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Abstract

Organic semiconductors (polymers and small molecules) are widely used in electronic and optoelectronic technol-
ogies. Many devices are based on multilayer structures where interfaces play a central role in device performance and
where inorganic semiconductor models are inadequate. Synchrotron radiation techniques such as photoelectron
spectroscopy (PES), near-edge X-ray absorption fine structure (NEXAFS) and X-ray standing wave spectroscopy
(XSW) provide a powerful means of probing the structural, electronic and chemical properties of these interfaces. The
surface-specificity of these techniques allows key properties to be monitored as the heterostructure is fabricated. This
methodology has been directed at the growth of hybrid organic-inorganic semiconductor interfaces involving copper
phthalocyanine as the model organic material and InSb and GaAs as the model inorganic semiconductor substrates.
Core level PES has revealed that these interfaces are abrupt and chemically inert due to the weak bonding between the
molecules and the inorganic semiconductor. NEXAFS studies have shown that there is a preferred orientation of the
molecules within the organic semiconductor layers. The valence band offsets for the heterojunctions have been directly
measured using valence level PES and were found to be very different for copper phthalocyanine on InSb and GaAs (0.7
and —0.3 eV respectively) although an interface dipole is present in both cases.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction remarkable in recent years. However, the precise
relationship between molecular and electronic

The exploitation of the semiconducting nature structure and device performance is still poorly
of organic molecules in thin film form has been understood and there is a healthy interest in

studying model systems based on both polymers

and small molecules. It is accepted that no one
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information. A combination of techniques is thus
essential and synchrotron radiation methods are
among the most powerful available probes. In the
field of small organic molecule structures, many
studies of the fundamental properties have adopted
an approach using surface science techniques dur-
ing the in situ growth of the key interfaces [1-9].

In such studies, two main types of molecules
have emerged as prototypes — perylene derivatives
(in particular perylene tetracarboxylic dianhy-
dride, PTCDA) [1-4] and metal phthalocyanines
[5-9]. These molecules can form highly ordered
structures even though the chemical bonding be-
tween the molecules and the substrate is generally
weak. The energy band profiles reveal band offsets
and interface dipoles which cannot be predicted
using simple models, and the organic film can
modify the surface density of states on the sub-
strate. Synchrotron radiation photoelectron spec-
troscopy (PES) in the VUV-soft X-ray regime has
been extensively applied to monitor the interface
bonding and band alignment in the growth of all-
inorganic heterojunctions, and this approach can
be applied with equal success to hybrid organic—
inorganic interfaces. It appears that these systems
are in many cases more ideal than the corre-
sponding inorganic junctions where there is often
an interfacial layer [10].

In order to relate changes in electronic states
and bonding to structural and morphological
changes, other complementary techniques are
required. However, it is possible to apply other
synchrotron radiation techniques to obtain this
missing information; for example, the technique
of X-ray standing wave spectroscopy (XSW) can
discriminate between competing structural models,
and has been successfully applied to adsorbates on
low-index faces of inorganic semiconductors [11].
Since many of the small organic molecules used
are planar, a further synchrotron radiation tech-
nique is increasingly used to monitor the structure
of the organic film. Near-edge X-ray absorption
spectroscopy (NEXAFS) uses the polarisation of
the synchrotron beam to probe the orientation of
the organic molecule relative to the substrate sur-
face [3,7].

The model systems chosen here to illustrate the
use of these techniques in the study of inorganic—

organic interfaces are copper phthalocyanine
(CuPc) films on the (00 1) faces of the inorganic
semiconductors InSb and GaAs. Phthalocyanines
and PTCDA have been shown to form initially
ordered layers on GaAs(00 1) only if the surface is
passivated by chalcogen atoms prior to exposure
to the organic molecules [1,2]. However, both
molecules have been shown to form ordered layers
on the In-terminated (00 1) and (11 1) surfaces of
InSb and InAs [8,9]. The orientation of the mole-
cules is also strongly dependent on the substrate
preparation. CuPc appears to lie flat on ordered
surfaces but stands on end on disordered sur-
faces [7]. The organic molecules can also show a
coverage-dependent orientation — CuPc which ini-
tially adsorbs as an ordered layer on InSb(111)
shows an orientation away from normal in the
thicker film [6]. Inorganic-organic interfaces have
a well-defined band offset and often a large in-
terface dipole; for example, the dipole at the
CuPc-InSb(111) interface is comparable to the
valence band offset (0.5 and 0.7 eV respectively)
[6].

Since it appears that the organic molecules re-
quire passivated GaAs but unpassivated InSb sur-
faces for ordered growth, these two substrates
provide a useful comparison for organic thin film
growth. This study compares the adsorption of
CuPc on the narrow gap InSb(0 0 1) surface and the
wider gap S-passivated GaAs(00 1) surfaces using
synchrotron radiation techniques combined with
low energy electron diffraction (LEED) to provide
a parallel probe of composition, electron density of
states, Fermi level position and structure.

2. Experimental

The growth of organic thin films and the
preparation of the III-V semiconductor surfaces
were performed in situ at the SRS and BESSY
storage rings. PES experiments were performed
using low energy photons (50-200 eV) at beamline
4.1 at the SRS and photoelectrons were collected
at normal emission using a hemispherical electron
energy analyser (Scienta). NEXAFS experiments
were performed at beamline PM1 at the BESSY 11
synchrotron radiation facility and photoelectrons
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were collected in partial yield mode using a range
of substrate-beam geometries.

In all experiments, the organic semiconductor
thin films were prepared by thermal evaporation
from Knudsen cells in ultrahigh vacuum (UHYV).
Stable evaporation rates of ~0.1 nm min~' were
obtained at pressures <1 x 107 mbar. The In-
Sb(001) surfaces were prepared by cycles of Ar
ion sputtering and annealing at 400 °C; the struc-
tural integrity was monitored using LEED and the
chemical composition by XPS. The GaAs(001)
surfaces were prepared by chemical etching of
n-type wafers (Freiberger Compound Materials)
using dilute S,Cl, and rinsing in tetrachloroethene.
The 2 x 1 reconstructed surface was obtained by
annealing to 400 °C in UHV.

3. Results and discussion

The In4d and Sb4d core level spectra shown in
Fig. 1 illustrate the use of synchrotron radiation
PES to monitor interface bonding. These shallow
core level electrons were photoexcited from the
near-surface region of the clean InSb(00 1) surface
(Fig. 1(a)) and the CuPc-covered surface (Fig.
1(b)) using soft X-rays of photon energy 65 eV.
The Sb 4d and In 4d emission spectra are resolved
into spin-orbit split doublets, and a single com-
ponent for each spectrum yields a satisfactory fit
(solid lines) through the data points. The In-
Sb(00 1) surface prepared by Ar-ion sputtering and
annealing yields a characteristic ¢(8 x 2) LEED
pattern corresponding to the In-terminated surface
[8,13]. Although the surface involves In dimerisa-
tion, only a single binding energy component is
needed to fit both In 4d and Sb 4d spectra [13].
Following the growth of a 1.2 nm CuPc overlayer,
both core levels are attenuated to 37% of their
original intensity, but there is little change in
lineshape apart from a slight increase in the overall
broadening (Fig. 1(b)). This remarkable observa-
tion reflects the weak bonding at the interface
between the inorganic and organic layers, and
suggests that this interface is abrupt at the mo-
lecular level. Furthermore, there is no shift of ei-
ther peak following CuPc¢ adsorption, and this
suggests that the Fermi level remains near the
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Fig. 1. Photoelectron emission spectra from the Sb4d and In4d
core levels of the clean InSb(00 1) c(8 x 2) surface (a) and the
same surface covered with a 1.2 nm CuPc film (b). The points
represent the measured data and the solid lines are a least-
squares fit using spin-orbit split doublets generated using Voigt
functions. Apart from some broadening, there is little change in
either core level spectrum indicating a weak interfacial bonding.
Photon energy = 65 eV.

conduction band minimum for this n-type mate-
rial.

The situation is rather different for the adsorp-
tion of CuPc on the S-terminated GaAs(00 1)
surface (Fig. 2). In this case, the surface, prepared
by chemical etching and subsequent heating in
UHYV, shows a 2 x 1 LEED pattern, and there is
less consensus on the precise composition and
structure of the surface. Most studies suggest
dimerisation as the driving force, but there is
less agreement on the composition of the dimers
[12,14,15]. Previous synchrotron radiation PES
studies suggest that the surface region is largely
composed of S and Ga atoms and that there are at
least two chemically distinct S sites and at least one
non-bulk Ga site [12]. S-incorporation into the
GaAs lattice is possible, and other structural
techniques are needed to investigate this further.
In a study of the S-terminated InP(0 0 1) surface by
XSW, it has been shown that a simple S-S dimer
model is not consistent with the data, and it
appears that, although the S atoms appear to be
located at P lattice sites, there is more than one
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Fig. 2. Photoelectron emission spectra from the As3d and
Ga3d core levels of the S:GaAs(001) (2 x 1) surface (a) and the
same surface covered with a 0.5 nm CuPc film (b). The points
represent the measured data and the solid lines are a least-
squares fit using spin-orbit split doublets generated using Voigt
functions. The low kinetic energy components of the Ga3d
spectrum correspond to the surface Ga atoms and there is little
change on CuPc adsorption. Photon energy = 97 eV.

S site, and again sub-surface S incorporation is
suggested [11].

The As 3d component shown in Fig. 1(a) is
dominated by the bulk GaAs component, al-
though a low-intensity component at higher ki-
netic energy is also present. The intensity of this
peak depends on the precise processing steps, and
is often absent for S:GaAs 2 x 1 surfaces. These
surface As atoms are not believed to play a role in
the surface reconstruction [12]. The Ga 3d emis-
sion peak is very different to the clean GaAs(001)
surface in that there is a significant low kinetic
energy contribution from surface and near-surface
Ga atoms. These lower kinetic energy components
are related to S—Ga bonds [12] and any changes in
the surface bonding during the adsorption of the
organic material might be expected to affect these
Ga components most strongly. However, as can be
seen in Fig. 2(b), there is little change in the rela-
tive intensities and positions of the various com-

ponents although there is an increase in the overall
broadening and a large decrease in the absolute
intensities as the GaAs substrate is covered by a
uniform layer of CuPc. It therefore appears that
the bonding between the organic layer and the
GaAs(001) substrate is again weak as observed
for the CuPc-InSb(00 1) interface. However there
is, in this case, a shift of both As and Ga core
levels to lower kinetic energy as the surface is
covered with CuPc. This movement is due to a
shift of the GaAs band edges with respect to the
Fermi level. Even though the interfacial bonding is
weak, the CuPc adsorption modifies the surface
state distribution and with that the charge in the
surface states. Since the surface charge in the sur-
face states implies a compensating space charge,
changes in the surface state distribution result in
changes of the relative Fermi level position.

Although the PES technique yields chemical
and electronic information, it is less sensitive to the
structural changes occurring as the organic over-
layer is grown. The molecular orientation within
the CuPc layer is revealed using NEXAFS spec-
troscopy to probe the C 1s absorption edge as
shown in Fig. 3. The orientation dependence of the
CuPc molecule in a thick film on S-GaAs(001) is
reflected in the different relative intensity of the
near-edge features at different collection angles.
The peaks closest to the absorption edge corre-
spond to m—7m* resonances in the CuPc molecules
and these have a maximum intensity when the
polarisation vector is parallel to the pi-orbitals,
which are perpendicular to the molecular plane in
CuPc. The strong variation with angle in the in-
tensity of these peaks is evidence for a preferred
orientation of the molecules away from the surface
plane. This is in contrast to the adsorption of
PTCDA on the S:GaAs(001) surface, where the
molecules prefer to lie parallel to the surface [2].
CuPc molecules have been reported to adopt a flat-
lying structure on ordered substrates, and a more
upright structure on disordered substrates [7],
so the upright CuPc molecules on the ordered
S:GaAs(2 x 1) surface appear not to follow this
general trend.

Having established that the atomic integrity of
the substrate inorganic surface remains intact on
CuPc adsorption and that the organic material
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Fig. 3. C K-edge NEXAFS spectra corresponding to a thick
CuPc film grown on the S:GaAs(001) (2 x 1) surface. The
strong angle-dependence of the near-edge m—n* resonances in-
dicate a preferred orientation of the CuPc molecules away from
the surface plane.

forms a uniform film on these surfaces, it is then
possible to probe the nature of the bonding states
and the energy band line-up by direct measure-
ment of the valence band photoelectron spectra.
For InSb, the valence band maximum is observed
at 0.2 eV below the Fermi level as shown in the
upper spectrum in Fig. 4. As the CuPc overlayer is
grown, the spectrum becomes dominated by the
organic molecular levels and the highest occupied
molecular orbitals (HOMO) that define the va-
lence band maximum for the organic semicon-
ductor films become established above 0.6 nm.
There are no shifts in any of the CuPc levels as
the film grows and this confirms that there is no
charging or band-bending in the organic layer.
From the measurement of the InSb and CuPc
valence band maxima, the valence band offset for
this hybrid heterojunction is found to be 0.7 eV.
This value corresponds to straddled interface (type
I heterojunction) with almost equal offset in the
valence and conduction band of CuPc. It is also
possible using PES to obtain a further parameter
for these interfaces — the interface dipole. It has
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Fig. 4. Valence band photoemission spectra for the clean In-
Sb(001) (8 x 2)surface and following selected CuPc coverages.
The valence band edge of the clean InSb is clearly defined and
the CuPc band edge is defined by the HOMO peak that is ap-
parent above 0.6 nm. Photon energy = 65 eV.

become apparent in recent years that large energy
differences can be present at organic heterojunc-
tions, and by measuring the work function changes
(via the secondary electron onset for a biased
sample) these values can also be obtained. For the
InSb(0 0 1)-CuPc system, an interface dipole is
indeed suggested and the value is comparable to
the valence band offset.

The corresponding development of the valence
band emission spectra for the S:GaAs(00 1)-CuPc
interface, is shown in Fig. 5 and shows many
similarities. The clean surface valence band maxi-
mum is well-defined and the CuPc HOMO be-
comes clear at coverages above 0.8 nm allowing
the valence band maximum for the organic semi-
conductor to be measured. However, in this case,
there is a significant band bending shift in the
substrate levels and a shift in the CuPc levels.
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Fig. 5. Valence band photoemission spectra for the
S:GaAs(001) (2 x 1) surface and following selected CuPc
coverages. Spectra have been corrected for band-bending shifts.
Photon energy = 97 eV.

These shifts have been subtracted from the data of
Fig. 5 to reveal a valence band offset of —0.3 eV
which corresponds to a staggered heterojunction
(type 11 heterojunction).

4. Conclusions

Synchrotron techniques applied in parallel
provide a powerful probe of the key features of
inorganic—organic semiconductor heterojunctions.
Molecular-scale information regarding the struc-
ture, electronic structure and chemical bonding
can be obtained along with parameters such as the
heterojunction band offset, band bending and in-
terface dipole. Such studies on the InSb—CuPc¢ in-
terface in particular have shown this interface to

be a model system with weak interfacial bonding,
an abrupt interface, no band-bending and a well-
defined valence band offset and interface dipole.
CuPc adsorbs as a uniform layer on the S:GaAs
surface with a negative valence band offset.
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