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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 heé&e-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.
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How to combine the analytical capabilities of optical dized alkanethiols compared to published data from a pris-
spectroscopy with subnanometre lateral resolution? One apine metal surface the late G. Poirier favored molecular
proach to this problem is based on the observation that eleemission’ We note in passing that luminescence from poly
tron tunneling can lead to the emission of light, as first re-(p-phenylenevinylenelayers on indium-tin oxide has been
ported by J. Lambe and S. L. McCarthy for metal-oxide-observed in field emission, i.e., at high bias voltages where
metal junctions. R. D. Young, having detected electron the lateral resolution of the STM is rather limit&t.
emission from the topographiner, a precursor of the scanning While the above results were encouraging, lateral and
tunneling microscop€STM), proposed the detection of pho- spectral resolution have not yet been achieved simulta-
tons from this devicé.Following the first experimental ob- neously which would probably provide more detailed infor-
servation of light emission from metal and semiconductormation on the light-emission process. To improve on this
surfaces in a STM,a number of reports on light emission state of affairs, we have combined a low-temperature STM
from adsorbed molecules appeafed’ Unlike conventional ~ with sensitive optical detectioff. This combination enables
optical spectroscopy STM induced light emission circum-STM imaging and simultaneous optical spectroscopy with a
vents the spatial limits of classical optics and offers the prosspectrum taken at each image point. Moreover, statistically
pect of addressing a single molecule with hanometre lateralignificant spectra can be acquired at relatively low tunneling
resolution. currents where the adsorbed molecules are not adversely af-

Optical contrast in photon maps, i.e., in maps of the phofected. Therefore, spectrally resolved images paftially
ton intensity distribution on a molecular scale has been reeovered surface areas can be recorded, which enables a direct
ported for G, on Au(110,* copper phthalocyanine on comparison of the emission from the metal and from mol-
Au(111),° octadecylthiol on AU, porphyrin molecules on ecules with thesame STM tipGiven the known sensitivity of
Cu(100),2 and alkanethiols on Adl1) (Ref. 9 under vary- the metal emission to the tip stattis!’ this possibility is
ing environmental conditions, i.e., in ultrahigh vacuum, inessential in obtaining useful data. As a result, some of the
air, at room temperature, and at cryogenic temperatures. Monterpretational ambiguities of the previous experiments do
lecular light emission has also been reported from large-areaot occur.
squeezable tunnel junctioh. For the organic molecule hexart-butyl-decacyclene

Common to these experimental results is that no directHBDC) [Fig. 1(a)] adsorbed on A{@11), Ag(111), and
evidence of molecular fluorescence was available. Given thau(111) we have achieved submolecular resolution in spec-
strong emission is observed from metals even in the absendrally resolved maps of the photon intensity. On the mol-
of moleculed*! the interpretation of the emission in terms of ecules the emission is found to be blue shifted as compared
a transition that involves molecular states is not a direct onéo the metal substrate emission. The spectral weights of the
when metal substrates are used. Moreover, radiationless eamission features are also modified to some extent. However,
ergy transfer from an excited molecular state to the metalhere is no indication of molecule specific emission. We ar-
substrate is often an efficient decay channel. Therefore thgue that the molecule-induced modifications of the emission
nature of the emission processes from molecule-coveredharacteristics can qualitatively be understood in terms of the
metal surfaces is an open question. excursion of the STM tip apex as it scans over a molecule.

Two STM studies presented additional indications of mo-This assignment is corroborated by spectroscopy of the metal
lecular fluorescence. An observed voltage dependence difuorescence as a function of the tip-sample distance.
fluorescence spectra from porphyrin molecules orf1G0) The experiments were performed in a home-built ultra-
led Fujitaet al. to conclude on “the possible existence of high vacuum(UHV) STM,*® which was operated at a tem-
two radiative processes, decay of local surface plasmon argkratureT=4.6 K. The instrument was equipped with optics
molecular fluorescence’”Based on a deviation of the cur- for spectroscopy of light that is emitted from the tip-sample
rent dependence of the emission intensity frgrartially oxi-  region!* The single-crystal surfaces were cleaned by re-
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FIG. 1. () Molecular structure of hexgert-butyl-decacyclene o 10F ,"
with a central decacyclene core and six attacteetilbutyl legs.(b) E y/
Topograph of a HBDC-covered Clill) surface with molecules z

forming superstructures (X8 nnt). (c) Simultaneously acquired o L

photon map [(=0.4 nA, V=23V, 5 ms/pixel with 700 900

intensity contrast between the clean metal surface (1, WAVELENGTH

~8.5 counts/pC), on top of molecules (210 counts/pC) and FIG. 2. (a) Topograph of C(111) with HBDC molecules deco-

between molecules (33.5 counts/pC). rating steps.(b) Photon map atk =921, ...,929 nm withclear
intramolecular contrastl&5 nA, V=2.3 V, 500 ms/pixel (c)

peated sputtering and annealing cycles. HBDC was depoginescan between positions | and Il as indicated in the topograph
ited by evaporation from a heater with the crystals at roomg) (q) Fluorescence spectra recorded with the STM tip above the
temperature in UHV. The deposition rate was controlled by anetal surfacdsolid line and an HBDC moleculédashed ling

microbalance and checked afterwards with STM. Ir and W
tips were sputtered and annealed in vacuum. While only reecules are lining up along a step traversing the image from

sults of experiments performed at5 K are shown below, the bottom left to the upper right corner. In addition to this
experiments at higher temperatures up to room temperaturaolecule-covered step, two further, clean ones are discern-
gave no indication of additional processes. Sample voltageible. These latter steps are perfectly straight and occur along
|[V|<2.7 V were used to avoid modification of the mol- (110 directions, which is indicative of dislocations. HBDC
ecules which typically occurred &~3 V. frequently adsorbs at steps with twert-butyl legs (1,2)
HBDC was reported to be mobile on 10 (Ref. 19 located on the upper and four legs on the lower ter(8ce
and Cy100 (Ref. 20 at room temperature below monolayer 6). The opposite configuration of four and two legs on the
coverage. At low temperatures we find stable molecular arupper and lower terraces are observed, too. This tendency of
rangements although molecular mobility can be induced byHBDC to make contact to two terraces is similar to the find-
the STM tip at elevated currents and voltages. On terracesng of Schunacket all® who observed that, on CLd0),
HBDC assembles into honeycomb networks as shown in FigdBDC molecules locally modify the substrate structure as to
1(b). We also observe a more dense hexagonal arrangemegkpose a steplike configuration underneath the molecules.
in other surface areafFig. 1(b), left parf. In agreement For discussing photon data below, it is important to note that
within previous room-temperature observations, HBDC apthe apparent heights of thtert-butyl legs are not identical.
pears as a threefold symmetric disk with six bright lobeswhereas the apparent height of legs 1, 2, 4, and 5 is approxi-
under the imaging conditions used. The lobes are associatedately 2 A legs 3 and 6 are less clearly discernible.
to thetert-butyl legs. This assignment is supported by quan- Fluorescence spectra were recorded from these molecules
tum chemistry calculation. For comparison, the experi- simultaneously with topographic imaging. Figur@pshows
mental data has been overlaid with diagrams of the molecua selected cross-sectional profile of this large, three-
lar structure. Figure (t) shows photon data, namely, a map dimensional data set, namely, the detected intensity in the
of the integral detected photon intensity. Again, the molecuwavelength range 921 nmA< 929 nm. We notice clear
lar positions as determined from the topograph are indicatedsubmolecular structure in this photon map, which is associ-
At the relatively low current used €400 pA), the molecu- ated with thetert-butyl legs. Compared to the emission from
lar arrangement is stable. Characteristic positions, i.e., on thae Cu terrace, legs 1, 2, 4, and 5 give rise to a 30% increase
clean metal surface, on top of a molecule, and between mobf the intensity in this wavelength range, similar to the ob-
ecules are marked 1-3. In the photon map, individual molservation from Fig. 1. No clear structure is observed from

ecules are clearly resolved as bright spots, the emission bégs 3 and 6 in the photon map. For completeness, we note
that dislocation-related steps affect the photon intensity, pre-

ing three times more intense on molecu(@s than on the
sumably via a modified electromagnetic coupling of the tip

metal
between moleculeg3). The emission intensity from the and the sampl&~2*The apparent grainy pattern of the ter-
uncovered metal outside the molecular arrajl) race emission is caused by statistical variations of the photon

(=~8.5 counts/pC) is slightly lower than the one from the numbers in the limited wavelength range under consider-

molecules &10 counts/pC). ation.
Similar results are obtained for HBDC molecules ad- The wavelength resolved photon maps shown so far are

sorbed at steps. Figure 2 displays typical data. HBDC moleomparable to previous reports of molecule-related contrast

212107-2



BRIEF REPORTS PHYSICAL REVIEW B 65 212107

in maps of the integral photon intensities. Further experimen- 620 640 660 680
tal details become accessible in another representation of the
data. Figure @) shows fluorescence spectra of the pristine
terrace and from HBDC as measured abouerg&butyl leg.
The main observation to be made is that the overall shape of
the spectra is very similar. Apparently, HBDC does not add
any new spectral features to the substrate emission although
it does modify the spectral weights to some extent. From a
comparison of terrace spectra that were recorded before and
after the leg spectrum we exclude artifacts such as unnoticed
changes of the tip status. We also verified that all leg spectra WAVELENGTH (nm)
are identical within the experimental uncertainty. Before ana-
lyzing the molecule-related spectral changes in more detail FIG. 3. Fluorescence spectra from HBDC and the surrounding
we briefly discuss the metal emission. metal surface acquired with a different tip5 nA, V=2.3 V).
Based on previous experimental and theoretical V@Bﬂ%, Sp_ectra are S(_:alfed to same intensit_y as indicated revealing a blue
a single-peak spectrum may be expected for a W tip orshift of the emission on .HBDC.The inset .shows.three speptra from
Cu(112), which is typical of a localized, dipolar plasmon. Au(111) recorded at different currents, i.e., different distances.
However, an irregular shape of the tip apex can drastically?PECtrum(l) was recorded av=3 V and|=0.3 nA. Spectrum
modify the spectral characteristits.}’ In the experiment of (_2) atl=2.8 nA is red shifted bﬁfzz nm, spectrum) at|
Fig. 2, an irregular shape was likely to be present because theoo:/ NAIs shifted further withA =6 nm.
tip had been cleaned repeatedly by tip-sample collisions to
remove molecules from its apex. As a result, in addition to,
the mode al\~600 nm, a second mode at-950 nm is
resolved. The sharp dip of the intensity-a®50 nm is due
to the transmission characteristics of the optical fibre use
The sample voltagd/=2.3 V causes a short wavelength

INTENSITY (counts /nC / nm)

To test this idea we performed a series of measurements
n a clean A@ll) surface where the tip-sample distance
was controllably changed while simultaneously recording
luorescence spectra. Three spectra representing smaller
‘dashed lingand larger(solid line) tip-sample distances are
-9 displayed in the inset of Fig. 3. The spectra have been nor-
cutoff of the emission ak =hc/eV~540 nm. As a conse- majized to equal peak intensities. More relevant for the
guence, the intensity of the shorter wavelength structure aﬁresent purpose is the change of the spectral shape. The
A~600 nm is low. When care is taken to avoid tip-sample; g A gistance increase leads & 6 nmblue shift of the
collisions the typical W-Cu spectrum is observédg. 3). emission. This shift is indeed expected within the framework

Figure 3 shows spectra recorded at identical tunneling pas¢ |ocalized plasmon modés.Detailed measurements and
rameters ¥=5 V, 1=2.3 nA) with a different tip. From  ,qeling of this effect will be discussed elsewh&ahe

these spectra the effect of HBDC on the spectrum becomegmijarity of the observation from clean metals with the case
evident. On the clean copper surface we find an emissiogs HBDC molecules is striking.

maximum at\ ~640 nm(dashed ling which is indicative We conclude that the primary effect of HBDC on the

of a regular tip shape. While no additional features are obgmjssion spectrum is to cause a spectral shift induced by the
served in the spectrum of HBD, a 4 nmshift of the HBDC  yqqified tip-substrate distance. Moreover, we find that the
spectrum towards shorter wavelength occurs compared 10 thgypt-emission intensity can be enhanced by the presence of a

substrate spectrum. molecule. No indications of an additional light-emission pro-

Summa_\rizing the experimental data we note tha_lt HBDCeess were observed for hesert-butyl-decacyclene on
does not induce new spectral features. However, in the iNAoble-metal surfaces.

vestigated range of sample biases2.7 V), it leads to a

spectral blue shift of a few nm. This occurs at those positions We thank R. R. Schilittler and J. K. Gimzewski for freely
where HBDC appears as a protrusion in topographs. Thesgharing hexdert-butyl-decacyclene molecules and their
findings indicate that the role of the molecule is to modify knowledge about them with us. We acknowledge financial
the tip-induced plasmon by changing the distance of the tigupport from the EU IST-FET project “BUN” and the TMR
and the metal substrate. network “EMIT.”
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