
PHYSICAL REVIEW B, VOLUME 65, 212107
Tunneling-induced luminescence from adsorbed organic molecules with submolecular
lateral resolution
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Light emission from molecule-covered surfaces in the scanning tunneling microscope has repeatedly been
reported with optical contrast occurring on a molecular scale. The role of the molecules in the emission is
unclear although molecular fluorescence has been suggested. Here, simultaneous optical spectroscopy and
spatial mapping of the emission from single hexa-tert-butyl-decacyclene molecules on noble-metal surfaces are
combined and submolecular constrast is observed. However, the emission spectra are indicative of plasmon
mediated emission of the metal substrate and tip while the molecule merely acts as a spacer, which slightly
modifies the plasmon emission.

DOI: 10.1103/PhysRevB.65.212107 PACS number~s!: 68.37.Ef, 33.80.2b, 73.21.2b
al
a
le
re
e
n
in
-

-
to
n

m
os
er

ho
re

n

in
M
re

e
th
en
of
on

e
et
t
re

o
e

of
a

r-

ris-
r
ly

n
ere

nd
lta-
r-

his
TM

h a
ally
ing
y af-

irect
ol-

the
do

ec-
ol-
red
the
ver,
ar-
ion
the
le.
etal

ra-
-

cs
le
re-
How to combine the analytical capabilities of optic
spectroscopy with subnanometre lateral resolution? One
proach to this problem is based on the observation that e
tron tunneling can lead to the emission of light, as first
ported by J. Lambe and S. L. McCarthy for metal-oxid
metal junctions.1 R. D. Young, having detected electro
emission from the topographiner, a precursor of the scann
tunneling microscope~STM!, proposed the detection of pho
tons from this device.2 Following the first experimental ob
servation of light emission from metal and semiconduc
surfaces in a STM,3 a number of reports on light emissio
from adsorbed molecules appeared.4–10 Unlike conventional
optical spectroscopy STM induced light emission circu
vents the spatial limits of classical optics and offers the pr
pect of addressing a single molecule with nanometre lat
resolution.

Optical contrast in photon maps, i.e., in maps of the p
ton intensity distribution on a molecular scale has been
ported for C60 on Au~110!,4 copper phthalocyanine o
Au~111!,6 octadecylthiol on Au,7 porphyrin molecules on
Cu~100!,8 and alkanethiols on Au~111! ~Ref. 9! under vary-
ing environmental conditions, i.e., in ultrahigh vacuum,
air, at room temperature, and at cryogenic temperatures.
lecular light emission has also been reported from large-a
squeezable tunnel junctions.10

Common to these experimental results is that no dir
evidence of molecular fluorescence was available. Given
strong emission is observed from metals even in the abs
of molecules3,11 the interpretation of the emission in terms
a transition that involves molecular states is not a direct
when metal substrates are used. Moreover, radiationless
ergy transfer from an excited molecular state to the m
substrate is often an efficient decay channel. Therefore
nature of the emission processes from molecule-cove
metal surfaces is an open question.

Two STM studies presented additional indications of m
lecular fluorescence. An observed voltage dependenc
fluorescence spectra from porphyrin molecules on Cu~100!
led Fujita et al. to conclude on ‘‘the possible existence
two radiative processes, decay of local surface plasmon
molecular fluorescence.’’8 Based on a deviation of the cu
rent dependence of the emission intensity from~partially oxi-
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dized! alkanethiols compared to published data from a p
tine metal surface12 the late G. Poirier favored molecula
emission.9 We note in passing that luminescence from po
(p-phenylenevinylene! layers on indium-tin oxide has bee
observed in field emission, i.e., at high bias voltages wh
the lateral resolution of the STM is rather limited.13

While the above results were encouraging, lateral a
spectral resolution have not yet been achieved simu
neously which would probably provide more detailed info
mation on the light-emission process. To improve on t
state of affairs, we have combined a low-temperature S
with sensitive optical detection.14 This combination enables
STM imaging and simultaneous optical spectroscopy wit
spectrum taken at each image point. Moreover, statistic
significant spectra can be acquired at relatively low tunnel
currents where the adsorbed molecules are not adversel
fected. Therefore, spectrally resolved images ofpartially
covered surface areas can be recorded, which enables a d
comparison of the emission from the metal and from m
ecules with thesame STM tip. Given the known sensitivity of
the metal emission to the tip status15–17 this possibility is
essential in obtaining useful data. As a result, some of
interpretational ambiguities of the previous experiments
not occur.

For the organic molecule hexa-tert-butyl-decacyclene
~HBDC! @Fig. 1~a!# adsorbed on Au~111!, Ag~111!, and
Cu~111! we have achieved submolecular resolution in sp
trally resolved maps of the photon intensity. On the m
ecules the emission is found to be blue shifted as compa
to the metal substrate emission. The spectral weights of
emission features are also modified to some extent. Howe
there is no indication of molecule specific emission. We
gue that the molecule-induced modifications of the emiss
characteristics can qualitatively be understood in terms of
excursion of the STM tip apex as it scans over a molecu
This assignment is corroborated by spectroscopy of the m
fluorescence as a function of the tip-sample distance.

The experiments were performed in a home-built ult
high vacuum~UHV! STM,18 which was operated at a tem
peratureT54.6 K. The instrument was equipped with opti
for spectroscopy of light that is emitted from the tip-samp
region.14 The single-crystal surfaces were cleaned by
©2002 The American Physical Society07-1
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peated sputtering and annealing cycles. HBDC was de
ited by evaporation from a heater with the crystals at ro
temperature in UHV. The deposition rate was controlled b
microbalance and checked afterwards with STM. Ir and
tips were sputtered and annealed in vacuum. While only
sults of experiments performed at'5 K are shown below,
experiments at higher temperatures up to room tempera
gave no indication of additional processes. Sample volta
uVu,2.7 V were used to avoid modification of the mo
ecules which typically occurred atV;3 V.

HBDC was reported to be mobile on Cu~110! ~Ref. 19!
and Cu~100! ~Ref. 20! at room temperature below monolay
coverage. At low temperatures we find stable molecular
rangements although molecular mobility can be induced
the STM tip at elevated currents and voltages. On terra
HBDC assembles into honeycomb networks as shown in
1~b!. We also observe a more dense hexagonal arrange
in other surface areas@Fig. 1~b!, left part#. In agreement
within previous room-temperature observations, HBDC
pears as a threefold symmetric disk with six bright lob
under the imaging conditions used. The lobes are assoc
to the tert-butyl legs. This assignment is supported by qua
tum chemistry calculations.21 For comparison, the experi
mental data has been overlaid with diagrams of the mole
lar structure. Figure 1~c! shows photon data, namely, a ma
of the integral detected photon intensity. Again, the mole
lar positions as determined from the topograph are indica
At the relatively low current used (I 5400 pA), the molecu-
lar arrangement is stable. Characteristic positions, i.e., on
clean metal surface, on top of a molecule, and between m
ecules are marked 1–3. In the photon map, individual m
ecules are clearly resolved as bright spots, the emission
ing three times more intense on molecules~2! than on the
metal
between molecules~3!. The emission intensity from the
uncovered metal outside the molecular array~1!
('8.5 counts/pC) is slightly lower than the one from t
molecules ('10 counts/pC).

Similar results are obtained for HBDC molecules a
sorbed at steps. Figure 2 displays typical data. HBDC m

FIG. 1. ~a! Molecular structure of hexa-tert-butyl-decacyclene
with a central decacyclene core and six attachedtert-butyl legs.~b!
Topograph of a HBDC-covered Cu~111! surface with molecules
forming superstructures (1138 nm2). ~c! Simultaneously acquired
photon map (I 50.4 nA, V52.3 V, 5 ms/pixel! with
intensity contrast between the clean metal surface (
'8.5 counts/pC), on top of molecules (2,'10 counts/pC) and
between molecules (3,'3.5 counts/pC).
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ecules are lining up along a step traversing the image fr
the bottom left to the upper right corner. In addition to th
molecule-covered step, two further, clean ones are disc
ible. These latter steps are perfectly straight and occur al
~110! directions, which is indicative of dislocations. HBD
frequently adsorbs at steps with twotert-butyl legs (1,2)
located on the upper and four legs on the lower terrace~3–
6!. The opposite configuration of four and two legs on t
upper and lower terraces are observed, too. This tendenc
HBDC to make contact to two terraces is similar to the fin
ing of Schunacket al.19 who observed that, on Cu~110!,
HBDC molecules locally modify the substrate structure as
expose a steplike configuration underneath the molecu
For discussing photon data below, it is important to note t
the apparent heights of thetert-butyl legs are not identical
Whereas the apparent height of legs 1, 2, 4, and 5 is appr
mately 2 Å legs 3 and 6 are less clearly discernible.

Fluorescence spectra were recorded from these molec
simultaneously with topographic imaging. Figure 2~b! shows
a selected cross-sectional profile of this large, thr
dimensional data set, namely, the detected intensity in
wavelength range 921 nm,l, 929 nm. We notice clear
submolecular structure in this photon map, which is asso
ated with thetert-butyl legs. Compared to the emission fro
the Cu terrace, legs 1, 2, 4, and 5 give rise to a 30% incre
of the intensity in this wavelength range, similar to the o
servation from Fig. 1. No clear structure is observed fro
legs 3 and 6 in the photon map. For completeness, we
that dislocation-related steps affect the photon intensity, p
sumably via a modified electromagnetic coupling of the
and the sample.22–24 The apparent grainy pattern of the te
race emission is caused by statistical variations of the pho
numbers in the limited wavelength range under consid
ation.

The wavelength resolved photon maps shown so far
comparable to previous reports of molecule-related cont

FIG. 2. ~a! Topograph of Cu~111! with HBDC molecules deco-
rating steps.~b! Photon map atl5921, . . . ,929 nm withclear
intramolecular contrast (I 55 nA, V52.3 V, 500 ms/pixel!. ~c!
Linescan between positions I and II as indicated in the topogr
~a!. ~d! Fluorescence spectra recorded with the STM tip above
metal surface~solid line! and an HBDC molecule~dashed line!.
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in maps of the integral photon intensities. Further experim
tal details become accessible in another representation o
data. Figure 2~d! shows fluorescence spectra of the prist
terrace and from HBDC as measured above atert-butyl leg.
The main observation to be made is that the overall shap
the spectra is very similar. Apparently, HBDC does not a
any new spectral features to the substrate emission altho
it does modify the spectral weights to some extent. From
comparison of terrace spectra that were recorded before
after the leg spectrum we exclude artifacts such as unnot
changes of the tip status. We also verified that all leg spe
are identical within the experimental uncertainty. Before a
lyzing the molecule-related spectral changes in more de
we briefly discuss the metal emission.

Based on previous experimental and theoretical work,25,11

a single-peak spectrum may be expected for a W tip
Cu~111!, which is typical of a localized, dipolar plasmon
However, an irregular shape of the tip apex can drastic
modify the spectral characteristics.15–17 In the experiment of
Fig. 2, an irregular shape was likely to be present because
tip had been cleaned repeatedly by tip-sample collision
remove molecules from its apex. As a result, in addition
the mode atl;600 nm, a second mode atl;950 nm is
resolved. The sharp dip of the intensity at;950 nm is due
to the transmission characteristics of the optical fibre us
The sample voltageV52.3 V causes a short waveleng
cutoff of the emission atl5hc/eV;540 nm. As a conse
quence, the intensity of the shorter wavelength structur
l;600 nm is low. When care is taken to avoid tip-samp
collisions the typical W-Cu spectrum is observed~Fig. 3!.

Figure 3 shows spectra recorded at identical tunneling
rameters (V55 V, I 52.3 nA) with a different tip. From
these spectra the effect of HBDC on the spectrum beco
evident. On the clean copper surface we find an emiss
maximum atl;640 nm ~dashed line!, which is indicative
of a regular tip shape. While no additional features are
served in the spectrum of HBDC , a 4 nmshift of the HBDC
spectrum towards shorter wavelength occurs compared to
substrate spectrum.

Summarizing the experimental data we note that HB
does not induce new spectral features. However, in the
vestigated range of sample biases (62.7 V), it leads to a
spectral blue shift of a few nm. This occurs at those positi
where HBDC appears as a protrusion in topographs. Th
findings indicate that the role of the molecule is to mod
the tip-induced plasmon by changing the distance of the
and the metal substrate.
f
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To test this idea we performed a series of measurem
on a clean Au~111! surface where the tip-sample distan
was controllably changed while simultaneously record
fluorescence spectra. Three spectra representing sm
~dashed line! and larger~solid line! tip-sample distances ar
displayed in the inset of Fig. 3. The spectra have been n
malized to equal peak intensities. More relevant for t
present purpose is the change of the spectral shape.
1.9 Å distance increase leads to a 6 nmblue shift of the
emission. This shift is indeed expected within the framewo
of localized plasmon modes.25 Detailed measurements an
modeling of this effect will be discussed elsewhere.26 The
similarity of the observation from clean metals with the ca
of HBDC molecules is striking.

We conclude that the primary effect of HBDC on th
emission spectrum is to cause a spectral shift induced by
modified tip-substrate distance. Moreover, we find that
light-emission intensity can be enhanced by the presence
molecule. No indications of an additional light-emission pr
cess were observed for hexa-tert-butyl-decacyclene on
noble-metal surfaces.

We thank R. R. Schlittler and J. K. Gimzewski for free
sharing hexa-tert-butyl-decacyclene molecules and the
knowledge about them with us. We acknowledge financ
support from the EU IST-FET project ‘‘BUN’’ and the TMR
network ‘‘EMIT.’’

FIG. 3. Fluorescence spectra from HBDC and the surround
metal surface acquired with a different tip (I 55 nA, V52.3 V).
Spectra are scaled to same intensity as indicated revealing a
shift of the emission on HBDC . The inset shows three spectra fr
Au~111! recorded at different currents, i.e., different distanc
Spectrum~1! was recorded atV53 V and I 50.3 nA. Spectrum
~2! at I 52.8 nA is red shifted byDl52 nm, spectrum~3! at I
533.7 nA is shifted further withDl56 nm.
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