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Abstract 

We use the frequency doubled light from an optically trapped lithium niobate particle for non-intrusive scanning 

near-field optical microscopy. The detected power from this 50-100 nm diameter probe is currently tens of pW and 
is expected to approach nW with an improved detection system. The current experimental resolution is approxi- 
mately 0.5 pm, while the ultimate theoretical resolution is 70-90 nm. An acoustic trap which potentially allows 
higher resolution imaging is briefly described. 

1. Introduction 

In scanning near-field optical microscopy 
@NOM) [ll subwavelength resolution is obtained 
by scanning a microscopic optical probe in close 
proximity to the object. Current probes include 
etched apertures, protrusions [2], fluorescence 
tips [3] and pulled fiber tips [4]. However, biologi- 
cal objects with intervening membranes or rough 
surfaces are not always accessible for such studies 
since the positioning of the probe requires me- 
chanical access to the object. Trapped particle 
optical microscopy (TPOM) [5] eliminates this 
restriction by using a non-intrusive optical trap [6] 
to position and scan the microscopic optical 
probe. In the first TPOM demonstration experi- 
ments, scattered light (A = 514 nm) from optically 
trapped 290 nm SiO, particles was used for the 

imaging [5]. However, the resolution was limited 
to approximately 2 km due to the scattering of 
the trapping laser beam by the test object, result- 
ing in a low signal-to-noise ratio at small parti- 
cle-object distances. In our current arrangement 
we eliminate this limitation by trapping a micro- 
scopic lithium niobate (LiNbO,) particle and us- 
ing the frequency doubled light from the non-lin- 
ear crystal for the microscopy [7-91. In addition 
to its non-intrusive character, the use of an opti- 
cally trapped particle as probe has several other 
advantages compared to conventional SNOM 
probes. Accidental collisions with an object will 
not result in probe or object destruction due to 
the elastic nature of the optical trap. Loss of 
particle or probe deterioration does not present a 
problem since plenty of particles are available for 
injection in the trap. Finally, the non-linear wave- 
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length conversion in the lithium niobate particles 
show no sign of the bleaching known to occur in 
many fluorescent probes. 

2. Experiments and discussion 

The optical trap is shown in Fig. 1. A Nd : YAG 
laser beam (A = 1.06 pm> is focused by a NA = 
1.25 water immersion microscope objective into a 
water cell. Due to radiation pressure [5,6] LiNbO, 
particles with a diameter of approximately 50-100 
nm are non-intrusively trapped just below the 
focus. The chopped CW trapping beam is fre- 
quency doubled in the trapped particle, resulting 
in approximately a pW of visible emission (A = 
532 nm) for an average input power of = 50 mW. 
The studied test object is positioned below the 
particle and the trapped particle may then be 
accurately scanned in immediate proximity to the 
object. By detecting only the visible light, the 
scattering problem is circumvented and smaller 
particle-object distances than those in Ref. [5] 
may be used. The infrared trapping wavelength 
was chosen due to its low absorption in most 
biological materials, thereby avoiding thermally 
induced turbulence and damage to the studied 
object. The method is experimentally demon- 
strated on freestanding etched silicon bridges, 
which exhibit high absorption at visible wave- 
lengths and low in the IR. The 1 mm long and 
= 10 pm thick bridges were produced by 
anisotropic etching in KOH. The test edge was 
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Fig. 1. Experimental arrangement for optical trapping and 
frequency doubling in lithium niobate microparticles. 
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Fig. 2. One-dimensional scans over an absorbing silicon edge 

as the particle approaches the object. The particle-object 

distance is decreased going from the top curve to the bottom 

curve. 

determined by the 90” angle between the (100) 
and the (010) crystallographic planes. The edge 
sharpness was measured to < +50 nm by scan- 
ning electron microscopy. Fig. 2 shows three 
one-dimensional scans over the silicon edge. Go- 
ing from the top to the bottom curve, the sharp- 
ening of edge scans as the particle approaches 
the object is illustrated. The lower edge scan 
indicates an experimental resolution of approxi- 
mately 0.5 pm [9]. The resolution in the present 
experiment is limited by several factors of which 
surface forces dominate. The high refractive in- 
dex of silicon results in strong van der Waals 
forces [lo] between the surface and the particle, 
making it difficult to position the probe closer 
than a few hundred nm from the silicon bridge 
[9]. At closer distances, the forces of the optical 
trap (= pN) are exceeded by the surface forces. 
Using test objects more similar to biological ob- 
jects, with low refractive index, the surface forces 
should be reduced by one to two orders of magni- 
tude, making high-resolution experiments possi- 
ble. 

In addition to resolution, the emitted power of 
the probe is of great importance for a functional 
SNOM microscopy system. The = 1 pW used 
above is sufficient to image highly absorbing ob- 
jects with reasonable signal-to-noise ratio. How- 
ever, fluorescent imaging requires a few nW [ill. 
In order to increase the emitted green intensity 
while still keeping the average IR trapping beam 
below the approximately 100 mW biological dam- 
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age threshold [12], the IR beam was pulsed, 
thereby taking advantage of the quadratic inten- 
sity dependence of the frequency doubled light. 
The Nd: YAG laser was acousto-optically Q- 
switched at 25 kHz resulting in 400-800 ns long 
pulses depending on pump power. The size of the 
trapped particle was determined by measuring 
the scattered IR light and comparing it to the 
scattered light from monodisperse 60 nm diame- 
ter silicon dioxide particles. In this size range 
Rayleigh scattering can be assumed, making the 
scattered intensity a simple function of particle 
diameter and refractive index [5,131. Fig. 3 shows 
the average detected frequency doubled power as 
a function of average input IR power for a 75 nm 
diameter LiNbO, particle. The emitted light was 
collected with a NA = 0.12 detection system. The 
power increases slightly more than the expected 
quadratic intensity dependence due to shortening 
of the Q-switched IR pulses as the input power is 
increased. In recent experiments, using KTP 
(KTiPOJ particles, an order of magnitude higher 
visible emission than for LiNbO, was observed. 
Assuming that the detection efficiency is in- 
creased by using a NA = 1 objective, the detected 
visible power at 100 mW average input power 
would then approach one and ten nW for LiNbO, 
and KTP, respectively. It seems reasonable to 
expect that even higher power may be reached 
with short-pulse high-repetition-rate modelocked 
lasers, making fluorescence studies feasible. 

The approximately 0.5 pm resolution in the 
test experiment is still less than the conventional 
far field diffraction limit. Theoretically, the reso- 
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Fig. 3. Detected average power at A = 532 nm as a function of 
incident power at h = 1.06 pm. The incident beam was Q- 
switched at 25 kHz. 
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Fig. 4. Experimental arrangement of confocal acoustic cavity 
for non-intrusive positioning of microparticles. 

lution is ultimately determined by the physical 
size of the particle convolved with its displace- 
ment due to Brownian motion in the optical trap. 
Calculations following Refs. [5,8] indicate that a 
resolution of approximately 90 nm is possible 
using a 100 mW, A = 1.06 pm trapping beam and 
75 nm LiNbO, particles. With A = 800 nm radia- 
tion, which also exhibits low absorption in biolog- 
ical material, the theoretical resolution may be 
increased to approximately 70 nm with 60 nm 
particles. In order to further increase the resolu- 
tion we are developing a new type of non-intru- 
sive trap based on a confocal ultrasonic cavity [14] 
as depicted in Fig. 4. Particles with a different 
acoustic impedance than the surrounding liquid 
are trapped in the veIocity antinodes of the stand- 
ing acoustic wave in the cavity. The trapping 
force is due to the gradient in the time-averaged 
Bernoulli pressure. In a demonstration experi- 
ment with an 11 MHz ultrasonic frequency cavity, 
2 pm diameter glass spheres are stably trapped. 
The measured trapping force was found to agree 
with theoretical calculation based on Ref. 1153. 
Extending these calculations to 1 GHz ultrasonic 
frequency indicates that approximately 50 nm res- 
olution imaging should be possible using the ul- 
trasonic trap [14]. Furthermore, by using acoustic 
waves for the trapping and optical waves for the 
detection, the trapping and detection systems are 
decoupled allowing more flexibility in the design 
of a trapped particle optical microscope. In order 
to avoid the scattered light problem, the trap may 
be used either with nonlinear particles, as dis- 
cussed above, or with fluorescent particles. 
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3. Conclusions 

In conclusion, we have shown that optically 
trapped lithium niobate particles may be used as 
high-brightness probes in scanned probe optical 
microscopy. Such non-intrusive probes should be 
interesting for studies of, e.g., biological material 
where intervening membranes or rough surfaces 
often prohibit the use of conventional probes. 
The resolution in the demonstration experiments 
on silicon bridges is still limited by the surfaces 
forces and other factors, which prevent the posi- 
tioning of the trapped particle probe sufficiently 
close to the object. Work is in progress to mini- 
mize this problem by developing test objects more 
similar to biological objects. The particle-surface 
forces are much lower for such low refractive 
index objects, making it possible to reach the 
< 100 nm theoretical resolution limit. 

The measurements of emitted power from the 
non-linear crystal fragments indicates that high- 
resolution fluorescence studies of such objects 
should be possible using a Q-switched trapping 
beam. An obvious alternative use of the high- 
brightness emission from the non-linear particles 
is to position such a particle on a fiber tip, and 
perform conventional SNOM in a similar way as 
fluorescent tips are used in Ref. [3]. This ap- 
proach would avoid the bleaching problem of 
many fluorescent substances. 
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