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Surface potentials of two kinds of phthalocyanine Langmuir-Blodgett (LB) films deposited on metal electrodes
were examined as a function of the number of deposited layers. It was found that the potential built across the
LB films was due to the displacement of excessive electronic charges (electrons and holes) from metals. The
spatial charge distribution in these LB films was determined to be of the order of nanometres in film thickness,
and the distribution of the electronic density of states was also determined assuming the presence of both
electron donating and accepting states at the metal/film interface. The capacitance—voltage (C-V) and current—
voltage (I-V) characteristics of phthalocyanine LB films sandwiched between metal electrodes were examined

taking into account the interfacial electrostatic phenomena.

1. Introduction

In recent years, many investigations have been carried out to
build up tunnel junctions and molecular rectifying junctions
using organic materials with the hope of observing novel and
useful electrical and optical properties.' For this purpose, it is
essential to construct well-defined structures by incorporating
almost pinhole free ultra-thin organic films between two metal
electrodes. Till now, many organic materials including
electrical insulating materials,* semi-conducting materials’
and electrically conducting materials® have been developed,
and the current-voltage (/-V) characteristics of the junctions
using these materials have been examined. However these are
not sufficient. It is essential to clarify the interfacial electronic
phenomena occurring at the metal/film interface, because the
I-V characteristic of the junctions using ultra-thin films will be
ruled by the nanometric interfacial phenomena. In addition,
electrostatic interfacial phenomena have been a subject of
continuous study in the fields of electrostatics and electrical
insulation engineering since the discovery of contact electrifica-
tion.”® It is believed that understanding the nanometric
dielectric phenomena is essential for further development of
electrical insulation engineering.” Similarly it is believed that
this understanding is a key for further development of
commercialized organic materials applications such as electro-
luminescent diodes,'® liquid crystal displays,'! photocopying,'?
etc., and for the development of new organic ultra-thin film
devices."* 13

For understanding the interfacial electrostatic phenomena, it
is obviously important to use ultra-thin films whose thickness is
less than the electrostatic double layer, and to gain information
on the distribution of the electronic density of states and the
spatial charge distribution in the films.'® Thus, Langmuir—
Blodgett (LB) films are suitable,'” because they can be prepared
onto solid substrates by layer-by-layer deposition in the order
of monolayer thickness.'® For example, electrically insulating
polyimide (PI) LB films, with a monolayer thickness of
0.4 nm,* are suitable for the study of electrification. On the
one hand, semi-conducting phthalocyanine films are interesting
and suitable from the viewpoint of electronics applica-
tions.>'??* Further, many electrically conductive LB films
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are interesting from the viewpoint of future electronic device
applications such as molecular wires.®

It is also important to establish a method to gain information
on the nanometric interfacial electrostatic phenomena. In the
field of electrical insulation engineering, several non-destructive
techniques have been developed to determine the space charge
distribution in insulating thick films, e.g., polyethylene.?!-*?
Unfortunately, these measurements cannot be applied to the
determination of spatial charge distribution in organic ultra-
thin films, because the resolution of these measurements is
restricted by the acoustic wave propagation velocity in the
films, and the spatial resolution is limited to the order of
micrometres. On the one hand, the interfacial phenomena in
semi-conducting films have been clarified by capacitance—
voltage (C-V) measurement.”?> This measurement has an
advantage in the detection of net excess charge flow at the
metal/film interface. However we cannot determine the spatial
charge distribution in ultra-thin films in a static state. The
measurement of the ultra-thin films in a static state is crucially
important in order to clarify the nanometric electrostatic
interfacial phenomena. Therefore, in the present study, we
employ surface potential measurement based on the Kelvin-
probe method.'® Using this surface potential method, the
relationship between the surface potential and the number of
deposited LB layers is obtained. In our previous study,'®** we
examined the surface potential of electrically insulating PI LB
films. We then revealed the presence of excessive electronic
charges transferred from metals to PI LB films at the metal/PI
LB film interface, and the formation of electronic space charge
layers of the order of several nanometres at the interface. It was
concluded that a very high density of electronic states of the
order of 10*°-10?° m™* and very high electric field of the order
of 108-10° V. m ! exist at the interface, due to the displacement
of excess electrons from metals into the interfacial electronic
states. Taking into account this nanometric interfacial electro-
static phenomenon, we analyzed the capacitance-voltage
(C-V) and current-voltage (I-V) characteristic of ultra-thin
PI LB films sandwiched between metal electrodes,® and
concluded that this interfacial phenomena give a direct effect
on the electrical transport properties of PI LB films.

In this study, we pay attention to organic semiconductor
films. We measure the surface potential of Cu-tetra(zert-
butyl)phthalocyanine (CuttbPc) and octahexyloxyphthalocya-
nine-copper (C6PcCu) LB films which are deposited on various
kinds of metal electrodes (Au, Cr, Al) as a function of the
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number of deposited layers. Subsequently we determine the
spatial charge distribution formed at the metal/film interface,
and then discuss the distribution of the electronic density of
states. Finally, based on the information obtained here, we
examine the electrical properties of metal-ultrathin film-metal
elements using the C—V characteristics, and discuss the role of
the nanometric interface in the electronic devices.

2. Experimental

2.1 Sample preparation and deposition for surface potential
measurement

Cu-tetra(tert-butyl)phthalocyanine (CuttbPc) and octahexy-
loxyphthalocyanine-copper (C6PcCu) molecules, whose
chemical structures are shown in Fig. 1, were used in this
study. CuttbPc molecules were purchased from Wako Pure
Chemical Industries Ltd., and then used as received without
further purification. C6PcCu molecules were kindly supplied by
Professor K. Ichimura of the Tokyo Institute of Technology.
Both CuttbPc and C6PcCu molecules have one copper atom at
the center of phthalocyanine rings. Firstly, we spread
monolayers of C6PcCu (CuttbPc) on a pure water surface
from a 0.29 mmol 1! chloroform solution (1 mmol 1" xylene
solution) at a temperature of 20 °C. We then transferred the
monolayers onto glass substrates covered with Au, Cr, or Al
evaporated electrodes by the vertical dipping LB technique at a
surface pressure of 27 mN m ™' and a molecular area of 90 A?
at a temperature of 10 °C. Similarly, monolayers of CuttbPc on
a water surface were transferred onto glass substrates covered
with Au, Cr, or Al evaporated electrodes by the horizontal
lifting method at a surface pressure of 20mNm™! and a
molecular area of 50 A2 at 20 °C, except for the first layer which
was deposited by the vertical dipping LB technique. The
monolayer thickness of C6PcCu (and CuttbPc) LB films was

CHs
R = —C—CH,
CH,

determined to be 2.2nm (and 1.7nm) from the X-ray
diffraction pattern of these LB films. In Fig. 1, the electrode
configuration used for the surface potential measurement of
CuttbPc and C6PcCu LB films is illustrated.

Before the surface potential measurement, all samples were
heat-treated for more than one hour at a temperature of 70 °C
for C6PcCu LB films and at 150 °C for CuttbPc LB films in a
vacuum of the order of 107°Torr (1.33x 107% Pa) for the
purpose of removing water molecules adsorbed on the surface
of samples and excess charges generated inside the samples.
The surface potential measurement was carried out under
vacuum (10~° Torr). The surface potential of the LB films (at
LBI1, LB2 and LB3 in Fig. 1) was measured with reference to
the potential of metal electrodes (at P in Fig. 1) by means of the
conventional Kelvin method (Trek, Model 320B) using a probe
electrode (5 mm? electrode area) which is vertically vibrated
with an amplitude of 0.2 mm at a frequency of 120 Hz. Firstly
we placed this probe electrode above metal electrodes at a
distance of 1 mm and measured the potential ¥ of the metal
electrode (at P in Fig. 1). Secondly, we moved the electrode to
the position LB1, and then measured the potential ¥ at this
position in the same manner. Finally, we calculated the
potential difference V71—V, and defined it as the surface
potential of the position LB1. In the experiment, the potential
difference V;—V, was directly measured and determined by
adding the compensation voltage to the probe electrode.
Temperature dependence of the surface potential was measured
at various temperatures in the range —100 to 150 °C on keeping
the temperature for more than 1 hour before measurements.

2.2 Samples for I-V and C-V measurements

The Au/CuttbPc LB film/Al elements were prepared as follows.
After the deposition of CuttbPc LB films as described in section
2.1, we carefully evaporated Al top electrodes at a vacuum of
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Fig. 1 CuttbPc and C6PcCu molecules, and the electrode configuration of the samples used for the surface potential measurement.
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107° Torr using a mechanical shutter. The electrode area S of
the element was about 0.25 mm? (0.5 mm x 0.5 mm). About
30-50% of the elements we made were not electrically shorted.
It was found from optical microscope observation that the
samples electrically shorted were shorted at the edge of the top
Al electrodes with the bottom Au electrode, and the films
themselves were not catastrophically damaged. Further, the
reciprocal capacitance of Al/CuttbPc LB film/Al samples shows
a linear relationship with the number of deposited layers (<20
layers) at a frequency of 1 kHz (not shown here). Thus we may
argue that the deposited CuttbPc LB films are not catastro-
phically damaged by the evaporation of the top Al electrode.
All of the successfully prepared Au/CuttbPc LB film/Al
samples were annealed at a temperature of 100°C in a
vacuum (10° Torr) before the electrical measurement. Cur-
rent—voltage (I-V) characteristics of the samples were mea-
sured in a vacuum (10°® Torr) at a temperature of 20 °C by
applying a triangular voltage with an amplitude ¥, of 1.0 V and
a frequency fy of 2mHz on to a Au bottom electrode with
reference to the Al top electrode. The capacitance of the
elements at a biasing voltage V., was determined using the
eqn. (1).%
I —1.

¢ 8V fo )
Here, I, and I_ were the currents flowing through the circuit
while a triangular applied voltage V., increases and decreases,
respectively.

3. Results and discussion

3.1 Spatial charge distribution and electron density of states

3.1.1 Surface potential. a. CuttbPc LB films. Fig. 2(a)
shows the relationship between the surface potential of
CuttbPc LB films on Au electrode and the number of
deposited layers (n) at various temperatures. The surface
potentials gradually increase as the number of deposited
layers increases for n<3. In contrast, the potentials gradually
decrease as the number of deposited layers increases for
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Fig. 2 Relationship between the surface potential of the CuttbPc LB
film and the number of deposited layers at various temperatures (a) on
Au electrodes, (b) on Cr electrodes, (c) on Al electrodes.

n>3, and the potentials reach saturated values in the range
n=10-20, indicating that the excess charges are displaced in
the range within about 17-34 nm from the film/electrode
interface. The saturated surface potential gradually decreases
as the temperature decreases, and it changes the polarity at a
temperature below 20°C. Fig.2(b) shows the surface
potential of CuttbPc LB films on a Cr electrode. The
surface potentials gradually decrease as the number of
deposited layers increase, and they finally reach saturated
potentials at n=35. The surface potential gradually decreases
as the temperature decreases in a manner similar to the
surface potential change of CuttbPc on Au electrodes (see
Fig. 2(a)). Fig. 2(c) shows the surface potential of CuttbPc
LB films on Al electrodes. The surface potential gradually
decreases as the number of deposited layers increases, and
it reaches a saturated potential at around n=8. Of interest
is that the surface potential on Al electrodes becomes
increasingly negative between 20 and 100 °C. This is a major
characteristic seen for CuttbPc LB films on Al electrodes,
and this characteristic was not seen for CuttbPc LB films on
Cr nor Au electrodes (see Figs. 2(a) and 2(b)).

As mentioned, the surface potential across CuttbPc LB films
depends on the metal of the base electrodes as well as the
number of deposited layers. Similar results were obtained for
PI LB films deposited on metal electrodes in our previous
study,'®?* in which the surface potential built across PI LB
films was due to the displacement of electrons from the metal
electrodes, because the potential does not show a remarkable
dependence of the base metal electrodes when the main
contribution comes from the alignment of the constituent
permanent dipoles in LB films. Further it is instructive here to
note that the surface potential of LB films deposited on
epitaxially grown Au electrodes shows a similar dependence
with that of LB films deposited on Au evaporated electrodes.?’
Thus the effect of the diffusion of Au atoms of the base
electrode is negligible within the limit of our experiment. In the
following, thus we argue that electronic charge exchange
phenomena occur at the metal/CuttbPc film interface. Fig. 3
shows the relationship between work function of the metals
and the saturated surface potential of CuttbPc LB films at 100,
20 and —100 °C. Here, the work function of the Au electrode
was determined as 4.75 eV from the ultraviolet photo-emission
spectroscopy, and the work functions of Cr and Al were
determined as 4.35 and 3.75¢V at 20°C by means of the
contact potential method with reference to the potential of bare
Au-evaporated electrode. The work functions of Cr and Al
obtained by this contact method showed temperature depen-
dence, and they were determined as 4.35 and 3.70 eV at 100 °C,
and 4.40 and 3.75 eV at —100 °C, respectively. Linear relation-
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Fig. 3 Relationship between the saturated surface potential across

CuttbPc LB films and the work function of electrode materials at
various temperatures.
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ships were observed between the work function of the metals
and the saturated surface potentials. These linear relationships
again suggest that electronic charge exchange occurs at the
metal/film interface [see Fig. 5(a)].'® The surface potential of
LB films should be zero when the surface Fermi-level of the
films and the Fermi-level of the metals coincide. Therefore,
judging from the value of the work function at the surface
potential of "=0.0 V in Fig. 3(a), we estimate that the surface
Fermi level of CuttbPc LB films is located at electronic energy
levels of 4.68, 4.75 and 4.94 eV below the vacuum level at
temperatures of 100, 20 and —100 °C, respectively. The surface
Fermi-level of CuttbPc LB films shifts to a higher energy level
as the temperature increases, indicating a characteristic
behavior of so-called p-type semiconductors.??

b. C6PcCu LB films. Fig. 4(a) shows the surface potential
of C6PcCu LB films on Au, Cr and Al electrodes at 20 °C.
The surface potentials depend on the metal electrodes and
the number of deposited layers, indicating that excess
charges are displaced from the metals into the LB films, in
a manner similar to that of CuttbPc LB films. A surface
potential with a positive polarity indicates the displacement
of electrons from the LB films to the metals. In contrast, a
potential with a negative polarity indicates transfer of
electrons in the opposite direction. As shown in Fig. 4, the
surface potential saturates when the number of deposited
layers is about 10, indicating that the excess charges are
displaced in the region within about 22 nm from the film/
electrode interface. The saturated potential of C6PcCu is
higher than that of CuttbPc at a temperature of 20 °C [see
Fig. 2(b)]. For example, the saturated surface potential of
C6PcCu on an Au electrode is about 500 mV, whereas the
potential of CuttbPc on an Au electrode is nearly zero.
This result indicates that the CuttbPc LB film has a stronger
tendency to accept electrons than does the C6PcCu LB
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film. It is interesting here to note that a small hump in the
surface potential is seen for the CuttbPc LB films on Au
electrodes, whereas it is not seen for the C6PcCu LB
films. This difference is due to the difference of the
distribution of the density of surface states as will be discussed
in section 3.1.2.

Fig. 4(b) shows the relationship between the saturated
surface potential and the work function of metal electrodes.
A linear relationship with a slope of nearly unity is obtained, in
particular at a temperature of 20 °C for CuttbPc LB films as
shown in Fig. 3, and also plotted in Fig. 4(b). For C6PcCu LB
films, a similar linear relationship is obtained, where the slope is
0.6, not unity. These results indicate that electronic charges are
exchanged at the metal/CuttbPc LB film interface until the
surface Fermi level of the CuttbPc LB films and the Fermi level
of the metals coincide. On the other hand, the electronic charge
exchange occurs at the metal/C6PcCu LB film interface but the
surface Fermi level of the C6PcCu LB film and the Fermi level
of the metals do not coincide at the interface. One main reason
is that the C6PcCu molecules have long-alkyl chains with an
electric permanent dipole moment. Using the Maxwell
displacement current measuring technique,”®? the vertical
component of the dipole moment of the C6PcCu monolayer on
the water surface was determined as 4.0 D.?” Thus, there is a
possibility that the electric dipoles of C6PcCu make a
significant contribution to the build-up of the surface potential
of C6PcCu LB films. In other words, the charge exchange is
suppressed owing to the presence of dipole layers at the
interface. Although the detail is not clear, we may expect from
the results shown in Figs.4(a) and (b) that the main
contribution to the establishment of the surface potential of
C6PcCu LB films is electronic charges (electrons and holes)
which are displaced from metals. In the following, we
determine the spatial charge distribution in CuttbPc and
C6PcCu LB films.

3.1.2 Spatial charge distribution. As mentioned in section
3.1.1, excess electronic charges are displaced from the metals
into CuttbPc and C6PcCu LB films at the metal/film interface.
As a result, the potential V is built across these LB films as
illustrated in Fig. 5(a). The spatial charge distribution due to
the excess charges displaced from electrodes can be deter-
mined,'® under the assumption that the distribution of charges
is not altered by the layer by layer deposition. That is, the
spatial charge density p(x) at the position x=D is determined
by measuring the surface potential change AV, with the
increment of one-layer AD as in eqn. (2)

&oér A Vs

plx) = L0 ©)
where D is the distance from the metal/film interface, and it is
given by d—AD/2, where d is the film-thickness. In the LB
technique, d is given by d=jAD (j=1, 2, 3, ..., n), where n is the
number of deposited layers, ¢, is the relative permittivity of LB
films, and &g is the permittivity of a vacuum. For CuttbPc LB
films and C6PcCu LB films, ¢, was determined as 2.7 and 4.8
from the relationship between the reciprocal capacitance of
these films and the number of deposited layers.

Fig. 6(a) shows the spatial charge distribution of CuttbPc LB
films on Au, Cr and Al electrode at 20 °C. Here the results were
obtained from Fig.2 by using eqn. (2). The spatial charge
density p(x) steeply decreases as the number of layers n
increases in the range n<4. This result indicates that most of
the excess charges displaced from metal electrodes exist within
the first 3-4 deposited layers. The density of CuttbPc molecules
is about 1.2 x 10’ m™3. Thus about 0.8% of CuttbPc molecules
are expected to contribute to the charge exchange at the metal/
film interface. It is instructive here to note that the polarity of
the spatial charge density p(x) depends on the metal electrodes
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and the number of deposited layers. For example, in the range
n=1-3, the polarity of the charge density p(x) is positive for the
Au electrode, whereas it is negative for the Al electrode. In
other words, CuttbPc LB films have both electron donating
and accepting states at the metal/film interface, and they accept
electrons from Al electrodes and donate electrons to Au
electrodes.

Fig. 6(b) shows the spatial charge distribution in C6PcCu LB
films. Similarly, space charges with very high density are
accumulated in the first and second LB layers, and the spatial
charge density steeply decreases as n increases. These results
suggest that many electron donating or accepting states exist in
LB films at the metal/film interface. It is estimated that about
3% of the C6PcCu molecules in the first layer accept one
electron from the Au electrodes, assuming that the density of
C6PcCu molecules in the LB film is 5.1 x 10** m >,

3.1.3 Distribution of electronic density of states. As illu-
strated in Fig. 5(a), the surface Fermi level of phthalocyanine
LB film and the Fermi level of metals are brought into
coincidence when a thermodynamic equilibrium is established
at the interface.?* The electron energy states occupied with
electrons whose electronic energy is higher than the Fermi level
of the metal electrodes can donate electrons to the metal
electrodes, whereas the electron energy states not occupied by
electrons whose energy is lower than the Fermi level of metal
electrodes can accept electrons from metal electrodes.?
Therefore, the spatial charge density p(x) is expressed by
eqn. (3).°

p(x) = J+OC —enpa(E,x, T)f(E — eV5)dE
+ Jw: enp(E,x, T)(1 —f(E — eVs))dE 3)

Here f(E) is the Fermi-Dirac distribution function, and e is
charge on an electron. E represents the depth of the electron
energy state with respect to the vacuum level (V.L.). na and np
are the density of electron accepting and donating states
(D.O.S.), which work to accept electrons and to donate
electrons, respectively. W, represents the work function of the
metal electrode and 7V is the electrostatic potential at position x
in LB film.

As shown in Fig. 6(a), CuttbPc LB films on Au are positively
charged at a temperature of 20 °C, whereas the films on Al and
Cr electrodes are negatively charged. This result suggests that
electron donating states of CuttbPc LB films extend into the
energy level which is higher than the Fermi level of an Au
electrode, whereas electron accepting states extend into the
energy level which is lower than the Fermi level of Al electrodes
(see Fig. 5(b)). Thus, we conclude that electron donating states
mainly make a contribution to the build up of surface potential
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V, for CuttbPc LB films on Au electrodes, whereas electron
accepting states mainly contribute to CuttbPc LB films on Cr
and Al electrodes. In other words, eqn. (3) is approximately
rewritten as eqn. (4.a)

+00

G(Ey,x, T)=|p(x)/e|= J =np(E,x, T)dE (4.a)

Ey

for positively charged CuttbPc LB films on an Au electrode,
assuming that the Fermi-Dirac distribution function f(E) is
approximately given by a step function varying around the
Fermi level of metals. Similarly, eqn. (3) is approximately
rewritten as eqn. (4.b)

Ey

G(Eo,x,T)=|p(x)/e|= JL | +na(E,x, T)dE (4.b)

for negatively charged LB films on Al and Cr electrodes. In
eqns. (4.a) and (4.b), E, represents the Fermi level of the metal
with reference to the vacuum level, and it is given by
Eo=—Wy+eV; (see Fig. 5(a)). In other words, the position
E, shifts due to the electrostatic potential V in films. Similar
arguments hold for the result of surface potential of CuttbPc
LB films at various temperatures (not shown), except that the
electron accepting states become dominant as the temperature
decreases (see Fig. 2). The G(Ey,x,T) of CuttbPc and C6PcCu
LB films was calculated in a manner similar to that described in
our previous paper.>*

Figs. 7(a) and (b) show the G(Ey,x,7) of CuttbcPc and
C6PcCu LB films, respectively. Curves 1L, 2L, 3L, and 4L
represent the G(Ey,x,T) at positions of x=0.5AD, 1.5AD,
2.5AD and 3.5AD, respectively. Solid lines with open circles
represent the G(Ey,x,T) for electron accepting states, and
broken lines with closed circles for electron donating states.
The marks (Al), (Cr) and (Au) indicated in Fig. 7(a) represent
the G(Ey,x,T7) which are estimated from the data of the
CuttbLB films on Al, Cr and Au shown in Fig. 6(a),
respectively. Similarly, the G(Ey,x,7) was estimated for
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Fig. 7 Relationship between G(E,,x,7) and the energy E, at a
temperature of 20 °C: (a) CuttbPc LB film, and (b) C6PcCu LB film.
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C6PcCu LB films in Fig. 7(b). It is found that very high-
density electron accepting and donating states exist at the first
monolayer of CuttbPc and C6PcCu LB films. Further,
G(Ey,x,T) decreases steeply as the number of deposited
layers increases. From this figure, it is expected that the
Fermi level of C6PcCu is located at an energy of 4.0 eV and
that of CuttbPc at 4.7 eV from the vacuum level at the interface
(see curve 4L). Thus we may argue that CuttbPc LB films have
a stronger tendency to accept electrons from metal electrodes
than do the C6PcCu LB films. Further, we could conclude that
a small hump in the surface potential seen for the CuttbPc LB
films on Au electrodes is due to the difference of the
distribution of density of surface states which extend around
the Fermi level of these films. As mentioned above, we
explained our experimental results assuming the presence of
both electron-accepting and donating states at the interface.

3.2 C-V and I-V characteristics of Au/CuttbPc/Al elements

Discussions for CuttbPc LB films will run in a manner similar
to those for C6PcCu LB films. Thus, in the following, we
confine our discussion to Au/CuttbPc LB films/Al elements. As
mentioned in section 3.1, CuttbPc LB films are charged due to
the excess charges displaced from the metal electrodes. Thus
the electric flux diverging from the excess charges falls on the
metal electrodes, and the electrostatic potential V' is built
across the films. V' is given by eqn. (5).'

Dy
p_ J xp() 4. (5)
s 0 oér

Here Dy is the thickness of space charge layer in the metal/
CuttbPc LB film interface. Thus we expect the Au/CuttbPc/Al
elements are charged in a manner as shown in Fig. 8§(a), when
Au and Al electrodes are electrically shorted, because a
negatively charged layer is formed at the Al/CuttbPc LB film
interface and a positively charged layer is formed at the Au/
CuttbPc LB film interface. The thickness of the negatively
charged layer and of the positively charged layer are estimated
to about 10 nm and 3 nm from Fig. 6(a). The spatial charge
density p(x) at the position x from the Al electrode is expressed
by eqn. (3). On the one hand, when an external voltage Ve, is
applied to the top Au electrode with reference to the upper Al
electrode, the thickness of space charge layer will be changed as
shown in Figs. 8(b) and (c), because the application of Ve, will
produce the additional spatial charge density Ap(Ds) at the
metal/CuttbPc LB film interface. The relationship between the
applied voltage and the spatial charge density p(x) at the Al/
CuttbPc LB film interface is given by eqn.(6) under the
following assumptions: (i) redistribution of charges in films in
the region of 0 <x < Dy is negligibly small, and (ii) the applied
voltage V. is added to the space charge layer at the Al/CuttbPc
LB film interface.

Dy+AD
Vit Vex = J LICIFN (6)
0 &0ér

Here, p(x) is the spatial charge density at the position x from
the Al upper electrode. 7 is the electrostatic potential built
across the Al/CuttbPc LB film interface when V. =0. The
thickness of the space charge layer increases for V., <0,
whereas it decreases for V., >0. Differentiating eqn. (6) with
respect to D, we obtain the relationship between the spatial
charge density p(D;) and the capacitance C, which is given by
eqn. (7)%

2 AV
p(Ds zeosrA(l/Cz) @

assuming that the negatively charged Al/CuttbPc LB film layer
functions as an insulating layer, and the capacitance per unit
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Fig. 8 Energy diagram Au/CuttbPc LB film/Al element (a) in a short
circuit condition (Ve =0), (b) Vex>0, and (¢c) Ve <O0.

area of Au/CuttbPc LB film/Al element is expressed by C=¢ge,/
D.

Fig. 9 shows the I-¥, C-V and 1/C>-V characteristics of the
Au/CuttbPc LB film/Al element at a frequency of 2 mHz. The
I-V characteristic shows a rectifying behavior similar to a
Schottky-type diode,”® and the current [ increases steeply for
Vex>0. Further, the capacitance increases as the applied
voltage V., increases in the range —0.5< V., <1.0 V. The I-V
and C-V characteristics do not depend on the film thickness in
the range —1.0< V< +0.5V. From the electrical measure-
ment, we found that the Al/CuttbPc LB film interface has a
very high electrical resistance of an order of 10'* Q cm, whereas
the bulk and/or Au/CuttbPc LB film interface have a relatively
small resistance of an order of 10® Qcm. Therefore it is
expected that the applied field V., is added to the Al/CuttbPc
interfacial layer, and that the Al/CuttbPc LB film interfacial
layer efficiently blocks current flowing across the film in the
range —1.0< V< +0.5V. From eqn. (1) and Fig. 9(b), the
thickness of the insulating layer is estimated to about 11 nm at
zero bias, and this film thickness just corresponds to the
thickness of the negatively charged layer at the Al/CuttbPc LB
film interface. The thickness of the Al/CuttbPc insulating layer
D, decreases as V., increases, where Dy is 15nm in the
maximum. The capacitance and current increase gently in the
range Ve, <—0.5V. As mentioned in section 3.1, the Fermi
level of CuttbPc LB films is located at an energy of 4.7 eV,
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Fig. 9 The electrical characteristics of Au/CuttbPc LB film/Al ele-
ments: (a) I-V, (b) C—V, and (c) 1/C>—V (Voltage represents V).

whereas the highest occupied molecular orbital (HOMO) level
of CuttbPc LB films is estimated to be located at an energy of
5.2 eV from the cyclic voltammetry measurement (not shown
here). Thus for V., <—0.5V, the HOMO level becomes higher
than the Fermi level of Al electrode, and a very high electric
field with an order of 10° V. cm™! is applied to the Al/CuttbPc
LB film interface. Therefore at the Al/CuttbPc LB film
interface, the current is allowed to flow in the range
Vex<—0.5V, probably due to the electron tunneling or hole
injection between the HOMO level of CuttbPc LB film and the
Al electrode (see Fig. 8 (¢)).

In Fig. 9(c), the 1/C? increases gradually as V., decreases in
the range —02<Veo<+04V. A slope of the 1/C-V
characteristic gives the density of electron accepting states,
and the density is calculated using eqn. (7) and Fig. 9(c). Fig. 10
shows the result obtained. We also plotted the distribution of
spatial charge density obtained using the surface potential
measurement by a solid line. It is interesting to note that the
distribution of p(Ds) obtained by capacitance measurement
agrees with that obtained by surface potential measurement for
3 < Ds< 10 nm, suggesting that most of the excessive electronic
charges in this region can move by application of the external
voltage with a frequency of the order of mHz. On the contrary,
the values of p(Ds) are scattered in the range D;~3 nm and the
distribution of p(Ds) can not be estimated, possibly due to the
increase of the leakage current in our experiment. It is
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Fig. 10 The spatial charge distribution of the Al/CuttbPc LB film
interface determined from the C-V measurement and the surface
potential measurement (solid line).
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interesting here to note that the thickness of Dg~3nm
corresponds to the thickness of the first two-molecular layer.
Thus, from the viewpoint of the determination of the spatial
distribution, it is concluded that the surface potential method is
more helpful to determine the distribution in the range within
several nanometres from the interface. However, from the
viewpoint of device operation, information on the charge
exchange at the interface is required and the C—}" measurement
is helpful. Therefore, the combination of the surface potential
method and C-V measurement will be important for further
development of organic molecular devices.

4. Conclusion

We examined the surface potential V; of CuttbPc and C6PcCu
LB films deposited on Al, Cr and Au electrodes, and then
concluded that the displacement of electronic charges between
metal electrodes and film is responsible for the establishment of
Vs. The spatial charge distribution in these LB films was
determined to be on the nanometre scale, and the distribution
of the electronic density of states was also determined. We
finally concluded the interfacial phenomena and the electrical
properties of ultra-thin films sandwiched between electrodes
can be explained by assuming the presence of both electron
donating and accepting states in CuttbPc LB films.
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