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Electronic structure of the organic semiconductor copper phthalocyanine and K-CuPc studied
using photoemission spectroscopy
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The changes of the electronic structure of copper phthalocyd@inBg caused by the intercalation with
potassium are studied using core-level and ultraviolet photoemission spectroscopy. The analysis of the valence-
band spectra allows the estimation of the energy gap relevant for transport, which is substantially larger than
the energy gap obtained using optical methods, showing that solid CuPc has to be regarded as a correlated
material. Furthermore, our experiments indicate that there is strudjpwédronio relaxation of the CuPc
molecules upon charging and that the lowest unoccupied molecular orbital of CuPc is more concentrated in the
central part of the phthalocyanine molecules.
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[. INTRODUCTION charged CuPc and thus also provides insight into the proper-
ties of othern-type doped PC's.
Recently, there has been growing interest in the properties
of organic semiconductors and their potential application in Il. EXPERIMENT

various 1device§ ?Q‘UCh as OrQaU‘C Iight-emitting djodes UPS and XPS studies were carried out using a commer-
(OLED)," organic field effect transistofsor organic solid- ;a1 "ppy| 5600 system which was equipped with an unmono-
statfa injection !asefSI_n addition, field effect devices on the chromatized He-discharge lamp and a monochromatized Al-
basis of organic semlcopductors have been used to q§moR-a x-ray source providing photons with 21.2 eV for UPS
strate the existence of high-temperature superconductivity ofnq 1486.6 eV for XPS, respectively. The UPS spectra were
quantum Hall levels in organic molecular crystafsThe  corrected for the contributions from Hg land He Iy radia-
family of the phthalocyaninePC’s) represents one of the tjon. The total-energy resolution of the spectrometer was de-
most promising candidates for ordered organic thin films, asermined by analyzing the width of a Au Fermi edge to be
these systems possess advantageous attributes such as chemp meV(UPS and 350 meMV(XPS), respectively. The en-
cal stability and excellent film growth which result in opti- ergy scale was aligned by measuring the Fermi g0ggV),
mized electronic properti€sThus, they can be regarded as as well as the #i,,, emission(84.0 e\j of the gold substrate.
model systems for the entire class of low molecular weight,;The error produced by this alignment procedure is smaller
flat, organic molecules. For example, copper(BaP9 has than 0.1 eV. All measurements were carried out at room tem-
been successfully applied as a buffer layer in organic OLED$erature. As a substrate an (A00) single crystal exhibiting
(Ref. 7 and as an active layer in organic field effecta 5X20 superstructure was used. The gold crystal was
transistoré. Figure 1 schematically shows the molecularcleaned by repeated sputtering and annealing cycles and
structure of CuPc. checked by low-energy electron diffraction and XPS until no
Despite much work on pristine CuPc and on the growth of
CuPc thin films on various substrates in recent yéahere
are only very few investigations on the electronic properties
of p- andn-doped PC&?° Doped PC’s have become increas-
ingly important due to the observation that doping of PC

layers with organic molecules enhances their device charac- N =N
teristics in OLED'® Detailed knowledge of the electronic / N
structure of the doped molecules provides additional infor- :

mation about both the properties of the doped organic semi- N—Cu—N
conductor itself and about physical phenomena which are % :
associated with charge-carrier transport or injection at inter- N /

faces, and is therefore essential for the understanding of de- N= N

vice properties. Therefore, in this work we study the elec-

tronic structure of CuPc as a function of potassium

intercalation using core-level x-ray photoemission spectros-

copy (XPS and valence-band ultraviolet photoemission

spectroscopyUPS). Due to the ionic interaction between the

organic molecule and the alkali metal, the intercalation with  FIG. 1. Schematic representation of the molecular structure of
potassium represents one route to investigate negativelguPc.
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sign of contamination could be detected. Subsequently, CuPc
was evaporated in a preparation chamtiese pressure of

8x 10 1% mbar) which was directly linked to the spectrom-
eter. Due to the very clean preparation conditions the number
of impurities in the deposited CuPc film was very small.
Specifically, no oxygen could be detected in the CuPc film.
CuPc on AWl00) was grown in a Stranski-Krastanov
mode!! The thickness of the respective CuPc layer was es-
timated to be 7 nm by monitoring the attenuation of the
intensity of the 4, substrate peak before and after the
deposition. The mean-free-path length of electrons in the or-
ganic overlayer was calculated according to Seah and
Dench?to be about 29 A for the kinetic energy of 1402.6 eV
(using the Au 4., signal from the substrateThe CuPc
films were then intercalated using a commercial SAES po-
tassium getter source. The sample was heated to 180 °C dur-
ing potassium deposition, which resulted in a homogeneous
distribution of the potassium in the CuPc layer, within our
probing depth. The potassium concentration in the CuPc
films was derived from a comparison of the relative intensi-
ties of the K 2 and the C & as well as N ¥ core-level T T T T
intensities. As sensitivity factors we used 1.3 for §,2.296 10 8 6 4 2 0
for C 1s, and 0.477 for N &.*® The work functione of the Binding energy (¢V)
films was extracted from the determination of the high

binding-energy cutoff by applying a bias of 5 eV to the FIG. 2. Valence-band photoemission spectra of CuPc as a func-
sample. In this manner we obtained, for exampig, tion of K intercalation (KCuPc). The inset shows the loss function
=5.3 eV for a sputter-cleaned gold foil, in good agreemenPf pristine CuPc measured using electron energy-loss spectroscopy
with the literaturet® In order to examine the impact of the in transmi_ssion of pristine CuPc_ with an excitation onset of about
ordering of the molecules and of the differing molecular ori-1-2 €V which represents the optical energy gap.

entation on the subs;ra{é,we addmonally. used.an Arion intercalation-induced peak in the former band gap, which is
sputter-cleaned Au foil as a substrate. This led in this case t8aused by the filling of the former lowest unoccupied mo-

similar results and these data will not be considered furthef, ., orbital(LUMO) of CuPc. As the potassium concen-
in this paper. i

tration increases, the intensity of this new structure increases
with doping. We note that none of the spectra shows
IIl. RESULTS AND DISCUSSION emission from the Fermi level, i.e., none of the samples is
metallic.

Intercalation with potassium results in a transfer of the Figure 3 depicts the energy shift of the main valence-band
outer K 4s electron to the CuPc molecules. This results infeatures together with the evolution of the shift of the work
n-type doping of the molecules, which is well known from fynction (the actual shift of¢ has been multiplied by-1)
other rr-conjugated molecular systertfs*®In the following  and the shifts of the core levels upon intercalation. First, we
we will discuss the results of the photoemission experiments

Loss funct. (a.n.)

Normalized intensity (arb. units)

on potassium-intercalated CuPc. First, we will turn to the
valence-band spectra and subsequently present an analysis of 1.0F ]
the core-level photoemission results.
s
2
A. Valence-band spectra and work function £ 05 i
. . [d
Figure 2 shows the evolution of the valence-band spectra z
1 i 1 i i i o === workfunction [W(CuPc)-W(K CuPc)]
pbtamed using UPS as a funct|_on of increasing .potassmm g ool RS (E (K CuPoLE (CaPol |
intercalation, up to a concentration of 1.7 potassium atoms e 13 [E,(K,CUPC-EL(CUPC)]
per CuPc molecule. The valence band of pristine CuPc well N
reproduces already published restdftsThe onset of the . ; . ;
CuPc valence band, which corresponds to emission from the 0.0 0.5 1.0 15 20

x {potassium content)

highest occupied molecular orbitdOMO) is found at 1.15
eV binding energy. Upon intercalation, the spectra shift to G, 3. Energy shift of the C4, N 1s, and Cu s, core
higher binding energy which is typical for antype doping |evels; the main features of the valence b&b@S; and the work
process, and which results from a shift of the Fermi levekunction upon K intercalation. Since the work function decreases
towards the lower edge of the conduction band. Furthermoreyith increasing potassium concentration, we draw the negative shift
potassium intercalation leads to the appearance of aof the work function to allow a direct comparison of the data.
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will discuss the shift of the work function. The work function the energy gap of molecular solids which are measured using
is defined as the distance between the Fermi and vacuupptical methods shouldiot be used to describe or model
levels. In pristine CuPc the Fermi level lies in the energy gagcharge-carrier transport processes.

of CuPc. Upon increasing potassium intercalation the Fermi We finally would like to point out the differences between
level moves closer to the vacuum level and thus lowers théhe determination of the transport gap by combined UPS/
work function of the K-intercalated CuPc layer. Until an in- IPES measurments and our method described above. Both

tercalation level of 0.4 potassium atoms per CuPc molecul€XPeriments get the position of the HOMO relative to the
is reached the work function is still changing, but in a regionF€rmi level from the UPS data, whereas the way to derive

between 0.4 and 1.7 potassium atoms per CuPc molecule thae LUMO position relative to the Fermi level is different. In
Work function Stays constant at 3.1 eV. the IPES eXperiment the LUMO pOSition iS Obtained by add'
Within a very simple approach one can neglect any kind"g an electron to the_molecule, Wh_erea_s we determine the
of relaxation phenomena at very low intercalation levels. InPosition of an unoccupied LUMO which pins the Fermi level
this case, the Fermi level would be pinned at the bottom oftl its edge. Even if the experimental approaches are different,
the conduction band, as has been shown recently for céhe value for the transport gap of 2D.1eV and 2.3
intercalated CuP# and one can derive the energy gap of *0.4 eV (Ref. 21 agree within the error bars.
pristine CuPc directly from the onset of the valence band in The fact that solid CuPc is a correlated system now also
pristine CuPc plus the work-function shift observed at lowharbors the explanation of the nonmetallic nature of
intercalation. This procedure provides a lower limit of the K-intercalated CuPc phases. Although charge carriers are in-
energy gap in CuPc of about 2.1 eV, a value which is signifitroduced in the latter, their mobilitthopping between the
cantly larger than the gap measured using optical or electrofiolecules is substantially reduced by the Coulomb repulsion
energy-loss spectroscopies. These experiments give an op8€ergy which has to be overcome as a hopping process
cal gap of about 1.5 e\(,See inset of F|g P Our results are ChangeS the number of electrons per molecular unit. This
consistent with recent combined photoemission/inversereéduction most likely is further supported by polaronic ef-
which reported a band gap of CuPc of about 2.3%V. charging® which can eelf—trap the charge carriers. In the case
From above it follows that the Fermi energy of CuPc liesOf CuPc, the charge-induced structural relaxation might even
in the middle of a HOMO-LUMO gap, which confirms that Pe stronger than in many other related systems because the
pure CuPc without any impurities could be regarded as akUMO of CuPc is doubly degenerate while the HOMO is
intrinsic semiconductor. This is in contrast to the commonnot degenerat& which renders the molecule in a negatively
observation of g-type-like behavior of CuPc. This behavior charged state susceptible to a Jahn-Teller distortion. The
most likely arises from oxygen impurities in the CuPc from combination of correlation and structural relaxation effects
the Surrounding atmosphere. Even preparation Of CuPc f||m§13.kes the Charge transport aCtiVated and thUS the materials
in argon boxes or in high vacuunp£10-® mbar) intro-  insulating. _
duces these impurities into the material. In CuPc films, VVe now turn to the energy shift of the valence-band fea-
which have been prepared in UH\p£10 1% mbar), the tures upon mtercalatlonFlg. 2). The shift of all velence—
number of impurities is small enough to observe an intrinsicd?@nd features is 0.3—0.4 eV lower than the negative shift of
behavior of the organic semiconductor in photoemiséidd. ~ the work function of CuPc. Thus, the valence band moves
Further one arrives at a scenario in which the energy gap gd0ser to the vacuum level with increasing potassium inter-
derived from photoemission, which is the relevant numbeialation, meaning that we do not observe a rigid shift of the
for transport processes, exceeds the optical gap. The diffef/€ctronic levels of the valence band. This fact supports our
ence of the two spectroscopic approaches directly points t@ssumption above. of a relaxetlon of the molecular structure
wards an explanation for this observation. While in opticaland consequently its electronic levels due to the charge trans-
(and related techniques the number of electrons per m0|_fer to the molecules. Moreover, our results allow an estima-
ecule is not changed upon excitation, which generates a frelon of the polaronic relaxation of the valence levels of 0.3—
kel exiton on the moleculeN-electron state photoemission 0-4 €V, in good agreement with the situation in other
and inverse photoemission probe a final state with one eled-conjugated molecule.
tron less or more —1 or N+ 1 state, respectively. The
change of the number of electrons per molecular unit now
affects the energetics of the electronic states due to the mu-
tual Coulomb repulsion of all valence electrons on the mol- We additionally have studied the Ns1K 2p, C 1s, and
ecule. In molecular solids, this Coulomb repulsion energyCu 2p core-level photoemission spectra of CuPc and
usually is of the order of the one-particle bandwidth or largerK-CuPc using XPS. The Cslpeak(see Fig. 4 of pristine
which renders these materials strongly correlated and leadSuPc consists of three different distinct features, at 284.6 eV
to transport-relevant energy gaps which can be considerabliC-1), 286.0 eV (C-2), and 288.0 eV(C-3). According to
larger than the optical gap. This has already been found foprevious reports, they can be attributed to the aromatic car-
other 7-conjugated molecular solitfe?*?>?%and we conse- bon of the benzene ring&C-1), pyrrole carbon linked to
quently ascribe our results to the presence of a relativelyitrogen(C-2), and aw-7* satellite of the latte?®2° How-
strong Coulomb repulsion energy on the CuPc molecules. lever, the ratio of the relative intensities of the C-1 feature
addition, our results again demonstrate that the numbers famompared to the sum of the relative intensities of C-2 and

B. Core-level spectroscopy
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aromatic (C-1) centration we observe a shift of 0.6 eV of the €structures
to higher binding energies which essentially follows that of
the valence-band featurésee Fig. 3 Moreover, a continu-
ous broadening of the Cslspectrum is observed with in-
creasing intercalation which leads to a loss of the fine struc-
ture of the C 5 photoemission signal. This broadening
might be due to a phase separation in the potassium-
S.; s, intercalated CuPc film.
o s oW The main line of the N & core-level spectrumnot
296 294 202 290 288 286 284 282 shown) in t.he_ pristine case appears as a singl_e peak at
o 399.0-eV binding energy, i.e., the chemical bonding condi-
Elinding snergy*(e¥) tions are similar for the two inequivalent types of nitrogen
sites in CuPc. The binding energy of the main Gag2 pho-
treoemission signal is 935.4 eV. Upon increasing potassium
intercalation one observes a broadening of the spectra and a
ift to higher binding energiesee Fig. 3.
In the following we discuss the binding-energy shifts of
the different core levels observed for®uPc to obtain fur-
ther insight into the distribution of the LUMO on the CuPc
{nolecule. Generally, the reasons for binding-energy shifts of
core levels in a system such ag@GUPc can be threefold:

(i) an energetic shift of the Fermi level upon intercalation
e(_see discussion aboye

(i) a change of the Madelung potentials as a consequence
of the presence of charged molecules and K ions in the en-
vironment, and

(i) a chemical shift of the core level as a result of a
different charge density on the molecules.

Since the first two scenarios affect the molecules as a
whole from outside, they would cause the same shift for all
firms that the outes electron of the K atoms is transferred to °'€ levels, ‘.Nh'(.:.h cannot expla!n the d|ﬁergncgs shown in

Fig. 3, or[point (ii)] render the different atomic sites of the

the CuPc moleciles. No fine structure of the K doublet molecule inequivalent which then would lead to the appear-
could be observed, which confirms that all intercalation sites q " PP
nce of a superposition of core-level spectra at noninteger

of the potassium are energetically equivalent. No verticadopmg levels, which is not the case. Conseguently, the dis-
inhomogeneity in the distribution of the potassium atoms 'nHibution of the electrons which occupy the LUMO of CuPc

the CuPc film could be observed upon changing the emissio d
IS not homogeneous across the entire molecule. In other

angle of the photoelectrons. With increasing potassium Con\7vords, the LUMO wave function has different probabilities

to be found at various atomic sites of the molecules. Since
Cls the differences between the core-level shifts of thes\ahd
Cu 2p3p, signals are largest as compared to the work function
we conclude that thédoubly degenerajd UMO of CuPc is
more concentrated in the central part of the molectiie N
and Cu sites, see Fig).IThis conclusion corroborates theo-
retical predictions of the LUMO distribution of CuRRefs.
32 and 33 and parallels the situation observed fofMg;
where the distribution of the LUMO on thelds molecule
also has been found to be more concentrated in the nitrogen
sites?®

C 1s core level

pyrolle
(C-2)

satellite (C-3)

Intensity (arb. units)

FIG. 4. C 1s core-level spectrum of CuPc in the pristine state.
One can distinguish between the aromatic carbon and its satelli
(gray) and the carbon linked to the nitrogen and its sateflithite).
The graph below the spectrum shows the discrepancy between tﬁ@
fit and the spectrum.

C-3 peaks, leads to a number of 3%yhich is significantly
smaller than the ratio expected from the number of differen
carbon site$18:6=3.0) in the CuPc molecule. The introduc-
tion of an additional satellite for the C-1-peé&kee Fig. 4,
which is obscured by the C-2 feature, improves the agre
ment considerabf}*° and leads to the expected intensity
ratio between the aromatic and pyrrole carbon of 3.0. In Fig
5 the evolution of the C 4 core levels with increasing po-
tassium intercalation is drawn. The KpZXpin-orbit doublet
(not shown appears at binding energi€294.8 eV and 297.6
eV) which are expected for fully oxidized potassium ions in
intercalateds-conjugated molecular solid&83! This con-

Normalized intensities

IV. SUMMARY

We have presented a photoemission study of potassium-
intercalated CuPc thin films. From our experimental results,
the estimation of the transport energy gap of pristine CuPc
has been possibIeEga”szzl eV) and it is shown that

FIG. 5. C 1s core-level spectra of CuPc as a function of K solid CuPc has to be regarded as a correlated material, simi-
intercalation (KCuPc). lar to other molecular solids. The photoemission spectra ad-

T T T T T T T T
288 286 284 282
Binding energy (eV)
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ditionally provide evidence for a structural relaxation of the upon electron donation to the molecule is more concentrated
CuPc molecules upon charging which can be assigned to tHe the central part of the phthalocyanine molecules.
formation of small polarons. Finally, an analysis of the dif-
ferent energy shifts of the photoemission core-level signals AU LS SIS

demonstrates that the part of the LUMO of CuPc occupied We thank R. Hbel and D. Muler for technical support.
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