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Physisorption-like Interaction at the Interfaces Formed by Pentacene and Samarium
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We have investigated the nature of the interaction between samarium (Sm) and pentacene, and the energy
level alignment at the resulting interfaces. The valence electronic structure of in situ prepared samples, i.e.,
pentacene evaporated onto Sm surfaces and vice versa, was investigated with ultraviolet photoelectron
spectroscopy. Pentacene appears to physisorb on the metal surface. Sm also appears to interact weakly when
evaporated on the organic material, forming clusters at low coverage. Indications of a valence change of Sm
upon evolution from clusters to metallic film are found. The highest occupied molecular orbital of pentacene

is measured at 1:&V below the metal Fermi levél: for both evaporation sequences. Estimating the energy

of the lowest unoccupied molecular orbital of pentacene using the transport gap, we obtain a barrier of only
0.3 eV for the injection of electrons from the metal into the organic material.

Introduction prepared and measured under ultrahigh vacuum (UHV) condi-
tions, and the organic material and metal, respectively, are
evaporated in incremental small steps until the interface
formation process is complete, as judged by UPS.

Conjugated organic systems constitute one of the most
promising classes of materials for novel electronic and opto-
electronic application.” Pentacene in particular has attracted
considerable attention since it was shown to exhibit structural
and electronic properties that have been successfully used in

chemical and electrical properties of interfaces of organic peamline in Hasylab at DESYin an ultrahigh vacuum (UHV)
compounds determine to a large extent charge carrier injectionsystem consisting of a preparatieavaporation chamber (base
and device stability, and are thus exceedingly important for pressure 2x 1071° mbar) and an analysis chamber (base
device performance. Yet little information is presently available pressure 1x 10-1° mbar). The evaporations of pentacene and
in the literature on pentacene interfaces, in particular with metals g are performed in situ, at pressures of abowt 50-° mbar
that could be used for carrier injection. We begin to address fqr pentacene and 2 10~ mbar for Sm. Pentacene (purchased
this issue by investigating the interaction between pentacenefrom Aldrich Chem. Co.) is evaporated from a resistively heated
al’ld a |0W Work funCtlon metal NumeI’OUS StudIeS Of In'[el’faces p|nh0|e source, Wh||e Sm |S evaporated from a Knudsen_type
between conjugated organic materials and low work function cell. In situ sputtered gold films on silicon oxide (prepared ex
metals, such as alkali and alkaline-earth metals, have demon-gjt) are used to determine the position of the Fermi level and
strated that strong chemical interactions can take place betweenne resolution of the electron spectrometer (ca. 0.15 eV width
metal atoms and organic moleculés?? These reactions, which o the intensity drop from 80% to 20% on the Au Fermi edge).
are sometimes accompanied by substantial diffu¥iane often AU/SiO; also serves as substrate for the deposition of the Sm
unwanted, as they change the expected interface properties. fims. The rates of deposition of the pentacene (bulk density
Samarium (Sm) is chosen for the present study because of] 33 glcrd?8) and Sm (bulk density 7.54 g/@noverlayers are
its low work function (ca. 2.7 e¥), which is comparable to  monitored with a quartz microbalance. No correction is made
the pentacene electron affinity (EA) (ca. 2.7 )/ This makes  for possible differences in sticking coefficient between the
it a good candidate for forming an efficient electron injection mjcrobalance and the actual sample. The materials are evapo-
contact. Sm has also been found to interact Weakly with anotherrated ina stepwise manner, with very small initial coverages.
conjugated organic moleculp-gexiphenylf®in stark contrast  Following each incremental deposition, the samples are trans-
to the charge-transfer reactions occurring with metals of similar ferred under UHV to the analysis chamber. The secondary
low work function (Ca, alkali metal$f: 2> We use ultraviolet  glectron cutoff is recorded with the sample biased negatively
photoelectron spectroscopy (UPS) to investigate the valenceyith respect to the electron spectrometer. The energy positions
electronic structure of pentacene (i) as it is deposited onto the of the cutoff and of the top of the highest occupied molecular
metallic surface of Sm and (ii) as it changes upon deposition grpital (HOMO) are determined by linear extrapolation to the
of Sm atoms/clusters from the vapor phase. Samples arepackground. The vacuum level of the surface is obtained by
adding the photon energy to the cutoff enet§jJhe ionization
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Figure 1. Survey (a) and nedEr region (b) photoemission spectra  Figure 2. Survey (a) and nedEr region (b) photoemission spectra
for increasing pentacene coveragd 6n Sm. Inset: kinetic energy  for increasing Sm coverag®)(on pentacene. Inset: kinetic energy
position of the secondary electron cutoff. position of the secondary electron cutoff.

energy and the total width of the energy distribution curve. We of this series are shown in Figure 2a, and the low BE region is
estimate the error in energy determination to be smaller than shown in greater detail in Figure 2b. Spectra were recorded with
+0.1 eV. Photon energies of 22.2 and 40.2 eV are used in ordera photon energy of 22.2 eV. Following the evaporation of only
to vary the relative photoemission cross sections of pentacene0.1 A Sm, the whole photoemission spectrum shifts rigidly

and Sm derived spectral features. towardlower BE by 0.2 eV. No change in the line shape of the
pentacene emission peaks can be perceived, except for a weak
Results broad emission that appears in the energy gap of the organic

material (discernible from the pentacene HOMO onset and

deposited onto the Aulsilicon oxide substrate. The photoemission'219ing to CT" 0.3 eV below the_Ferrr;i fvel)' Subsequent Sm
spectrum of this film (lowest curve in Figure 1a) resembles that depositions lead to an attenuation of the pentacene emission

of metallic Sm2® The features at 4.8 and 6.3 eV binding energies nd @n intensity increase in the new emission closé-ia'he
(BE) are associated with bulk Sm, and the work function of line shape of the pentacene emission does not change noticeably

the metallic surface is 2.7 eV. Increasing amounts of pentacene2nd all features appear to shift rigidly towanijher BE, as

are subsequently deposited onto the Sm. The survey spectra ofndicated by the lines drawn for the HOMQ in F_igurg ,2b' Ata
m coverage of 6.4 A, the HOMO can still be identified, and

the valence states and a closeup of the energy region near th§ Lo
Fermi energyEr are shown in Figure la and Figure 1b, 1S centered at 2.5 eV (compared to 2.2 eV for the pristine film

respectively. All spectra are obtained with an incident photon 21d 2.0 €V with 0.1 A Sm). As the coverage increases, the center
energy of 22.2 eV. The nominal thickness of the pentacene IayerOf gravity of the new intragap emission moves closeE£oAt
is given on the right side of the figure. The survey spectra show 4 A Sm coverage the whole spectrum hardly resembles that
that small amounts of pentacene effectively attenuate the SmOf Pentacene. At 34 A, a Fermi edge is clearly visible, and the
emission and that distinct emission features of the organic spectrum can be identified as that of Sm metal. .
material become evident fro 5 A coverage onward. The The. movement of. the secpndary ele.ctro.n cutoff for.thlls
closeup spectra of Figure 1b show that the first evaporation stepd€POSition sequence is shown in the inset in Figure 2a. An initial
(0.3 A) already produces a new photoemission feature at a ge0-2 eV shift towa_lrd h|_gher_ kinetic energy, equal to that of th_e
of ~2.3 eV. As more pentacene is deposited, this feature groV\,Svalence elc.actrc.)nlc. region, is detected, followgd by a progressive
in intensity at constant BE, and finally is identified as the d€crease in kinetic energy. The work function iss3¥ for
emission from the pentacene HOM®Conversely, the pho- the pristine pentacene film, ?g,.év_after th_e depos_m(_)n of 0.1
toemission features from the metallic Sm substrate are elimi- A SM, and 2.8 eV for the metallic Sm film. A similar study
nated for coverages of 30 A and above, leaving the energy-gaprEpeated on anothgr sample using an incident photon energy of
region of pentacene (above the HOMO) free of valence features.40-2 €V led to equivalent results.
The onset of the HOMO is found at %.8V below Eg. The
change in the sample work function, monitored by the shift of
the secondary electron cutoff, is shown as inset in Figure 1a. Pentacene on Samarium.The photoemission feature that
For increasing pentacene coverage, the onset moves abruptlyappears to be the HOMO of pentacene in Figure 1b (at 2.3 eV
toward higher kinetic energy and stabilizes (within experimental binding energy) has a constant BE throughout the deposition
error) ca. 0.3 eV above the initial value for a pentacene sequence. Close inspection of deeper lying molecular orbitals
thickness of 5 A. The final sample work function is 36V, (from Figure 1a) shows that these levels do not shift, either.
and the ionization potential of pentacene is 4.9 eV. Virtually The absence of bonding-related shifts is a strong indication of
identical experimental results are obtained for another depositiona weak interaction between metal substrate and organic over-
sequence of pentacene on Sm with a photon energy of 40.2layer. The formation of interfacial covalent bonds would result
ev. in a substantial changes in the BE and line shape of molecular
Samarium on Pentacene.The starting substrate for the orbitals (MOs)!?3%32 especially those of purely-derived MOs
deposition of Sm onto the organic compound is a 230 A thick such as the HOMO. This type of interaction can therefore be
pentacene film grown on Sm. The survey photoemission spectraruled out here. The low work function of Sm also leads us to

Pentacene on SamariumA 90 A thick film of samarium is

Discussion
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expect an electron transfer from the metal to the pentacene, as N 22'2 v
Vv = le

is the case for many low work function metalonjugated
organic molecular systen$:22 Such a charge transfer (often
referred to as “doping”) should result in a significant change in
the electronic structure of the molecule. This change is generally
observed as a destabilization of the HOMO and the appearance g-i
of a new photoemission feature closeGodue to the filling of ’

Wﬁ_
1Ot : 08
the LUMO of the pristine molecule with electrofsin our 16
experiment, we observe a photoemission feature above the ’ L‘J\s.z

0 (A)
0]
0.1

int (arb. units)

HOMO, but it is attributed to the substrate only. In a separate 6.4
experiment® we have deposited Rb onto pentacene films. As 14
expected for an alkali metal, charge transfer takes place, and %
the photoemission spectrum changes dramatically from pristine
to doped pentacene. The absence of a similar change in the near
Er energy region and bonding shifts of deeper lying MOs in Figure 3. Photoe_misgion spectra for incre_asing Sm cover@yeo
the present experiment lead us to conclude that the interactionPetacene on a binding energy scale relative to the vacuum level, set
. . . . . to zero. The position oEr is indicated with a bar on each spectrum.
of pentacene with the Sm is mainly physisorptive. Analogous
observations were made fprsexiphenyl on Sm surfacé&for
which the attenuation and line shape change of the metal
substrate valence emission closeBg progress in a similar values, to reach its minimum of 22V at a nominal Sm
manner. coverage of 14 A. The last evaporation step results in a metallic
The UPS data show the Fermi level of the metals 8 Sm film with a work function of 2.8 eV.
above the HOMO onset Of pentacene. ThIS Value iS almOSt equal These experimental Observations can be explained in the
to the optical energy gap of 1.88 é¥and it is very close to  following way. The fact that the binding energy of the pentacene
the charge-transport gap of pentacene of 2.22%¥.The features remains constant with respect to the vacuum level as a
common practice in the literature has been to add the optical function of Sm deposition suggests that the molecules do not
energy gap to the HOMO binding energy to estimate the electron undergo significant chemical changes. The interaction between
injection barrier, yielding in the present case a value close to the organic material and the metal atoms is weak. We propose
zero. However, the more accurate procedure is to use the chargethat theEr movement, caused by Sm deposition, is due to states
transport gap, which results in an injection barrier for electrons induced by the adatoms. The first Sm evaporation produces
from Sm into pentacene of @8V, still an appreciably small ~ small clusters or islands of Sm atoms on the organic surface.
value. These aggregates of a few atoms are presumably semiconduct-

From the evolution of the intensity of the pentacene-derived ing. Their electronic structure, i.e., the binding energy of
photoemission features, some conclusions on the growth modeoccupied and empty electronic states, is strongly, although not
of the organic molecules on Sm can be drawn. An almost monotonically, dependent on the number and geometry of their
complete attenuation of the substrate emission above the HOMOCONStituent atom$.~#3 The position ofEr at the organic surface
occurs between 5 and 10 A of pentacene. For pentacenefo"OW'ng the first Sm deposition is therefore a consequence of
molecules standing with their long molecular axis perpendicular the introduction of a new density of occupied and unoccupied
to the substrate surface, this range of coverage corresponds tStates on the surface of the organic film. However, at present a

1/3 to 2/3 of one monolayer (the length of one pentacene detailed explanation for this initial shift & toward higher
molecule is ca. 16 A®). Since such a low coverage is BE in Figure 3 cannot be given, as the exact size distribution

incompatible with the strong attenuation of the substrate signal, and geometry of the clusters is gnknown. Subsequent depositions
we suggest that the molecules are oriented with their long of Sm increase the average size .Of the aggregates and reduce
molecular axis parallel to the metal surface. The idea that athe'r energy gap. The BE of the highest occupied states of the

complete monolayer is formed around a nominal coverage of 5 clusters is reducetf,the movement' OF IS inverted (.'n Elgure
A is supported by the fact that the increase in sample work 3), and the pentacene features shift to higher BE (in Figure 2b).

function also saturates near this film thickness (see inset in The emission intensity from Sm close to the Fermi level

Figure 1a). This finding is in line with reports on the orientation increases. At 14 A coverage, no photoelectronsEatare

of pentacene and related conjugated molecules on other cleal detected, indicating that there are no large metallic Sm ag-
merzal surfaced-40 Jug rbregates on the surface. (We can rule out significant diffusion

. . . of Sm into the pentacene bulk, as the attenuation of the

Samarium on PentaceneThe spectral evolution for incre-  pentacene photoemission features at a nominal coverage of 3.2
mental Sm deposition on pentacene is not a simple reversal ofg (ca. 1 monolayer of Sm) is already very strong.) Provided
that of the prEViOUS case. In particular, the initial shift of the that Sm does not grow ina |ayer by |ayer mode on pentacene’
pentacene features to lower BE followed by a progressive shift thjs is not totally surprising, as 14 A Sm would correspond to
to higher BE for subsequent Sm depositions (Figure 2) do not |ess than 4 close packed monolay&rsallowing for the
have a straightforward explanation. To obtain a better insight formation of clusters with dimensions smaller than those
into the mechanism(s) responsible for these shifts, we plot the required to develop metallicity. With the radius of one Sm atom
same spectra on a BE scale corrected for the changes in samplpeing 1.8 A% we can estimate the average number of atoms
work function, i.e., with respect to the vacuum level set at zero per cluster at such a coverage to be smaller than 100. Only after
(Figure 3). The position oEr is indicated for each curve by a  the final evaporation step is a true metallic Sm film formed.
vertical bar. Within experimental error, there is no shift of the Similar experimental observations have been reported for a
pentacene HOMO for all Sm coverages on this BE scale. The number of metals deposited on insulating or semiconducting
Sm-related emission intensity increases and its spectral weightsubstrate4!:42.4547

binding energy (eV) w.r.t. vacuum

moves toward smaller BE. After the initial shift of the sample
work function from 3.@to 3.2 eV, it gradually shifts to lower
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The somewhat unexpected 0.1 eV increase in sample work(Belg'um)'
function from 14 to 34 A might indicate a change in the Sm
valence when going from the Sm clusters to the metal. A similar
behavior of sample work function has been observed for the (1) Tang, C. W.; Slyke, S. A. vAppl. Phys. Lett1987 51, 913.

81t i ; (2) Burroughes, J. H.; Bradley, D. D. C.; Brown, A. R.; Marks, R. N;
grOWt.h of Sm on T#! .It is known that the valence of S”? ina Mackey, K.; Friend, R. H.; Burns, P. L.; Holmes, A. Rature199Q 347,
film differs for bulk (trivalent, 48(5d 6s¥) and surface (mixed 539

trivalent and divalent, £{5d 6s¥),*%50and thus might differ as (3) Braun, D.; Heeger, A. JAppl. Phys. Lett1991, 58, 1982.
well for clusters. Indeed, an increase in the ionization potential _ (4) Bulovic, V.; Gu, G.; Burrows, P. E.; Forrest, S. R.; Thompson, M.

(and work function of the metal) for Sm clusters is predicted = N(";t)”rs;r?cgif?dggﬁ 259'. Smilowitz, L.; Heeger, A. J.; Wudl, Ecience
theoretically® when going from a valence of 3 to a valence of 1997 258 1474, ' Y ' ' ’

2. The difference in the work function of our final metal film (6) Granstrom, M.; Petritsch, K.; Arias, A. C.; Lux, A.; Andersson,

(2.8 eV) and the Sm film on Au (2¢7eV) is attributed to M- R.; Friend, R. HNature1998g 385 257. .
different surface morphologies of the two filr#s32 which is qu(g)%s.chm, J- H.; Dodabalapur, A; Kloc, C.; Batlogg, Beience2000

very likely because the “substrates” (pentacene vs gold) are very  (8) Dimitrakopoulos, C. D.; Brown, A. R.; Pomp, A. Appl. Phys.

different in nature as well. 1996 80, 2501.

Finally, we are able to draw a schematic energy level diagram 102(29) Schio, J. H.; Berg, S.; Kloc, C.; Batlogg, BScience200Q 287,

of the inve_stiga_lted metal/o_rganic semiconductor/metal structure, " (10) Sctim, J. H.; Kloc, C.; Batlogg, BAppl. Phys. Let200Q 77, 2473.
depicted in Figure 4. Given are the measured metal work (11) Gundlach, D. J.; Lin, Y. Y; Jackson, T. N.; Nelson, S. F.; Schiom,
functions and the binding energy of the pentacene HOMO onset.P- G. IEEE Electron. Deice Lett.1997 18, 87.

: : R (12) Ramsey, M. G.; Schatzmayr, M.; Stafstrom, S.; Netzer, F. P.
The value for the LUMO is calculated by adding the charge Europhys. Lett1994 28, 85.

transfer gag? to the HOMO binding energy. One can see that (13) Ramsey, M. G.; Steinmuller, D.; Netzer, F.Fhys. Re. B 199Q
on both sides of the sandwich structure the metal Fermi level 42, 5902.

i ) \V, low the LUM makin lectron iniection in (14) Fahlman, M.; Beljonne, D.; Logdlund, M.; Friend, R. H.; Holmes,
s0%e .be 0 t. e LUMO, making electro jectio to A. B.; Bredas, J. L.; Salaneck, W. Rhem. Phys. Lettl993 214, 327.
the organic material very favorable. The van der Waals type "~ (15) | ogdiund, M.. Dannetun, P.: Fredriksson, C.; Salaneck, W. R.;

interaction at the present interfaces does not allow for a strongBredas, J. LPhys. Re. B 1996 53, 16327.
perturbation of the electronic states of the two materials. Thus, (16) Rajagopal, A.; Kahn, AJ. Appl. Phys1998 84, 355.

; “ ; » ; (17) Johansson, N.; Osada, T.; Stafstrom, S.; Salaneck, W. R.; Parente,
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- : : (19) Shen, C.; Kahn, A.; Schwartz, J. Appl. Phys2001, 89, 449.
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semiconductor. The pentacene HOMO iss2¥ below the Sm Vol(zzi)% Silinsh, E. AOrganic Molecular CrystalsSpringer: Berlin, 1980;
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indicate that Sm grows in the form of clusters on the organic Faé?]‘éfrt]' %ﬂs/sstfésézoig(j; gggggler, C. W, Bdas, J.-L.; Salaneck, W. R.
surface. A change in the Sm atom valence _state is proposed] (32) Salaneck, W. R.; Stafstrg S.; Brelas, J.-L.Conjugated polymer
when the overlayer evolves from clusters (trivalent) to metal surfaces and interfaces; electronic and chemical structure of interfaces for
(divalent on the surface). polymer light emitting deices Cambridge University Press: Cambridge,
1996.
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Figure 4. Schematic energy level diagram of the sandwich structure
Sm/pentacene/Sm derived from photoemission experiments.
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