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Electronic Structure of Cg/Phthalocyanine/ITO Interfaces Studied using
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The interface electronic structure of a bilayer heterojunction of Cg and three different phthalocyanines grown
on indium tin oxide (ITO) has been studied using synchrotron radiation-excited photoelectron spectroscopy.
The energy difference between the highest occupied molecular orbital level of the phthalocyanine (donor)
layer and the lowest unoccupied molecular orbital level of the Cgo (acceptor) layer (EBomo — Efumo) was
determined. The ERomo — Efumo of a heterojunction with boron subphthalocyanine chloride (SubPc) was
found to be much larger than those of copper phthalocyanine (CuPc) and chloro-aluminum phthalocyanine
(ClAIPc). This observation is discussed in terms of the difference of the ionization energy of each donor
material. Additionally, we have studied the molecular orientation of the phthalocyanine films on ITO using
angle-dependent X-ray absorption spectroscopy. We found that the SubPc films showed significant disorder
compared to the CuPc and CIAIPc films and also found that ERomo — Eftumo varied with the orientation of
the CIAIPc molecules relative to the ITO substrate. This orientation could be controlled by varying the C1AIPc

deposition rate.

I. Introduction

Photovoltaic (PV) cells based on small molecule organic
heterojunctions have been the subject of considerable attention
due to their potential advantages of being low-cost, lightweight,
and mechanically flexible.! However, despite significant recent
advances in cell performance, current power conversion ef-
ficiencies remain too low to make such cells commercially
viable. Therefore significant effort has been expended to improve
the power conversion efficiencies by (1) maximizing the energy
difference between the highest occupied molecular orbital
(HOMO) of the donor and the lowest unoccupied molecular
orbital (LUMO) of the acceptor (ERomo — Ef'umo) to increase
the open circuit voltage (Voc),? (2) inserting an electron or hole
blocking layer for higher short circuit currents (Isc),’ and (3)
modifying the interface structure to overcome the short exciton
diffusion length of organic materials.* The relative alignment
of the energy levels of the constituent materials at the organic
heterojunction interfaces is a key factor influencing the efficiency
of organic PV cells,’ most notably in determining important
cell parameters such as the Voc.°

Recently, various nonplanar phthalocyanine materials used
as electron donors in organic PV cells have been reported to
improve device performance.®~8 For example, chloro-aluminum
phthalocyanine (CIAIPc)/Cgy cells have recently been shown
to display a greater Voc than that obtained from the archetypal
copper phthalocyanine (CuPc)/Cgp heterojunction, with the
device performance also dependent upon the CIAIPc growth
conditions.® Boron subphthalocyanine chloride (SubPc)/Cgg
organic PV cells have also been shown to give a much greater
Voc.”® Energy level alignments at organic/metal, organic/
insulator, and organic/organic interfaces have been studied by
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several research groups.>'9~13 However, surprisingly little is
known about the detailed interfacial electronic structure in
organic PV cells containing nonplanar phthalocyanines such as
ClAlPc and SubPc.

We report here a study of the electronic structure and energy
level alignments of a bilayer of Cgy and various phthalocyanines
(ClAlIPc, SubPc, and CuPc) grown on indium tin oxide (ITO).
The electronic structure was measured using synchrotron
radiation-excited photoelectron spectroscopy (PES). The ERomo
— EPymo separation was measured for each bilayer. Furthermore,
we studied the molecular orientation of the phthalocyanines on
ITO using angle-dependent X-ray absorption spectroscopy
(XAS). We found that the CIAIPc deposition rate affects the
molecular orientation relative to the ITO substrate, and that this
in turn modifies the energy level alignment at the organic
heterojunction interface. We also found that the SubPc film
displayed significant disorder compared to the CuPc and CIAIPc
films. The implication of these results for PV cell performance
is discussed.

II. Experiments

Experiments were carried out at the soft X-ray undulator
beamline X1B at the National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory. Thin films of Cgy/
phthalocyanines were grown in situ on ITO in a custom designed
ultra high vacuum (UHV) organic molecular beam deposition
OMBD chamber (base pressure 2 x 107 torr), attached to a
multitechnique soft X-ray spectroscopy system, described below.
Clean ITO surfaces were obtained via Ar™ ion sputtering and
annealing in UHV. Phthalocyanines and Cgy were deposited onto
the ITO substrate from well outgassed thermal evaporators. The
ITO substrate was at room temperature during deposition and
the film deposition rate was monitored by a quartz crystal
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Figure 1. Molecular structures and the C 1s core-level photoemission
spectra from thin films of CuPc, ClAlIPc, and SubPc. hveyie = 750
eV.

microbalance. Two different deposition rates for CIAIPc were
used: 0.5 and 1.5 A/s. The deposition rate for SubPc and CuPc
was 1.5 A/s, and the rate for Cgo was 0.5 Als. After deposition,
the samples were transferred under vacuum into the spectrometer
chamber (base pressure 2 x 10710 torr).

Beamline X1B is equipped with a spherical grating mono-
chromator, and the photon beam is focused to an approximate
60 x 40 um spot on the sample. C and N K-edge XAS spectra
were recorded by the sample drain current technique to obtain
the total electron yield (TEY) and were normalized to the current
from a Au coated mesh positioned in the incident photon beam.
PES spectra were recorded using a Scienta 100 mm hemispheri-
cal electron analyzer. The C 1s core-level spectra were recorded
using an incident photon energy of 750 eV. The secondary
electron cutoff and valence band spectra were recorded using
an incident photon energy of 250 eV. The onset of photoemis-
sion (and hence the sample work function) was measured with
a negative bias (—9 V) applied to the sample in order to exceed
the work function of the detector. Spectra are referenced relative
to the Fermi level (Ef) of an atomically clean gold foil in contact
with the sample.

III. Results and Discussions

i. Molecular Structure and C 1s Core-Level Spectra.
Figure 1 displays schematics of the molecular structure and C
Is core level photoemission spectra from 15 nm thick CuPc,
CIAlPc, and SubPc films grown in situ on ITO as described
above. The line shapes of these spectra were analyzed by a
standard least-squares fitting scheme using a convolution of
Gaussian and Lorentzian peaks. The width of the Lorentzian
peaks was assumed to be the same for each component. We
obtain a full width at half-maximum (fwhm) for the Lorentzian
of about 0.2 eV. The fwhm for the Gaussian resulting from the
fitting procedure is 0.90—0.98 eV and is similar for each
component. As illustrated in Figure 1, the CuPc molecule has
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a Cu atom in the center of the macrocycle, whereas the C1AIPc
molecule has an Al atom in the center of the phthalocyanine
and bonded to an out-of-plane Cl atom. In contrast, SubPc is
composed of three diiminoisoindole rings N-bonded around the
B atom in the center position, which is bonded to an out-of-
plane Cl atom. Each C 1s spectrum in Figure 1 from these
phthalocyanines consist of four components. Two core-level
states (C—C and C—N) are clearly observed along with two
accompanying shakeup satellites associated with kinetic energy
loss of photoelectrons due to simultaneously excited w—m*
transitions (i.e., HOMO to LUMO transitions). For CuPc, the
energy splitting between the aromatic carbon of the benzene
rings (C—C) and pyrrole carbon linked to nitrogen (C—N) is
~1.3 eV. The shakeup satellite features of CuPc were each
described by Gaussian peaks at a distance of ~1.9 eV from the
corresponding main line. Our measurements agree with earlier
reported photoemission studies.'#

Note that the separation in energy of the shakeup satellites
from the main lines corresponds to the transport gap (ET). Our
value of 1.9 eV for ET for CuPc agrees well with the previously
reported value." In general, the optical band gap (E°PT) is less
than the ET and the difference is the exciton binding energy
(EFX), i.e.10

EOPT — T _ pEX (1

Using the previously reported EOFT for CuPc (1.63 eV).° eq
1 gives EFX = 0.27 eV for CuPc. The C Is core-level spectra
of ClAlPc show an energetic splitting of ~1.4 eV between the
aromatic and pyrrole carbon atoms, and the shakeup satellite
separation at 1.9 eV is the same as that of CuPc. Thus ET for
CIAlPc is also approximately 1.9 eV. The reported ECFT of
CIAlPc is 1.66 eV, also very similar to that of CuPc.!7 In sharp
contrast, the shakeup satellite separation in SubPc is much larger
at 2.4 eV. Thus SubPc has the largest ET between the HOMO
and the LUMO states, consistent with previously reported EOPT
values.” 1017 From these results, we obtain ET = 2.4 eV and
EFX = 0.4 eV for SubPc. The energetic splitting of ~1.6 eV
between the aromatic and pyrrole carbon for SubPc is larger
than that of CuPc and ClAlPc. This indicates that the
nitrogen—carbon bonding in SubPc is stronger than the other
phthalocyanines due to the different molecular structure.

ii. Electronic Structure of Cg/CIAIP¢/ITO. Figure 2a
shows the experimental geometry for the angle-dependent XAS
measurements. We used a polished polycrystalline ITO substrate,
but even on a relatively rough substrate, Pc forms well-ordered
films.!8 Figure 2b presents N K-edge XAS spectra from CIAIPc
grown at 0.5 A/s on ITO. Spectra recorded with the p-polarized
radiation incident at & = 25° and 90° to the sample surface are
shown. The intensity (/) of the 7* resonance in the XAS spectra
(photon energy range 397—405 eV) is related to the tilt angle
a of the ClAIPc molecular plane with respect to the substrate
plane and the photon incidence angle 6 by!®

10) > 1 + %(3 cos’ 0 — (3 cos’ o — 1) )

Using this formula, we estimate the azimuthal average tilt
angle o to be 42° + 5° for CIAIPc deposited at 0.5 A/s on
ITO. Figure 2c presents the equivalent XAS spectra to Figure
2b but for a ClAlPc film grown at 1.5 A/s on ITO. A much
higher intensity for the s7* resonance at an incidence angle of
25° is observed compared to that obtained from a film grown
at 0.5 Ass (Figure 2b). This indicates that the molecular
orientation is different from the film grown at 0.5 A/s. The tilt
angle o is estimated to be 38° &+ 5° for this faster grown film.
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Figure 2. (a) Experimental XAS geometry; N K-edge XAS spectra
for CIAIPc grown on ITO at (b) 0.5 and (c) 1.5 A/s.
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Figure 3. (a) Schematic illustration of some of the important
parameters derived from PES characterization of surfaces and interfaces.
(b) An energy-level diagram for a generic junction formed between an
organic film and an ITO substrate.

Despite the relatively large error bars in this measurement, it is
clear that the deposition rate affects the average ClAlIPc
molecular orientation.

Figure 3 illustrates the procedure used for the determination
of energy-level alignment at the interface. The basic equation
used in interpreting photoelectron spectra is

E,=hv—E — ® A3)

The photon energy (hv) is known and the photoelectron
kinetic energy (Ex) is measured in order to deduce the binding
energy (Ep) referenced to Er. When hv is known, the work
function (®) can be obtained from the measured energy of the
secondary-electron cutoff (Ecyofr), 1.€.

D =hv — Eculoff (4)

The change in the work function, A®, can then be tracked
by measuring E. . after a deposition step. Therefore, the shift

Figure 4. Valence band PES spectra recorded near Ef after the
deposition ofoeach layer of (a) Ceo/CIAIPc (0.5 A/s)/ITO and (b) Ceo/
ClAlPc (1.5 A/s)/ITO.

of this Eqfr indicates the magnitude of the interfacial dipole,
which is equal to increasing or decreasing the work function.?0!
Similarly, the ionization potential (IP) can be obtained from
E uworr and the HOMO onset (Egomo)

IP = hv — (Ecutoff - EHOMO) (5)

Figure 4 presents valence band photoemission spectra col-
lected within 5 eV of Ef, recorded from ITO, the CIAIPc film
grown on ITO, and then the Cg/CIAIPc/ITO bilayer [spectra
from the 0.5 A/s CIAIPc deposition rate films are presented in
Figure 4a and from the 1.5 A/s CIAIPc deposition rate films in
Figure 4b]. The valence band spectra from the different CIAIPc
films are clearly different. This is due to the different relative
molecular orientation. Kera et al. have reported that the
molecular orientation of the outmost layer affects the shape of
photoemission spectra from the valence band and HOMO in
CIAIPc.?? If the direction of the chlorine bond in the outermost
layer is toward the substrate, the photoemission intensity of
st-related molecular orbitals (the HOMO and the feature at ~3.5
eV) is very weak. Furthermore the shape of the HOMO PES
spectrum is also different depending on the direction of the
chlorine bond in the outermost layer.?> The HOMO onset of
the CIAIPc layer deposited at the 0.5 A/s rate on ITO was 0.35
eV below Ep and that of the CIAIPc layer deposited at the 1.5
A/s rate was 0.55 eV. These HOMO onsets of the donor
(ClAIPc) affect the ERomo — Ef'umo and ultimately the measured
Voc of an organic PV cell based on this donor—acceptor
heterojunction. The HOMO onset of the Cgp was 1.40 eV below
the Fermi level in both cases. Consequently, it is reasonable to
assume that the LUMO onset of the acceptor (Cgp) is the same
in both systems.

The determined energy level diagrams derived from analyzing
the spectral changes using the method illustrated in Figure 3,
are presented in Figure 5. We have used a band gap between
the HOMO and the LUMO of 1.9 eV for CIAIPc (as determined
from the satellite structure in Figure 1) and the previously
reported band gap of 2.0 eV for Cg.® The measured ionization
potentials of CIAIPc and Cg are then estimated to be about
5.25—5.35 and 6.3 eV, respectively. The measured ERomo —
Ef'umo is 0.95 eV in the heterojunction with the 0.5 A/s CI1AIPc
deposition rate and it increases to 1.15 eV in that with the 1.5
AJs rate due to the different HOMO onset of the C1AIPc layer.
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Figure 5. Energy level aloignment of (a) Ceo/CIAIPc (0.5 A/s)/ITO
and (b) Ce/ClAIPc (1.5 A/s)/ITO. The ERomo — Efumo energetic
separation for both interfaces is highlighted (dashed oval line).

In the context of an organic PV cell based on this heterojunction,
this implies that the Voc would vary with the CIAIPc deposition
rate, as has recently been reported for a CIAIPc PV cell.?

To probe this observation further, the interface dipoles of the
CIAIPc/ITO were compared to each other. The magnitude of
the interface dipole of the CIAIPc/ITO heterojunction formed
with the 0.5 A/s deposition rate (0.7 V) is larger than that grown
at the faster rate (0.3 eV). In the former case, the large interface
dipole pulls the CIAIPc HOMO up toward Er. The ionization
energy, corresponding to the energy position of the HOMO
relative to the vacuum level, is a unique property of materials.!!
The origin of an interfacial dipole is the charge redistribution
between the organic molecule and the substrate.!!>3 Therefore
the observation of different interface dipoles as a function of
deposition rate can be understood by the different molecular
density of the ClAlPc at the interface. A higher molecular
density means more molecules interact with the substrate and
results in a larger interface dipole. The relative molecular density
can be estimated by the molecular orientation derived from our
angle dependent XAS spectra. The molecular layer with a larger
value of o has a higher density.?* Therefore the interface
between the CIAIPc layer deposited at 0.5 A/s on ITO has a
larger interface dipole than that from the film grown at 1.5 A/s.
Thus different molecular orientations resulting from different
deposition rates influence the interface electronic properties that
are most important for the efficient design and operation of
organic PV cells fabricated with molecular materials.

iii. Electronic Structure of Cg/SubPc/ITO. Figure 6a
shows how the work function (as measured from E¢yfr in PES)
varies with the thickness of a SubPc film and with subsequent
deposition of a Cg film on the SubPc layer. @ increases by 0.2
eV upon deposition of 5 nm of SubPc. This is attributed to the
formation of an interface dipole.2’ However, as more SubPc
was deposited, @ decreases by 0.2 eV, due to downward band
bending (see below). Subsequent deposition of Cg resulted in
a shift of the interface dipole between Cgp and SubPc of 0.5 eV
to higher energy.

Figure 6b presents valence band photoemission spectra
collected within 5 eV of Eg from ITO, from the SubPc film
grown on ITO, and then from the Cg/SubPc/ITO bilayer. As
thicker SubPc films are deposited, it is clear that the SubPc
HOMO shifts toward higher binding energies and the total shift
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Figure 6. (a) Change in the onset of secondary electron PES spectra
after the deposition of each layer of Ceo/SubPc/ITO. (b) Valence band
PES spectra recorded near Er after the deposition of each layer of Ceo/
SubPc/ITO

reaches 0.2 eV at saturation. This confirms that downward band
bending occurs at the SubPc/ITO interface as implied by Figure
6a. The saturation HOMO onset of the SubPc layer was 1.3 eV
below Ep. These HOMO onsets of the donor affect the ERomo
— Efumo and ultimately the measured Voc of an organic PV
cell based on this donor—acceptor heterojunction. On the other
hand, there was no shift in the HOMO energy for the Cgp/SubPc
interface. The HOMO onset of the Cg layer deposited on the
SubPc layer was measured as 1.55 eV.

The energy level diagram derived from analyzing the spectral
changes shown in Figure 6 is presented in Figure 7a. Also
included in Figure 7 is the energy level diagram of Ceo/Cl1AIPc/
ITO obtained from Figure 5b and the corresponding measured
energy level diagram for Cgy/CuPc/ITO. We have used the
previously obtained band gap between the HOMO and the
LUMO of 2.4 for SubPc.” The SuPb/Cg heterojunction, which
showed the largest Voc in PV cells, has the largest ERomo —
Efumo value (1.75 eV). The measured ERomo — Ef'umo in
CIAIPc/Cgp was 1.15 eV and was 1.00 eV for CuPc/Cgg. These
differences in EPyomo - EALumo values are predicted to lead to
enhanced values of Voc for the SubPc-based PVs. However, a
correction term between real Voc and ERomo — Ef'umo may be
needed to account for voltage losses in the device due to large
diode quality factors, high reverse saturation currents, low field-
dependent mobilities of charge carriers, and voltage losses at
the collection electrodes.® There are several factors, which can
control ERomo — Ef'umo at a donor/acceptor interface, such as
the ionization potential of a donor, the electron affinity of an
acceptor, the formation of interface dipoles and charge redis-
tribution across the interfaces.!>? According to the traditional
Schottky—Mott model, ERomo — Ef'umo is the difference
between the ionization potential of a donor and the electron
affinity of an acceptor. In reality, a dipole layer is formed
directly at the donor/acceptor interfaces. An interface dipole
with its positive pole pointing toward the donor and its negative
pole pointing toward the acceptor layer will increase the ERomo
— Ef'umo separation, because the interface dipole results in a
shifting of the molecular orbitals of the donor toward high
binding energy and that of the acceptor in the opposite direction.
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Figure 7. Energy level alignment of (a) Ceo/SubPc/ITO, (b) Ceo/CIAIPc/ITO, and (c) Ceo/CuPc/ITO. (d) Variation of ERomo — Effumo and Voc as

a function of the ionization potential of the three Pc donors.

In this study, the measured ionization potentials of SubPc,
CIAIPc, and CuPc are estimated to be about 5.65, 5.25, and
4.95 eV, respectively. SubPc showed the largest ERomo — Efumo
and has the largest ionization potential, whereas CuPc showed
the smallest ERovo — Ef'umo and has the smallest ionization
potential. These results agree with previous reported device
studies.”® Although each interface of the donor (Pc) and acceptor
(Ceo) has a different interface dipole which will act to increase
EBomo — Ef'umo, we find that this difference is small compared
to that of the ionization potentials of the donors. Figure 7(d)
shows the relationship between the ionization potential of the
donor and both EBomo — Ef'umo, and Voc as measured from
devices made from similar heterojunctions. The difference
between the maximum achievable Voc and ERomo — Ef'umo iS
the energy needed to dissociate the bound electron—hole pair
at the donor/acceptor interface immediately after its formation
via photoinduced charge transfer.”® This figure confirms that
the Voc of organic PV cells based on these different molecular
heterojunctions is related to the ionization potential of the
specific donor materials used.

It is important to note that a SubPc/Cgp PV cells based on a
conventional heterojunction structure with similarthicknesses of
the donor and acceptor layers demonstrated only slightly higher
Voc values than those obtained from a CuPc/Cgg PV cell, with
a severely reduced /sc. When a much thinner SubPc donor layer
was used, the device performance (especially the Voc) dramati-
cally improved.” In order to find the origin of the lower Isc we
studied the molecular orientation of CuPc and SubPc on ITO
using angle-dependent XAS. Figure 8a presents N K-edge XAS
spectra from CuPc on ITO. Spectra recorded with the p-polarized
radiation incident at @ = 25° and 90° to the sample surface are

(a) 15 nm CuPc on ITO (b) 15 nm SubPc on ITO
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Figure 8. (a) N K-edge XAS spectra for CuPc on ITO and (b) SubPc
on ITO.

415

shown. It can be seen that the relative intensity of the 7% and
o* resonances change significantly with the incident angle. The
CuPc molecules are well ordered on ITO substrates, as reported
previously.'® Using eq 2, we estimate the average tilt angle o
to be 70° & 5° for CuPc on ITO. Figure 8b presents N K-edge
XAS spectra from SubPc on ITO. In this case, the 7* and o*
peak intensity is independent of the incident angle. A relatively
weak angular dependence indicates significant disorder in the
film,?” and the molecular disorder results in low field-effect
mobilities.”® Gommans et al. has also reported molecular
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disorder for SubPc on ITO on the basis of microscopy studies.?
Since SubPc molecules on ITO are disordered, a much lower
SubPc layer thickness must be used to enhance Isc and for
optimal device performance.

IV. Conclusions

The interface electronic structure of a bilayer of Cep and three
phthalocyanines grown on ITO has been studied using syn-
chrotron radiation-excited photoelectron spectroscopy. The
EBomo — Ef'umo of a heterojunction with SubPc was found to
be 1.75 eV, whereas those with CuPc and CIAIPc were 1.00
and 0.95—1.15 eV, respectively. This difference was explained
in terms of the difference of the ionization energy of each
material. Additionally, we have studied the molecular orientation
of the same phthalocyanines on ITO using angle-dependent
XAS. For ClAlPc, we found that the orientation of the CIAIPc
molecules relative to the ITO substrate could be controlled by
varying the ClAIPc deposition rate. The SubPc film showed
significant disorder compared to the CuPc and ClAlPc films
and the molecular disorder results in low charge mobility.
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