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Single Molecules Observed by'Near-FieId
Scanning Optical Microscopy

Eric Betzig and Robert J. Chichester

Individual carbocyanine dye molecules in a sub-monolayer spread have been imaged with
near-field scanning optical microscopy. Molecules can be repeatedly detected and spatially
localized (to ~\/50 where \ is the wavelength of light) with a sensitivity of at least 0.005
molecules/(Hz)'/2 and the orientation of each molecular dipole can be determined. This
information is exploited to map the electric field distribution in the near-field aperture with

molecular spatial resolution.

Emetging techniques aimed at single mol-
ecule detection (SMD) have potential ap-
plications across the physical sciences.
SMD represents the ultimate goal in trace
chemical analysis (1) and has been pro-
posed as a tool for rapid base-sequencing of
DNA (2, 3). SMD of site-specific fluores-
cent probes attached to, for example, indi-
vidual membrane bound proteins would
permit the investigation of such systems
with minimal perturbations introduced by
the labeling process and without the aver-
aging of physical properties (such as dipole
orientations or spectra) associated with the
sampling of larger populations. Further-
more, the sensitivity of such properties to
environmental conditions could be exploit-
ed to locally probe the immediate surround-
ings of each individual molecule (4, 5).
Finally, SMD would facilitate fundamental
studies of the process of fluorescence emis-
sion, including the probability of photo-
bleaching and variations in both the excited
state lifetime (6) and the angular distribu-
tion of emitted radiation which can occur in
the vicinity of a dielectric interface (7-9).
Although SMD of molecules with nu-
merous (~30) chromophores has been pos-
sible for some time (10-12), it is only
recently that two different approaches have
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been developed for the detection of single
chromophore dyes which are of greatest
interest for the above applications. The first
involves spectral isolation at low tempera-
ture (~1.5 K) of a single absorption (4) or
fluorescence excitation (5) peak in the
wings of an inhomogeneously broadened
line. Of more general applicability are ef-
forts involving SMD in solution, where the
central problem of isolating the molecular
fluorescence signal from background lumi-
nescence and Raman scattering is overcome
by reducing the excitation volume to the
smallest possible size, either with levitated
microdroplets (1) or within a thin flow cell
(3). Remaining problems with these latter
methods include a low measurement band-
width, photobleaching of the molecule in
the course of detection, and a limited de-
gree of confidence in each potential detec-
tion event.

To achieve further gains in SMD, we
have reduced the optical excitation volume
even further—indeed, to subwavelength
proportions in all three dimensions. This is
accomplished using illumination mode
near-field scanning optical microscopy
(NSOM) (13). In this technique, visible
light is funneled through a small aperture
(100 nm in these experiments) at the end of
a sharp and otherwise opaque probe (14) to
transversely illuminate at most an aperture
sized region of the sample at any one time.
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Confinement of the detection volume in
the axial direction is achieved with a pho-
ton-counting avalanche photodiode (APD)
of small active area (100 pm), high quan-
tum efhciency (55% at 630 nm), and low
dark noise (seven counts per second) which
is confocal with the aperture in the image
plane of the far-field objective used to
collect the fluorescence emission from indi-
vidual molecules (15). Further axial con-
finement of this signal may be afforded by
enhanced fluorescence excitation from ev-
anescent fields of large amplitude predicted
to exist in the near field of a subwavelength
aperture (16). Complete images of the lat-
eral distribution of molecules with trans-
verse resolution on the order of the aperture
size can then be generated by raster scan-
ning the sample relative to the probe and
recording the fluorescence signal obtained S
at each point (17). I
As an initial test of this approach to;
SMD, a sample was prepared by spreading a™N
dilute methanol solution of the llpophlllc @
carbocyanine dye dilC,,(3) (Molecular E
Probes #D-383) across a cover slip previ- &
ously spin coated with an ~30-nm-thick S
polymethylmethacrylate (PMMA) film to'C
achieve a calculated areal density of ~23 ©
molecules pm~2 (18). DiIC,,(3) was cho-
sen for its photostability, large absorptlon S
cross section, and significance as a mem- ©
brane probe (19). PMMA was used because ¢
it was empirically observed to enhance both £
the apparent quantum yield and adhesion of-—
the individual molecules. The sample was U’
then imaged with the NSOM system de-
scribed in (13) and (15), with the results
shown in Fig. 1 as six images (20) of the ¢
same region obtained sequentially but un-9
der differing polarization conditions. s
A wealth of information can be extract--3
ed from this data. We begin with tlrleo
evidence that the individual structures ob-¢
served represent luminescence from single%
molecules. The arguments are fivefold.O
First, the areal density of ~3.5 molecules
wm ™2 measured from Fig. 1A is only about
a factor of 6 lower than that calculated
above, with the discrepancy probably at-
tributable to considerable unevenness in
the spreading process, photobleaching in
the original solution or on the substrate,
and nonradiative energy transfer from cer-
tain molecules in unfavorable local envi-
ronments. Second, the density changes lin-
early over almost three orders of magnitude
with changes in the concentration of the
solution. Third, the peak signal observed
(for example, 380 counts in 10 ms for
molecule b in Fig. 1D) is consistent with
the emission expected from a single
dilC,,(3) molecule under the known exci-
tation conditions (21). Fourth, each struc-
ture in Fig. 1 has a well-defined dipole
orientation as discussed below. Finally,
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bleaching does not occur as a gradual dim-
ming of each structure, but as a discrete and
total extinction of luminescence (for exam-
ple, molecule a between Fig. 1, A and B).

Confident then that we have achieved
SMD combined with superresolution imag-
ing, we can estimate our detection limits.
We first note that the reduced probe vol-
ume of the NSOM geometry results in a
background level (~20 counts in 10 ms)
small compared to the optimum signal from
an individual molecule, so that the shot
noise corresponding to ~0.005 molecules/
(Hz)'”? dominates (22). Furthermore, each
individual pixel above background repre-
sents a detection event, and ~50% of the
molecules remained photoactive after 10
images (23), indicating an ability to detect
the same molecule ~300 times with a mean
signal to noise ratio ~15 within one half-
life due to photobleaching (t,,). Alterna-
tively, these numbers suggest that ~10°
counts per molecule can be extracted with-
in 7,,,, making near-field optical spectros-
copy of a single molecule a definite possi-
bility. It is also important to note that these
results were obtained under ambient condi-
tions with a reasonably simple and inexpen-
sive system. In an oxygen reduced environ-
ment designed to reduce photobleaching,
larger integrated yields may be anticipated.

A

Perhaps even more surprising initially
than this sensitivity was the observation
that the molecules do not appear as identi-
cal peaks of width comparable to the aper-
ture size, but rather as a distribution of
symmetric peaks (molecule b in Fig. 1D),
ellipsoidal peaks (molecule ¢ in Fig. 1E),
rings (molecule d in Fig. 1C), arcs (mole-
cule e in Fig. 1B), and double arcs (mole-
cule f in Fig. 1F). In retrospect, and with
the aid of the sketch in Fig. 2, such results
are understandable when we recall that a
dye molecule acts as an electric dipole in its
interaction with an incident electromag-
netic field, so that each molecule in the
field of view serves as a point detector
excited by the square of that component of
the electric field E emerging from the aper-
ture that is along the molecular dipole
direction p. The total observed intensity is
then given by:

1(1,5»9,43) = A(e’(b"" = "’0’ d = dO)

X |p(x = xo, 8,6) - E(x,3,2 = 2)/* (1)
where cosd = p-é,, cosdsin® = p-&_, and A
is a collection efficiency correction factor
for an objective of numerical aperture NA
= n-siny which depends upon the vertical
orientation @ and the distance d of the
dipole from the substrate-air interface (9).

With high NA collection ( — w/2)

Cc

Fig. 1. Six sequential images of the exact same field of individual carbocyanine dye molecules as
detected by near-field optical fluorescence microscopy. The excitation polarization is random in (A)
through (D) and linear along y and x, respectively, in (E) and (F). The emission polarization is
measured along y and x in (B) and (C), respectively, and not measured otherwise. Certain
molecules have been labeled for discussion in the text.
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and no analyzer before the detector (Fig. 1,
A and D through F), A is roughly indepen-
dent of 0, ¢, and d at a purely dieletric
interface (9), so that the excitation term
[p-E|* is the dominant variable. Conse-
quently, molecules in Fig. 1 with dipole
orientations approximately aligned along
the axes defined by the excitation polariza-
tion [which is fixed (14, 24) in Fig. 1, E and
F] and the normal to the plane of the
aperture provide maps of the square of the
components of the electric field along each
of these directions. In particular, molecule
c in Fig. 1E maps E,? and molecule f in Fig.
IF maps E?. These maps are shown in
expanded form in the center of Fig. 3 and
compared to the squared fields predicted by
Bethe (25) [with corrections by Bouwkamp
(26)] to emerge from a small aperture (a/A
<< 1) in an infinitessimally thin, perfectly
conducting planar screen.

From this comparison, we conclude that
the predictions of the model are quite good,
despite its obvious limitations. Further-
more, by using the model to plot E,? and
E 2 for several z/a values as shown in Fig. 3,
and given the known aperture radius a ~50
nm, we determine the dipole-aperture sep-
aration of 7 ~ 15 nm for molecules ¢ and f.
This is consistent with the feedback dis-
tance estimated from shear force approach
curves (27), assuming the chromophore in
each case is resting near the upper surface of
the PMMA. Thus, we can transversely
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Fig. 2. (Top) Schematic view of a molecular
dipole p (arrow) at a particular orientation within
the electric field pattern E of a subwavelength
aperture. (Bottom) Resulting intensity / versus
x for this particular orientation, proportional to
the square of the component of E along p (I «
[P-EP).
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resolve molecules to ~A\/10 (that is, to
within ~a), transversely localize molecules
to at least /40 (that is, the pixel size), and
axially localize molecules to at least A/100.

The experimental field maps in the cen-
ter of Fig. 3 are also of interest because they
represent a direct determination of the elec-
tric field distribution in a subwavelength
aperture at optical frequencies. As such,
they may aid in developing an understand-
ing of unusual optical contrast effects ob-
served in the near field (28).

For those images where the excitation
polarization is not fixed but varies random-
ly in time (Fig. 1, A through D), the
intensity is given by a time average of the
suitably modified version of Eq. 1, yielding
the average of the two intensities obtained
under the orthogonal fixed polarizations.

z/a = 01 z/a = 0.2

data z/a = 0.4

B,

Thus, for example, the average of the
double arcs for molecule f in each of Fig.
1, E and F, yields the asymmetric rings in
Fig. 1, A and D. Once excited, the emis-
sion pattern of each molecule depends
only on its orientation. Consequently, for
molecules such as f predominantly aligned
along &, the polarization of radiation
emitted to the far field remains circularly
symmetric, so that the ring appearance is
preserved even when a linear polarizer is
inserted before the APD to analyze the
state of this emission (Fig. 1, B and C).
However, for molecules such as b and g
aligned along &, and &, respectively, the
far-field emission is predominantly polar-
ized along p, resulting in the alternately
bright and dim peaks in Fig. 1, B and C,
reminiscent of those observed under polar-

z/a = 0.8

200 nm

Fig. 3. Squared components of the electric field predicted (24, 25) to exist at various normalized
distances (/) from a subwavelength diameter aperture, as compared to profiles (center) observed

in Fig. 1 for molecules c(E,2) and f(E,?).

1pm

ized excitation in Fig. 1, E and F.

Given the good agreement of the model
to the data for molecular dipoles aligned
along the principle axes, we can extend it
to predict the patterns expected to be
observed under other dipole orientations.
By doing this, we find that patterns corre-
sponding to every pair of structures in Fig.
1, E and F, can be generated, thereby
allowing us to determine the orientation
of every molecular dipole in the field of
view. Working in this fashion, the sche-
maticized dipole orientation map in Fig. 4
was constructed.

From this map, we first discover that
there is little if any preferential orienta-
tion to the chromophores of the molecules
as they rest upon the PMMA. Second, the
good fit of the data to the model for each
molecule (in terms of intensity as well as3
shape) suggests that the apparent absorp-g
tion cross section and quantum yield are -
quite uniform (taking into account the~
orientational dependence), which pro-g
vides further evidence of SMD. Finally,"é
we note that it is possible to use these®
same methods in conjunction with thed
data in Fig. 1, B and C, to determine theZ
emission dipole orientations as well as theS
absorption dipole directions shown here. 2

Average orientations of large ensemblesg)
of molecules have been measured previously®
by conventional (19) and evanescent (8)g
fluorescence polarization microscopy as well2
as by second-harmonic generation (29). In®
contrast, in Fig. 4 the fixed dipole orienta-®
tions of individual molecules have been
determined. In addition, however, this in-
formation is provided along with an unsur-
passed ability to resolve closely packed mol-O©
ecules and localize individual molecules:5
On top of this, the results of the model can®
be extended to all z values as in Fig. 3 as®
well as all orientations to determine thes
depth of each molecule for those molecules%
within a few tens of nanometers from theQ
surface. In short, the NSOM approach to
SMD permits the determination of five of
the six degrees of freedom for each mole-
cule, with only the optically inactive rota-
tion around the dipole axis not at our
disposal. This may have important implica-
tions for the study of receptors in mem-
branes and the development of organic
non-linear devices.
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Photon Emission at Molecular Resolution Induced

by a Scanning Tunneling Microscope

R. Berndt, R. Gaisch, J. K. Gimzewski, B. Reihl, R. R. Schlittler,
W. D. Schneider, M. Tschudy

The tip-surface region of a scanning tunneling microscope (STM) emits light when the
energy of the tunneling electrons is sufficient to excite luminescent processes. These
processes provide access to dynamic aspects of the local electronic structure that are not
directly amenable to conventional STM experiments. From monolayer films of carbon-60
fullerenes on gold(110) surfaces, intense emission is observed when the STM tip is placed
above an individual molecule. The diameter of this emission spot associated with carbon-
60 is approximately 4 angstroms. These results demonstrate the highest spatial resolution
of light emission to date with a scanning probe technique.

A diversity of problems concerning the
structure, growth, and aspects of the elec-
tronic structure of surfaces and interfaces
has been addressed with the use of the STM
(I). An exciting prospect is to perform
local experimentation with individual ad-
sorbed molecules (2). Inelastic processes
excited by tunneling electrons, which are
known to carry specific information on
molecular systems (3), are difficult to ob-
serve by conventional STM. They may,
however, be investigated by the detection
of photons emitted from the tip-sample
region (4, 5). The use of STM as an
excitation source that is confined to sub-
nanometer dimensions may open an avenue
to combine powerful optical techniques
with the high spatial resolution of the
STM. Here we report spatially resolved
photon emission from individual C4, mol-
ecules. For hexagonal arrays of Cg,, we
observe the strongest fluorescence when the
tip of an STM is centered above an indi-
vidual molecule. The mapping of this pho-
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ton signal shows this emission spot to have
a lateral extent of about 4 A.

The experiments were conducted with a g
custom-built, low-temperature, ultra-high &=
vacuum (UHV) STM operating at a pres- 3
sure of 107" mbar and employing temper- 3
atures of 5 and 50 K (6). Low temperatures O
improve the stability of imaging at elevated g
currents and voltages. The samples were ©
prepared in situ by UHV sublimation of Cg,
onto clean, Au(110) 1 X 2-reconstructed
surfaces, followed by annealing to 650 K
before cooling. The structural properties of
thin layers of Cg, have been thoroughly
investigated by STM (7). Electrochemical-
ly etched W, and Pt, tips were cleaned in
the UHV by heating and Ne ion bombard-
ment. Photons were collected with a low
f-number lens mounted in the cryostat and
counted by a cooled photomultiplier. Mea-
surement of the photon signal was per-
formed quasi-simultaneously with the ac-
quisition of constant-current topographs for
each image pixel.

A molecularly resolved STM image from
a Cq, monolayer recorded at a constant
current of 4.4 nA and a tip voltage V, of
—2.8 V is shown in Fig. 1A. Similar results
were obtained for reverse bias (V, = +2.8
V). The image shows an approximately
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persons with chronic illnesses are available
for such intervention. In fact, one can
conclude that prevention does not neces-
sarily reduce health care costs if one assesses
costs from the perspective of the whole life
span. As individuals live longer, the total
cost of their health care increases.

Two prevention measures, however,
would truly reduce total health care costs.
The first would be a significant reduction in
the number of children born who are un-
wanted or unintended. The second would
be a clear increase in the number of persons
having living wills, especially if they spent
their last days in a hospice setting rather
than in a hospital intensive care unit or
even in a nursing home.

Gordon H. Deckert

Department of Psychiatry and

Behavioral Sciences,

University of Oklahoma

Health Sciences Center,

Oklahoma City, OK 73190-3048, and
Chairman, Public Health Policy Committee
Oklahoma State Board of Health

Corrections and Clarifications

In Christopher Anderson’s article “Hearing pro-
cess proves a challenge for ORI” (News &
Comment, 18 June, p. 1714), “judge” Celia
Ford was incorrectly described as a “Public
Health Service attorney.” She is, rather, an
attorney on the staff of the Deputy Secretary
of Health and Human Services.

In the report “Single molecules observed by
near-field scanning optical microscopy” by E.
Betzig and R. J. Chichester (26 Nov., p.
1422), figure 2 on page 1423 was incorrectly
printed. The arrow representing the molecular
dipole p was missing in the top part of the
figure. The correct figure appears below.

o o =
) ©® ©o
T T
g ]
n
©
o ]
1 1

Intensity
o

H

T

0.2 { ]

-6 -10 -05 00 05 1.0 15

x/a

NEMMERS PRIZES

NORTHWESTERN
UNIVERSITY

THE ERWIN PLEIN

NEMMERS PRIZE
IN ECONOMICS

THE

FREDERIC ESSER
NEMMERS PRIZE
IN MATHEMATICS

$100,000 AWARDS
PRESENTED BY

NORTHWESTERN
UNIVERSITY

SCIENCE ¢ VOL. 263 *

Northwestern University announces the
establishment of a series of prizes for
distinguished achievement in the arts
and sciences. Northwestern anticipates
conferring the awards, which are made
possible by generous gifts from the

late Erwin Esser Nemmers and the late
Frederic Esser Nemmers, every other
year, with specific fields designated for
each cycle of awards.

Nominations are now invited
for the Erwin Plein Nemmers Prize in
Economics and the Frederic Esser
Nemmers Prize in Mathematics, to be
awarded during the 1994-95 academic
year. Each award includes a $100,000
payment to the recipient.

Candidacy for the Nemmers Prize
in Economics and the Nemmers Prize
in Mathematics is open to individuals
of outstanding achievement in their
discipline, as demonstrated by major
contributions to new knowledge or the
development of significant new modes
of analysis. Individuals of all nationali-
ties and institutional affiliations are
eligible, except current or former
members of the Northwestern
University faculty and recipients of
the Nobel Prize.

The recipient of either Nemmers
Prize will deliver a public lecture and
participate in other scholarly activities
at Northwestern University for 10
weeks. Nominations for both prizes
will be accepted until March 1, 1994.
Nominating letters of no more than
three pages should describe the nomi-
nee’s professional experience, accom-
plishments, and qualifications for the
award. Direct applications for the
Nemmers Prize will not be accepted.

Send nominations to:
Secretary

Selection Committee for the
Nemmers Prizes

Office of the Provost
Northwestern University

633 Clark Street

Evanston, Illinois 60208-1101
U.S.A.

Northwestern University is an equal opportunity

employer and educator.
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