PHYSICAL REVIEW B 83, 085304 (2011)

Dielectric properties of polar-phthalocyanine monolayer systems with repulsive dipole interaction
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Changes in the work function (WF) of phthalocyanine-graphite systems were investigated as functions of
phthalocyanine coverage and the value of the molecular dipole moment by using ultraviolet photoelectron
spectroscopy. The dipoles in the film were found to be perpendicular to the graphite surface, and the coverage
dependence of the WF of each dipole-phthalocyanine—graphite system clearly exhibited a sudden increase before
the monolayer formation depending on the value of the dipole moment. The results show that the dipole-dipole
repulsive interaction impacts the growth and structure of monolayer systems with weak intermolecular and
molecule-substrate electronic coupling. The electric dipole moment and polarizability of each phthalocyanine
in a monolayer was estimated by analyzing the observed coverage dependence of the WF using the Topping
model (nanoscale method). Furthermore, it was demonstrated that the dielectric constant obtained with the
nanoscale method and that estimated using the Helmholtz equation (macroscopic method) were almost the same.
This agreement substantiates the application of the macroscopic model to an organic monolayer that is not a

continuum medium.

DOI: 10.1103/PhysRevB.83.085304

I. INTRODUCTION

Surface dipole modifications have been of great interest
for controlling surface and/or interface properties in organic
and molecular electronic devices, and they are important
especially in tuning the energy-level alignment at organic-
metal interfaces.' Methods of controlling surface properties,
particularly using self-assembled monolayers (SAMs) with
the chemical moiety of an electric dipole, have been widely
investigated to enhance the charge transport properties in
molecule-based devices.* The electric dipole moment (P)
and the dielectric constant (¢) of ultrathin organic layers
are thus important parameters for discussing the electrical
properties of such dipole layer systems. In the past, the work
function (WF) or surface-potential change related to interface
dipoles in SAMs has been analyzed using the Helmholtz
equation, which is derived for continuum media.’"!' In
these analyses, therefore, a specimen is assumed to be a
continuum medium. Furthermore, the effect of the dipole-
dipole interaction, such as a depolarization effect and change
in the total interaction energy of the film, has not been
positively considered until recently, although the dipole-dipole
interaction is a key factor in discussing molecular dipole
systems with weak intermolecular electronic coupling.'

Topping proposed a depolarization model based on the
calculations for a planar sheet of evenly spaced dipoles
on either a square or hexagonal lattice.'> MacDonald and
Barlow addressed polarizable dipoles and suggested a form
for the effective dielectric constant according to the Topping
model;'>!* this was elaborated on by Taylor and Bayes.'> In
this form, the P and polarizability () of a surface-molecule
complex can be determined from the coverage dependence
of WF in the limit of zero coverage.'® The Topping model
is an alternative to the analysis method using the Helmholtz
equation and has been widely used in analyzing the change
in WF by many groups, mainly for inorganic systems.'4!8
The use of the Topping model in studying modification of
organic-device interfaces with polar molecules has been very
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limited, because it is not easy to identify molecular orientation
and monolayer formation for evaporated thin films of large
organic molecules. Estimation of the P, «, and ¢ of such
organic dipole layer systems with the Topping model is
required to understand more deeply the energy-level alignment
at dipole-layer interfaces in organic devices.!” Moreover,
comparison of the ¢ values estimated using the macroscopic
Helmbholtz equation and nanoscopic Topping model for the
same dipole system is necessary to bridge the macroscopic
and nanoscale methods.?’

For inorganic systems, MacDonald and Barlow have al-
ready clarified the connection between the Topping model
and Helmholtz equation.!® For organic systems, Natan et al.
recently investigated this subject computationally using den-
sity functional theory (DFT) calculations.>*' We recently
succeeded in applying this model to an analysis of the change
in the WF of a vacuum-deposited well-defined dipole layer
system that consists of a large w-conjugated molecule with
an electric dipole moment and an inert substrate surface.””
We estimated the P and o of OTi-phthalocyanine (OTiPc)
experimentally.?’ So far, however, to the best of our knowl-
edge, no experimental study has been performed on the
impact of the dipole-dipole interaction on the structure and
dielectric properties of an organic film with an electric dipole,
and on bridging the macroscopic and nanoscopic methods.
Understanding impacts of the dipole-dipole interaction in
weakly interacting molecular systems is a key to unraveling the
growth mechanism of functional organic thin films and their
electronic functions both in the films and at molecule-substrate
interfaces. To go deeper into these issues, we have studied
dielectric properties of organic monolayer systems using
polarized Pc-graphite systems as a function of the molecular
dipole moments.

In the present study, ultraviolet photoelectron spectroscopy
(UPS) measurements were performed on thin films of two po-
lar phthalocyanine molecules with different electric dipole mo-
ments, OV-phthalocyanine (OVPc) and ClAl-phthalocyanine
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(CIAIPc),>>?3 and nonpolar Cu-phthalocyanine (CuPc) on
graphite. We studied the WF change during monolayer growth
for these systems as functions of the coverage and the dipole
moment of the molecule, and compared these results with that
for OTiPc-graphite.”’ We observed a steplike increase in the
coverage dependence of the WF before monolayer formation
depending on the molecular dipole moment, resulting in a
larger molecular (dipole) density and a smaller « in the
monolayer than those extrapolated from a lower coverage
region. By analyzing the observed WF shift using the Topping
model, we estimated the P and o« of the molecules in the
monolayer by taking the effect of the dipole-dipole repulsive
interaction into account. Furthermore, we show that the
macroscopic method can offer ¢ similar to those obtained with
the nanoscopic method, which is consistent with the recent
theoretical results.'

II. EXPERIMENT

He 1 UPS spectra were measured using a previously de-
scribed apparatus.”* The total instrumental energy resolution
of the present measurements was less than 60 meV as measured
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 pyrolytic graphite
(HOPG)-ZYA-grade substrate was cleaved in air immediately
before being loaded into a sample preparation chamber
(~107% Pa) and then cleaned in the usual way by in situ
heating at 620 K for 15 h. The purified OVPc, ClAlPc, and
CuPc were evaporated 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
repeatedly conducted deposition, sample annealing, and UPS
measurements. All UPS spectra were measured at 295 K
after annealing the films at 420 K for 3 h in order to obtain
well-oriented films of monolayer and subsequent multilayers
with p-polarized He 1 radiation. The angle between the incident
photons and detected photoelectrons was fixed to 45° with an
acceptance angle of £12°. For all spectra, the binding energy
(Ep) refers to the Fermi level of the substrate (E;“b).

III. RESULTS AND DISCUSSION

Prior to showing the experimental results, we briefly
summarize here previous results of the growth of OVPc and
CIAlPc thin films on HOPG, namely, the change in molecular
orientation with increasing film thickness and the effect of
annealing on molecular orientation.””?? In as-grown 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
or chlorine atom directed inward to the substrate (downward
orientation). Upon annealing, 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 or chlorine atom directed outward to the vacuum
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(upward orientation). When the second layer is deposited on
this monolayer, the molecules in the outer layer exhibit a
downward orientation as in the OTiPc-HOPG system,?%-23-26
In the oriented monolayer, the electric dipole moments of
the molecules are parallel with the downward orientation and
form a two-dimensional dipole layer, whereas in the bilayer
the electric dipole moments of the first and second layers
cancel each other out. These changes in molecular orientation
were detected by metastable atom electron spectroscopy
(MAES), and the corresponding WF shift and fine structures
of the highest occupied molecular orbital (HOMO) band
were observed using UPS.?>?* Such molecular orientation in
the monolayer and bilayer has been recently confirmed for
CIAlPc by Huang et al. using scanning tunneling microscopy
(STM).%

Examples of the He 1 UPS spectra of OVPc, ClAlPc, and
CuPc on HOPG are shown as functions of the deposition
amount (§) in Figs. 1-3, respectively. In each figure, the VL
region (a) and the HOMO band region (b) are shown. The
spectra 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 measured at
an electron takeoff angle of 45° and a photon incidence angle
of 0° (normal incidence). As seen in Fig. 1(a), the VL of the
OVPc-HOPG first increases for 0 < § < 0.28 nm with §, then
decreases for 0.28 < § < 0.66 nm. and remains unchanged for
8 < 0.66 nm. In Fig. 1(b), in contrast, the HOMO band shows
small changes in position and shape for 0 < § < 0.28 nm and
broadens with § until § =0.56 nm. Finally, the intensity of
the higher-Eg component increases for § > 0.66. The fine
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FIG. 1. (Color online) Examples of He 1 UPS spectra as functions
of deposition amount of OVPc (§) on HOPG (a) in the VL region
and (b) in the HOMO band region. All spectra were 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 VL. The inset shows schematics
of the direction of the molecular electric dipole moment (P) and the
molecular structure of OVPc.
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structures in the very sharp HOMO band for § < 0.28 nm
(indicated by the arrows) originate from vibration coupling of
the hole and indicate that the molecules are well ordered and
have an upward orientation.?>?%?° These & dependences of the
VL and HOMO band positions exhibit the same trend observed
for the OTiPc-HOPG system.”’ We also see in Fig. 1(a) that
the VL increases continuously with § up to § =0.28 nm at
~0.3 eV. It then decreases, reaching a constant value, which
is approximately similar to that of HOPG, at 6 =0.66 nm.
By considering the molecular orientation and the electrostatic
potential owing to the permanent dipole of OVPc,?? these
results indicate that (i) the monolayer of OVPc is formed at
6 =0.28 nm and (ii) the bilayer formation starts at § = 0.28 nm
and is completed at 6 = 0.66 nm, where the dipoles in the first
layer are cancelled by those in the second layer.

For ClAlPc in Fig. 2(a), the VL first increases for 0 < § <
0.36 nm with §, then decreases for 0,36 < § < 0.7 nm, and
remains unchanged for § > 0.7 nm. In Fig. 2(b), in contrast,
the HOMO band shows small changes in position and shape
for 0 < § < 0.36 nm and broadens with § until § =0.6 nm.
Finally, the intensity of the higher-Eg component increases
for 6 > 0.7 nm. The fine structures in the very sharp HOMO
band for § < 0.36 nm come from the vibration coupling and
indicate that the film quality is very high and the molecules
have an upward orientation as in the OVPc films.?>?%?° These
8 dependences of the VL and HOMO band positions are
basically similar to those observed for OVPc-HOPG and
OTiPc-HOPG? systems.

Figure 3 displays the results for the CuPc-HOPG system.
The nominal deposition amount for the monolayer was 0.37 nm
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FIG. 2. (Color online) Examples of He 1 UPS spectra as functions
of deposition amount of CIAIPc (§) on HOPG (a) in the VL region
and (b) in the HOMO band region. All spectra were 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 VL. The inset shows schematics
of the direction of the molecular electric dipole moment (P) and the
molecular structure of CIAIPc.
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FIG. 3. (Color online) Examples of He 1 UPS spectra as functions
of deposition amount of CuPc (§) on HOPG (a) in the VL region and
(b) in the HOMO band region. All spectra were 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 VL.

in our experiments, which was determined by MAES®
and confirmed by the § dependence of the VL and the
HOMO position as shown later. The increase in the VL was
60 £ 10 meV at the monolayer and much smaller than those
in the OVPc-HOPG, CIAIPc-HOPG, and OTiPc-HOPG?
systems.

For a clearer understanding of the § dependences of the
VL and HOMO band positions, we mapped the intensities of
the UPS spectra for the VL and HOMO band regions of each
system as a function of § in Figs. 4-6, which includes the
results not shown in Figs. 1-3. In each figure, the horizontal
axis represents nominal § (nm) and the vertical axis represents
the electron energy relative to E5"°. To map the UPS intensities,
the background of photoelectrons from the substrate has been
subtracted for the HOMO band region. The secondary electron
cutoff corresponds to VL, as shown by the white dotted line in
the figures. The VL shifts in a staircase pattern in the colored
map for 0.36 < § < 0.7 nm in Fig. 5. This originates simply
from the large step of § in the deposition steps in 8, and the
VL must change gradually, as shown by the white dotted line
in Fig. 5. The schematic of the expected molecular orientation
at each 8 is also superimposed in each figure.?>?3

Figure 4 clearly shows that the VL of the OVPc-HOPG
increases continuously with § up to 6 =0.28 nm at ~0.3 eV.
It then decreases, reaching a constant value similar to that of
HOPG at § =0.66 nm. From the molecular orientation and
the electrostatic potential owing to the permanent dipole of
OVPc,?? these results demonstrate that (i) a monolayer of
OVPc is formed at § =0.28 nm [point (A) in Fig. 4], (ii) a
bilayer formation starts at § ~0.28 nm, and (iii) the bilayer
is completed at § =0.66 nm [point (B) in Fig. 4], where the
dipoles in the first layer are cancelled by those in the second
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FIG. 4. (Color online) Map of He 1 UPS spectral intensities for VL
and HOMO band regions of the OVPc-HOPG system as a function
of deposition amount (8). The vertical axis represents an electron
energy relative to E5™°. VL corresponds to the cutoff of the secondary
electron (indicated by the white dotted line). (I)—(I1I) indicate regions
of monolayer and double-layer formation, and (A) or (B) corresponds
to § of the monolayer and double layer being formed. Schematic of
the expected molecular orientation at each deposition amount is also
shown.

layer. The bilayer formation at § ~0.66 nm can be confirmed
by the saturation in the increase in the Eg of the HOMO
as well as the change in the HOMO band shape at point B
[see also Fig. 1(b)], where the dipole layer potential owing to
the oriented monolayer is cancelled by that of the second layer.

For ClAlPc, we see similar results to those for OVPc in
Fig. 5, where the VL increases continuously with § up to
§=0.36 nm at ~0.47 eV and then decreases, reaching a
constant value similar to that of HOPG at § ~ 0.7 nm. Taking
into account the molecular orientation and the electrostatic
potential owing to the permanent dipole of CIAIPc,>® these
results can also be understood by considering that (i) the
monolayer of CIAIPc is formed at § =0.36 nm [point (A) in
Fig. 5], (ii) the bilayer formation starts at § = 0.36 nm, and (iii)
the bilayer is completed at § =0.7 nm [point (B) in Fig. 5],
where the dipoles in the first layer are cancelled by those
in the second layer as for OVPc and OTiPc.?’ The bilayer
formation can be also confirmed by the Ep position of the
HOMO (point B), where the § dependences of the HOMO band
position and shape saturate as seen in Fig. 2(b). As discussed
later, however, an interesting increase in the WF exists just
before the monolayer formation in both systems.

For CuPc, changes in the VL and the HOMO position
saturate at § = 0.37 nm (indicated by A), although the change
in the VL upon the monolayer formation is much smaller than
those of the OVPc and ClAIPc systems. This result shows that
the monolayer was formed at § = 0.37 nm, which is consistent
with § for the monolayer formation determined by MAES.*°

We can obtain the P and « of the monolayers by analyzing
the present data on the WEF, the energy difference between
VL and E}*®, of each system during monolayer formation
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FIG. 5. (Color online) Map of He 1 UPS spectral intensities for VL
and HOMO band regions of the CIAIPc-HOPG system as a function
of deposition amount (8). The vertical axis represents an electron
energy relative to E5™°. VL corresponds to the cutoff of the secondary
electron (indicated by the white dotted line). (I)—(I1I) indicate regions
of monolayer and double-layer formation, and (A) or (B) corresponds
to § of the monolayer and double layer being formed. Schematic of
the expected molecular orientation at each deposition amount is also
shown.

within the Topping model. For a semiconductor, a change
in WF results from two main contributions:'* (i) that of the
molecular dipole layer (eAd¢pip) and (ii) adsorbate-induced
change in surface potential owing to charge exchange through
the interface (e AV;). The total WF change (eA¢) is therefore
given by

eAp = 3A¢Dip + eAV, (D

In the OVPc and ClAIPc on HOPG systems, we can
approximate eA Vs = 0 because contribution (ii) is very small
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FIG. 6. (Color online) Map of He 1 UPS spectral intensities for VL.
and HOMO band regions of the CuPc-HOPG system as a function
of deposition amount (8). The vertical axis represents the electron
energy relative to E3*°. VL corresponds to the cutoff of the secondary
electron (indicated by the white dotted line). (I)—~(II) indicate regions
of monolayer and double-layer formation, and (A) corresponds to
é of the monolayer being formed. At 0.37-nm deposition (A), the
VL and HOMO positions show critical changes simultaneously,
indicating a monolayer being formed, which was confirmed by MAES
Ref. 30.
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as understood from the eA¢ observed for the present CuPc-
HOPG and in previous studies.’®*° This can be also supported
by the recovery of the VL at the bilayer for OVPc and Cl1AIPc
systems in Figs. 4 and 5 respectively. A small eA¢ in the
CuPc-HOPG is related to an induced dipole and/or potential by
physisorption and can be included in e A¢p;, in the following
analyses.

The observed WF change is thus dominated by the density
of the oriented dipole of the molecule. In this case, e Adp;p, is
expressed as'*!”

-1
e 9« 3/2 9 3/2
eA¢Dip = ﬂ:aPnDip [1 + FSOI’ZD/iij N fdep = FgonD/ip’

(@)

where np;j, and gy are the dipole density and vacuum
permittivity, respectively. The polarizability volume «’, which
is usually used for condensed media,*' is defined as

, o

T dmey )
In passing, one should be careful about the reported value
of the polarizability, because 4w« is often used as the value of
the polarizability in the surface science field.!”"'* The dipole
density may be expressed as'®
0
Npip = ﬁb, “
where 6 is the coverage of OVPc, CIAIPc, and CuPc (0 < 6 <
1 ML), d is the lattice constant of each monolayer system,
and b is a constant related to the lattice structure of adsorbed
molecules (b= 1 for a square lattice and 2/+/3 for a triangle
one). The second term in parentheses in Eq. (2), called
the depolarization factor fuep, is a correction to the WF
change owing to an interaction between the dipoles.'-!*!” This
contribution reduces the effective electric field at the site of
a particular dipole. As the unit cell of the phthalocyanine
monolayer on graphite was reported to be square for both
CuPc (a; = 1.50 nm, b; = 1.50 nm at 77 K)*>* and square
for CIAIPc (a; = 1.51 nm, b, = 1.51 nm nm at 77 K)* from
STM studies, b is 1.'® Hence, Eq. (2) becomes

ePo o\
eAdpip = i807 1+ 9a' <d_2) ; )

where we use the polarizability volume «’. Here, we assume
that the lattice constant of the OVPc monolayer is the same
as that of the CIAIPc-HOPG system; thus, d=1.51 nm for
both OVPc and CIAIPc. We also reanalyze the previous OTiPc
data®® with d=1.51 nm.

Figures 7(a)-7(d) show the WF versus molecular coverage
(0) plot and some fitting curves, as well as the previous
results on the OTiPc-HOPG system.?” In these plots § =1
corresponds to the monolayer, which was identified by the
vacuum level change, HOMO band structure in UPS, and
spectral intensity of MAES, and the 0 scale is assumed to be
proportional to § for 0 < 6 < 1. Therefore, the 8 dependence
of the WF deviates suddenly from that expected from Eq. (5)
when the intermolecular distance is changed more rapidly than
that expected from the variation of § or 6. For CIAIPc in
Fig. 7(a), we clearly observed a steplike increase in the WF
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FIG. 7. (Color online) Coverage dependence of the work function
for (a) ClAlPc, (b) OVPc, (c) OTiPc Ref. 20, and (d) CuPc, where
1 ML (@ =1) corresponds to 6 =0.36, 0.28, 0.38 Ref. 20, and
0.37 nm, respectively. In (d), results of independent experiments (H)
are superimposed to show experimental accuracy. In the low-coverage
region, WF increases linearly along dashed lines [1], [2], [3], and [4],
giving a dipole moment of 3.70 D for C1AIPc, 2.27 D for OVPc,2.16 D
for OTiPc, and 0.38 D for CuPc. The colored curves in each panel
represent fitting curves with different ’ (see text). The colored curve
coupled with two dashed curves in (a), (b), and (c) gives the most
plausible «’. The separation of these two dashed curves corresponds
to an error coming from the determination of the dipole moment. The
definition of the bond length of the central part (d;) and the effective
thickness including electron spread (d) are shown in (a) (see text and
Table I). A schematic representation of the molecular orientation and
the direction of the dipole (P) of all dipole phtalocyanines is shown
in (b).

near 6 ~ (0.72. Note here that such a sudden increase in the WF
in ClAlPc can be seen also in OVPc at 6 ~ 0.85, as marked by
the dashed ovals in Figs. 7(a) and 7(b). Such a discontinuity
in the coverage dependence also exists for OTiPc, which was
not mentioned in the previous paper.?’ The discontinuity was
observed for the three dipole systems and not for nondipole

085304-5



FUKAGAWA, HOSOUMI, YAMANE, KERA, AND UENO

CuPc as shown in Fig. 7(d), where the CuPc system shows a
smooth increase in the WF with 6. It is easily expected from
Eq. (2) that the discontinuity in the coverage dependence of
the WF near 6 ~ 1 for the three dipole molecules can be related
to a rapid increase in the dipole density.

As the physical structure of a molecular ultrathin film is
governed by a fine balance between weak molecule-molecule
interactions and a laterally varying weak molecule-substrate
interaction potential, the discontinuities may originate from a
structure transition mediated by the balance of the repulsive
intermolecular dipole-dipole interaction and the attractive
dispersion interaction. Kroeger et al. reported that spot
profile analysis—low-energy electron diffraction (SPA-LEED)
of a CuPc-Ag(111) system has a rich structure phase with
two-dimensional-gaslike disordered and ordered structures
for the CuPc.** In particular, they showed a continuous
change in lattice parameters with increasing coverage for
long-range-ordered structures just below monolayer (ML)
coverage (0.89-1 ML at 300 K and 0.75-1 ML at 130 K) owing
to a substrate-mediated repulsive intermolecular interaction
similar to the case of tin-phthalocyanine-Ag(111).>3 On the
other hand, Mannsfeld and Fritz showed that the point-on-line
coincidence reduces the interface potential energy, where all
overlayer molecules lie on primitive lattice lines of the sub-
strate surface lattice.’®” As the physical structure of or-
ganic ultrathin films on graphite is governed by a fine
balance between various molecule-molecule interactions and
a laterally varying weak molecule-substrate interaction, the
packing geometry of molecules may change suddenly during
monolayer formation in the present case. This is because
the dipole-dipole repulsive interaction (~r~3, where r is the
intermolecular distance) is a longer-range one than other
intermolecular attractive interactions (e.g., the dispersion in-
teraction ~r~°),3® and the molecules prefer to lie on primitive
lattice lines of the graphite surface.*® Accordingly, this effect
may result in a sudden increase in the 6 dependence of
the WF near 6 =1 owing to a faster increase in the dipole
density than that extrapolated from a lower-6 region, and
this increase may be larger for phthalocyanine with a larger
dipole moment. The values of the dipole moment are in the
order of P (ClAlPc) > P (OVPc) > P (OTiPc) > P (CuPc)
as determined below, and the discontinuity is larger for the
larger-dipole molecule. These results are consistent with the
above consideration. From these results, the discontinuity can
be ascribed to a structure transition that is related to the
dipole-dipole repulsive interaction.

Prior to analyzing the higher-6 region, we first obtain P
by analyzing the 6 dependence of WF in the low-6 region.
For the low-6 region, we obtain the following relation because
f dep < 1:

np=+lpl _1%p 6
e ¢ - P d2 - €0 npip- ( )

In this case, WF increases linearly with np;, and thus P is
determined by the slope of the eA¢-vs-9 plot. In the low-6
region, we see that WF changes nearly linearly with 6, as
shown by dashed lines [1]-[4] in Figs. 7(a)-7(d), respectively.
We thus obtained P as 3.70 Debye (D) for ClAlPc, 2.27 D
for OVPc, 2.16 D for OTiPc, and 0.38 D for CuPc. The
experimental P and calculated P of each molecule, which are
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shown in Table I, were different. The calculated P was obtained
using the DFT method with the standard B3LYP/LANL2DZ
in the optimized structure of each molecule. The experimental
value was smaller than the calculated value for all dipole
molecules. We examined other calculations for P and found
that the calculated value is very sensitive to the distance
between the central metal and the protruding atom. We
speculate that the difference between the experimental and
calculated P values originates mainly from the accuracy in the
calculated chemical structure, because the difference between
the experimental and calculated P values is larger than the
induced dipole by a weak molecule-graphite interaction that
was observed for the CuPc-HOPG.

Using the obtained P value, we can estimate o’ by fitting
Eq. (5) with the WF change in the higher-6 region by setting
o’ as a variable parameter. However, there is a sudden increase
in the WF change in the higher-6 region depending on the
molecular dipole. In this case, Eq. (5) implies that the WF
change becomes larger owing to the rapid increase in the dipole
density near 6 = 1. Thus we must use the data above the 6
value, at which the discontinuity appears, to determine the o’
in the monolayer. Given these considerations, we fitted Eq. (5)
with the observed results (the colored curve in each figure)
and, using the lattice parameter determined for the CIAIPc
Ref. 27 and CuPc Ref. 32 monolayers, obtained o’ = 1.05 x
10728 m? for CIAIPc and OVPc, and o’ < 0.50 x 10~28 m? for
CuPc. For OTiPc, o’ = 1.05 x 1072 m3 or 0.85 x 10~2 m?,
where the latter value was from the uppermost fitting curve
in Fig. 7(c). The reevaluated value for OTiPc was slightly
smaller than the previously determined value.”’ The results
are summarized in Table I.

We next estimate the dielectric constants of all polar
phthalocyanine monolayer systems (OTi-, OV-, C1Al-Pc) using
the following two methods. (i) First, the Helmholtz equation,lo

(N

is used, where AV is the surface-potential change and
corresponds to A¢, wu is the dipole moment per unit area,
¢ is the angle between the dipole and the surface normal,
and e’ is the dielectric constant in the Helmholtz model.
In Eq. (7), the number density of dipoles is assumed to be
1 per 1.51 x 1.51 nm? Ref. 27. Using the obtained P and
observed WF change, we determined the dielectric constant in
all systems as summarized in Table I, where the comparison
of the estimated P and calculated P is also summarized. (ii)
Second, the relation between ¢ and o’ is applied, which is
expressed as®

T ®)
Vv

Here, y, is the electric susceptibility, and N/V is the number

of molecules per unit volume. In Eq. (8), we obtained N/V
from molecular thickness and the area for the molecule. For
the molecular thickness, we used two different thicknesses:
the first was the interatomic distance at the dipole (d,), and the
second was an effective molecular thickness that includes the
electron spread obtained by adding the ion radius of each atom
to d. (d}). d. is assumed to be the calculated value from the
optimized molecular structure in the DFT calculation. The
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TABLE I. Dielectric properties of the monolayer of polar phthalocyanines and Cu-phthalocyanine on graphite. Ae¢, P, o', and ¢ are the
work-function change (vacuum level shift), electric dipole moment, polarizability volume, and dielectric constant, respectively. The structure

parameters used to estimate ¢’ are summarized.

ClAlPc OVPc OTiPc* CuPc
Aeg (eV) 0.47 + 0.01 0.30 = 0.01 0.29 + 0.01 0.06 + 0.01
P D) 3.70 £+ 0.04 2.27 £ 0.04 2.16 £ 0.04 0.38 + 0.04
Calc. P (D) 5.28 2.79 3.73 0
o’ (m?)° 1.05 x 10728 1.05 x 10728 1.05 x 10728(0.85 x 10728)¢ <0.50 x 10728
ghle 1.30 £ 0.04 1.25 + 0.06 1.23 £+ 0.06 <I1.11 £ 0.03
gt 1.20 1.28 1.28(1.22) -
gl 1.03 1.13 1.12(1.10) <1.06
d. (nm)" 0.228 0.160 0.164 -
d. (nm)! 0.448 0.362 0.389 0.37
Square unit cell 1.51 x 1.51 nm?* ClAIPc cell assumed ClAIPc cell assumed 1.50 x 1.50 nm?¥

“Reevaluated values using lattice parameters of a, b = 1.51 nm (see Ref. 20). ¢’ value in Ref. 20 is 47 a’.
"Dipole of free molecule obtained by DFT calculation (B3LYP/LANL2DZ).

“Polarizability volume of single molecule in monolayer o’ = /4w ey.

4Value in parentheses is the expected smallest value [see the uppermost fitting curve in Fig. 7(c)].

‘e estimated by the Helmholtz equation [Eq. (7)].

fe estimated by Eq. (8), where the molecular thickness is assumed to be d..

te estimated by Eq. (8), where the molecular thickness is assumed to be d.

"Bond length of O-Ti, O-V, and Cl-Al obtained by DFT calculation (B3LYP/LANL2DZ).

iEffective thickness of the molecular layer with electron spread obtained by adding an ion radius of each atom to d..
iNominal thickness of the monolayer determined by MAES experiments Ref. 30.

kValues are from Ref. 27 (C1AIPc) and Ref. 32 (CuPc).
'Values in parentheses were obtained with o’ = 0.85 x 10728 [m?].

schematic representations of d, and d. are shown in the inset
in Fig. 7(a). % and £ are obtained by assuming the molecular
thicknesses to be d, and d, respectively. All these values and
those for CuPc are summarized in Table 1.

Finally, we compare the estimated values of ¢ obtained by
using methods (i) and (ii). The fact that the ¢ values estimated
by using the two different methods were almost the same
clearly demonstrates that the Helmholtz equation is applicable
to a system that is not a continuum medium and to a system
with a dipole-dipole interaction if the value of the dipole in the
Helmholtz equation involves the depolarization effect. The ¢
estimated for the present molecular sheet of large molecules is
much smaller than those of other organic dipole layer systems
such as SAMs because the dipole density in the present system
is smaller owing to the larger molecular size.'”

IV. CONCLUSION

We achieved the monolayer formation of polar phthalocya-
nines (CIAIPc, OVPc, and OTiPc) and nonpolar CuPc on an

inert graphite surface and measured the coverage dependence
of WF for these molecules. By analyzing the WF change using
the Topping model, we obtained the electric dipole moment
and polarizability of the phthalocyanines in the monolayer. We
also estimated the dielectric constant of the phthalocyanine
monolayers and found that the values estimated using the
macroscopic Helmholtz equation and the nanoscopic Topping
model were almost the same. This demonstrates that the
Helmholtz equation is applicable to the nanoscale system,
although the nanoscale system is not a continuum medium.
Furthermore, we observed an effect of the dipole-dipole
repulsive interaction on the intermolecular two-dimensional
structure, which plays an important role in monolayer growth
and structure in weakly interacting polar-molecule—substrate
systems.
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