pendent contrast mechanism for near-field optical imagin

Figure 3~b! shows a fluorescence lifetime map record
simultaneously with the fluorescence rate map. The lifeti
map reproduces the subdiffraction-limited dip, while n
fringes are visible. The lifetime dip appears at the same
sition as in Fig. 3~a! and is also 70 nm in width. The fluo
rescence lifetime of the unperturbed molecule is found to
3.2 ns which is consistent with a molecule oriented in t
plane of the sample. The dip depth corresponds to a lo
lifetime decrease of more than 1 ns.

At the position of the topographic protrusion, the flu
rescence rate and the lifetime return close to their unp
turbed values of 20 kHz and 3 ns, respectively. This is
proof for the short range of the interaction causing the
pressions, consistent with the expected behavior of a dip
close to a gold layer oriented parallel to the interfaces sitt
about 10 nm under the surface of the polymer film~see Fig.
2!. Here, quenching leads to~i! a decreased fluorescence lif
time and~ii ! a decreased fluorescence quantum yield.
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tal support, to L. Novotny and D. W. Pohl for helpful discu
sions, and to Ch. Scho¨nenberger for the scanning electro
microscopy. This project was funded by the ETH Zu¨rich.

1D. Pohl, W. Denk, and M. Lanz, Appl. Phys. Lett.44, 651 ~1984!.
2E. Betzig and J. Trautman, Science257, 189 ~1992!.
3B. Knoll and F. Keilmann, Nature~London! 399, 134 ~1999!.
4E. J. Sanchez, L. Novotny, and X. S. Xie, Phys. Rev. Lett.82, 4014
~1999!.

5J. Azoulay, A. Debarre, A. Richard, and P. Tchenio, Appl. Opt.39, 129
~2000!.

6N. Hayazawa, Y. Inouye, and S. Kawata, J. Microsc.194, 472 ~1999!.
7H. Hamann, A. Gallagher, and D. Nesbitt, Appl. Phys. Lett.76, 1953
~2000!.

8Y. Martin, F. Zenhausern, and H. K. Wickramasinghe, Appl. Phys. L
68, 2475~1996!.

9L. Novotny, Appl. Phys. Lett.69, 3806~1996!.
10H. Gersen, M. Garcı´a-Parajo´, L. Novotny, J. Veerman, L. Kuipers, and N

van Hulst, Phys. Rev. Lett.85, 5312~2000!.
11C. Girard, O. Martin, and A. Dereux, Phys. Rev. Lett.75, 3098~1995!.
12X. Xie and R. Dunn, Science265, 361 ~1994!.
13W. Ambrose, P. Goodwin, J. Martin, and R. Keller, Science265, 364

~1994!.
14T. Yang, G. Lessard, and S. Quake, Appl. Phys. Lett.76, 378 ~2000!.
15J. Pedarnig, M. Specht, and T. Ha¨nsch,Photons and Local Probes, edited

by O. Marti and R. Mo¨ller ~Kluwer, Dordrecht, 1995!, pp. 151–163.
16D. Pastre´, P. Grossel, and M. Troyon, Opt. Commun.156, 92 ~1998!.
17W. Trabesinger, C. Hu¨bner, B. Hecht, and U. Wild, Rev. Sci. Instrum.73,

3122 ~2002!.
18This is achieved by recording the reflected excitation light as a function

the tip position during a tip scan.
19K. Drexhage, B. Am. Phys. Soc.14, 873 ~1969!.
20H. Kuhn, J. Chem. Phys.53, 101 ~1970!.
21W. Lukosz and R. Kunz, Opt. Commun.20, 195 ~1977!.
22W. Lukosz and R. Kunz, J. Opt. Soc. Am. A67, 12 ~1977!.
23R. Chance, A. Prock, and R. Silbey, Adv. Chem. Phys.60, 1 ~1978!.
24L. Novotny, J. Opt. Soc. Am. A14, 91 ~1997!.
25X. Xie and J. Trautman, Annu. Rev. Phys. Chem.49, 441 ~1998!.
26M. Kreiter, M. Prummer, B. Hecht, and U. Wild,~unpublished!.
27L. Novotny, E. Sanchez, and X. Xie, Ultramicroscopy71, 21 ~1998!.
28M. Ashino and M. Ohtsu, Appl. Phys. Lett.72, 1299~1998!.
29A. Kramer, W. Trabesinger, B. Hecht, and U. Wild, Appl. Phys. Lett.80,

1652 ~2002!.

rea
e:
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp


