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Experimental estimation of the electric dipole moment and polarizability of titanyl phthalocyanine
using ultraviolet photoelectron spectroscopy
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Changes in the work function (WF) and binding energy of the highest occupied molecular orbital (HOMO)
level in a titanyl phthalocyanine-(OTiPc) graphite system were studied as a function of OTiPc coverage by
ultraviolet photoelectron spectroscopy. We observed that the WF increases with the coverage of the oriented
OTiPc until the formation of the monolayer, while the energy position of the HOMO level stays almost
unchanged with respect to the Fermi level. By analyzing the observed coverage dependence of the WF using
the Topping model, we estimated the electric dipole moment and polarizability of OTiPc in a monolayer.
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Organic optoelectronic devices have attracted attention in
recent years due to their various applications and flexibility.!
An electric dipole layer at an organic and/or metal interface
participates in the collection and injection of charges at the
interface and plays an important role in the performance of
the devices.? Campbell and co-workers,® and Ganzorig et al.*
demonstrated that a Schottky barrier can be manipulated by
the insertion of a dipole layer between a metal and an or-
ganic material, using self-assembled monolayers (SAMs)
with a chemical moiety of an electric dipole. However, it is
not clear whether a thermodynamic equilibrium is achieved
in these systems because of the strong insulating nature of
the alkyl chains in SAMs. Recently, Kera et al.’> have dem-
onstrated quantitatively that an interface dipole layer induces
a change in the binding energy of the highest occupied mo-
lecular orbital (HOMO) level, which is equal to a change in
work function (WF) for a well-defined system in which a
thermodynamic equilibrium is achieved. The molecular elec-
tric dipole, interfacial electric dipole, and interfacial polariz-
ability are directly associated with the carrier dynamics at
organic and/or metal interfaces.® However, the lack of the
experimental values of the electric dipole moment and polar-
izability of a molecule has hindered quantitative studies on
the energy level alignment and energetics of carriers at the
interfaces. As a result, the effects of molecular dipoles on
these issues have been discussed using theoretical values.?
For more quantitative studies, it is thus necessary to obtain
the experimental values of the electric dipole moment and
polarizability of the molecule used in an organic device.

In general, the adsorption of molecules onto a solid sur-
face causes changes in their charge distributions near the
surface, leading to the creation of a surface dipole layer. As a
consequence, the modifications of the WF are observed.” In
the past, the WF change related to interface dipole in SAMs
has been successfully analyzed using Helmholtz equation
that is derived for a continuous dipole sheet.’>"'° In these
analyses, however, the effect of the dipole-dipole interaction,
which causes a depolarization field at a certain position of
the molecule depending on the arrangement of all surround-
ing molecular dipoles, is not positively considered. On the
other hand, Topping proposed a depolarization model based
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on the calculations for a planar sheet of evenly spaced di-
poles on either a square or hexagonal lattice.!! In this model,
the electric dipole moment and polarizability of a surface-
molecule complex can be determined from the coverage de-
pendence of the WF in the limit of zero coverage.'? This
model is an alternative to the analysis method using Helm-
holtz equation and has been widely used in analyzing the
change in WF by many groups mainly for inorganic
systems.!>"!1> The reason why this model has not been ap-
plied to organic systems is that it is difficult to control the
surface coverage of large molecules in organic dipole layer
systems such as SAMs. In this paper, we applied this model
to the analysis of the change in the WF of a well-defined
dipole layer system, which consists of a 7-conjugated mol-
ecule with an electric dipole moment and an inert substrate
surface, to estimate experimentally the electric dipole mo-
ment and polarizability of the molecule.

Ultraviolet photoelectron spectroscopy (UPS) measure-
ments were performed for thin films of titanyl phthalocya-
nine (OTiPc), which has an electric dipole moment perpen-
dicular to the molecular plane, vacuum deposited on
graphite. On graphite, the molecule-substrate interaction is
very small due to a weak van der Waals interaction, and thus
an intentional dipole layer can be realized by preparing an
oriented OTiPc layer.>!® We studied the WF change in the
OTiPc/graphite system as a function of the coverage of the
molecule by UPS, and observed a continuous increase in WF
during monolayer formation. By analyzing the observed WF
shift using the Topping model, we estimated the electric di-
pole moment and polarizability of the OTiPc molecule in the
monolayer for the first time.

Hel UPS spectra were measured using the previously de-
scribed apparatus.'” The total instrumental energy resolution
of the present measurements was less than 60 meV as mea-
sured from the Fermi edge of an evaporated Au film. The
sample was biased by —5.0 V so that the secondary-electron
cutoff of the spectrum would yield the vacuum level (VL).
The energy difference between the VL and the Fermi level
corresponds to the WF of the sample. A highly oriented py-
rolytic graphite (HOPG)/ZYA-grade substrate was cleaved in
air immediately before loading into a sample-preparation
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chamber (~ 1073 Pa), and typically cleaned by in situ heating
at 620 K for 15 h. The purified OTiPc was carefully evapo-
rated onto the HOPG substrate in the sample-preparation
chamber at a substrate temperature of 295 K. The amount
and rate (0.05 nm/min) of deposition were measured with a
quartz microbalance. The sample was then introduced into
the measurement chamber for in sifu measurements. We re-
peatedly conducted deposition, sample annealing, and UPS
measurement. All UPS spectra were measured at 295 K after
annealing the films at 420 K for 3 h.

Prior to showing the experimental results, we briefly sum-
marize the previous results of the growth of OTiPc thin films
on HOPG, namely, the change in molecular orientation with
increasing film thickness and the effect of annealing on the
molecular orientation.'®!® In the as-grown OTiPc film on
HOPG with a monolayer and a submonolayer of nominal
thickness, molecules form bilayer islands in which most of
the molecules in the outer layer are oriented flat with the
oxygen atom directed inward to the substrate (downward ori-
entation). Upon annealing at 373-423 K for 3—12 h, the
molecules spread from the islands over the substrate surface
to form monolayer domains in which all the molecules are
oriented flat with the oxygen atom directed outward to the
vacuum (upward orientation). When the second layer of
OTiPc is deposited on this monolayer, the molecules in the
outer layer exhibit a downward orientation. In the oriented
monolayer, the electric dipole moments of the molecules are
parallel and form a dipole layer, while in the bilayer, the
electric dipole moments of the first and second layers cancel
each other. These changes in molecular orientation were de-
tected by metastable-atom electron spectroscopy,”® and the
corresponding WF shift was observed by UPS.?!

Examples of Hel UPS spectra of OTiPc on HOPG are
shown as a function of deposition amount (8) in Figs. 1(a)
and 1(b), for the VL and HOMO band regions, respectively.
The binding energy (E) was measured from the Fermi level
of the substrate (E}"). The angle between the incident pho-
tons and the emitted electrons was fixed to be 45°. The spec-
tra of the VL region were measured at an electron takeoff
angle of 0° (normal emission) and a photon incidence angle
of 45°. The spectra of the HOMO band region were mea-
sured at an electron takeoff angle of 45° and a photon inci-
dence angle of 0° (normal incidence). As seen in Fig. 1(a),
the VL first increases for 0 < 6=0.38 nm with &, then de-
creases for 0.38<0=<1.28 nm and remains constant for
1.28 nm< 4. In Fig. 1(b), on the other hand, the HOMO
band shows small changes in position and shape for 0=<46
=<0.38 nm, and broadens with & until 6=0.88 nm. Finally,
the intensity of the higher Ep side component increases for
1.08 =< 8. These & dependences of the VL. and HOMO band
position are not parallel, which is different from that ob-
served conventional organic and/or metal systems.” To
clarify this phenomenon, we mapped the intensities of the
Hel UPS spectra for the VL. and HOMO band regions as a
function of §in Fig. 2, where the results not shown in Fig. 1
are included. In Fig. 2, the horizontal axis represents &
(nanometers) and the vertical axis represents the electron en-
ergy relative to E?’b. To map the UPS spectra intensities, the
background photoelectrons from the substrate was subtracted
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FIG. 1. Examples of Hel UPS spectra as a function of deposi-
tion amount of OTiPc () on HOPG in VL region (a) and HOMO
band region (b). All of the spectra are measured at 295 K after
annealing each film at 420 K for 3 h with a =5 V bias applied to the
sample to observe the VL. The Ejp scale refers to E;‘lb. The angle
between the incident photons and the emitted electron is fixed to be
45°. The spectra of the VL region are measured at a photoelectron
takeoff angle of 0° (normal emission) and the spectra of the HOMO
band region are measured at a photoelectron takeoff angle of 45°
(normal incidence). The inset illustration shows the schematics of
the direction of the molecular electric dipole moment (P) and opti-
mized molecular structure of OTiPc from MO calculation.

for the HOMO band region. The secondary electron cutoff
corresponds to the VL as shown in Fig. 2 (white dotted line).
The schematic of the expected molecular orientation at each
& is also shown.'®19 It is clearly seen that the WF increases
continuously with increasing & up to 6=0.38 nm at about
0.29 eV and then decreased, reaching a constant value,
which is similar to that of HOPG, at about 6~ 1.28 nm. By
considering the molecular orientation and the electrostatic
potential due to permanent dipole of OTiPc (dipole
potential),'® these results indicate that (i) the monolayer of
OTiPc is formed at §~0.38 nm [point (A) in Fig. 2] and (ii)
the bilayer formation starts at =0.38 nm [region (IT) in Fig.
2] and stops at 5~ 1.28 nm [point (B) in Fig. 2], where the
dipoles in the first layer are canceled by those in the second
layer. The bilayer formation at about 6~ 1.28 nm can be
confirmed by the increase in the Ep position of the HOMO
(point B), where the dipole layer due to the oriented mono-
layer is completely cancelled by that of the second layer.?! In
this paper, we note the change in the electronic structure in
monolayer formation region (I), although those in regions
(I1) and (III) are also of interest.

The observed continuous WF change during monolayer
formation is caused by the change in averaged dipole poten-
tial that depends on the coverage of upward OTiPc. It is
worth noting, on the other hand, that the Ep position of the
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FIG. 2. (Color) Map of Hel UPS spectra intensities for VL and
HOMO band regions of OTiPc/HOPG system as a function of
deposition amount (). The vertical axis represents the electron en-
ergy relative to E;“b. The VL corresponds to the cutoff of the sec-
ondary electron (indicated by the white dotted line). (I)-(IIT) indi-
cate the regions of the monolayer and double layer formation, and
(A) or (B) corresponds to & of the monolayer and double layer
being formed. The schematic of expected molecular orientation at
each deposition amount is also shown.

HOMO relative to E‘}“b slightly changes during monolayer
formation. We indicate that the change in WF reflects the
dipole potential of the system averaged over a wider area,
while the Ep position of the HOMO relative to E}“b is af-
fected by the dipole potential that acts on each molecule.!”
Evidence that the Ej; position of the HOMO relative to Ej°
is not determined by the averaged dipole potential can be
seen not only in region (I) but also in region (I) in Fig. 2,
where the Ep position of the HOMO stay unchanged while
WF decreases drastically depending on the coverage of
downward OTiPc. We can obtain the electric dipole moment
(P) and polarizability («) of OTiPc by analyzing of the
present WF data for the OTiPc/HOPG system during mono-
layer formation within the Topping model. For a semicon-
ductor, a change in WF results from two contributions:'® (i)
the contribution of the dipole layer eAdrp;, and (ii) the
adsorbate-induced change in surface potential due to charge
exchange through the interface (band bending) eAV, The to-
tal WF change eA¢ is therefore given by

eAd=eApi,+eAV,. (1)
In the OTiPc/HOPG system, we can assume eAV, =0 since
the interaction and charge exchange between the molecule
and the HOPG substrate are very small (~10 meV) com-
pared with eA¢ observed in the present experiments.>!02?
The observed WF change is thus dominated by the oriented
permanent dipole density of OTiPc. In this case, eAdp, is
expressed as'#

¢ 9a 5\ 9a 3
eAdpi,= = S_OPnDip<1 + E"Dip) s Jaep= 177 Dip>
2)
where np;;, and g, are the dipole density and vacuum permit-
tivity, respectively. The dipole density may be expressed as'’
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FIG. 3. (Color) Dependence of sample work function (WF) on
OTiPc coverage, where 1 ML corresponds to 6=0.38 nm (see Fig.
2). In the low coverage region (~0.3 ML), the WF changes along
the dashed line (a). The colored curves represent fitting curves with
different polarizabilities determined using the Topping model. The
schematic representation of the molecular orientation and the direc-
tion of the dipole (P) in the monolayer of OTiPc are also shown.

0
nDip = ;b’ (3)

where 6 is the coverage of OTiPc (0< < 1), d is the lattice
constant of this system, and b is a constant related to the
lattice structure of adsorbed molecules. The second term in
parentheses in Eq. (2), called the depolarization factor f, is
a correction to the WF change due to the interaction between
the dipoles, which reduces the effective electric field at the
site of a particular dipole. Here, we assume that the lattice
constant of the present monolayer is the same as that of a
CuPc/HOPG system with a square unit cell of 1.37 nm
X 1.37 nm.?* For a square surface unit cell, b=1.'3

Figure 3 shows the WF vs OTiPc coverage (O) plot and
some fitting curves, where 1 monolayer (ML) corresponds to
6=0.38 nm. A clear WF change of about 0.29 eV is observed
after the deposition of 1 ML of OTiPc. First, we obtain P by
analyzing the & dependence of the VL, which directly corre-
sponds to the & dependence of the WF, in the low coverage
region. For the low coverage region (np;,<1), we obtain the
following relation, since fgep,<1.

e
eAqS: =+ S—PnDip. (4‘)

In this case, the WF increase% linearly with np;;, and thus
P is determined by the slope of the eA¢ vs np;, plot. Thus,
the initial variation in WF for the low OTiPc coverage region
gives P. In the low OTiPc coverage region (~0.3 ML), we
see that the WF changes nearly linearly with &, as shown by
the dashed line (a) in Fig. 3. We obtained P=1.77+0.05 D
from the slope of the dashed line (a). The present experimen-
tal value is smaller than the calculated value (3.73 D) using
the density functional theory (DFT) method with B3LYP/
LanL2DZ in the optimized structure. We performed some
other calculations of P and found that the calculated value is
very sensitive to the distance between O and Ti. We specu-
late that the difference between the experimental and calcu-
lated P values originates mainly from the difference in
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chemical structure between free and adsorbed molecules.
The Topping model is applicable to the system where mol-
ecules do not aggregate to form an island but distribute uni-
formly on the surface even below monolayer region.'! The
fact that the WF changes nearly linearly with 6 and the ad-
ditional step structure in the cutoff region of secondary elec-
trons is not observed in Fig. 1; (a) demonstrates that the
molecules do not form large islands on the surface, although
the details of the film growth model have not yet been clari-
fied. If the molecules came together in a large domain, a
large potential difference would appear between the
molecule-covered region and the bare region of the substrate,
resulting in the formation of an additional structure in the
cutoff region.?!

Using the obtained P value, we analyzed the WF change
in the high coverage region using Eq. (2) by setting the po-
larizability as a variable parameter [colored lines (1)—(3) in
Fig. 3], and determined the polarizability of OTiPc to be «
=(1.0+£0.3) X 107" m>. In passing, we estimated the dielec-
tric constant of the OTiPc monolayer system from the Helm-
holtz equation.” The potential change AV is described by the
Helmholtz equation,

Av=EEE2 (5)

€&

where u is the dipole moment per area, ¢ is the angle be-
tween dipole and surface normal.” The density of dipoles is
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assumed to be 1/1.37 %X 1.37 nm?. Using the obtained P and
observed WF change, we determined & to be about 1.22. The
dielectric constant of large molecules estimated in molecular
sheet of flat-lie system is smaller than other organic dipole
layer system such as SAMs because the dipole density is
small.’

In conclusion, we observed a continuous WF change with
the coverage of a polarized molecule on an inert graphite
substrate surface. The observed WF change is dominated by
the effect of the change in the coverage of the polarized
molecule. By analyzing the present WF change using the
Topping model, we obtained the electric dipole moment and
polarizability of OTiPc in a monolayer. In addition, we esti-
mated the dielectric constant of the OTiPc in a monolayer,
and found that the estimated value is smaller than other or-
ganic dipole layer system such as SAMs because the dipole
density is small.
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