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Nanoscale organic electroluminescence from tunnel junctions
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Nanoscale organic electroluminescence was induced by positioning a sharp tungsten tip on the surface of a
free-base porphyriH,TBPP monolayer on the top of PtTBP porphyriRtTBPB multilayers on a C(00)
substrate in an ultrahigh vacuum scanning tunneling micros¢®p#l) system. The well-defined molecular
fluorescence spectra are perfectly matched with the conventional photoluminescence spectrum from bulk
H,TBPP molecules. The nanoscale PtTBPP multilayers do not fluoresce; rather, they act as spacers to enhance
the decoupling of the electronic state of thgTBPP monolayer from the Cu surface. The electronic property
of molecules and the energy-level alignment of molecules with respect to the Fermi levels of electrodes are
probably quite critical for observing STM-induced molecular fluorescence from molecular layers with a similar
thickness. The molecule in proximity to the tip apex of a scanning tunneling microscope is locally excited by
the hot electron injection mechanism, followed by radiative decay via Franck-Condon transitions.
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A scanning tunneling microscopgTM) is capable of X 10'%Pa. The STM tips were made from a tungst&v)
more than imaging with atomic resolution and manipulation;wire by electrochemical etching in a 2N NaOH solution fol-
the highly localized tunneling current can also be used as bwed by baking and Arion sputtering in UHV. An atomi-
source of hot electrons or holes to locally excite lumines<cally clean C¢100) (3X7x0.5 mn?) substrate was pre-
cence from metals, semiconductors, polymers, angared by several cycles of sputteripgr®, 1 keV, ~1uA,
molecules: ! Among them, nanoscale organic electrolumi- 30 min) and annealing(~500 °C, 30 min. H,TBPP and
nescence is important for the development of molecular lighPtTBPP molecules shown in Figgaland Xb) were depos-
source, high-resolution optical microscdpy®and quantum ited on C100) in sequence by sublimation from quartz cells
information processing* However, there is still no direct at ~300 °C. The deposition rate was controlled by a thick-
evidence of clear molecular fluorescence in the limited reness monitor. Compared with other organic molecules, a
ports on STM-induced optical spectrd!*5>-?!which can be  porphyrin-based molecule possesses two unique properties:
justified by comparison to the conventional photolumines<(1) It has strong interaction with photons including absorp-
cence from neutral organic molecules. The role of moleculesion and fluorescenc®. (2) Each porphyrin moleculgsee
has been suggested to act mainly as a spacer to modifyig. 1) has four bulky di-tert-butylphenWTBP) groups as
plasmon-mediated emissiofisNevertheless, STM-induced legs. The phenyl rings in the four TBP groups are roughly
luminescence spectra were previously observed for polyperpendicular to the porphyrin core plane due to the steric
mers, though under field emission conditiqrsl00 V) and  repulsion between phenyl and pyrrole H atoth& The por-
on a relatively thick thin film(~200 nm.® Qiu et all®re-  phyrin core is shored up-0.7 nm above the substrate. Thus
ported the use of an oxide buffer layer for the detection ofthe porphyrin core plane is decoupled from the metal sub-
single-molecule fluorescence, which is attributed to the transtrate to some extent. This kind of electronic decoupling is
sitions between two unoccupied orbits of a molecular aniorbelieved to be helpful for reducing the nonradiative energy
rather than neutral molecules. The difficulty in observingdissipation to the metal substrate.
clear molecular fluorescence on metal substrates is mainly Our light collection and detection system have been de-
owing to the nonradiative damping of molecular excitedscribed elsewher&. Briefly, photons emitted from the tun-
states and the resultant quenching of molecular luminescenceling gap are collected by a lens near the tip-sample gap
on metal substraté®:23 Here we demonstrate a way to gen- region and detected by either a photomultiplier
erate nanoscale organic electroluminescence from tunnéB00—800 nm, dark currertc3 counts/ps at —30 °Cor a
junctions. A nanoscale PtTBP porphyr{PtTBPP buffer  spectrophotometdi350—850 nm at a spectral resolution of
layer is used as a spacer to enhance the decoupling of the t@pnm.

H,TBPP monolayer from the QLO0) substrate. The mo- Figure 2 shows the typical STM image of PtTBPP mol-
lecular origin of luminescence is established by the perfeceécules adsorbed on a QW0 substrate with submonolayer
matching of the observed well-defined molecular fluorescoverage. The STM images of porphyrin-based molecules
cence with the conventional photoluminescence data. adsorbed on a GmO0) substrate exhibit similar characteris-

The experiments were carried out in an ultrahigh vacuuntic. Each PtTBPP molecule consists of four separated bright
(UHV) system with facilities for sample heating and cooling, lobes with a spacing of 1.9 nm across, which correspond to
molecule deposition, and characterization by a STHEOL  the four TBP groups in Fig. 1. This indicates that the por-
JSTM-4500XT). The base pressure of the system~2  phyrin core is oriented parallel to the Cu surfgee0.7 nm
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FIG. 1. Molecular structures of ABPP andPtTBPP molecules.

above the Cu surfagand the phenyl rings are tilted. peaks at 658 and 723 nm appeared, i.e., these two well-
Optical spectra are measured by positioning a sharp W tipefined peaks are absent for pristing(TQ0) and nanoscale
on the surface of pristine €lW00), PtTBPP/C(100), and PtTBPP/C@100 multilayers. The molecular origin of these
H,TBPP/PtTBPP/C{@00), respectively. The PtTBPP mol- peaks is evident and is further justified by comparison with
ecules were deposited on the (C00) substrate layer by the peak positions in the standard photoluminescence spectra
layer with homogeneous coverage in a nanoscale thicknegsurve 5. These two peak positions in curves 3 and 5 match
regime[~6 monolayer§ML)]. The H,TBPP monolayer was perfectly.
deposited on top of nanoscale PtTBPP multilayers. The total It is worth noting that a weak plasmon-mediated emission
thickness of the molecular layer for the sample ofband from the Cu substratea6610 nm is still discernable in
H,TBPP/PtTBPP/C{L00 is estimated to be less than 5 nm curve 3, but with a much lower intensity with respect to that
based on the molecular height 6f0.7 nm. The imaging from the pristine C(L00) surface under approximately the
resolution of the nanoscale multilayers degrades with insame tunneling condition as that for curves 1 and 2. Since
creased thickness as a result of unstable tunneling conditionte plasmon-mediated emissions originate from inelastic tun-
For comparison, the conventional photoluminescence spectra
from bulk H,TBPP and PtTBPP molecules were also mea—
sured by a He-Cd laser at 325 nm. The typical optical

spectra were shown in Fig. 3. ,
The spectrum from PtTBPP multilayefi® the nanoscale ’
thickness regimeon Cu100) (curve 2 shows a single-peak
feature that is the same as that of plasmon-mediated emissio
from pristine C@100 (curve 1. The whole shape of the
optical spectrum of curve 2 is similar to that of curve 1 . A
except for the blueshifi~9 nm to the peak position of | ' 3
plasmon-mediated emission at 610)nnand intensity '
enhancemerit1® The emission peak at 650 nm in curve 4 is ‘
absent in curve 2. The nanoscale PtTBPP multilayers on -
Cu(100) do not fluoresce or their fluorescence is completely '
quenched on Qud00). The same feature was found for the ’
H,TBPP monolayer on G&00). Thus, further electronic de-
coupling is required to weaken the molecule-substrate inter-
action for generating molecular fluorescence. ,
Since energy transfer near a surface depends dramaticall
on the fluorophore-substrate distadéewe deposit one
H,TBPP monolayer directly on the top of the nanoscale PtT- ’
BPP multilayers on Q00). The bottom nanoscale PtTBPP
multilayers are used as a spacer layer to increase the, ’ ..
fluorophore-substrate distance.
Curve 3 shows the typical spectra from the surface of FIG. 2. STM image of PtTBP submonolayer on (C00) (16
nanoscale KIBPP/PtTBPP/C{00 multilayers. New Xx16 nn?, 2.0V, 0.1 nA.
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FIG. 4. STM-induced molecular fluorescence from the surface
] of H,TBPP/PtTBPP/C{L00 at both polaritiegtunneling current
730 hm :.1.5_n®. T_he inset shows the linear dependence of photon emis-
sion intensity vs tunnel current.
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Wavelength (nmy does not fluoresce even under the same thickness regime,
and with the STM excitation condition as the aforementioned
FIG. 3. STM-induced light emission spectra from the surface ofmolecular multilayers. This indicates that under the similar
pristine C100) (curve 1: 2.5V, 1.5 nA PtTBPP/C(100 (curve  film thickness, the STM-induced molecular luminescence is
2: 25V, 1.5nA, HTBPP/PtTBPP/CUO00 (curve 3: 2.8V, sensitive to the chemical compounds as well as the film qual-
1.5 nA), and the photoluminescence spectra from bulk PtTBPRty. The electronic property of molecules and the energy-
(curve 4 and HTBPP nolecules(curve 3 excited by a He-Cd  |evel alignment of molecules with respect to the Fermi levels
laser at 325 nm. of electrodes are probably quite critical for observing STM-

. L . induced molecular fluorescence. Molecules act as a func-
neling excitations of interface plasmon modes between thg,nal unit. not just as a resistor in the observed STM-

tip and the Cu substrate, the thickness increase of the MGrq,ced molecular fluorescence. Both HOMO and LUMO
lecular layer weakens both the local electromagnetic fielgyyjta|s have to be involved in the luminescence process. We
strength across the junction and the molecule-substrate intejf; e not explored much the effect of film quality on STM-
action, leading to a decreased intensity. induced molecular luminescence, but an ordered film or a
An interesting phenomenon is that the observed moleculafisordered film should cause some differences in the molecu-

fluorescence exists at both polarities as typically shown iN,y fiorescence process. A certain degree of energy disorder
Fig. 4, which presents a unique demonstration of *bipolar”;nnears also to be important for carriers to hop around.
nanoscale organic electroluminescence and also a promise of

AC operation. The higher intensity at positive bias indicates Vac Molecules
higher electron injection efficiency from the tungsten tip than
from the Cu substrate due to the high electric field in prox-
imity the tip apex. The KHTBPP molecule is a hole transport
material typical of aromatic compoun&&The majority hole
carriers are readily available in the molecular layer through
hopping by thermal or multi-vibrational excitatidh Conse-
quently, the decisive factor for generating molecular fluores-
cence from HTBPP is the injection efficiency of minority
electron carriers from the metal tip or substrate. Once elec-
trons are injected into the LUMO, they can subsequently
recombine with the holes in the HOMO to emit light. The
inset of Fig. 4 plots the observed emission intensity versus
the tunnel current at a fixed voltage of +2.8 V. The current
dependency of emission intensity follows nearly a linear re-
lation.

It is worth pointing out that molecular fluorescence has
been generated from the surface ofTBPP multilayers on
Au(100 and ZnTBPP multilayers on CLOO) in a similar
nanoscale thickness regime available for electron
tunneling”-28 with that of PtTBPP multilayers on CL00). FIG. 5. A schematic energy diagram showing two possible pro-
Other widely used luminescent molecules such as AtQ3 cesses for luminescence excitation, i.e., inelastic electron tunneling
be reported in a future papeare the same as PtTBPP, which (dashed arrow lineand hot electron injectiogsolid arrow ling.
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The emission mechanism of STM-induced molecularnescence data from bulk,FIBPP molecules. No molecular
fluorescence can be explained by Fig. 5. There are probablyminescence was observed from PtTBPP multilayers on
two processes participating in the emission, i.e., inelastiCu100) in the nanoscale thickness regime. The nanoscale
electron tunneling(IET) and hot electron injectioHEIl),  PtTBPP multilayers act as a spacer to enhance the decou-
which is schematically shown by the dashed arrow line aan"ng of the electronic state of the top,BPP mono|ayer
solid arrow line, respectively, in Fig. 5. from the C100) substrate. Under a similar film thickness of

In the IET process, the plasmon-mediated emission ignolecules, the STM-induced molecular luminescence is sen-
generated via direct tunneling excitation from the tip to theg;tjye 1o the electronic property of molecules and the energy-
substrate, or electron tunneling into unoccupied moleculajgye| alignment of molecules with respect to the Fermi levels
orbits, followed by the nonradiative energy transfer from ex-q¢ electrodes, and the film quality. Molecules act as a func-
cited molecular anionic states to the surface plasmons. In thg, unit, not just as a resistor in the observed STM-
hot electron injection process, electrons tunnel elastically,quced molecular fluorescence. The molecular emission
across the vacuum gap and into the unoccupied orbits of th@,echanism is probably attributed to the hot electron injec-
H,TBPP molecules followed by radiative decay. Based onjon to the molecules in proximity to the tip apex of a scan-

the experimental results in Fig. 4, molecular fluorescence iBing tunneling microscope, followed by a radiative decay via
probably generated when the charged molecules decay radigrank-Condon transitions. This research opens alternative

tively via Frank-Condon transitions. _ routes to the development of nanoscale organic light source
In summary, nanoscale molecular luminescence from tungng spectroscopy.

nel junctions has been observed by depositing thEBPP

monolayer on top of nanoscale PtTBPP multilayers on This study was performed through Special Coordination
Cu(100. The generated molecular florescence is well definedrunds of the Ministry of Education, Culture, Sports, Science
and is perfectly matched with the conventional photolumi-and TechnologfMEXT) of the Japanese Government.
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