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The interfacial electronic structure sfconjugated Langmuir-Blodgett (LB) films [octasubstituted palladiumphthalocyanine
(PcPd) and preylene-tetra-carboxyldiimide derivative (PTCDI-Spent)] deposited on Au electrodes was examined by ultraviolet
(UV) photoelectron spectroscopy (UPS), and the results were compared with these obtained by the surface potential measure-
ment in a dark vacuum vessel. As the number of deposited layers increases, the energy shift was observed in the UPS spectra,
which were found to correspond well with the surface potential change. This result indicates that excess electronic charges are
transferred from LB-films to the Au electrodes until a thermodynamic equilibrium is established at the metal-film interface,
resulting in the formation of an electrostatic double layer within the range of 1 to 2 nanometers in thickness. The contribution
of layers sandwiched between the metal and the PcPd molecular film to the UPS spectra was also examined.

KEYWORDS: Langmuir-Blodgett film, electrostatic phenomena, space charge, surface potential, UPS

) and PTCDI-Spent LB films was measured. Based on these

1. Introduction conclusions, and taking account of the electrostatic phenom-

Recently, there has been much interest in electronically ogna at the metal/film and film/film interfaces, we presented a
ganic materials in association with electronic device applimodel of the energy diagram of the PcPd/PTCDI-Spent dou-
cations, and many organic electronic devices have been piae layer films sandwiched between two Au electrodes. How-
posed. Among these are tunnel junctions, molecular rectifgver, this is still not sufficient to fully understand the inter-
ing diodest~® photovoltaic cell;® and electroluminescent facial electronic phenomena. Thus, in this study, we carry
devices'™ in which the construction of well-defined struc-out the ultra-violet (UV) photoemission spectroscopy (UPS)
tures by incorporating almost pinhole-free thin films that poso further clarify the electronic structure of the PcPd (and
sess functionalized molecules between metal electrodes is BJ-CDI-Spent) molecular film/Au interface. Finally, we com-
sential. Until now, various -conjugated Langmuir-Blodgett pare the UPS spectra of these molecular films with the results
(LB) films such as phthalocyanit&? and perylene deriva- obtained by the surface potential measurement.
tive'® have been synthesized, and the current—volthg¥
characteristics of the elements using these LB films have be%n
examined. However, these studies are not sufficient. It is Three types of LB film (denoted as PcPd, PTCDI-Spent,
also essential to clarify the interfacial electronic phenomerand PolC5F), whose chemical structures are shown in Fig. 1,
occurring at the interface, because the function of these orere used in this study. PTCDI-Spent has a large electron
ganic devices originates at the electrode/film and film/filnaffinity and ionization potential, whereas PcPd has a small
interfaces. As has been pointed out by many investigatorgectron affinity and ionization potential. PolC5F, which was
when an organic film is in contact with metal electrodes, elesynthesized from 1H-1H-5H-perfluoro-1-pentanol and poly
trons are transferred from electrode to film (or from film to(octadec-1-en-co-maleicanhydride) by a method similar to
electrode) at the metal/film interface and the organic films
are charged*1”) Thus information on the interfacial elec-
tronic structure of organic films which takes into account of RO OR
electrostatic phenomena is important for a better understan
ing of the device operation. It is helpful to study the elec-
trostatic phenomena of organic films with thickness smalle g .} - NI/ R i s 7
than the thickness of the electrostatic double [&§éf) In j;jli;"""d"&;[:[
our previous study?) using a Kelvin probe method for the !
surface potential measurement, surface potentials of oct
substituted palladium-phthalocyanine (PcPd) and perylene R = CiH

Experimental

i . . . RO R

tetra-carboxyl diimide derivative (PTCDI-Spent) LB films on
Au electrodes were measured at various temperatures in (a) PcPd
dark vacuum vessel. It was concluded that excess electror

. - _— — CH =——t-
charges are transferred from these LB films to Au electrode, Q 0 R R
and an electrostatic double layer on the order of nanomete ;CHCHZ-N Q.Q ch,cn] - COOH COOR-
in thickness is formed at the metal/film interface. Similarly,* Q ' Y R R=CgH3Fg-
the surface potential created at the interface between Pcl g = gc.n,,

(c) PolC5F
) ] ] . (b) PTCDI-Spent
*Ipresent address: Department of Electrical and Electronic Engineering,
Shinshu University, 4-17-1 Wakasato, Nagano 380-8553, Japan. Fig. 1. Chemical structure of molecules used in this study. (a) PcPd, (b)

*2Corresponding author. PTCDI-Spent, and (c) PoIC5F.
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Table 1. Conditions of LB film deposition. side, the cutoff was observed Bijnmin (=10 eV) for the Au
— — substrate, and the corresponding energy coincided with the
Deposition temperature Surface pressure Dipping speed, . . .
©C) (mN/m) (mm/min) biasing energe\W,as Thus, the Fermi energy of the Au sub-
strateEr was determined to be 4.6 eV using the following

PcPd 10 15 ’
PTCDI-Spent 4 12 2 equation
PoIC5F 10 25 2 Er = Eflax — NV + €Vhias 1)

Here,EQﬁmax is the onset energy (threshold energy) of the in-
tensity in the UPS spectra, which is seen on the right hand
that described by Winteet al.?® was used as an insulat- side of this spectra. The spectrum differs Bnmin be-
ing layer. Au-covered silicon wafers {pdoped with a na- tween the Au substrate and PcPd monomolecular film, as
tive oxide layer), which were prepared by evaporation ofhown in Fig. 2. The electrostatic potential across the PcPd
10nm of Cr as an adhesion layer followed by 200 nm ofonomolecular film contributes to reduction of the electron
Au, were used as substrates. Before LB film depositiomnergy applied between the sample and the spectrometer sur-
the substrates were treated with a 1 mixture of hexam- face. Due to the presence of the surface potential at the
ethyldisilazane:chloroform for 12 h at room temperature foAu/film interface, the onset energy shifts 0.3 eV with respect
preparation of quality films. We then deposited the LB filmso the energy difference between the Fermi energy of Au and
onto an Au-evaporated electrode under the conditions listedtime ionization energy of PcPd molecule in PcPd films. Thus
Table I. The UPS spectra were measured in a vacuum on tinés energy differencé E (=0.3 eV) corresponds to the elec-
order of 10° Torr, using He | (21.21 eV) and He |1 (40.81 eV) trostatic surface potential across the PcPd mono-molecular
radiation. Samples were not heat treated during the measufien on the Au substrate, possibly due to the displacement
ment. The measurements were performed using a Leybolafelectrons from PcPd to the Au substrate. Similarly, the on-
Heraeus hemispherical analyzer (EA11) at an overall resolget energy shifts 0.2 eV for PTCDI-Spent monolayer films.
tion of about 50 meV. This resolution was determined fronTherefore the right-hand side onset energy (threshold en-
the FWHM of the Fermi edge of clean gold which was used asrgy) of intensity for LB filmsE-2__ is subtracted\ E from

kinmax
areference. All substrates were biased at a voltagel®fV. the EL2  value of the film without charge transfer at the

kinmax
metal/film interface. Taking into account the band bending
AE in the PcPd LB film due to the interfacial electrostatic
Figure 2 shows the UPS spectra of a bare Au electrodghenomena at the Au/PcPd LB film interface, the ionization

PcPd and PTCDI-Spent mono-molecular films deposited onpatential of the monomolecular PcPd LB film was determined

Au electrode. These spectra were obtained by irradiation td be 5.4 eV using the following equation:

the incident light from the light source of the He | discharge LB

with a photon energliv of 21.2 eV. The x-axis represents the IP=hv = €Vbias = Bijmax — AE 2)

kinetic energy of photoinduced electrons. On the left-han8imilarly, the ionization potential of the mono-molecular
PTCDI-Spent film was determined as 6.1eV. It should be
noted here that the charging of the PcPd films is negligible

""""""""" ARARRARAR] AARRAARRR] AAAARARAN possibly because the films have semiconductive properties.

Hel | Figure 3 shows the UPS spectrum in the high energy range,

3. Results and Discussion

4 |
PTCDI-Spent (1L)/Au | i He ll 1

PTCDI-Spent

PcPd (1L)/Au

Intensity [arb. units]

Intensity [ X 10

EwinleV]
Fig. 2. UPS spectra of Au and PcPd, and PTCDI-Spent monomolecular
films with respect to kinetic energy of photoelectrons induced by He Fig. 3. The inset is the UPS spectrum induced by Hénil & 40.8eV).
(hv =212eV). Biasing energy between the detector and the Au substrate is 10 V.
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which is obtained by the excitation of the He Il discharge witliFermi level of the Au electrode coincide when a thermody-
a photon energyw of 40.8eV. The values oAE of PcPd namic equilibrium is established at the interfag&.) There-
and PTCDI-Spent are 0.3 eV and 0.2 eV, respectively, and tfare ¢ g is given by—Er + AE, and the saturated value of
ionization potentials of the PcPd and PTCDI monomoleculaf g corresponds well to the work function of LB films. On
films were determined to be 5.4eV and 6.2 eV. Figures 4(#)e other hand, the ionization potential IP of PcPd LB films
and 4(b) show the energy diagram of the PcPd and PTCOldees not depend on the number of deposited layers. These
Spent monomolecular films deposited on the Au substratesults indicate thatE is induced due to the formation of
respectively. Here, the HOMO-LUMO gap of the films waghe electrostatic double layer at the Au/LB film interface and
determined using the optical absorption spectra. The HOM@»t due to the chemical bonding at the interface. Table Il
and LUMO levels are reduced at an energy/E at the summarizes the energy parameters of PTCDI-Spent LB films
Au/monomolecular film interface. As a result, the Fermideposited on the Au substrat® E gradually increases as the
level of the Au substrat& is located in the middle of the number of deposited layers increases and does not saturate,
HOMO-LUMO gap for the PcPd monolayer films, whereas it least, for the first 10 layers; however, the ionization energy
is located at an energy level close to the LUMO state of thef the films is nearly constant, only, that of one-layer PTCDI-
PTCDI-Spent for the PTCDI-Spent monolayer film. Spent film is somewhat smaller than that of the six- and ten-
Table Il summarizes the energy parameters of PcPd LByer films. As illustrated in Fig. 4(b), the energy level of the
films deposited on the Au substrate. The energy difference tUMO of the PTCDI-Spent film is closer to the Fermi level
Exinmax between the LB film and the Au substrate coincidesf the Au electrode than that of the PcPd film. Perturbation,
with the energy depth of the onset energy which is measursdch as anion formation between the LUMO and filled Au
with respect to the Fermi level of the Au substrate (see Fig. 3tates or surface rearrangement of the molecule, may induce
It should be noted here that this energy difference correspor@seduction of the ionization energy or formation of the inter-
to the energy depth of the HOMO of the LB films with respectacial electronic states at the first LB lay&r?1-23)
to the Fermi level of the Au substrate. The ionization poten- Table IV summarizes the cyclic voltammetric behavior of
tial IP g is given by—Er+(Eft ax— Ebbmay — AE fromegs.  the 10-layer PcPd and PTCDI-Spent LB films. We examined
(1) and (2). AE increases as the number of deposited layethe cyclic voltammetric behavior of these films in acetonitrile
increases, and then saturates when the number of depos#etiition (vs Ag/AgCl). The electron affinity Ac and ioniza-
layers is at least 6. The surface Fermi level of LB films antlon potential IP were calculated, assuming that the vacuum
level of the referenced ionization potential of the Ag/AgCI
electrode is 4.7 eV. The ionization potential of Ag/AgCl was
estimated by the sum of the electromotive force of saturated

A
EvacAu ————— Evac™

0.3eV
Buac'® - = Brec® == Ag/AgCl solution based on the hydrogen scale NEBR V)
PA=4.6 eV OlB=43eV  OA=4.6 eV and the ionization potential of NHE-4.5 eV). The ionization
LUMO potential of the PTCDI-Spent film was determined by the sum
l I,LB=5.4eV
EAY Y. EN
' Table IV. Cyclic voltammetric behavior of the 10-layer PcPd and
Au A __ Au PTCDI-Spent LB films.
HOMO
pePd Energy level/V 47 + EoleV
HOMO vs. satid. Ag/AgCI Ep)
PTCDI-Spent PcPd @A) ~1.20 35
(a) (b) PcPd (p) +0.62 5.3
PTCDI-Spent —-0.53 4.2
Fig. 4. Energy diagrams of (a) Au/PcPd monomolecular film interface and PTCDI Sp tAC) 6.4
(b) Au/PTCDI-Spent monomolecular film interface. -Spent p) — )
Table Il. Energy parameters of PcPD LB films deposited on Au.
Number of layers EpY ax — EkBiax EpY in — EkBin &g — EF+ AE lonization potential
(AE) IPLB
1 l.1ev 0.3eVv 4.3eV 5.4eV
6 15eVv 0.7eV 3.9eVv 5.4eV
10 1.5ev 0.7eV 3.9eV 5.4eV
Table Ill. Energy parameters of PTCDI-Spent LB films deposited on Au substrate.
Number of layers EAY o~ ERB EQY i — EKB . &g — EF+ AE lonization potential
(AE) IPLB
1 1.7eV 0.2eV 4.4eV 6.1eVv
6 2.0eV 0.3eV 4.3eV 6.3eV

10 2.1eV 0.4eV 4.2eV 6.3eV
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Table V. Energy parameter of the PcPd(1L)/Au, PcPd(1L)/PTCDI-Spent(4L)/Au, and PcPd(1L)/PolC5F(4L)/Au system.

Sample structure EAY o — Bk EAY in — EKB lonization potential
(AE) IPLB
PcPd(1L)/Au l.1leVv 0.3eVv 5.4eVv
PcPd(1L)/PTCDI-Spent(4L)/Au 1.4eV 0.6eV 5.4eV
PcPd(1L)/PolC5F(4L)/Au 3.3eV 2.6eV 5.3eV

of the electron affinity and the optical energy gaf2(2eV) AE obtained by UPS measurement. One reason is that our
because no oxidation wave could be obtained by the cycliample was charged up during photoemission. Another rea-
voltammetry. There is a good agreement between the valussn is that the surface potential of non-heat-treated samples
indicated in the energy diagram as shown Fig. 4 and thosss unstable, and the potentials scattered with a deviation of
tabulated in Tables Il and III. about 0.1V from sample to sample. Further, these potentials
In our previous study, we measured the surface potentiethanged significantly by the heat treatment. For example, the
across PcPd LB films and PTCDI-Spent LB films on a Awsaturated value of the surface potential of the PcPd LB film
electrode in a dark vacuum vessel at various temperaturesstitongly depends on temperature and changes from 0.5-0.6 V
was suggested that excess electronic charges are transfetoe@.25V at room temperature during the heat treatrh@nt.
from these LB films to the Au electrodes until a thermodyTherefore, we may argue here that the energy differene
namic equilibrium is established at the metal/film interfacegorresponds to the electrostatic energy. Thatg, corre-
resulting in the formation of an electrostatic layer on the osponds to the surface potential reached due to the displace-
der of several nanometers. Figure 5 shows the relationshipent of electronic charge at the metal/organic thin-film inter-
between the surface potential of the PcPd and PTCDI-Spdate. Thus, we concluded that the saturation valuesg gfin
LB films deposited on the Au electrode and the number dfables Il and Il represent the work function of organic films.
deposited layers before heat treatmEhihe surface poten-  Figure 6 shows the UPS spectrum of PcPd monolayer films
tials of PcPd LB films gradually increase as the number of déeposited on a bare Au electrode, and those of the four-layer
posited layers increases and then reach a constant saturaB3iCDI-Spent film and the four-layer PolC5F film. These
potential within the first 5 LB layers; whereas the surface pdidms are denoted as PcPd (1L)/Au, PcPd (1L)/PTCDI-Spent
tentials of PTCDI-Spent LB films gradually increase as th@lL)/Au, and PcPd (1L)/PolC5F (4L)/Au. Table V summa-
number of deposited layers increases and do not reach a cdres the energy parameters obtained from Fig. 6. The trace of
stant saturation potential even when the number of layerstlsese three samples is nearly the same in Fig. 6, indicating that
15. These tendencies correspond well to the UPS resultspsfotoinduced electrons are emitted from the overcoated PcPd
AE summarized in Tables Il and Ill. That i&\E of PcPd monolayer film.AE of the PcPd (1L)/PTCDI-Spent (4L)/Au
LB films saturate with first five layers because the thicknesgas 0.62 eV. It coincided witlh E of PcPd monolayer film,
of electrostatic double layer is less than five molecular lay-
ers, whereas tha E of PcPd LB films does not saturate in

the first 10 layers because the thickness of the electrostatic ' ' ' ' '
double layer is larger than the 15 molecular layer thickness.
The potentials plotted in Fig. 5 are somewhat smaller than the - .
PcPd (1L)/
— PoIC5F (4L)/Au
600 2 |
O : PcPd LB fil S L
500} = . |
— o o—5 O o] -
2 400l ©o ]| G PcPd (1L)/
E r~ PTCDI-Spent (4L)/Au
© 300} @ : PTCDI-Spent LB film "5
‘g 200} . "qé —J .
o o [ ] —_— - ! .
[0
g 100 s
“g !
@ 0 | |
-100- | | | | | | |— JE||||E‘|
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Number of Layers Exin [eV]

Fig. 5. Relationship between the surface potentials of PcPd arg. 6. UPS spectra of PcPd (1 layer), PcPd (1 layer)/PTCDI-Spent (4 lay-
PTCDI-Spent LB films deposited on Au substrates measured in a darkers), and PcPd (1 layer)/PolIC5F (4 layers) films on Au substrate with re-
vacuum vessel before heat-treatment. spect to kinetic energy of photo-electrons induced by He I£ 21.2 eV).
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whereas it was in good agreement withke of PcPd multi-

layer film (see Table I1). In our previous study, we measureicknowledgements
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