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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-ceiietipSi 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. @002 American Institute of Physic§DOI: 10.1063/1.1506952

Tip-enhancedscattering-typg scanning near-field opti- (AFM) (Digital Instruments, BioscopgFig. 1). An actively

cal microscopy(SNOM) constitutes an alternative approach mode-locked Nd:YAG lase(Coherent Antares frequency-
to near-field optical imaging with aperture proBésTip- _doubled to 532 nm with 150 ps pulse width and 76 MHz

enhanced SNOM has been applied to image polymer mixXrepetition rate is intensity-stabilizedCambridge Instru-
tures with infrared light in vibrational absorption at a reso-ments, LS 10pand coupled into a single-mode optical fiber
. 3 .. . ’ "
lution of A/100 In the visible spectrum, tip-enhanced tWo- A smajl fraction of the excitation light is directed onto a fast
photon flus)gescence microscdpy and  tip-enhanced photodiode to provide a time reference. After exiting the fi-

fluorescence® have been reported. . . " .

ber, the circularly polarized light is collimated by a lens and

Experimentat’® and theoretical studiésof the interac- . AN
. . . . . . . . reflected via a dichroic mirror onto the back aperture of an
tion of sharp tips with well-defined objects, i.e., single dipo- . . . L .
il immersion microscope objective (Zeiss, Plan-

lar emitters, can contribute to a deeper understanding of . .
nano-optics. However, despite of all achievements, thé‘Pochromat,x63, 1.ANA, %) which focuses the light to a

implementation of tip-enhanced SNOM schemes with Sing|e_diffraction-limited spot on the sample. Emission from the
molecule sensitivity remained a challenge. Quenching of@mple is collected by the objective and transmitted by the
molecular fluorescence by the proximity of the metallic dichroic mirror. A set of two holographic notch filtefaiser
probe tip was thought to be a major disadvantage of SNOMDptical Systemsand a set of suitable cutoff and shortpass
techniques when extended to ultrahigh resolutfol. filters remove Rayleigh-scattered excitation light and the 675
In this letter, we present a study of the nano-optical in-nm line of the AFM laser. The transmitted fluorescence
teraction between a sharp metallized tip and a single-dipolai550—-625 nm=60%) is focused onto the 2Q@m diameter

emitter. We simultaneously record changes in the fluoresactive area of a single-photon counting avalanche photodiode
cence rat¥ and lifetime changés'®as a function of the tip

position relative to the molecule. Respective maps show dis-
tinct features with lateral dimensions well below the diffrac-
tion limit. The lifetime maps clearly demonstrate a shorten-
ing of the lifetime, compatible with the appearance of
additional molecular decay channels in the proximity of the
tip. By simultaneous recording of both, tip-position depen-
dent lifetime and intensity, effects of field enhancement, and
energy transfer close to a tip can be disentangled. By exploit-
ing selective quenching of individual molecules in small
clusters, the method holds promise for applications in
ultrahigh-resolution tip-enhanced SNOM of single mol-
ecules.

The setup is a sample-scanning confocal optical micro-
scope based on an inverted microsc@peiss Axiovert 135
in combination with a tip-scanning atomic force microscope
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Ppresent address: Max-Planck-Instititr fRolymerforschung, Ackerman-
nweg 10, D-55128 Mainz, Germany. FIG. 1. Left-hand side panel: Principle of the experiment. Right-hand side

9Author to whom correspondence should be addressed; present addregminel: Shape of the gold-coated tip used in the experiment of Fig. 3. Top
Nano-Optics Group, Institute of Physics, University of Basel, Switzerland;view and side view. The thickness of the gold layer is 50 nm. The tip ends
electronic mail: bert.hecht@nano-optics.ch in a knife edge of 170 nm in width.
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(SPCM-ARQ 14, Perkin—Elmgmwhich serves as confocal 3.5
pinhole. For online acquisition of fluorescence lifetime data ©
during scans, time-correlated single-photon counting in com-5, 3.0
bination with an averaging scheme is employed. Specifically,©
the output of a time-to-amplitude converter is converted into £ 2.5
a continuous step function and averaged by a low-pass filters
Details are described elsewhéfe.
AFM measurements are performed in contact mode with-S

b

2.01

commercial cantilevergDigital Instruments, DNP with GEJ
SizN, tips in the shape of a quadratic pyranfimhse length 4 .= 1.5
um, height 3.3um) coated with~20 nm of gold. In conven- 2
tional contact mode AFM scans, only the very tip agee., % 1.01
a microtip interacts with the sample. In fluorescence experi- g

ments, also regions of the tip, which are not in immediate @ 0.5
contact with the sample, can affect image formation. Scan-=

ning electron microscopy images showed that the four cor-  0.0- T T r r
ners of pyramidal tips in general do not meet in a single 0 100 200 300 400 500
point but often form a knife-edgelike structu¢see Fig. 1, air gap [nm]

right-hand side panglThe particular tip of Fig. 1 was used o B S _
in one of the experiments discussed later in this letter. FIG. 2. Moleculgr lifetimes ina systems of stratified me(_ila |_nd|cated in the
inset as a function of the air gap. Wavelength of emission is 570 nm. The

Samples were prepared by spincasti®$00 rpm of lifetimes are expressed in units of the lifetime in a homogeneous polymer.
a 10 ul droplet of a solution of polgmethyl-
methacrylate (PMMA) in toluene that contained the

A , X function of the air gap for the two fundamental orientations
dye 11-dioctadecyi3 3,3 3" -tetramethylindocarbo ot he molecular dipole. The molecule is located 1 nm below
cyanineat a concentration of 10"~ M onto cleaned stan- ¢ nolymer surface. For a large air gap, corresponding to the
dard glass cover slips. The difference in refractive indicesjyation where the tip is absent, there is a strong orientation
between PMMA and glass are neglected in the following.qepnendence of the fluorescence lifetime. Molecules with
AFM of the polymer film revealed a smooth surface and agmission dipoles oriented perpendicular to the interface have
thickness of about 20 nm. Standard confocal single-moleculg |itfetime more than three times longer than that of mol-

fluorescence microscopy without AFM tip showed typical gcyles with parallel orientation. This effect has been verified
diffraction-limited fluorescence spots of molecules with ran-experimentally’>2® Decreasing the air gap leads to some in-
dom dipole orientation. During the experiments, the samplgerference undulations before, at around 200 nm, for the per-
was subject to a laminar flow of nitrogen to exclude oxygenpendicular dipoles, the lifetime drastically decredseswn

Prior to the experiment, the scan window has to be centg zero. For the dipoles oriented parallel to the interface, the
tered around the confocal volurifecontaining a single mol-  jifetime decreases even more sharply to zero over the last 25
ecule. While scanning the tip over the surface of the PMMAnm_ This decay indicates strong nonradiative energy transfer
film, the molecule is continuously illuminated and fluores-tg the gold.
cence rate and lifetime are recorded as a function of the tip  We have investigated a large number of molecules using
position. gold-coated SN, tips. Figure 3a) shows a typical fluores-

In order to locate a molecule, the tip is held at a fixedcence rate map obtained with a go|d-c0ated (]ﬁw-to-
position and the sample is scanned using an actively lineabottom scah The molecule stays stable throughout the scan-
ized piezoelectrixyz-scanning stagéPl, P-517.3Cl, until  ning process until finally, after 60% of the image,
the fluorescence exceeds a threshold, indicating the presenggotobleaching occurs. Undulations and a pronounced local
of a molecule. Once a molecule is found, the position of thejecrease of the fluorescence rate can be observed. The
scan stage is frozen for continuous monitoring of the mo+ringes are likely due to far-field interferences due to the
lecular fluorescence during tip action. The excitation intenpresence of the AFM tip in the vicinity of the molecule.
sity is typically 500 nW, resulting in fluorescence emissionDepending on the relative position of molecule and tip, the
rates of 1-3 10 photons/s. molecule experiences an effectively increased or decreased

The rather complex geometry of a single molecule emexcitation intensity due to reflection by the tip. Also, the
bedded in a thin PMMA layer on glass with a gold-coatedprobability that a fluorescence photon is emitted in the solid
SizN, AFM tip may be modeled to first-order approximation angle covered by the detection optics is altered.
by a system of stratified layet8-2* This is justified by the In contrast to the far-field fringes the sharp depression at
fact that on molecular length scales, the radius of curvatur¢he left-hand side center of Fig.(8 is of subwavelength
of the tips is still very large. However, all details about the dimensions, clearly indicating a near-field optical origin, pre-
spatial extension and directionality of the interactions paralsumably due to local quenching of the molecular fluores-
lel to the layered system are neglected. Nevertheless, theence by the tip.
influence of the air gap, which is of major importance for  The occurrence of a depression in the fluorescence is
high-resolution optical imaging, can still be studied in detail.consistent with the fact, that a strong field enhancement at
Figure 2 shows the lifetime of a dipolar emitter calculatedthe tip is not to be expectedi) the illumination conditions

for a system of stratified layers of glass/air/goldisj as a  are such that the polarization component along the tip axis is
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therefore provides a measure for the strength of additional
decay channels appearing due to the presence of the tip. Fur-
thermore, lifetime measurements provide an intensity inde-
pendent contrast mechanism for near-field optical imaging.
Figure 3(b) shows a fluorescence lifetime map recorded
simultaneously with the fluorescence rate map. The lifetime
map reproduces the subdiffraction-limited dip, while no
fringes are visible. The lifetime dip appears at the same po-
sition as in Fig. 3a) and is also 70 nm in width. The fluo-
rescence lifetime of the unperturbed molecule is found to be
3.2 ns which is consistent with a molecule oriented in the

(c) (d)

plane of the sample. The dip depth corresponds to a local
- lifetime decrease of more than 1 ns.
£25 %3 At the position of the topographic protrusion, the fluo-
£ = 4 rescence rate and the lifetime return close to their unper-
§15 2 2 turbed values of 20 kHz and 3 ns, respectively. This is a
5% 5130 1 y TR T proof 'for the sh_ort range of the interaction causing the_de—
scan coordinate [nm] scan coordinate [nm] pressions, consistent with the expected behavior of a dipole

_ _ _ S close to a gold layer oriented parallel to the interfaces sitting
FIG. 3. Quenching expe_rlment wnh gold‘-(_:oateQI\ﬁl cantilever:(a) fluo- about 10 nm under the surface of the polymer f(B'Be Fig.
rescence rate as a function of the tip position. Insets show zooms of the areez% . . .
indicated by the white square: Left-hand side: topography, right-hand side<)- Here, q_uenChmg leads {D a decreased quorescgnce life-
fluorescence(b) fluorescence lifetime as a function of the tip position re- time and(ii) a decreased fluorescence quantum yield.
corded simultaneously t@). Inset: Zoom of the area indicated by the white
square(c) Line section at the white line through). (d) line section at the The authors are grateful to C. G. bher for experimen-
white lines(1, 2 through(b). All scale bars are 200 nm. tal support, to L. Novotny and D. W. Pohl for helpful discus-
sions, and to Ch. Schenberger for the scanning electron
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