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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. Schilittler,
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 Cg, 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
custom-built, low-temperature, ultra-high
vacuum (UHV) STM operating at a pres-
sure of 10™!! mbar and employing temper-
atures of 5 and 50 K (6). Low temperatures
improve the stability of imaging at elevated
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 P, 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 C,, monolayer recorded at a constant
current of 4.4 nA and a tip voltage V, of
—2.8V 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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hexagonal arrangement of the Cg, mole-
cules with a corrugation amplitude of ap-
proximately 1 A. Particular molecules ap-
pear slightly elevated, most likely owing to
the large corrugation and steps of the un-
derlying Au(110) surface.

In comparison, the simultaneously record-
ed photon map (Fig. 1B) is directly correlated
with the molecular positions. The detected
photon intensity is greatest when the tip
acting as a local electron source is placed
above an individual Cy molecule. The spatial
extent of these emission features (full width at
half maximum ~4 A) is smaller than that of
the corresponding topographic features.
Cross-sectional profiles of topography and
photon intensity illustrate this observation
quantitatively (Fig. 2, A and B). A few
molecules do not exhibit corresponding pho-
ton emission maxima, whereas the vast ma-
jority give rise to enhanced emission.

From simultaneous measurements of the
variation of the tunneling current from the
preset value at each image pixel, we can
exclude the possibility that the observed con-
trasts in photon emission are due to fluctua-
tions of the injected current. As to the energy
of the observed photons, the low-energy cut-
off of the detector and the energy of the
incident electrons limit the possible range to
1.5 eV < hv < 2.8 eV, where h is Planck’s
constant and v is the frequency of a photon.

Fig. 1. Gold(110) surface covered with an an-
nealed monolayer of Cg,. (A) Topograph and
(B) photon map are represented as gray-scale
images. Area = 65 A by 65 A, tip voltage V, =
— 2.8V, tunneling current |, = 4.4 nA, height
scale in (A) = 2.5 A intensity scale = 800
counts per second, temperature of tip and
sample = 50 K.
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In the present experiment, the STM tip is
used as a source to inject locally a constant
current of electrons. Because inelastic tunnel-
ing channels contribute only a small fraction
to the total tunneling current, which is kept
constant, the inelastic contributions are free
to fluctuate.

The close proximity of the tip to a metal
sample induces localized plasmon modes,
which are characterized by a strong electric
field in the cavity formed by the tip and the
sample (5, 8). This sort of resonance mech-
anism gives rise to photon emission through
inelastic tunneling processes from metal
surfaces in the STM. These localized modes
are similar to those invoked in the classical
explanation of surface-enhanced Raman
scattering (SERS) (9). A variety of factors
including the local dielectric properties,
surface geometry, and density of states for
inelastic processes affects the probability of
inelastic tunneling and photon emission
from metal surfaces (10).

Comparing clean Au surface areas with
Cgo-covered regions, we find that photon
emission is strongly suppressed when tunnel-
ing occurs on a Cg, island. This suppression is
expected from previous experiments on clean
metal surfaces and from model calculations,
which have shown that a less efficient elec-
tromagnetic coupling at increased tip-sample
distances results in decreased photon emis-
sion. The molecular contrast within the Cg,
island in Fig. 1B, however, cannot be under-
stood within this kind of model. In such a
model, Cg, acts only as a passive spacer
between the tip and sample, which modulates
the vertical tip position and thus affects the
strength of coupled modes or the angular
distribution of the emission. First, we do not
observe any contrast reflecting the underlying
Au rows, which we find on clean Au(110).
Second, in direct contradiction to a scenario
involving Cg, only as a passive spacer, the
emission is less intense from intermolecular
regions where the tip is closest to the Au
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Fig. 2. Cross-sectional profiles of (A) topography
and (B) photon intensity extracted from the sec-
tion indicated in Fig. 1A. When the STM tip is
centered above a Cg, molecule the emission
intensity is maximized regardless of bias polarity.
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substrate than from molecules. Moreover, the
angular distribution of light emission from
metals was found to be insensitive to tunnel-
ing parameters such as tip-sample separation
(11).

These findings may indicate that the
Cgo molecules play an active role in the
emission process. We suggest that the
molecules interact strongly with the elec-
tromagnetic modes of the cavity between
the tip and the metal sample. Analogous
to the case of SERS from molecules in
pores of Ag films (12), such a confinement
effect may dramatically affect the molecu-
lar photon emission. Molecular properties
possibly involved in the observed emission
are excitonic states, as revealed by con-
ventional luminescence studies (13, 14),
or collective electronic excitations, as
have been postulated in the interpretation
of electron energy-loss data (15). The
extreme geometry of the present experi-
ment—the molecules are studied within a
nanometer-wide cavity—is expected to
modify the emission due to either of these
properties in energetic position and width
with respect to a conventional fluores-
cence experiment. The molecular contrast
in photon maps and topography is inde-
pendent of bias polarity (+ 2.8 V), which
indicates that this contrast does not result
from Cgy-induced changes of the local

- density of states of the sample. It is,

however, consistent with an inelastic tun-
neling process that involves the molecule.

We have presented a photon emission
measurement in which individual mole-
cules packed in nanometer-scale separation
are clearly resolved. For the C, molecules
studied, the detected photon emission is
most intense when the STM tip acting as
an excitation source is placed above an
individual molecule. In photon emission
maps, molecules thus give rise to emission
features with an observed diameter of ~4

. We tentatively propose that electromag-
netic confinement effects may mediate and
amplify emission from the coupled system
comprising tip, molecule, and substrate.
These results suggest that an optical spec-
troscopic analysis of the emission on the
scale of individual molecules can also be
achieved. We are now incorporating a
highly sensitive optical spectrometer into
the system for this purpose (16).
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X-ray Linear Dichroism Microscopy

H. Ade* and B. Hsiao

Chemical-specific x-ray linear dichroism was observed in an x-ray microscope as evidenced
by changes in relative contrast upon azimuthal rotation of the sample. As a demonstration, thin
sections of a partially ordered polymer fiber were examined with a transmission x-ray micro-
scope near the carbon K-shell absorption edge to provide chemical-specific imaging at 50-
nanometer spatial resolution. The observed dichroism and change in contrast upon rotation
arise from the polarization dependence of the near-edge x-ray absorption cross sectionand can
be used to image the orientation of specific chemical bonds.

The structural, morphological, and chemical
characterization of multiphase polymers, lig-
uid crystalline polymers, fibers, and compos-
ites is critical to our understanding of the
mechanical and chemical properties of these
materials. A variety of characterization tech-
niques have been used, ranging from electron
microscopy to neutron scattering (I, 2). None
of these techniques can, however, provide
information about the orientation of specific
chemical bonds in nonisotropic samples at
suboptical spatial resolution. We present a
technique, x-ray linear dichroism microscopy,
that can acquire such information at 50-nm
spatial resolution. Another kind of dichroism
microscopy, x-ray circular dichroism micros-
copy, has recently been developed by Stohr et
al. (3). It provides element-specific magneti-
zation contrast between magnetic domains at
a spatial resolution of about 1 wm and address-
es a set of applications different from those
addressed by the technique presented here.
To demonstrate x-ray linear dichroism mi-
croscopy, we used the scanning transmission
x-ray microscope (STXM) at the National
Synchrotron Light Source (NSLS). Soft
x-rays generated by the X1 undulator at NSLS
were used, and the microscope’s imaging char-
acteristics and performance have been de-
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scribed previously (4). We added an azimuth-
ally rotatable sample stage to the microscope
(5). We also made use of the linear polariza-
tion of the undulator output, which is a
characteristic of synchrotron radiation so far
unexploited in x-ray microscopy. We imaged
thin sections of poly(p-phenylene tereph-
thalamide) (PPTA) fibers (Kevlar) with a
spatial resolution of 50 nm at photon energies
that are sensitive to the carbonyl and the
aromatic groups of the fiber polymer. Three
types of Kevlar fibers were chosen: Kevlar 29,
49, and 149, which differ from each other in
the degree of crystallinity (Kevlar 149 is the
most and Kevlar 29 is the"least crystalline)
and the crystalline orientation along the fiber
axis (6).

We observed x-ray linear dichroism at
high spatial resolution in all samples. This is
to be expected for a partially oriented and
ordered sample such as Kevlar because the
near edge x-ray absorption fine structure
(NEXAFS) is not only chemically sensitive,
but the near edge cross sections strongly de-
pend on the geometric orientation of the
chemical bond relative to the electric field
vector (7). We observed butterfly-like pat-
terns for all of these fibers, consistent with
radially symmetric models of the fiber struc-
ture. In addition, some thin films of similar
Kevlar fibers, prepared separately, exhibited a
one-dimensional anisotropy, presumably in-
troduced by the stress during sectioning.
These films showed pronounced contrast
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changes upon rotation and features predomi-
nantly oriented perpendicular to the cutting
direction.

A small-area spectrum of a Kevlar 49 thin
film (0.1 wm thick) cut at 45° relative to the
fiber axis as acquired with the STXM is shown
in Fig. 1. The most prominent peaks are
associated with aromatic (285.5 and 286.3
eV) and carbonyl (288.3 eV) groups. The
photon energy can be selectively tuned to
these characteristic energies to achieve chem-
ical sensitivity during imaging (8); owing to
the polarization dependence of NEXAFS, the
strong peak at 285.5 eV, for example, would
actually disappear if all the aromatic groups
were lying in a single plane and the electric
field vector of a 100% polarized x-ray beam
was also lying in the same plane. The physics
of this process is well understood. The inten-
sity observed is proportional to cos?0, where 6
is the angle between the electric field vector
and the direction of the orbital excited during
absorption, which for a ar orbital is perpen-
dicular to the aromatic plane (7).

The radially symmetric structural model of
Kevlar fibers predicts the observation of a
butterfly-like pattern in an x-ray linear dichro-
ism image of thin films of the fiber cut at 45°
with respect to the fiber axis (9). The planes
of the two different aromatic groups of the
fiber are not the same. They are estimated to
be at an angle of 68° with respect to each
other (6), with the average aromatic ring
plane pointing essentially radially outward.
Thus, the maximum observable contrast in an
image acquired at 285.5 eV is reduced signif-
icantly compared with that achievable in a
sample having a single aromatic plane. This
results in about 15% contrast, which is further
reduced by orientational disorder and the
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Fig. 1. The NEXAFS spectrum of 0.1 um? of a
0.1-pm-thick section of Kevlar 49 fiber (inset
structure) cut at 45° as acquired with the STXM.
The prominent spectral features at 285.5,
286.7, and 288.3 eV are w* resonances asso-
ciated with unsaturated bonding in the aromatic
and carbonyl groups. The energies are charac-
teristic, providing the means for bond-selective
imaging, whereas the intensity depends on
polarization and the geometrical orientation of
the bonds. The broader feature at 295 eV is a o*
resonance of the C—-C bonds. Total acquisition
time was 40 s (13).
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