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Abstract

We investigate the properties of inorganic-organic interfaces by ultraviolet and X-ray photoemission spectroscopy
(UPS and XPS) and transport experiments. In particular, we study the interface between inorganic conductive sub-
strates and organic layers that are intentionally p-type doped by co-evaporation of a matrix material and acceptor
molecules. The photoemission spectra clearly show that the Fermi levels shift due to the doping and that the space
charge layer width changes with doping (high doping — small width). The changes in the electronic structure of the
interface due to doping agree well with results of transport experiments. © 2001 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Organic thin films with semiconducting prop-
erties have been intensively investigated in the last
years (see e.g. [1,2]) due to very promising appli-
cations, such as organic light emitting diodes
(OLEDs) [3.,4]. In virtually any electronic device
containing organic semiconductors, contacts to
metals and other inorganic conductors play a
crucial role. Despite the advances in device appli-
cation, there is still only limited understanding of

* Corresponding author.
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the interface between organic materials and con-
tacts. A number of recent studies have helped to
understand basic properties of the interfaces (see
e.g. the review by Seki et al. [5]). In particular ul-
traviolet and X-ray photo emission spectroscopy
(UPS and XPS) have been used to investigate
metal/organic [6-9] and organic/organic [10-14]
interfaces. The organic layers employed in such
studies were nominally undoped, although the
purity of organic layers is usually insufficient to
achieve intrinsic behavior. For the breakthrough
of inorganic semiconductor devices, controlled
doping was a key step: Fermi level control is cru-
cial for pn-junctions, high built-in voltages (which
is important, e.g., for efficient solar cells), and
for well-defined ohmic or blocking contacts with
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metals or other conductive substrates. Metal—
inorganic semiconductor contacts (Schottky con-
tacts) have been extensively investigated and are
rather well understood (see e.g. [15,16]).

Doping of organic semiconductors has only
been scarcely addressed so far [17-21]. We have
recently investigated the controlled doping of or-
ganic layers by conductivity and thermo-power
studies and have shown that significant Fermi level
shifts and comparatively high conductivities can
be achieved by co-evaporation of matrix and ac-
ceptor (or donor) molecules [22,23]. Doping leads
to significantly improved properties of devices with
organic layers, e.g., better carrier injection, more
efficient carrier transport and hence lower operat-
ing voltage in OLEDs [24,25]. Phenomenologically
dopability of such layers is rather similar to inor-
ganic semiconductors but the microscopic mecha-
nisms seem to be different [26].

Here we present the first study of the electronic
structure of interfaces between inorganic contact
materials and molecular organic semiconductors
with controlled doping. In particular, we investi-
gate contacts between indium—tin oxide (ITO) or
gold (Au) and p-doped zinc—phthalocyanine by
UPS and XPS as well as by current-voltage
transport measurements on diode structures. We
clearly observe highest occupied molecular orbital
(HOMO), XPS-peak and vacuum level shifts due
to space charge layers (or level bending), with a
width decreasing by doping. Additionally, inter-
face dipoles are observed with a potential drop
largely independent of doping. The distance be-
tween the Fermi level and the HOMO ' decreases
with doping. For the doped material the level
bending behavior can be well explained by space
charge formation, analogous to the effect occur-
ring upon doping of inorganic semiconductors.

' We would like to stress here that due to both, solid state
effects and intramolecular electronic relaxation, one can of
course not measure the HOMO position (as characteristic of a
single molecule) in organic thin films but the energetic position
of the valence electrons. However, this energy level is somehow
related to and derived from the HOMO level of an isolated
molecule, and will therefore be called ‘HOMO peak’ for short
in this paper.

The electrical transport properties of the junctions
agree well with the observed electronic structure.

2. Experiment and data analysis

The organic layers were vapor deposited with
growth rates of 2-6 A/min for the matrix molecules
and 0.1-0.2 A/min for the dopants. The investi-
gated thickness range was 2 A for the first layer up
to approximately 200 A for the thickest layers.
Doped layers were prepared by co-evaporation
of matrix (zinc—phthalocyanine — ZnPc (Aldrich),
purified by zone sublimation) and dopant (tetra-
fluoro-tetracyano-quinodimethane — F4-TCNQ
(Aldrich), used as provided, for the molecular
formula see inset of Fig. 1). The molar doping ratio
for the doped samples is approximately 1:30. The
substrates (ITO on glass, and poly-crystalline Au-
foil) were ultrasonically cleaned in chloroform,
acetone and alcohol, left in vacuum for one night
and were Ar-sputtered shortly before evaporation
of the first organic layer. The organic layer was
made in several growth steps in order to sequen-
tially vary the layer thickness, with transfer to the
analyzer chamber (base pressure 10~ mbar) and
UPS and XPS characterization between each
growth step. UPS experiments were done with a
21.21 eV He(I) source at 5 eV pass energy and with
—5V bias voltage applied to the sample to separate
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Fig. 1. Energy level scheme of a metal-organic interface in an
UPS/XPS experiment. See text for a detailed description. The
inset shows the chemical structure of the organic materials used
in this study.
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secondary electrons originating from sample and
spectrometer [27]. XPS measurements were carried
out with a 1486.6 eV monochromatic Al-Ka radi-
ation at a typical pass energy of 10 eV. The eval-
uation of the data followed the scheme described
by Schlaf et al. [11]. The XPS peak positions and
widths were determined by fitting the data with
Gaussian/Lorentzian (70:30) line shapes. For the
UPS data, the low kinetic energy cut-off (= high
binding energy cut-off, HBEC) was determined by
the energy-axis intersection of a straight line fitted
to the slope of the spectra (between =30% and 70%
of its height). The Fermi energy positions Er of the
conductive substrates were obtained as the center
of the Fermi edge slopes.

To deduce the ionization potential from the
width of the photoionization spectra we measured
the high kinetic energy cut-off of the HOMO peak
instead of the HOMO peak maximum. This is for
the following reasons: (i) The HOMO cut-off is
a physically reasonable value since the analyzer
broadening can be neglected (from the width of the
Au-Fermi edge the analyzer resolution was esti-
mated to be <50 meV) compared to the peak
broadening due to inherent layer properties such
as electronic band width and vibronic excitations.
(i) We believe that for the explanation of trans-
port and injection phenomena in organic Schottky
junctions the adiabatic energy transition (the final
state of the molecular crystal after photoionization
process is the phononic ground state) is the rele-
vant one. This HOMO cut-off (EGSTY was de-
termined by fitting a straight line to the slope of
the (background corrected) HOMO peak.

We discuss our results in the framework of the
scheme shown in Fig. 1. Values which can be di-
rectly taken from the UPS-spectra are EMM (or
HBEC), the difference AHOMO of the HOMO
cut-off energy to the Fermi energy of the under-
lying substrate and the ionization potential IP. The
latter is calculated from the energetic width of the
whole spectrum of the photoemitted electrons,

IP = 21.21 eV — (ER® — Emin), (1)

For the conductive substrate, £33 is the kinetic
energy of the photoelectrons emitted from the

Fermi edge of the conductive substrate (Ef ), for

the organic over-layer Eﬂ‘&‘\’,fg is taken as Ef.
With the assumption of Fermi level alignment over
the entire organic layer 2 the total energy balance
equation of the measuring system is

ERN = @ — &p — e, (2)

where U, is the external voltage (in our case —5V),
&p the detector work function and @ the work-
function of the outermost layer. Without an or-
ganic coverage, @ is the work-function of the
substrate @, which equals the ionization poten-
tial IPy,;, and hence the actual detector work
function can be calculated,

®p = 1Py, — B, — €U (3)

Then the work-function @ = &g at a certain
thickness of the organic semiconductor over-layer
can be obtained from the HBEC. Egs. (1)—(3) yield

¢SC = EE;H + IPsub - Elr:}:jsub
— EM 1212 eV — Ep . (4)

kin
To obtain the energy alignment of the metal/
organic hetero-junctions, we measure the devel-
opment of the HBEC and the HOMO peak cut-off
in the UPS spectra and of the shifts of suitable
element peaks in the XPS spectra as the thickness
of the topmost organic layer is increased. From
these values, we deduce the difference AHOMO, a1
between the substrate Fermi energy and the
HOMO cut-off energy of the thickest organic over-
layer (assuming that at this stage no further shifts
of the spectra take place), the ionization energy
IPoroanic for a thick over-layer, the difference of the
HBEC between thick organic layer and substrate
(AEypgc) and the total level bending ¥ o during
the development of the space charge region in the
organic layer near the substrate. The term “level
bending”, as we use it here, is an equivalent of
the expression “band bending” used for inor-
ganic semiconductors. One needs to keep in mind
that the underlying physical process might not be
similar to band bending, in particular in case
of nominally undoped organic layers on metals

2 The conductivity of both, the undoped and the doped
layers, is by far large enough to ensure dielectric relaxation, i.e.
Fermi level alignment, before data are taken.
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[28]. As we will see later, the terms level or band
bending very well describe our experimental find-
ings for the Schottky junction between doped or-
ganic layers and conductive substrates. To
determine the level bending, we consider only the
XPS peak shifts, since (i) for the UPS high binding
energy cut-off the influence of level bending and
dipole layer effects is hard to distinguish, and (ii)
for low organic layer thicknesses the HOMO fea-
tures are superimposed with the photoemission
signal from the substrate [28]. And (iii), the mea-
surement of both XPS and UPS shifts leads to a
broader database allowing a better distinction
between dipole and other effects occurring directly
at the interface and level bending effects in the
bulk. The difference AHOMO between the HOMO
energy of the organic material and the Fermi en-
ergy of the substrate directly at the interface can
then be calculated,

AHOMO = AHOMOyy1a1 — % sotal- (5)
Additionally, the interface dipole energy can be
obtained from
eD = —[AEugec — Vo,total]

= —[AHOMO — (IPganic — IPg)]. (6)
In the above equation, a negative sign for eD was

chosen for the case that electrons are accelerated
across the interface (following [5,29]).

In summary, to conclude an energy level
alignment scheme as displayed in Figs. 4 and 6 the
following values had to be measured or calculated:
(1) the ionization potential of the substrate (from
the width of the substrate UP-spectra: Eq. (1)
1Py, (i) the ionization potential of the thick or-
ganic over-layer IPggmic, (iii) the distance of the
HOMO cut-off energy at thick organic layer cov-
erage to the Fermi-energy of the substrate
AHOMO,,; and (iv) the level bending value V4.
The values of AHOMO and eD can then be cal-
culated according to Egs. (5) and (6).

3. Results and discussion

Fig. 2 (left) shows the development of the UPS
spectra for undoped ZnPc on ITO as a function
of the ZnPc layer thickness (data are shown in
an uncorrected kinetic energy scale). The lowest
spectrum is for bare ITO with a Fermi edge at
Exin = 26.5 eV (the signal step at the Fermi edge
for ITO is smaller than for a typical Au Fermi
edge, but can still be clearly resolved). The ZnPc
HOMO peak appears at Ey, =225 eV (maximum
value) and shifts slightly towards lower binding
energies at higher coverage. The width of the
HOMO peak does not change systematically. No
other features in the energy gap range of the UPS-
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Fig. 2. UP-spectra development with increasing organic layer thickness for ZnPc on ITO (left) and F4,-TCNQ-doped ZnPc on ITO
(right). The vertical lines mark the shifts of the high binding energy cut-off and the HOMO peak shift. The values 0.4 and 0.45 eV mark
the (constant) HOMO peak width (i.e. the distance of the peak maximum to the cut-off).
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Fig. 3. UPS energy shifts and XPS peak shifts for ZnPc on ITO
(left) doped ZnPc on ITO (right).

spectra are observed, which would point towards a
chemical reaction at the interface or polaronic
states [30]. On the high binding energy side, the
cutoff first shifts slightly to higher and later back
to lower binding energies, indicating an interface
dipole layer (opposite to the space charge layer
developing later).

Fig. 2 (right) shows the development of the UPS
spectra for ZnPc doped with F4;-TCNQ on ITO.
Again, the HOMO is shifting towards lower
binding energies, together with the HBEC. UPS
and XPS shifts are summarized in Fig. 3. The left
column shows the undoped case of ZnPc¢ on ITO,

vacuum interface dipole eD =-0.3 eV
4.5eV | 1P = 5.5V
(x0.1) (20.2)
E. /* % 0.8eV (£0.2)
ve L HOMO
LT = - 0.50ev (20.15)
substrate ZnPc

vacuum

the right part the shifts of doped ZnPc on ITO.
The top part shows all relevant XPS peak shifts
in a binding energy scale. Zero shift is defined at
the peak position at no coverage for the XPS
peaks belonging to the substrates, and that at
highest coverage for all elemental peaks belonging
to the organic over-layer. The graphs in the center
show the shift of the HOMO cut-off in a binding
energy scale relative to the Fermi edge position of
the substrate, and the change in the HBEC relative
to the position of the HBEC of the substrate. The
bottom graphs summarize the development of the
ionization energy IP and the work-function ®@gc of
the organic layer. Note, that the region where UPS
and XPS peak positions are changing is much
smaller in the doped case, indicating a smaller
space charge layer width at the interface.

Fig. 4 shows the energy diagrams derived from
the photoemission data for the case of nominally
undoped ZnPc (left) and for ZnPc doped with Fy-
TCNQ (right) on ITO substrates. For determining
the level bending from UPS and XPS experiments,
the measurement of the peak position at very low
coverage is an intrinsic problem. We thus took for
the level bending values a mean value of the peak
positions which were reliably observable for the
lowest coverage (namely the Cls and Nls peaks).
For the experiments discussed here, the HOMO
peak shift agrees with the level bending values
obtained from XPS within the error span. In both
the undoped and the doped case, we observe an
interface dipole leading to a potential difference of
about —0.3 eV, with a direction corresponding to
electron transfer to the ITO. It should be noted

eD=-0.33eV
IP = 5.5eV
0.1,
4.7eV Py ¢ )
(20.1) nm
0.21eV (£0.05)
& z HOMO
+1.13eV;
N
%ﬁg/ g /< V,=- 0.92eV (£0.15)
substrate ZnPc:F,-TCNQ

Fig. 4. Energy level scheme as obtained from UPS and XPS for the contact between ITO and ZnPc. The left side shows the energetic
structure for the undoped case; the right side for ZnPc p-doped with F,-TCNQ.
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here that for nominally undoped ZnPc on ITO the
change of the peak positions between 50 and 200 A
must be caused by extrinsic effects like a degra-
dation of the less conductive organic layer. It
cannot be a simple sample charging effect since the
peaks shift towards lower binding energies. Nev-
ertheless, taking 50 A as maximum organic layer
thickness before these effects start to play a role
would lead to a lower ionization potential of the
ZnPc-layer, but at the same time to a lower level
bending V;, and a higher distance of the HOMO
level to the Fermi-level AHOMO,,,; as compared
to the data given in Fig. 4 (left part). This would
result in similar values for the HOMO difference
AHOMO directly at the interface and the dipole
energy eD at the interface. The possible extrinsic
effects is accounted for by the larger experimental
errors given in Fig. 4 for the ionization potential
IPrganic and the total HOMO shift AHOMO, as
compared to doped ZnPc on ITO, where charging
and degradation can be ruled out by the very high
conductivity of these doped films.

The main observations are: (i) The Fermi level
in the doped ZnPc layer is shifted toward the
HOMO states by about 0.6 eV, compared to the
undoped case, clearly showing the effect expected
for p-type doping [22]. (ii)) Accordingly, we see a
much higher level bending in the doped sample
compared to the undoped one. (iii) The width of
the space charge layer is strongly reduced in the
doped sample, compared to the undoped one.
Although these values are more qualitative, one
clearly sees a reduction of the width of the space
charge layer from >15 nm in the undoped to <5
nm in the doped case. With the observed level
bending of /4, = —0.9 eV and the nominal doping
ratio of 1:30 (Na = 1/30 Nyo &5 x 10%° m™3, as-
suming that all dopants are active and all matrix
molecules (density Ny,) provide one charge
transport level), the width w of the space charge
layer can be calculated from standard semicon-
ductor theory (e.g. [31]) to

[2eeq 1

Choosing ¢ = 4 [32] results in a width w of the
space charge layer for the doped sample of 2.8 nm,

which is in reasonable agreement with the experi-
ment. Nevertheless, the origin of the level bending
in the undoped case remains unclear since a much
wider space charge layer than 15 nm should be
observed. For intrinsic organic layers on metal
substrates the origin of such a behavior is still a
controverse subject in literature (e.g. compare
[28,33,34] and [30,35,36]). Additionally, it should
be noted here that the growth mode of the organic
layers investigated is not changed below doping
ratios of 5% [26]. (iv) The interface dipole is of the
same sign and of very similar magnitude as com-
pared to the case of the undoped ZnPc, which
demonstrates that there is no significant accumu-
lation of charged dopant molecules at the interface
and the interface dipole is mainly caused by a
charge transfer between ZnPc and ITO. (v) The
ionization potential is not affected by doping *
[37].

Fig. 5 summarizes the UPS/XPS experiments of
ZnPc on a polycrystalline Au-substrate and of F,-
TCNQ-doped ZnPc on the same substrate. In this
case the level bending (taken from the XPS peak
shifts) is inversed upon doping. The F1s XPS-peak
for ZnPc doped with F4,~-TCNQ on Au was very
weak compared to the Fls peak on ITO. This ef-
fect points towards a reaction of the fluor sub-
stituents at the Au-surface, which might also be
reflected in the behavior of the HOMO cut-off and
the HBEC at thicknesses below 20 A.

Fig. 6 shows the corresponding energy level
alignment diagrams for undoped and doped ZnPc
on an Au-substrate. Again, the distance of the
Fermi level to the HOMO level is decreased by
doping from 1 down to 0.25 eV. Generally, be-
cause of the higher work function of Au as com-
pared to ITO we expect an ohmic behavior for the
Au-semiconductor contact. This is indeed the case
for the undoped sample (left), where an accumu-
lation layer near the interface is observed (positive
level bending), together with an interface dipole
0.15 eV higher, but in the same direction, as for the

3 The ITO ionization potential differs for the undoped and
doped case, although it is physically the same substrate treated
by the same cleaning procedure. It is known from literature,
however, that the ITO workfunction can change dramatically
by small surface modifications.
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Fig. 5. UPS energy shifts and XPS peak shifts for ZnPc on Au
(left) and F4,-TCNQ doped ZnPc on Au (right).

ITO substrate. For the doped layer (right side of
Fig. 6), however, the shift of the Fermi level leads
to a depletion layer near the interface, caused by a
level bending in the opposite direction as com-
pared to the undoped case. Note that the interface
dipoles of the doped and undoped sample change
according to the work-function change of the
substrate, which implies that doping does not
change the interface dipole (which is surprising
taking into account the possibility of a reaction of
F with Au at the interface into account). Although
the ionization potential does not depend on dop-
ing, it is approximately 0.45 eV lower (5.05 eV) for
ZnPc on Au than for ZnPc on ITO (5.5 eV). The

vacuum interface dipole

eD=-045eV
¥ﬁ
4.9eV IP = 5.05eV
(20.1) (£0.10)
1.0eV (£0.1)
B +0.6eV:
108 ~— HOMO
Au- V,=+ 0.40eV (£0.15)

substrate ZnPc

reason for this behaviour is not clear (different
ZnPc growth modes on the ITO and on the Au-
substrate would be a possible explanation), but
our conclusions regarding the doping effect remain
unaffected.

For comparison, we have performed transport
experiments on samples with contacts between
gold and doped ZnPc which confirm the results of
the UPS/XPS study and show how the contact
properties can be adjusted by doping: Nominally
undoped ZnPc forms an ohmic contact with Au
(see [38,39]), whereas p-doped ZnPc leads to a
weakly blocking contact, which is expected from
the band bending caused by the downward shift of
the Fermi level. The contact behavior of doped
ZnPc to Au was determined from current-voltage
measurements on the sample structure: Au/60 nm
undoped ZnPc/440 nm doped ZnPc/Au (prepara-
tion and measurements under high vacuum). The
additional 60 nm thin undoped ZnPc layer was
needed to increase the width of the space charge
layer so that the weak blocking behavior of
the Au/doped ZnPc junction could be seen (com-
pare [40] for the same experiments on vanadyl-
phthalocyanine). Choosing the Au contact near
the undoped inter-layer as anode, injection-limited
rather than space charge limited currents were seen
under positive bias in a voltage range between 1
and 5 V.

4. Summary

We have performed UPS/XPS experiments with
p-doped and with undoped ZnPc layers on ITO

vacuum /eD =-0.65eV
—F
5.15eV IP = 5.05eV
3 #0.10,
(£0.10) (£0.10)
0.25eV (+0.05)
E: oo HOMO
/ 0. 558
//%/// N\V,=- 0.3eV (£0.1)
u-
substrate ZnPc:F,-TCNQ

Fig. 6. Energy level scheme as obtained from UPS and XPS for the contact between Au and ZnPc. The left side shows the energetic
structure for the undoped case; the right side for ZnPc p-doped with F,-TCNQ.
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and Au. The main observation is that by doping
the Fermi level is strongly shifted to the HOMO
level on both substrates. For the doped case the
observed level bending and space charge layer
width agree well with the concept of standard
semiconductor theory. The additionally observed
interface dipole and the ionization potential of the
organic layers are not changed upon doping.
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