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Impact of an interface dipole layer on molecular level alignment at an organic-conductor
interface studied by ultraviolet photoemission spectroscopy
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The effect of an interface dipole layer on the energy level alignment at organic-conductor interfaces is
studied on a copper phthalocyanif@uP9 monolayer/electric dipole layer/graphite system via ultraviolet
photoemission spectroscoPS and metastable atom electron spectroscopy. An oriented monolayer of the
OTi-phthalocyanine molecule, which has an electric dipole moment, is grown on graphite to yield a well-
defined dipole layer with the vacuum side negatively charged. The CuPc monolayer is sequentially deposited
on the dipole layer kept at 123 K. This weakly interacting system made of a very thin organic layer on top of
a very thin dipole layer is in thermodynamic equilibrium. The UPS data from the system grown with and
without the interface dipole layer show that the binding energy of the highest occupied state of the CuPc
monolayer decreases when the dipole layer is inserted. The binding energy shift is in excellent agreement with
the increase in vacuum level energy of the graphite substrate upon deposition of the dipole layer. The results
show that the Fermi level of the CuPc shifts toward the valence states when the interface dipole layer is
inserted.
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[. INTRODUCTION are generally no electron at the Fermi energy. Thus thermo-
dynamic equilibrium can often only be assumed for organic/
Small molecule and polymer organic semiconduciérs metal and organic/organic systems. Instances of nonequilib-
have attracted considerable attention for over a decade ifum have been reported. Harimet al2°2! pointed out
view of their promising applications in electronics and mismatch inEg from KP studies performed in air. Itet al1®
optoelectronics- 12 Organic-metal contacts play a key role in observed via KP a-28 V built-up of surface potential for a
the performance of thin film organic devices. Research onhick layer of trig8-hydroxyquinoling aluminum(Algs) on
organic interfaces is therefore particularly importdt*2  metal, which may have originated from the orientation of the
and several groups have investigated a number of organignolecular electric dipoles, indicating that thermodynamic
metal systems using techniques such as ultraviolet photequilibrium was not achieved in this system. Koehal3°
emission spectroscogy)PS), x-ray photoemission spectros- recently pointed out a lack of thermodynamic equilibrium in
copy (XPS), and Kelvin probe (KP) contact potential an alkali-metal-intercalated para-sexiphenyl system. Camp-
difference measurement!!13-35The goal of these investi- pell et al3* and Alloway et al® demonstrated that the
gations is to understand interface electronic states, energychottky barrier can be manipulated by the insertion of an
level alignment,!#17=39chemical reaction®;* and diffu-  oriented dipole layer between the metal and the organic ma-
sion phenomen.®” The experimental determination of the terial, using self-assembled monolay&&AM) with alkyl
binding energie¢Eg) of the highest occupied molecular or- chains to attach the dipole layers to the metal. However,
bital (HOMO) and lowest unoccupied molecular orbital thermodynamic equilibrium is not clear even for these metal/
(LUMO) states of organic layers with respect to the FermiSAM/organic systems because of the strong insulating nature
level (Er) of the metal substrate is a central part of this work,of the alkyl chains.
since these values define the energy barriers for hole and Finally, the unambiguous identification of the effect of the
electron injection from the metal to the organic layer. In thatdipole layer on the interface electronic structure is difficult
context, a comprehensive understanding of the mechanisniecause of the various interactions, e.g., chemical reactions,
that control the energy-level alignment at organic-metal inwhich take place at interfaces and induce new electronic
terfaces, which remains elusive to date, requires the elucidatates in the energy gap of the molecular ffir’3 Thus mo-
tion of the role of the dipole layer that generally forms atlecular electronic states near the interface are modified ac-
these interfaces. cording to the interaction. Organic-metal interfaces are there-
A related issue that arises when investigating organic infore often quite complex, and investigating simplified and
terfaces is that of thermodynamic equilibrium across the inwell-characterized interface systems is necessary in order to
terface and through the organic layer. If thermodynamicclarify the role of the interface dipole layer. The study of a
equilibrium is achievedEg in the organic layer aligns with system that is unambiguously in thermodynamic equilibrium
that of the metal. The experimental difficulty, however, isrequires the use of a very thin organic layer on a well-defined
that UPS cannot dete@r in a band gap material, as there thin interface dipole layer.
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Given these considerations, we perform here UPS expereventual effects of a change of impurity concentration on the
ments on a very thin organic system, i.e., a monolayer oénergy level alignment in the CuPc/HOPG and
copper phthalocyanin€CuP9 deposited on a graphite sur- CuPc/OTiPc/HOPG systems.
face with and without dipole interlayer of OTi- Thin films of OTiPc and CuPc were deposited on
phthalocyaning(OTiPc). These measurements demonstratehe HOPG substrate by sublimation in the preparation
the effect of the dipole layer on the interface energy levelchamber (base pressure=19Torr). The deposition of
alignment. We use graphite to obtain a well-defined dipolehese compounds was monitored with a quartz oscillator
layer in an oriented OTiPc monolay&r®and to minimize calibrated in advance. The deposition rate was about
substrate-molecule interactions and the resulting changes 1 monolayer equivaledMLE)/min. Here, 1 MLE is de-
the molecular electronic states. We confirm that the changined as a closely packed layer of molecules forming a
in substrate vacuum level is negligibly small when CuPc ismonolayer with their plane parallel to the substrate. The mo-
deposited directly onto the graphite surface, indicating thafecular orientation in the 1 MLE film was determined by
the molecule-substrate interaction is weak, and that the foMAES as described in a previous pap&r? The detail of
mation of a dipole layer due to molecule-substrate interacthe molecular orientation of the present films and formation
tion can be neglected in the present system. We then invesf the dipole layer are discussed later.
tigate the formation and molecular orientation of monolayers
of OTiPc and CuPc/OTiPc by combined use of UPS and
metastable atom electron spectrosc¢MAES). The latter lIl. RESULTS AND DISCUSSION
technique is recognized as the most sensitive spectroscopy to
the outermost surface lay&r4?We discuss the true effect of  Prior to showing experimental results, we briefly summa-
the interface dipole layer ok matching and energy level rize previous results on the growth of OTiPc thin films on
alignment between the organic layer and the substrate in thdOPG, the change in molecular orientation with film thick-
presence of an interfac@TiP¢) dipole layer. We demon- ness, and the effects of annealing on the molecular
strate that a shift ifEg (referenced tdEg) equal to the poten- orientation3®-° In the as-grown OTiPc film(monolayer
tial difference introduced by the dipole layer is observed forrangg on HOPG, molecules form bilayer islands in which
the valence levels of CuPc when a dipole layer is intentionmost of the molecules in the outer layer are oriented flat with
ally inserted between CuPc and the substrate. The resulife oxygen atom directed inwar@ownward orientation
lead to the conclusion that equilibrium between substrate andnnealing at 373-423 K for 3h—12 tdepending on the
molecular film is maintained and that the Fermi level in theOTiPc island size and actual film thickngspreads the mol-
CuPc overlayer aligns with the substreéfg. The HOMO  ecules from the islands over the substrate surface to form a
level of the CuPc layer moves according to the dipole signmonolayer in which all the molecules are oriented with the
and magnitude relative to the Fermi level of the entire sysoxygen atom directed outwar@dipward orientation When-
tem. the second layer of OTiPc is deposited on this monolayer,

molecules in the outer layer have the downward orientation.
Il. EXPERIMENT In the oriented monolayer, the Qlectric dipoles_of 'the mo!-
ecules are parallel and form a dipole layer, while in the bi-

UPS and MAES were performed in ultrahigh vacuumlayer, the electric dipoles of the first and second layers cancel
(UHV) with a hemispherical deflection analyzer. The entireeach other. These changes in molecular orientation were de-
apparatus has been described elsewfleféhe position of tected with high sensitivity by MAE® and the vacuum
the substratd=r was determined by UPS on an evaporatedevel shift due to the formation of the dipole layer was ob-
Au film. Both UPS and MAES binding energig) scales served by UPSRef. 43 and low-energy electron transmis-
are referenced to that energy. The total UPS energy resolsion (LEET) spectroscop§?
tion (spectrometer and incident lightising the He | reso- Figure 1 shows the upper valence band region measured
nance line was 210 meV, as determined from the Fermi edgeith He | UPS and He* MAES on: (1) OTiPc
of the Au sample at 295 K. The metastable atoms of(~2-3 MLE) as-grown on HOPG kept at room temperature
He*(2°S; 19.82 eV, 2S; 20.62 eV were produced by (RT) (measured at RT(2) OTiPc film (oriented monolay@r
cold discharge of pure He gas. The H&*S) component on HOPG obtained by annealirit)) at 573 K for 9 h(mea-
was quenched by a dc helium larfquench lampin order to  sured at RJ, (3) annealed OTiPc filnforiented monolayer
measure the spectra excited by H2%S) only, as reported after cooling(2) to 123 K (measured at 123 K (4) CuPc
previously?! (1 MLE) deposited on the OTiPc monolayer kept at

The substrate was ZYA grade highly oriented pyrolytic 123 K (CuPc/OTiPc/HOP®(measured at 123 X and (5)
graphite(HOPGQ) cleaved in the air, immediately introduced CuPc/OTiPc/HOPG heated up to 373 Kneasured at
into the preparation chamber, and heated in UHV at 620 K373 K). The HOPG substrate spectrum is also shown for
for 15 h. MAES measurements just before the deposition o€omparison in the bottom of Fig. 1. The MAES spea2a
OTiPc confirmed the cleanliness of the substrate surface. Thend (3) clearly show that the oxygen nonbonding statg
synthesis of OTiPc was described in a previous péber. (peak Q appears after annealing, indicating that the film
CuPc was obtained commercially and purified by repeatedonsists of OTiPc molecules with upward orientation. When
sublimation. The same OTiPc and CuPc source materials-MLE CuPc layer is deposited on the oriented OTiPc mono-
were used throughout the present experiments, eliminatinayer kept at 123 K, peak C disappears, indicating that the
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a) Hel UPS b) He* MAES

FIG. 1. He | UPS(a and
He* MAES (b) spectra of the
upper valence band region ¢f)
the as-grown OTiPc film
(2-3 MLE), (2) the oriented
______ OTiPc monolayer obtained by
annealing film(1) at 573 K for
9 h, (3) the annealed OTiPc film

== (oriented monolayer measured

S —d= at 123K, (4) CuPc¢l MLE)

= o= _ deposited on the OTiPc mono-
@ | S |p layer kept at 123 K and5) the

CuPc/OTiPc/HOPG measured at
373 K. The schematic film struc-
ture and molecular orientation are
shown on the right.
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outermost surface of the OTiPc film is covered by CuPcpositions since the kinetic energy of the emitted electron is
molecules. Peak C remains undetectable even at 373 K. Fuaffected by the interaction potential between the probe and
thermore, no increase is observed in the intensity of théhe target surfac& The shift of the UPS peak position in
o(C—H) bands that are effectively excited by He* only when Fig. 2 is related to the formation of the electric-dipole layer
the molecular plane is tiltechot shown.4142 These results On the HOPG surface due to a change in molecular orienta-
indicate that (i) the outermost surface of the tion and evaporation of excess molecules. Thus an electric
CuPc/OTiPc/HOPG consists of molecules oriented flat withdiPole ngyer. with the vacuum side negatively charged is
respect to the substrate afit) there are few, if any, OTipc ormed:” This kind of largeE, difference between the ori-
molecules in the outermost surface layer. In UPS, the mosinted OTiPc monolayer and the bilayer is not observed in the
characteristic change of the spectral feature is seen in thf ase Ofl Culﬁc(;chln fllmtshon HOPBpectra(%) 'Tlnc:(.Z)]a. als
HOMO band A. The molecular orientation corresponding to € molecule does not have a permanent electric dipole.

. : - . The UPS spectrum of the Cufoonolayey/
each spectrum is depicted in Fig. 1 and discussed below. OTiPqoriented m(?nolaye)tHOPG [spectrum (5)] ha){s }a

Expanded views of the UPS HOMO band regions corre, s minent new band at E5=0.94 eV. This binding energy
sponding to various molecular configurations are presented gmaller by 0.23eV than that of band of the

in Fig. 2. Separately prepared OTiBdaye)/HOPG CuPdmonolayejy/HOPG(Eg=1.17 eV). Banda is observed
and CuPc/HOPG systems are compared to the layergnly for the CuP@monolaye)/OTiPqoriented monolayef
described above. One can see a very narrow photoemissi¢gfOpG system. Furthermore, the difference in binding energy
HOMO bands(the full-width-at-half maximum is 0.26 eV, petween bands and b is nearly similar to that between
which includes the experimental energy resolutionbandsc andd. These facts indicate that th shift of band
of 0.21 eV}, as was already observed in high-resolutiona is due to the dipole layer. On the other hand, the HOMO
UPS of CuPc/HOP@S OTiPc/HOPG, PbPc/HOP®,and  bandb’ of the CuPc bilayer appears&§=1.21 eV, which is
CIAIPc/HOPG?#¢ higher by 0.04 eV than that of the CuPc monolajspectra
The OTiPc HOMO peak shifts marked(g— d) between (1) and (2)]. Furthermore, band in the OTiP¢oriented
the UPS spectra of the OTiRoonolayef/HOPG[spectrum monolayey/HOPG is located near bantbsandb’. Thus the
(3)] and OTiP¢monolayey/HOPG [spectrum(4)]. More-  band atEg=1.21 eV in spectruni5) is ascribed to the over-
over, pealkc is very small in the UPS spectrum of the bilayer lap of bandsb, b’, andc. The fact that the intensity of this
[spectrum(4)], in spite of the fact that the overlayer is only band is stronger than that of band a in spect(gjrindicates
one monolayer thick, indicating th&; of the HOMO in the that the sandwich structure shown schematically on the
underlying layer has been changed by the deposition of theght is not perfect in the present specimen. We conclude
second layer. This is due to the cancellation of the dipole ifherefore that(i) band a, which is observed only for
the bilayer, which results in the elimination of the dipole- the CuP¢monolaye)y/OTiPdoriented monolayefHOPG,
related electric field. Thé&g difference between these two is assigned to the HOMO band of the CuPc overlayer(@nd
films is 0.24 eV. The MAES spectra of Fig. 1 give similar the 0.23 eVEg shift of banda is due to the potential step
indications, although it is difficult to discuss precise peakcorresponding to the underlying dipole layer.
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Recent high-resolution UPS studies on CuPc/HOPG andesolution UPS for monolayer and double layer films of vari-
OTiPc/HOPG systems have shown that there is no time desus phthalocyaninegS-*6We conclude therefore that thermo-
pendence in the HOMO bandwidth and kg position after dynamic equilibrium is achieved for thepresent two-
the deposition of molecul€S-*® This demonstrates that the molecular layer sandwich system. The valence states of the
very thin organic systems investigated here is in thermodyC€uPc overlayer shift by about 0.23 eV towdtd when the
namic equilibrium. Interesting observations can be madénterface dipole layer is inserted. The n&w position in the
from the UPS spectrum of the CuPc/OT{Bgented gap of the CuPc overlayer breaks the charge neutrality con-
monolayey/HOPG system measured at elevated temperadition associated with a canonical mid-gBp position, sig-
tures. Spectrg6) and (7) were obtained at 293 and 373 K naling possible charge transfer to/from the substrate through
after measuring spectru¢d) at 123 K. In spectrun), there  the dipole layer.
is only a skewed broad band peakedeatsimilar to those of
the HOMO bands in the spect(a), (2), and(3), where band
a is not observed. In spectruif?) taken at 373 K, a new
band appears &z~ 1.48 eV, which is similar to the binding
energy of bandl of the OTiPc bilayer system. Baradis also
absent. Comparing afg values of the HOMO band in the ~ Using two specific systems, i.e., CuPc monolayer/graphite
OTiPdoriented monolayéfHOPG, OTiP¢bilayen/ and CuPc monolayer/electric dipole layer/graphite, in which
HOPG, CuPtmonolayey/HOPG and CuRbilayen/HOPG @ well-defined dipole layer was prepared using an oriented
systems, these changes can be reasonably explained as folTiPc monolayer, we have shown the true effect of the in-
lows. The CuPc/OTiPc/HOPG system heated up to 373 Kerface dipole layer on the energy level alignment and Fermi
consists mainly of a mixture of OTiPc bilayer and CuPc
bilayer domains due to phase separation, as illustrated in
Figs. 1 and 2. At 293 K the film structure is already affected
by the phase separation, with few domains of the dipole
layer. This interpretation of the film structure is supported by
the MAES results, which show that the outermost surface of
the CuPc/OTiPc/HOPG system at elevated temperature con-
sists of patches of flat-lying CuPc or downward oriented
OTiPc.

From these experimental observations, one concludes that
(i) the sandwich structure with the dipole layer is indeed
realized at 123 K, as illustrated in Figs. 1 and 2, @ingthe
system is in thermodynamic equilibrium. Accordingly the
HOMO of the CuPc layer deposited on the OTiPc dipole
layer appears aEg=0.94 eV, which is smaller by 0.23 eV
than that of the CuPc layer without the dipole layer.

Figure 3 shows a summary of the energy levels &pd
alignment for OTiP¢oriented monolaygfHOPG, OTiPc/
(bilayen/HOPG, CuPc/HOPG, and Cufeonolayey/
OTiPdoriented monolaygfHOPG. Measured vacuum
level positions are also shown. The difference induced by the
interface dipole between the binding energy of the HOMO of
the OTiP¢oriented monolayefHOPG (bandc) and that of i |\
the OTiP¢bilayen/HOPG (band d), AEyomo(OTiPO), is L T——— [(1) e—
0.24 eV, while the differenceAE,omo(CuPg9, between the 2 1.5 1 0.5
HOMO of CuP¢monolayef/HOPG (band b) and of the Binding Energy from E* /eV
CuPgmonolaye)/OTiPqoriented monolayefHOPG (band
a) is 0.23 eV.

Returning to the issue of thermodynamic equiI_ibrium, t_heg#fgg?gﬂ?e);e{;gr?j;’w(Hzépg’upfj)o ubglil%geé/dl—égggéygl)
apparenteg shift of the HOMO t?a”d of CuPc/orleptgd di- HOPG, (5) CuP¢monolayef/ OTiPdmonolayey/HOPG measured
pole layer can be attributed to either one of two thin@sa 4 103 K,(6) CuPc/OTiPc/HOPG measured at 293 K afe and
shift of Er of the CuPc overlayer by about 0.23 eV toward (7) the cuPc/OTiPc/HOPG measured at 373 K aftr The sche-
the valence state of the molecule, to align with the substratgatic film structure and molecular orientation are shown in the
Er, i.e., thermodynamic equilibrium qiii) a mismatch be-  rignht. The expected double layer structure shown in the schematic
tweenEg of the CuPc overlayer anél: of the substrate, i.e., for spectrum(5) is approximately realized in the present specimen
lack of thermodynamic equilibrium. As described above,as understood from relative intensities of bamdand b/c in the
however, we did not see any evidence of a lack of thermospectrum(5). Skewed band shape in monolayer spe¢tjaand(3)
dynamic equilibrium in the time dependence of high-is due to the vibration-hole couplingrefs. 43—4&

IV. CONCLUSION

—
2 @ CuPc/OTiPc

Intensity (arb.units)

L

FIG. 2. (Color online He | UPS spectra of (1)
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AEyac AE,4c (clear difference was not detected)
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FIG. 3. (Color onling Energy diagram for the HOMO levels and Fermi level for OTiPc/HOPG, CuPc/HOPG, and CuPc/OTiPc/HOPG
systems. The Fermi level shiEg is similar to the potential step produced by the dipole layer, which corresponds to the vacuum level
change of the HOPG due to OTiPc-monolayer depositibh, o) Although AE, ;. values were slightly scatteré.21-0.35 eV in various
measurements, no real vacuum-level shift was detected between Q@Fi®tted monolay¢fHOPG and the CuP@nonolaye)y/

OTiPc (oriented monolayg/HOPG inin situ measurements.
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