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A Light Source Smaller Than the Optical Wavelength

K. LieBERMAN, S. HArRUSH, A. LEwis, R. KOPELMAN

A method has been developed for the efficient emission of light from subwavelength
dimensions. It is based on packaging photons as molecular excitons, effectively
reducing the volume of the light beam by 10° and making possible propagation
through dimensions of 1 nanometer. Molecular microcrystals are grown in the tips of
micropipettes that have inner diameters of 100 nanometers or less. Measurements are
presented that demonstrate this improvement in transmission for pipettes of various
diameters. The ultrasmall dimensions of these light sources, the wavelength range
(ultraviolet to red) of their emission, their ease of production, and their expected
unique abilities for high efficiency excitation-imaging of surfaces portend significant

applications for this methodology.

ECENTLY THERE HAS BEEN CON-
Rsidcrablc interest in the develop-

ment of schemes for subwavelength
illumination (1-4). The aim of most of this
research has been to advance near-field light
microscopic imaging of surfaces to the reso-
lution of a scanning electron microscope (2-
4). Indeed, such superresolution light mi-
croscopy has enabled researchers to optically
examine a variety of specimens without be-
ing limited by the diffraction properties of
visible light. The basis of this near-field
imaging technique is the following. As an
electromagnetic wave emerges from an aper-
ture, it is at first highly collimated to the
aperture dimension. It is only after the wave
has propagated a finite distance from the
aperture that the diffraction that limits clas-
sical optical imaging takes effect. Thus, in
the near-field region, a beam of light is
present that is largely independent of the
wavelength and is determined solely by the
size and shape of the aperture (5). A critical
factor in such near-field imaging systems is
the nature of the light probe that accom-
plishes the subwavelength illumination. In
this report we present an approach for pro-
ducing sources of light with subwavelength
dimensions and with, significant improve-
ment over previous approaches. Our meth-
od involves aiding the transmission of light
K. Lieberman, S. Harush, A. Lewis, Department of
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through subwavelength dimensions with
the introduction of crystals that store light
energy as excitons, propagate these excitons
in dimensions that are less than 10 nm, and
then emit the light in a highly local region of
a surface.

Several approaches have been used for
producing subwavelength illumination, all
of which involve the stopping down of a
larger light source with some form of aper-
ture. In one of the more successful methods
for producing such subwavelength aper-
tures, a metal-coated glass micropipette has
been used that can be produced readily with
inner diameters (at the tip) of less than 50
nm (6, 7). The details of pipette fabrication
have been described elsewhere (6, 7). Even
though the dimension of these pipettes can
be reduced significantly below 50 nm, it has
been argued that it would be difficult to
reduce the spot size of such a light probe
below this diameter. The essence of the
argument is that the spot size of such an
aperture depends ultimately on the finite
conductivity of the metallic coating around
the pipette. In order to appreciate this point,
one has to remember that there are no
propagating electromagnetic modes in a
subwavelength cylindrical metallic wave
guide such as a metal-coated pipette. The
least attenuated mode for a round aperture
has been found to be the TE;; mode, for
which the energy decays at a rate of

E = Egexp[—2 x 1.81(¢/a)] (1)

where ¢ is the length of the aperture and a is
the radius (5). With a sufficiently rapid
tapering of the pipette, however, this eva-
nescent region can be kept short enough to
obtain a fairly large throughput of light. In
addition to this effect, the electromagnetic
wave penetrates the metallic coating and
decays within it at a finite rate given by

E = E, exp(—dlc) 2)

where d is the depth of penetration and ¢ is
the extinction length of the metal. When the
attenuation due to the wave-guide effect
exceeds the attenuation in the metal, the
contrast between the aperture and the sur-
rounding medium becomes insufficient for
superresolution applications. The metal
with the largest opacity in the visible region
is aluminum, for which ¢ = 6.5 nm when
the wavelength is 500 nm. This yields a
minimum usable aperture of about 50 nm.
In practice, multilayered coatings are neces-
sary to obtain good adhesion and a practical
aperture is expected to perform with re-
duced efficiency.

Our solution makes use of the energy-
packaging capabilities of certain materials to
circumvent the boundary problem of the
edge of the aperture. According to our
present understanding of energy propaga-
tion in materials, excitations can be confined
to molecular and atomic dimensions under
appropriate conditions (8-16). We have
used this property of materials in our devel-
opment of a subwavelength light source by
growing a suitable energy-confining crystal
within the subwavelength confines of a pi-
pette. With this approach, energy can be
guided directly to the aperture at the pipette
tip instead of being allowed to propagate
freely in the form of an electromagnetic
wave through a region of the pipette whose
dimension cannot support a propagating
mode. Such energy-confining materials can
be excited through either electrical or radia-
tive processes to produce an abundance of
excitons that allow light to be effectively
transmitted through the “bottleneck™ creat-
ed by the subwavelength dimensions of the
tip near the aperture. The excitons can be
produced directly at the tip, or they can be
generated within the bulk of the material
and allowed to diffuse to the tip by an
electric dipole (Forster) transfer mechanism
(8-12). In ecither case, these excitons will
then undergo a radiative decay, producing a
tiny source of light at the very tip of the
pipette.

The proximity of the metal coating along
the outer surface of the pipette does not
interfere with the exciton transfer and
should actually help to increase the through-
put, because the only allowed radiative tran-
sition will be for photons emitted along the
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axis of the pipette. The throughput is basi-
cally independent of the wavelength and is a
linear function of the aperture cross section.
To demonstrate the feasibility and useful-
ness of the method, we chose to work with
crystals of molecular anthracene because of
its well-characterized electrical and radiative
properties. Crystals of anthracene were
grown inside the tip of a pipette from a
benzene solution. By varying the concentra-
tion of the solution, we could accurately
control the size of the deposited crystal.
The source of excitation for our experi-
ments was the 363.8-nm line of an argon
ion laser. Anthracene exhibits a very strong
fluorescence in the blue with a quantum
efficiency that approaches unity when it is
illuminated in the near ultraviolet. One can
illuminate the crystal either by directing the
light through the pipette, as in the standard
aperturing method, or by having an external
beam incident on the crystal at the tip of the
pipette. With the second method large
amounts of energy can be brought to bear
directly on the spot where the illumination
is desired, with the upper limit imposed only
by the onset of photochemical bleaching. In
terms of this photobleaching, anthracene
may not be the best material for such a light
source because it undergoes a photochemi-
cal oxidation that does not occur in other
materials. These materials and others can
also tune the emission of the light source to

a wide spectrum of wavelengths. Figure 1 is
a picture of the pipette with a fairly large

Fig. 1. A pipette exciton light source excited with
5 mW of 363.8-nm ultraviolet light from an
argon ion laser. The tip inner diameter is about
100 nm. Magnification is roughly X 10%. The blue
dot is exaggerated significantly by the photo-
graphic copying process.
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anthracene crystal of approximately 1 pm
extending past the tip of the pipette and
illuminated, head on, with several milliwatts
of energy at 363.8 nm. The spot of light
thus produced was clearly visible to the
naked eye under room lighting and is shown
here magnified about 1000 times.

To show that the anthracene does indeed
aid in guiding light through a pipette, we
measured the throughput for an empty pi-
pette and compared it to that for the same
pipette with a crystal in it. We illuminated
the pipette by inserting a 0.21-mm fiber
light guide up to the very tip. The light
emerging from the pipette was collected
with a photomultiplier and a photon count-
ing system. The pipette was then removed
from the system, a small crystal was grown
inside the tip, and this crystal was replaced
in exactly the same position. Both the ultra-
violet light and the blue fluorescence were
collected, although most of the light was
converted to the visible. The experiment was
repeated for a large number of pipettes of
different dimensions and different illumina-
tion intensities. We did not correct for glass
(pipette) fluorescence (which was approxi-
mately 30% of the signal observed in the
empty pipette) and nonlinearity in the pho-
tomultiplier.

Improved throughput was seen in all the
pipettes tested with an inner diameter below
several micrometers. The results of several
measurements are summarized in Table 1.
The largest improvement observed was a
transmission of 2.9 times that of an empty
pipette. Correcting for fluorescence from
the pipette and phototube nonlinearity can
only increase these values. Furthermore,
these improvements are low by at least a
factor of 3 since the readings were taken
after initial photobleaching of the anthra-
cene (to achieve stabilization). The actual
throughput was dependent chiefly on the
dimension of the pipette, but we could
easily control the throughput by adjusting
the alignment of the optical delivery system.
Counts of several hundred thousand pho-
tons per second could be achieved for mod-
erately small (0.25-um) pipettes, although
lower intensities were preferable so as not to
saturate the photomultiplier.

The smaller the dimensions of the pipette,
the greater the improvement in transmission
should be, although the absolute value of
the signal will decrease. This was generally
observed to be the case, although quantita-
tive data, with appropriate error bars, were
difficult to obtain because of the difficulty in
characterizing the precise profile of the pi-
pette. In addition, because the crystals do
not grow uniformly, the size and shape vary
from pipette to pipette with a correspond-
ing change in the gain. The crystal also aids

Table 1. Amplification with pipettes of different
diameters.

Pipette

Empty A Approx-
pipette CWIsttl;l Im- imate
(counts (clg’un ts prove- inner

per ment diameter
second) second) (nm)
170,000 500,000 2.94 05
61,000 147,000 2.4 0.1
90,000 150,000 1.7 0.7

6,000% 700 0.12 14

*Lower light input than in other pipettes.

in transmitting light through pipettes larger
than half a wavelength because much of the
energy exiting the fiber is in higher order
modes than TE,; and has correspondingly
larger cutoff diameters. Geometric factors
may also increase the throughput in anthra-
cene-filled pipettes, even when the diameter
is larger than the cutoff, because part of the
light incident on the inner wall, which oth-
erwise would have been lost, will be reemit-
ted from the crystal coating the wall along
the axis of the pipette and will reach the
aperture. It was only when the pipette was
broken at the tip to obtain a very large
aperture that we saw a decrease in transmis-
sion due to the crystal blocking the propaga-
tion of the light.

Electroluminescence in anthracene has
been reported (11, 17), and this method
should provide an ideal compact source of
illumination that requires no external source
of excitation such as a laser. The external
metal coating on the pipette would provide
one contact, and an electrolytic solution can
be injected into the pipette to provide the
other. Electron-injecting contacts in anthra-
cene require a metal with a low work func-
tion such as a sodium alloy or solution, with
all the accompanying environmental prob-
lems, but the feasibility of this method is
currently being investigated.

The importance and applicability of such
light sources for subwavelength imaging
based on the methodologies of near-field
microscopy are obvious. However, the avail-
ability of such a source of excitons in a
confined crystal that can be brought close to
a surface, with the micromovement capabili-
ties developed for scanned tip microscopies
(18), could have important implications
both for imaging with light and for molecu-
lar sensing with light. First, if one were to
bring such a crystal within a few nanometers
of a surface containing acceptors for its
excitons, the excitation of such a surface
would be many orders of magnitude more
efficient than direct excitation of the same
surface with freely propagating light. For
example, for a dye such as rhodamine, based
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on the absorption cross section, a single
molecule requires 10° incident photons for
one photon to be absorbed, but the presence
of a single exciton of the appropriate charac-
teristics is capable of causing this same ef-
fect. Second, the combination of single-
molecule excitation with an exciton source
and a pipette that can be scanned with high
resolution across a surface leads to a new
way of imaging with light that surpasses any
presently available methodologies. Specifi-
cally, if one scans such an exciton source
across a surface, exciton transfer to the sur-
face will occur only when a point in the
crystal is within about 8 nm of an acceptor
in the surface. Thus, by detecting the accep-
tor’s emission or a reduction in the intensity
of the donor’s emission as a function of the
position of the exciton source, an image
with molecular resolution should be obtain-
able with light. This form of imaging, which
we call molecular exciton microscopy
(MEM), should have wide applicability to
nondestructive imaging of biological mem-
branes and other molecular surfaces at ambi-
ent conditions.

Such sources should also be important as
an analytical chemical tool for microanalysis
and sensing with light that bypasses absorp-
tion path-length requirements. A specific
example of such an application for these
exciton sources is capillary zone electropho-
resis (19). In this technique molecules are
separated by electric fields along a glass
capillary. In principle, the smaller the di-
mension of the capillary, the better the
separation. However, part of the limitations
encountered by this technique are absorp-
tion path-length requirements for the detec-
tion of the separated species. Exciton
sources and the methodology of exciton
excitation outlined here conceivably could
alleviate some of these problems.

Finally, it is instructive to compare the
dimensionalities, the ease of fabrication, and
the approach to light excitation described
here to those presently in use in integrated
optics. The smallest light sources available
today for integrated optics are light-emit-
ting diodes and diode lasers, which have the
potential to be used as light sources, switch-
es, modulators, and detectors. These devices
are fabricated by means of sophisticated
molecular beam epitaxy techniques that in-
volve multimillion-dollar instrumentation.
Even with such instrumentation, the typical
devices constructed have wavelengths be-
yond 670 nm and have rectangular rather
than cylindrical symmetry, with initial spot
sizes of 2 by 5 pwm (20). This rectangular
structure causes significant astigmatism with
parallel and perpendicular parts of the beam
acting as if they come from two different
sources separated by 40 pm (20). These
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beam characteristics of diodes waste much
light when coupled to the circular entrance
of an optical fiber. In contrast, our exciton
sources have circular beams and the fact that
the crystals used in such sources have been
made to lase is also important for possible
applications in integrated optics. Because of
the high efficiency of exciton generation,
electrical excitation of such crystals may
make it possible to achieve laser action in the
confined space of a pipette (which has a
structure that could be ideal for laser ac-
tion). The methodologies described in this
report have much potential for use in molec-
ular exciton microscopy, molecular sensing,
or as a cheap and compact short wavelength
light source.
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Evidence for a Novel Thioredoxin-Like Catalytic
Property of Gonadotropic Hormones

J. JAY BONIFACE AND LEO E. REICHERT, JR.*

It has been proposed that dithiol-disulfide interchange and oxidation-reduction
reactions may play a role in hormone-induced receptor activation. Inspection of the
sequences of the gonadotropic hormones revealed a homologous tetrapeptide (Cys-
Gly-Pro-Cys) between the B subunit of lutropin (LH) and the active site of thiore-
doxin (TD). The B subunit of follitropin (FSH) has a similar sequence (Cys-Gly-Lys-
Cys). Thioredoxin is a ubiquitous protein serving as an electron donor for ribonucleo-
tide reductase, but it also exhibits disulfide isomerase activity. The catalytic activity of
TD was assayed by its ability to reactivate reduced and denatured ribonuclease. In this
assay, the purified ovine FSH and bovine LH preparations tested were ~60 and ~300
times, respectively, as active as TD on a molar basis. This heretofore unsuspected
catalytic property of FSH and LH may be important in understanding their mecha-
nism of receptor activation and signal transduction.

(LH) are complex, heterodimeric

glycoprotein hormones [relative mo-
lecular mass (M;) of ~35,000] secreted by
the anterior pituitary gland and are responsi-
ble for normal gonadal development and
function (1-3). These disulfide-rich hor-
mones share a common a subunit, with
biological specificity conferred by their B
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subunits (1-3). Recently, the LH receptor
from porcine testis (4) and rat ovaries (5)
has been cloned, and the FSH receptor has
been purified from bovine calf testis (6).
Signal transduction for FSH and LH occurs
via the adenosine 3',5’-monophosphate
(cAMP) second-messenger system (1-3),
and the nature of the hormone-receptor
interaction has been the subject of intense
study (3). Nevertheless, the molecular
events leading to the activation of gonado-
tropic hormone receptors after interaction
with FSH or LH remain obscure.
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