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We present two-photon fluorescence near-field microscopy based on an evanescent field focus produced by a

ring beam under total internal reflection.

The evanescent field produced by this method is focused by a

high-numerical-aperture objective, producing a tightly confined volume that can effectively induce two-photon

excitation.

The imaging system is characterized by the two-photon-excited images of the nanocrystals, which

show that the focused evanescent field is split into two lobes because of the enhancement of the longitudinal

polarization component at the focus.

This feature is confirmed by the theoretical prediction.

Unlike other

two-photon near-field probes, this method does not have the heating effect and requires no control mechanism

of the distance between a sample and the probe.
OCIS codes:

Far-field two-photon microscopy is a well-established
technique in fluorescence microscopy.! The advan-
tages of the two-photon technique are a significant
reduction in the focal excitation volume because of
the quadratic excitation dependence on intensity, less
photodamage to the sample, and the ability to acquire
a full fluorescence spectrum because its excitation
is far from the emission wavelengths. Recently, the
two-photon excitation technique was extended to
near-field fluorescence microscopy,?® in which the
reduction in excitation volume caused by two-photon
excitation was shown to further improve its resolution
and contrast.

To date, either near-field probes that incorporate
subwavelength aperture fiber tips with* or without
metal coating®® or apertureless metallic tips® have
been employed for two-photon excitation. The use
of an uncoated fiber tip with a tip apex of 200 nm
has shown a resolution of ~175 nm,?> whereas the
use of a metallic tip greatly enhances the field near
the tip, producing a resolution of ~40 nm with a tip
apex of 10 nm.” Despite their improvement in optical
resolution, these methods are difficult to use because a
near-field tip must be kept at a close distance from the
sample. This procedure can easily result in damage
to the probe tip. In addition, the absorption of light
in the metallic coating of a fiber tip or a metallic tip
causes significant heating of the sample and poses a
problem for biological applications. Furthermore, it
is extremely difficult to coat metal smoothly onto fiber
tips on the nanometer scale.

To overcome these problems, one may employ a
focused evanescent field as a two-photon near-field
probe. In a recent development a new type of near-
field imaging microscopy called scanning total in-
ternal reflection fluorescence microscopy (STIRFM)
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was proposed® in which a focused evanescent field is
employed as a sensing probe. The use of a ring beam
and a high-numerical-aperture objective produces a
tight confinement of the evanescent field, and the
enhanced evanescent focal spot makes it possible to ex-
cite a nonlinear effect such as two-photon absorption.
In this Letter we demonstrate two-photon-excited
near-field fluorescence imaging with STIRFM. The
new instrument is characterized by the image of CdSe
quantum dot nanocrystals (NCs). This new technique
is advantageous over other near-field probe techniques
because of its highly reproducible nature, no heating
of the sample or probe—sample distance control, and
the ability to operate in a far-field microscope.

The experimental setup is shown in Fig. 1. We
used a Ti:sapphire ultrashort-pulsed laser (Spectra-
Physics Tsunami) operating at a wavelength of
800 nm. The linearly polarized laser beam was
expanded and focused at the glass—air interface by
an objective (numerical aperture, 1.65; Olympus). A
central obstruction disk was inserted just before the
reflection at the dichroic beam splitter, producing a
ring-beam illumination. The diameter of the obstruc-
tion disk was chosen such that all the beams with a
convergence angle smaller than the critical angle of
incidence (0, = 35°) could be obstructed. The incident
in-plane polarization could be rotated by insertion
of a quarter-wave plate and a Glan—Thompson po-
larizer in the illumination path, with a polarization
extinction ratio of 100,000:1. The two-photon-excited
fluorescence from the focus was then collected by the
same objective and refocused at a photomultiplier tube
(PMT) (Oriel PMT Model 70680). A 200-um-diameter
pinhole was placed in front of the PMT to reduce the
background scattered light. The sample was scanned
in the x and y directions by a scanning stage (Physik
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Fig. 1. Experimental setup: QWP, quarter-wave plate;
GTP, Glan—Thompson polarizer; OD, obstruction disk; SS,
scanning stage; DB, dichroic beam splitter; NC, nanocrys-
tals; OL, objective lens (numerical aperture of 1.65); Ti:Sa,
Ti:sapphire laser; L;-Ls, lenses; PMT, photomultiplier
tube; PH, pinhole; PC, personal computer.

Instrumente Model P-517.3CL) to build up a two-
dimensional fluorescence image. A special coverslip
glass and immersion oil for the 1.65-numerical-
aperture objective had a refractive index of 1.78. The
high refractive index of the immersion oil and the
coverslip glass increased the portion of the objective
exit pupil in producing an evanescent field.

To characterize the two-photon evanescent focus, we
used CdSe quantum dot NCs as an imaging sample.
The semiconductor NCs have several advantages in
characterizing the focal spot of the current imaging
system. First, because of their small size (<5 nm)
compared with the focal spot (~200 nm), they can act
as a fluorescent point source in image convolution.
Second, their relatively spherical shape makes them
insensitive to the excitation polarization selectivity,’
making it possible to probe the total field and not just
a specific polarization component at the focus. CdSe
quantum dot NCs capped with trioctylphosphine oxide
and trioctylphosphine were prepared with the method
described in Ref. 7. The NCs had a mean diameter
of 3 nm, and the peak fluorescence wavelength was at
530 nm. The NCs were diluted in chloroform, and a
droplet of the solution was dried onto a cleaned special
coverslip glass. The average density of the quantum
dots on the coverslip was 1 quantum dot/um?.

Figure 2 shows typical two-photon fluorescence
images of the NCs. The dependence of the NCs’
fluorescence on the laser input power [Fig. 2(a)] is
approximately quadratic (gradient of 2.0039 in the
log—log plot), confirming two-photon absorption by
the NCs. The spot shapes in Fig. 2(b) show two
distinctive lobes separated by approximately 200 nm,
oriented along the direction of the incident polariza-
tion. The individual lobe of the split focus has a
FWHM of approximately 150 nm. This feature indi-
cates the excitation of NCs by enhanced longitudinal-
polarization components at the focus, caused by the
strong depolarization effect of a high-numerical-
aperture objective.® The detailed theoretical evanes-
cent focal shape is discussed below.
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Slight asymmetry of two-peak spots is believed to be
caused by both the imperfect plane-wave front of the
input beam and the overlap of the two lobes of proxi-
mal NCs. The two-peak spots may not necessarily be
the image of a single NC, since the size of the focal
spot is much larger than the size of an individual NC.
A single NC may be identified by monitoring of the
fluorescence intermittency that is caused by Auger ion-
ization of the NCs.® However, in our study the fluo-
rescence intermittency was not observed during the
imaging because of the fast imaging speed (80 um/s).

To confirm that the split focus is not caused by ar-
tifacts, we rotated the incident in-plane polarization
direction with the Glan—Thompson polarizer and ob-
served the direction of the focus splitting. As shown
in Figs. 2(b)—2(e), the direction of the splitting is also
rotated according to the incident polarization direc-
tion. The intensity dependence on the excitation po-
larization direction was negligible in our experiment,
although such a dependence of a single NC was pre-
dicted because of intrinsic transition dipole orienta-
tions of individual states!® or the ellipticity of the NC
shape.!! Because of the broad pulse spectrum used
in our experiment, it is likely that several overlapping
electronic states within a single NC are excited simul-
taneously, effectively reducing the excitation polariza-
tion dependence.

The theoretical two-photon fluorescence profile
along the direction of the incidence polarization is
calculated with the vectorial Debye theory'? in the
presence of an interface. According to the theory,
this split focus profile is produced by the complicated
mixture of the transverse-field component E, and
the enhanced longitudinal-field component E,.® In
the case of the interface used in our experiment the
strength of the longitudinal field reaches 80% of that of
the transverse field when the normalized obstruction
size € is approximately 0.6 (see the inset in Fig. 3).
Figure 3 shows the relative two-photon fluorescence
intensity profiles of the longitudinal (I,), transverse
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Fig. 2. (a) Dependence of the two-photon fluorescence
intensity on the evanescent intensity. (b)—(e) Direction of
the focus splitting with respect to the incident polarization
(1.4 um X 1.4 um) under an illumination of 0.2 MW/cm?2.
The arrows indicate the direction of the incident
polarization.



regions, as indicated in Fig. 4. The distinction among
regions is made so that the contribution from one
component of the three components (G.e., I.2, 1,2,
and 2I.1,) exceeds 45% of the total intensity. The
transverse-field component dominates in the region
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Fig. 3. Normalized two-photon theoretical fluorescence
profile and contributions from individual field components
along the direction of the incident polarization. Inset,
plot of the peak intensity ratio |E,|?/|E,|?> as a function
of the normalized obstruction radius e at the interface
between the coverslip glass (n = 1.78) and air (numerical
aperture of 1.65).
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Fig. 4. Comparison between theory (solid curve) and an
experimental split-focus profile (squares) along the inci-
dent polarization direction and mapping of the excitation
field components. The experimental data was averaged
five times. Insets (a) and (b), close-up views of theoretical
and experimental images (600 nm X 600 nm), respectively.

(I,), and total field components (I, + I,). It should be
pointed out that the strength of the I, component is
generally 2 orders of magnitude weaker than the I,
and I, components. Note that there is another con-
tribution (21,1,) to the total field from the two-photon
absorption [i.e., Liota1> = (I, + I,)? = I,2 + ,2 + 2I.1,].
As a result of this nonlinear dependence, the dip depth
of the two-photon fluorescence profile reaches 20% of
the peak intensity, making the split focus discernible.

According to the relative field strength of each
component, the split focus can be mapped into three

near the optical axis (dip between the two peaks),
the transverse and longitudinal fields both exist in
the region near two peaks, and the longitudinal field
dominates in the region further from the two peaks.
A comparison of the experimental and theoretical
profiles is also given in Fig. 4, showing excellent
agreement. This result confirms that the excitation
cross section of CdSe NCs is isotropic in all three
directions, as expected.”

In conclusion, it has been demonstrated that the
focused evanescent field in STIRFM can be used for
two-photon excitation. A two-photon fluorescence
near-field microscope has been well characterized by
the use of CdSe NCs as an effective point object. An
important feature of this type of nonlinear near-field
microscopy is its enhanced longitudinal-field compo-
nent. This feature, together with no heating and no
distance control properties, may prove advantageous
when this technique is applied to single molecular
imaging. In the future the resolution of the current
technique can be further improved by removing one of
the two lobes present in the split focus with the help
of lens apodization.

The authors acknowledge support from the Aus-
tralian Research Council. M. Gu’s e-mail address is
mgu@swin.edu.au.

References

1. W. Denk, J. H. Strickler, and W. W. Webb, Science 248,
73 (1990).

2. M. K. Lewis, P. Wolanin, A. Gafni, and D. G. Steel, Opt.
Lett. 23, 1111 (1998).

3. S. W. Hell, M. Booth, S. Wilms, C. M. Schnetter, A. K.
Kirsch, D. J. Arndt-Jovin, and T. M. Jovin, Opt. Lett.
23, 1238 (1998).

4. D. Jakubcezyk, Y. Shen, M. Lal, C. Friend, K. S. Kim,
J. Swiatkiewicz, and P. N. Prasad, Opt. Lett. 24, 1151
(1999).

5. E. J. Sanchez, L. Novotny, and X. S. Xie, Phys. Rev.
Lett. 82, 4014 (1999).

6. J. W. M. Chon, X. Gan, and M. Gu, presented at
Multi-dimensional Microscopy 2001, Melbourne, Aus-
tralia, November 25-28, 2001.

7. C. B. Murray, D. J. Norris, and M. G. Bawendi, J. Am.
Chem. Soc. 115, 8706 (1993).

8. J. W. M. Chon, X. Gan, and M. Gu, Appl. Phys. Lett.
81, 1576 (2002).

9. M. Nirmal, B. O. Dabbousi, M. G. Bawendi, J. J.
Mackling, J. K. Trautman, T. D. Harris, and L. E.
Brus, Nature 383, 802 (1996).

10. A. L. Efros, Phys. Rev. B 46, 7448 (1992).

11. A. L. Efros, M. Rosen, M. Kuno, M. Nirmal, D. J.
Norris, and M. Bawendi, Phys. Rev. B 54, 4843 (1996).

12. M. Gu, Advanced Optical Imaging Theory (Springer-
Verlag, Berlin, 1999).



