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PhotoluminescencéL) spectra were measured for highly ordered films of two plaraonjugated mol-
ecules[quaterthiophene and 3,4,9,10-perylenetetracarboxylicacid-dianhyBE€DA)], which were both
grown on a Agl1l) surface with thicknesses varied between 1 and 30 monolayers. For both molecules the PL
is quenched below the detection limit for two-layer-thick films and increases very steeply for thicker films.
These results cannot be explained within the classical image dipole theory, but demonstrate the presence of
ultrafast, nonradiative short-range decay processes, such as charge delocalization and tunneling. It is effective
for the first chemisorbed molecular layand the second molecular layer on top of the first. Implications of
these findings for luminescence experiments on organic films in close contact to metal surfaces are discussed.
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[. INTRODUCTION of a sufficiently high structural order at the organic/metal
interface. The preparation of a well-defined, clean, and
The influence of a metal surface on the lifetime of anatomically smooth metal surface and a high and reproducible
oscillating dipole has been the subject of considerable exstructural order in the organic film itself is inevitable, be-
perimental and theoretical efforts since the first reports orfause only in this case one can be sure that the observed
this topic? During recent years the optical properties of thin interface properties are not determined by impurities and/or
films of mr-conjugated molecules have attracted enormous relSubstrate-inducedstructural defects, e.g., grain boundaries,
search interest because of their potential applications, e.g., #hich act as traps and/or nonradiative decay channels. More-

organic light emitting devices or solar cefiand since it has ©Ver, for the first molecular layers, structural order is rel-
become possible to grow thin films of variomsconjugated evant, since t_he local bonding geometry of a m_olecule on the
molecules with long-range order on crystalline metg)Metal determines the overlap of molecular orbitals and elec-

surface$ In this context the fundamental question of thef[ronlc states of the substrate, which is demswt_a.for the result-
) : ing rates of charge or energy transfer. In addition, the struc-
influence of the contacts, or, speaking more generally, th

hi ¢ tical itati tal surf h fural order within the film is of essential importance, because
quenching of an optical excitation near a metal surface, determines the intermolecular overlap and thus the type

again emer'ged. Experimental results have been preferential hd velocity of exciton migration within the film. Conclu-
discussed in the framework of the so-called classical theory;e|y |arge differences in transfer rates are to be expected
mainly developed by Chance, Prock, and S'lﬂ’@‘?r dis- for nominally identical films but with interfaces of different
tances to the surface much smaller than the dipole waveictural order.
length, nonradiative, Hster-like energy transfer to the metal 19 our knowledge, luminescence quenching of
image dipole occurs and quenches the luminescence. Thig.conjugated molecules on a metal surface has so far not
leads to a transfer rate increasing wth-3, wherebyz is  been subject to detailed experiments as described above. Ei-
the distance of the dipole to the surféce. ther the film thicknesses were far beyond the few-layer-
A large number of experiments were performed on thinthickness regime, or the metal surfaces were rough and struc-
layers of dye molecules separated from metal surfaces byirally not defined, or the films themselves were disordered
spacer layers and have supported the classical theory dovar even amorphou’’ From line broadening in electron loss
to very small distancesHowever, the situation in which a spectroscopy for pyrazin on A1), Avouris and Demuth
few layers of luminescent molecules are adsorbed directly odeduced ultrashort lifetimes of the excited states in the first
a microscopically well-defined metal surface, i.e., a surfacaand second monolayer. However, neither the luminescence
that is atomically flat and chemically clean, has been muchor the structural order were measufed.
less thoroughly investigatéd. Nevertheless, this case is of  The intention of the experiments reported here was
high interest because deviations from classical theory due tto investigate the luminescent decay for the singlet
quantum-mechanical effects, e.g., influences of the substratciton states ofr-conjugated molecules in the few-layer-
on the electronic structure of the individual molecules andhickness regime after a detailed precharacterization using
especially of the chemisorptive molecule-substrate bondingarious surface analytical methods and with a concomitant
on the energy transfer mechanism, are most likely for theontrol of the structural order by low energy electron
very first molecular layers at the metal interface. diffraction (LEED). We report data measured for two differ-
One main difficulty of unambiguous experimental inves-ent planar model molecules, namely quaterthiophene
tigations on the luminescence in the first-few-layer thicknes$4T) and 3,4,9,10-perylenetetracarboxylicacid-dianhydride
regime of organic films on metal surfaces is the achievemerfPTCDA (see Fig. 1], in order to demonstrate that the ob-
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which differs from that of molecules farther away from the
interface. This can be derived, e.g., from the fact that the
thermal desorption peak for the second layer of PTCDA
films is separated from the multilayer péland from dif-
ferences in the Raman modes of second and higher 1&yers.

II. EXPERIMENT

PhotoluminescencéPL) and concomitant LEED mea-
surements were carried out in one ultrahigh-vacuum system.
The Ag111) surfaces were prepared by sputter/annealing
cycles and checked by LEED using standard procedures. The
films of both molecules were grown by vapor deposition

FIG. 1. Schematic cross section of the investigated films on th%m0 the Ad111) substrate hold at-300 K and at rates of
Ag(111) surface. The molecules are viewed perpendicular to the

plane of ther systems. The molecules were either 4T or PTCDA, - 1Eé/r:::ri1éll these small deposition rates allowed the delib-
the structure formulas of which are shown at the top. The nominal P Y, P

film thickness is denoted @k The thickness of one molecular layer erate preparation of films of few monolayehL ) thickness.

corresponds to 3.6 and 3.2 A for 4T and PTCDA, respectively. TheThe nominal film thiCkn_essesdI were monitored by a
gray shading of the first layer indicates its specific electronic struc9duUartz microba-lance, which was calibrated to the number of

ture with respect to layers farther away from the interface due tgnonolayers by thermal desorption spectroscopy and LEED
chemisorption. For further details, see text. as follows: In the case of 4T, we exploited the fact that the
monolayer &1 ML) does not desorb from the surface, due
served interface quenching of the luminescence appears to k@ chemisorption, as observed by x-ray photoemission
a general phenomenon for this type of chemisorbed organispectroscopy’ Thus we calibrated the reading of the quartz
molecules on metal surfaces. The focus of our work is, howmicrobalance to 1 ML for the maximal deposited film thick-
ever, on the 4T films. The optical spectra of PTCRefs.  nesses, which does not yield a thermal desorption signal. In
9-17) will be reported and discussed in detail elsewHére. addition, we used the change of the LEED pattern for the
The S-S transitions of both molecules are =* highest  completion of the second monolaysee belowas an addi-
occupied molecular orbital—-lowest unoccupied molecular ortional calibration poinisee Sec. Il A below
bital (HOMO-LUMO) transitions, with energies of 2.6 eV For PTCDA, we also used the above-noted procedure.
and 2.1 eV for 4T and PTCDA, respectivéR? Both mol-  However, thermal desorption spectra of PTCDA also show a
ecules are chemisorbed on the(Afjl) surfacé*®with the  well separated and saturating peak belonging to the second
molecular planes parallel to the surface, as schematicallpTCDA layer?® which we additionally used to calibrate the
shown in Fig. 1. This is known from the dichroism of near- film thickness. The integral under the “second-layer desorp-
edge x-ray-absorption spectroscopy da@#EXAFS) (Ref.  tion peak” was normalized to 1 ML for PTCDAWe note
16) and the absence of in-plane modes in Fourier transfornthat for 4T the difference in binding energies between the
infraded(FTIR) spectral’ In PTCDA multilayers, the planar second and third monolayer is too small for the second
orientation is strictly maintainetf, whereas a small tilting of monolayer peak to be separated from the multilayer desorp-
the molecular planes by about 30° is observed for 4Ttion peak!’) We reckon that the overall accuracy of the so-

multilayers'® determined film thicknesses is about 10% for both molecules
The bonding of the molecules to the surface involves oc{see Fig. 3, beloyw
cupied 7 and unoccupiedr* orbitals of the molecules, lo- For optical spectroscopy, the sample was positioned into a

cated symmetrically above and below the molecular planespecial a glass cylinder, standing out from one end of the
and mainly Ag 41- and 5-derived states. The chemisorptive chamber, which allowed us to bring a lens for collection of
character of the bonding is most obvious from chemicalthe luminescent light close to the sample. The light was ana-
shifts observed for the monolayer in comparison to physlyzed with a monochromatdil.0 m focal lengthf#=8.6),
isorbed multilayers, e.g., in ultraviolet photoemissionusing a holographic grid with 1200 lines/mm. A cooled pho-
spectroscopy"® NEXAFS® FTIR and high-resolution tomultiplier (Hamamatsu R2949; 30 °C) and single-photon
EELS (HREELS data'® As a consequence of the chemical counting was used. The PL spectra were measured at about
bonding to the Ag, the electronic structure of the monolaye25 K for 4T and 335 K for PTCDA, using a broadband uv
differs from that of the multilayers adsorbed on top of theexcitation with a Xe lamg\ =(400*20) nm| or an Ar"
monolayer. In Fig. 1 we have indicated this by a heavier grayaser (\ <365 nm) for 4T, and an Ar laser at 488 nm for
shading of the monolayer. As a consequence &, tran-  PTCDA. The PL measurements for PTCDA were performed
sition energies are strongly modified for the monolayer. Foat a temperature close to the preparation temperature
instance, for PTCDA on Ad 1)) the Sy-S; transition of the  (~300 K) in order to save time. This was justified, since
monolayer was measured by HREELS and found at 36@dditional measurements at low temperature did not reveal
meV, i.e., significantly below th&y-S, transition of multi-  significant differences concerning the quenching. In order to
layers at 2.1 eV’ Due to this chemical modification of the measure the absorption spectra of 4T, photoluminescence ex-
monolayer, the second layer on top feels a local environmentitation spectrg PLE) were recorded with a dye lasérou-
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marin 47 and detection of the strongest vibronic mode of thephases are likely to be polymorphic structures of 4T on
PL spectra at 530 nr{see Fig. 2, beloyv The uncertainty of  Ag(111) with very similar free enthalpies. The optical spectra
the wave numbers in the PLE spectra due to a thermal driféf both phases were nevertheless identical. In the following,

of the dye laser is at most 15 cmi L. we will denote them as th@; and B, phase of 4T. From
packing consideratiorfé,we estimated the thickness of a 4T
Ill. RESULTS AND DISCUSSION layer in multilayers as 3.6 A.

The monolayers and multilayers of PTCDA films on
Ag(111) exhibit a lateral order which is very close to that of
Before we turn to the optical data, we give a brief sum-(102 PTCDA bulk plane€32?*The thickness of one PTCDA
mary of the structural and morphological properties of ourlayer can be thus estimated from t{02) layer spacing as
film, with particular emphasis on new aspects, relevant fo3.2 A2° For films grown at room temperatutas considered
our optical investigations. For both molecules the monolayhere, the stacking of thé102)-like layers in the direction
ers and multilayers are laterally ordered, which is deducegerpendicular to the surface appears to be not unique, since
from LEED patterns with sharp spots due to lateral domain_ray-diffraction results indicate a mixture of domains with a
sizes larger than 300 A. The details of the lateral order of th%tacking corresponding to ther or B bulk phase of

4T monolayer and 4T multilayers on All) were reported  p1cpa24 Optical spectra of PTCDA films on Ag11) vary

in Refs. 13 and 18. Remarkably, the monolayer LEED patgjgnificantly, if the substrate temperature for the preparation
tern is observed as long as the deposited amount of 4T mo

I e 10 ot o | it f 5r the deposition rate is variéd'? However, the photolumi-
ecules corresponds to not more than two monolayers. If lUry o g0 ce spectra of PTCDA films grown at room tempera-
ther material is deposited, the pattern changes irreversibly t

the multilayer LEED pattern, which is observed for all films flire and measured at room temperature, which are consid-

. . ered here, did not show variations with the film thickness.
V hickn f two | rs. Th ver f thi ruc- ’ "
above a thickness of two layers. The coverage of this struc After 4T deposition, the LEED spots of the substrate are

tural phase transition was calibrated carefully, and then the d. Theref 4T fil 1 .
phase transition was used to discriminate between 4T fiimgttenuated. Therefore, iims on @41) must grow in a
of fewer and more than two layers thickness. layer-by-layer(Franck—van der Merwemode, at least for

Deposition of more than two layers at a substrate temthe first two to three layers. For thicker layers the growth
perature of about 300 Kas considered in the present wprk May not occur in an ideal layer-by-layer mode. If cluster
leads to a 4T LEED pattern which was denoted as ghe 9rowth would occur already from the second or third layer
phase in Ref. 18. The corresponding optical spectra werenward(Stranski-Krastanov growth moglehe LEED spots
discussed in Ref. 13. In the present work, we observed &f the substrate would be attenuated only to a certain level.
second multilayer LEED patterfor nominally identical The formation of a closed second layer of 4T is also sup-
preparation parametérshich is similar, but not identical to, ported by the optical data themselvsge below. However,
the earlier LEED pattern of thd phase® So far we have not we cannot exclude that the growth proceeds with more than
been able to figure out which preparation parameter decidesne open layer, especially if the films become thicker than
between the growth of these two multilayer phases. Botlabout three layers.

A. Film structures and morphologies
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The morphology of PTCDA films on Ad1l) could be Excitation just below the 0-0 transition did not lead to PL
directly observed by photoemission microscépifter clo-  [see Fig. 2)], excluding shallow luminescent traps. The
sure of the second layer, film growth proceeds with moresmall linewidth (FWHM_, in PL<40cm 1) is a conse-
than one open layer. However, cluster formation, as observeguence of the high structural order, because for less-ordered
at 400 K?® does not occur at 300 K. In conclusion, at leastfilms, e.g., prepared on less-defined surfaces, the vibrational
two closed layers form on the substrate for 4T and PTCDAJines are found to be strongly washed out due to inhomoge-
and deviations from ideal layer-by-layer growth may occurneous broadenint
from the third or fourth layer onward, similar to the growth ~ The only variations of the optical spectra of 4T which are
scenario reported in Ref. 27. observed for increasing thickness are changes in the relative

intensities. For instance, in the PL spectra the intensity of the
_ i peaks to the right of the strongest peak decreases with
B. Absence of luminescence of the first two layers increasing thickness. This effect was already discussed in

The most important result is the absence of any PL folRef. 13 as a consequence of the increasing intermolecular
films with thicknesses up to two monolayers. This findingcoupling of the excitons with an increasing number of mo-
holds for both molecules. The smallest film thickness forlecular layers. A similar effect is also noted for the PLE
which PL was observed was 2.2—2.3 ML. A PL spectrum(absorption spectrum in Fig. &), where the intensity of the
taken of a 2.8 ML 4T film is shown in Fig.(8). Several 0-0 line decreases with respect to the lines at higher energies
experiments in this thickness range all confirmed an onset gis a function of thickness. The details of this effect will be
the PL at a thickness of more than 2 ML. Sometimes smalfliscussed elsewhef®.
luminescent spots were detected on the sample for 2-ML- For PTCDA, the interpretation of the optical spectra has
thick films, but they were always directly related to macro-been a matter of discussion in recent yeae, e.g., Ref. 11
scopic defects on the Afjl1) surface, e.g., scratches. This and references thergiand is more complicated than for 4T.
result also corroborates that the first 2 ML grow in a layer-In the present context, where the focus is on the lumines-
by-layer mode and close before the third layer starts to grongence yields, it is only important that we did not observe
since otherwise PL would occur from molecules in the thirdchanges of the spectral shape with increasing film thickness,
layer, even for films with a nominal thickness below 2 ML. similar to the case of 4T.

Conclusively, there must exist an ultrafast quenching process
at the metal interface which suppresses the PL of not only the o o ) .
chemisorbed monolayer, but also ofveo-layer-thickfilm. D. Quantitative description of the luminescence yield

The above result is in clear contrast to the earlier reported We now consider the PL yield quantitatively as a function
observation of PL frondisorderedfilms on metal surfaces of the film thickness q). For this purpose we integrated the
down to the submonolayer thickness regitriBecause the pL spectra over the wavelength range shown in Fig),2
LEED experiments were always performaiter the PL mea- normalized the integrated intensity by the nominal film
surements, we can clearly rule out that 4T or PTCDA washicknessd, and plotted this result as a functionafFig. 3.
desorbed, destroyed, and/or disordered during the PL expefin the case of PTCDA, a spectrum of the clean(Xd)
ment. sample was subtracted from the PL spectrum in order to
correctly account for the luminescence background arising,
e.g., from molecules which had unintentionally adsorbed
from the residual gas on the inside of the glass cylinder

From about 2.2 ML on, the PL yield increases sharply. Ataround the sample. This was, however, necessary only for
about 2.3 ML, 4T films show separated luminescent spotsfiims of very low PL yield. The computed numbdrg(d) ]
which coalesce to a closed uniformly luminescent layer, ifare proportional to the PL yield of a moleciudgeragedover
about one further layer of 4T, i.e., the third, is deposited. Thighe film thicknessd. This determination of the PL yield is
also indicates that the third layer closes. Regard-less of thiased on the assumption that the excitation probability, i.e.,
film thickness, all obtained PL and PLE spectra exhibit thethe electric field strength, is constant within the film, and, in
same highly resolved vibrational fine structure specific forparticular, independent of the distance to the(}Ad) sur-
undistorted 4T molecule€;?® as demonstrated in Fig. 2. face. This is well fulfilled because the wavelength is much
There are no indications for any additional lines evolvinglarger than the layer thickness and one can estimate that the
with increasing film thickness, revealing that all films consistreflectivity of the 4T/Ad111) interface is only~40% at the
of one homogeneous phase without any traps, as expectedcitation wavelengtft and hence there is no sharp node of
from their identical LEED patterns. In the PL spectra, the 0-Othe electric field at the interface. Note that Fig. 3 is a double
transition is found at 21 0255 cm ! independent of thick- logarithmic plot. There is a significant scattering of the data
nessd. It is within 22 cm ! in resonance with the 0-0 tran- points, which is caused by variations of the optical setup,
sition in the PLE spectrum, i.e., the peak at the smallese.g., focusing of the laser and the efficiency of collection of
energy[see Fig. 2b)]. The position of the 0-0 transition in the luminescent light, and of course due to uncertainties in
the PLE spectrum is also constant as a function of thicknesthe film thickness. Nevertheless, the data demonstrate clearly
d within the error of the experiment even for the thinnestthe above-mentioned steep increasen(fl) between 2 and
films (2.3 ML), for which we could measure the PLE spectral0 ML for both molecules, and both phases of 4T. Figure 3
with sufficient signal-to-noise ratio. further reveals thay(d) is about constant above 10 ML.

C. Optical spectra as a function of film thickness
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) PTCDﬁg film th1it(:)kness in ML 5 =70 A that is calculated on the basis of the classical tHeory
r n . T . using the optical constants of Agef. 32 and the 4T film?®

4T film thickness in ML However, as is evident from Fig. 3, the “effective” slope of
1 2 5 10 50 ~2.5 of the so-obtained model curye(d)=d 2] is too

" " small to explain the steep decrease der30 A (see Fig. 3,

long-dashed ling In particular, it would require the observa-
tion of luminescence of 4T well above our detection limit
(dashed-dotted lindor thicknesses below<2 ML (Fig. 3),
in contrast to our observation. In addition, the model curve
predicts much smaller luminescence vyields in the region of
10-30 A than we actually observe. This is also true for
! ] higher reasonable exponentsqf,nag (€.9., Knonrad<Z~ 4 ,3*
i : 4T/Ag(111) p-phase ] or smaller values ofd,, which we have systematically
. ‘F‘,Tr’é\gg/l\g(f{f)hase tested. Model calculations af(d) for a nonideal layer-by-
‘o ] layer growth were also performed. However, unless we had
‘ _‘_f_'_ﬁ_:;"esﬁi::e'g‘jg%ﬁgps) an extreme cluster growth with a very high aspect ratio
interface quenching + diffusion (height to width, which is completely inconsistent with our
] experimental data, these calculations also predict a lumines-
cence for films between 1 and 2 ML, in contrast to the ex-
perimental data.

In conclusion, the discrepancy between the experimental
10° s data and the classical theory is serious. It can also not be
n;gﬂnal film thickness (A)mo lifted by reasonable variations of the position of the image

plane or by accounting for exciton diffusion, since this tends

FIG. 3. Averaged PL yield7(d)] of 4T and PTCDA films on  to lower the slope of;(d) (see below. One may argue that
Ag(111) vs nominal film thicknessl. The experimental data points dipole coupling to Ag surface plasmons at 3.6 eV plays an
were normalized to 1 ai=65A (PTCDA) andd=110A (4T),  important role in the quenching process. However, this can-
respectively; the theoretical curves were normalizedatl00 A.  not be the case since calculations demonstrate that the plas-
The axis at the top of the figure displays the nominal film thicknessmon is too far above the optical transition energies consid-
in number of monolayers. Dashed line, expectgd) behavior ered here to be effectivi.
according to the classical theory. Short-dashed fifel) based on Conclusively, we have evidence for a different quenching
an ultrafast exciton decay at the organic(A) interface. Full  mechanism which is responsible for the luminescence rates
line, as a dashed line, but also accounting for exciton diffusionyf the first few layers and which in particular is very fast for
[diffusion constant 10° cm?s™* (Ref. 43]. Error bars due 10 ihe first two layers at the 4T/Ag and PTCDA/Ag interface.
variations in the optical setup and the determined film thickness ardye propose that it is based on an ultrafast charge-transfer
indicated. Since the error bars of tj#g and 5, phase are compa- process from thdirst two molecular layers to the metal.
rable, only those of3, are indicated, in order to avoid overloading Charge-transfer processes by rapid hole delocalization to the
of the figure. The experimental detection limit due to the signal-to- . .
noise ratio of the detection system is indicated for 4T. For PTCDA,SUb.Strate through the chemical bonds or by t“””e"f‘g from
the detection limit is higher by about a factor of 3 due to the intrin-gﬁﬂ;iz g:?éiil:elefgrtg I:)hneg ?itrlw’tl)jtr'la"tt'liyhﬁ;Sebk?eegncs?[EZliceizreedgln
sically lower luminescence yeld of PTCDA compared to 4T. in the framework of electron or photon stimulated desorption

In order to test whether the data can be described by thBrocesses of adsorbed atoms or small molecﬁﬁlélmwever,_
classical theory, we calculategi(d) using a transfer rate the importance of these mechanisms for the understanding of

(arb. units)

10" 3

detection limit (4T)

integrated luminescence yield n(d}

Knonrad= Krad(do /2)2 (Ref. 4 and integrating over all emitters the PLin the few-layer regime of luminescent molecule_s on
within the film, metallic substrates was not discussed so far and studied in
detail. We will do this in the following and demonstrate that
o 1 (d it explains our findings consistently.
wa-5 [ n2az
0
1 (d Kiadiative E. Modeling the interface quenching
-d f 0 Kradiative™ Knonra diativedz For thefirst layer, it is important to realize that the frontier
orbitals HOMO and LUMO which are involved in tH&-S;
1 (d 1 excitation are strongly modified through the formation of
4 JO Wdz. (1) bonds between the molecularorbitals and the AgL11) sur-

face. As noted at the beginning, tlg-S,; transition of the
Thereby we assumeki,i=const, as is usually dofeThe  monolayer can be directly observed by HREELS. In the case
best agreement with the experimental data is obtained for af PTCDA, theS,-S, transition of the monolayer is at rather
characteristic quenching distandg=12 A (Fig. 3, dashed small energie$0.36 eV(Ref. 19] and falls below the range
line), a value which is roughly of the order of the valdg of the detected optical spectrum. We assume that the situa-
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1. layer 2. layer the second layer to the metal are certainly much below those
Ag(111)  (monolayer) of the first layer, but obviously still high enough to fully

suppress the PL of the second layer. We note that such a
tunneling process of the excited electron across a spacer

?LUMO” layer of fatty acids was also identified from photocurrent
- > LUMO measurements on anthracene crystals with evaporated metal

_._? wmo | electrodes?
: Alternatively to charge transfer, energy transfer may oc-

7 P HoMO | | cur, i.e., the exciton may also be transferred from the second
i i HOMO to the first layer by Coulombic field couplin(perhaps_in-
volving the HOMO-1 or LUMO+1 orbital of the first
HOMO - 1 chemisorbed layerwith subsequent internal conversion of
the excess energy and final decay from the first lagr
FIG. 4. Schematic energy diagram of the frontier orbitals in thedelocalization of the charges, as discussed aboleis is
first two molecular layers. The full arrows indicate resonant charge#llustrated by the vertical dashed lines in Fig. 4. The impor-
transfer processes. The dashed arrows illustrate exciton transféance of a resonant electron transfer as a dominating deexci-
from the second to the first layer by Coulombic field couplipgr- tation mechanism for molecules in direct contact with a
haps involving internal conversipnFor further details, see text. metal surface was also pointed out by Avouris and Per&on.
From our data, we cannot discriminate between the transfer

tion for 4T is similar, although the energetic shift of the rates of Coulombic field coupling and tunneling for the sec-
Sp-S; transition to lower energies may be smaller due to &0nd layer. - . _ .
weaker surface bonding. A schematic diagram of the corre- The luminescence starts when théd layer is deposited.
sponding single-particle electronic states for the first two lay-The likely reason is that from the third layer on, the charge-
ers is shown in Fig. 4. Thereby we have also included thdransfer rate is too small to compete significantly with the
(chemically modified LUMO+1 and the HOMG-1 orbit-  radiative decay. The steep increase of the PL yield thus re-
als of the monolayer, since it is quite possible that theflects the exponential decrease of the tunneling rate with dis-
HOMO—1—LUMO and HOMO—LUMO + 1 transitions in  tance from the metal interface.

the monolayer are in energetic resonance with $3eS; The proposed mechanism of interface quenching by tun-
transition in the bulk and will thus play a role for the quench-"€ling and delocalization describes the experimental data
ing procesgsee below well. We demonstrate this for the 4T data using a very simple

The mechanism which is responsible for the luminescencg'0del. Hereby we assume a constant PL yiej for all
quenching is most obviously related to the charge transfemolecules withind, except for the first two layer®f 7.2 A
from the monolayer to the metal via hybridized molecule-total thickness in the case of ATwhere we set;=0. The
substrate orbitals, leading to fast delocalization of all elec&veraged PL yield#(d)] is thus obtained ag(d)=(7/d)
tronic excitations of the molecules, i.e., the hole in the mol-X(d—7.2A). The computed curvéshort-dashed line in
ecule is rapidly filled by aresonant electron transfer from Fig. 3) is in good quantitative agreement with our data. In
the occupied metal valence band to the molecule, while thearticular, it describes correctly the strong decrease of the PL
electron delocalizes into the unoccupied metallic statesyield between 30 and 7 A, and thus clearly supports our
These charge-transfer processes between the monolayer @f@del. The description of our data by a model becomes even
the substrate are represented by horizontal arrows in Fig. #etter if we include exciton diffusidiv*leading to a slightly
They are especially possible in a planar geometry, as i§maller slope of the curvéfull line in Fig. 3), as can be
present here, where thesystem is involved in the bonding €Xpected.
of the molecule to the metal. The time constant of charge
transfer to the metal after the optical excitation can be esti-
mated to be much smalles(10™ 210 6 s) (Ref. § than
that of a PL decay{ 10~ ° s).33%"Thus it suppresses the PL  Within the scattering of the data points, the simple model
of the monolayer most effectively. of interface quenching, suggested here, gives a fully satisfac-

The secondlayer is only weakly adsorbed on top of the tory description of the experimental observation. In particu-
first layer, although the intermolecular forces between thdar, it correctly describes the quenching in the first two layers
first and second layer are likely slightly stronger compared tand the strong increase of the luminescence rate, if the layer
those between higher layeisee above Nevertheless, effec- thickness develops from two to about five layers.
tive charge transfer from the second layer to the meial One of the most interesting aspects of the proposed
tunnelingthrough the first layer appears to be still possible atjuenching mechanism is that it depends specifically on the
this small distance. We note that a relatively high probabilitynonradiative exciton decay rate at the organic/metal inter-
for tunneling of electrons through two layers of ordered or-face, the electronic structure of which is related to the sur-
ganic molecules on a metal surface is, e.g., demonstrated igce bonding. Therefore, significant differences are expected
scanning-tunneling microscop§.These tunneling processes for other adsorbate/substrate combinations. In particular, for
involving the second layer are also indicated by horizontahonmetallic surfaces, smaller quenching rates should be ob-
lines in Fig. 4. The tunneling transfer rates of charges fronserved. So far our resultannotbe interpreted as an indica-

IV. FINAL CONCLUSIONS AND SUMMARY
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tion that the classical theory is invalid in the few-layer re- scope tig** However, in this experiment the centralsystem
gion. They demonstrate, however, that microscopic effectsvas sterically decoupled from the Cu surface by “legs” of
related to the interface bonding and the layer structure of thdi-t-butylphenyl groups. Therefore, the situation is different
film are much more relevant for the luminescence quenchingvith respect to that considered here; the observation of lumi-
in this thickness range. An interesting aspect in this contexhescence in the latter case does not contradict our results.
is that the classical theory predicts a systematic shift of the In summary, we have shown that structurally highly or-
PL lines as a function of distance to the surfAdéowever, dered thin films of planarr-conjugated molecules on the
although we have very narrow vibronic lines hésee Fig. Ag(111) surface do not luminescence for thicknesses below
2), we could not observe any shifts, even for films with two completed molecular layers. The luminescence quench-
thicknesses below 3 ML. The reason for this is not undering presumably occurs by an ultrafast nonradiative decay of
stood yet. One aspect may be that the classical theory so faxcitons by a charge-transfer mechanism at the organic/metal
deals with isolated point dipolésaind not with delocalized interface which is effective for thérst chemisorbed and the
excitons in a periodic lattice, as given here. An obvious consecondmolecular layer. From the third layer the lumines-
sequence of our finding is that luminescence detection ofence yield increases steeply.

m-conjugated molecules in the planar adsorption geometry
on metal surfaces is impossible for the first two layers, but
may be possible to perform with a sufficient signal-to-noise
ratio from the third layer onward. This result should be, e.g., We are grateful to the Deutsche Forschungsgemeinschaft
considered for experiments aiming at the luminescence dder financial supportUm 6/4-2, 4-3, Dr. P. Feulner for help-
tection of single molecules on metal surfaces. In a recenful comments, and Professor A. Forchel for the loan of
experiment, luminescence of porphyrines adsorbed oequipment. One of usE.U. gratefully acknowledges sup-
Cu(100 could be induced by a scanning tunneling micro-port by the Fonds der Chemischen Industrie.
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