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ELECTRONIC STRUCTURES OF PORPHYRINS AND THEIR 
INTERFACES WITH METALS STUDIED BY UV PHOTOEMISSION 
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Institute for Molecular Science, Myodaiji, Okazaki 444, Japan 
DAISUKE YOSHIMURA, KIYOSHI SUGIYAMA, SATORU NARIOKA, 
MASAKI SEI, WKIO OUCHI, AND KAZUHIKO SEKI 
Department of Chemistry, Faculty of Science, Nagoya University, 
Furo-cho, Chikusa-ku, Nagoya 464-0 1, Japan 
YUTAKA HARIMA, AND KAZUO YAMASHITA 
Faculty of Integrated Arts and Sciences, Hirosima University, 
Kagamiyama, Higashi-Hiroshima 724, Japan 

ABSTRACT The electronic structures of porphyrins and their interfaces with 
metals were investigated by UV photoemission spectroscopy (UPS). The UPS 
spectral features of porphine, 5,10,15,20-tetraphenyIporphynatozinc(II) (ZnTPP), 
5,10,15,20-tetra(4-pyridyl)porphyrin (HzT(4-Py)P) and 5,10,15,20-tetra- 
phenylporphyrin (H2TPP) could be assigned by comparison with MOPAC PM3 
calculations. The electronic structures of the porphyrins can be regarded as the 
superposition of those of porphine and the substituents. The UPS results for 
ZnTPP/metal (Mg, Al, Ag, Au) interfaces indicated that the energies of the 
levels of ZnTPP relative to the Fermi level of substrate metals could be 
expressed as linear functions of the work function of metals with a shift of the 
vacuum level at interface. The slope of the linear functions was about unity. This 
indicates that the energy levels of ZnTPP are fixed to the vacuum level of 
substrate metal with constant interfacial dipole. The level positions of ZnTPP at 
the interface exhibited drastic change by exposure to oxygen. This change could 
be explained by the change of the work function of metal surface upon 
oxidization. For H2T(4-Py)P and HzTPP/metal (Mg, Ag, Au) interfaces, similar 
linearity was observed between the energy levels of porphyrin and the work 
function of metal with the slope of much smaller than unity. This deviation of 
the slope from unity might be explained by the existence of interface state. These 
findings require the modification of the traditional concept of a common vacuum 
level at organidmetal interface. The relation between the observed electronic 
structures and the conduction type of the porphyrins are also discussed. 

Keywords: photoemission, parphyrin, porphine, electronic structure, inte$ace 
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428 H. ISHII e ta / .  

INTRODUCTION 

Recently various organic semiconductors have been extensively studied in relation to 
electronic devices such as transistors, photovoltaic cells, and electroluminescent 
devices’. The various properties of organic semiconductors have often been 
discussed in analogy with inorganic semiconductors. Among such analogies, there are 
two important issues for understanding and refining the performance of such devices: 
one is the mechanism of the energy level alignment at organidmetal interface and the 
other is the classification of the conducting type of organic semiconductors. 

Since the functions of organic devices often appear at the interfaces between 
organic semiconductors and metal electrodes, the energy positions of the frontier 
orbitals of organic semiconductors relative to the Fermi level of a metal are crucial to 
the property of the interface such as carrier injection and rectification. However, there 
have been few direct observations of the interfacial electronic structures with 
microscopic m e t h ~ d * . ~ . ~ ’ ~ .  So far it has mostly been estimated by lining up separately 
observed electronic energy levels of the two components, using the traditional models 
assuming either that (a) vacuum level alignment occurs at the interface and energy 
levels in space charge layer bend to achieve Fermi level alignment, which corresponds 
to a traditional model of inorganic-semiconductor/metal interface (Fig. la) (Schottky- 
Mott rule6 ), or that (b) the vacuum level of an organic layer coincides with 
that of metal without band bending which coincides with the traditional model of 
insulator/metal interface (Fig. lb). the validity of these traditional models 
for organic-semiconductorlmetal interface has not yet been well clarified. Especially, 
the concept of a common vacuum level at the interface, which has been intuitively 
assumed in both the above models, should be experimentally examined. 

The conduction type of organic semiconductors is also crucial for the interfacial 
properties. Phenomenologically, various organic semiconductors have been classified 
by the conduction type such as p-type and n-type. This classification is based on the 
analogy with inorganic semiconductors. In the case of inorganic semiconductors, the 
conduction type is determined by (i) the type of the major carrier and (ii) the position 
of the Fermi level in the gap. Unfortunately, it is not easy to directly decide the type of 
the major carrier and Fermi level position of organic semiconductors because of their 
low carrier density. Instead, the rectification properties and the photocurrent direction 
of the interface with a metal electrode has often been applied to determine the 
conduction type of organic ~ e m i c o n d u c t o r s ~ ~ ~ ~ ~ .  However, the mechanism of the 
classification is not well understood. Recently, a strong correlation between the first 
ionization potentials and the conduction type was observed for phthalocyanines whose 

However, 
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UPS OF PORPHYRINlMETAL INTERFACES 429 

conducting type can be changed from p-type to n-type by addition of electron- 
withdrawing substitutions to the central ring ''. However, the position of the frontier 
orbital at the interface is expected to have more essential relation to the conducting 
type than the ionization potential as a bulk property, since the conducting type of an 
organic semiconductor is judged by the electric properties of the interface with a metal 
electrode. Thus the difference in the interfacial electronic structure between "p-type" 

and "n-type" materials should be investigated. 

A = O  A = O  

m e t a l  organic vacuum m e t a l  organic vacuum m e t a l  organic vacuum 

( a )  (b)  (C) 

FIGURE 1. The energy diagrams at organic/metal interface. (a) 
Fermi level alignment case (Schottky-Mott rule), (b) vacuum 
level alignment case, (c) presently observed alignment for 
porphyrins. It should be noted that the dashed lines in (b) and (c) 
do not denote the Fenni level of the organic solids but simply 
indicates the location of the Fermi level of the metal. @,,, and 
GOrg denote the work functions of the metal and the organic solid, 
respectively. and &? represent the energy of the vacuum 
level and the top of the occupied states of the organic solid 
relative to the Fermi level of the metal, respectively. A is defined 
as the shift of the vacuum level at the interface. 

In this work, we report our recent studies on the electronic structures of 
porphyridmetal interfaces by UV photoemission spectroscopy (UPS). These interfaces 
have attracted much attention in relation to organic solar cells'. The conduction type of 
porphyrins can be changed from p-type to n-type by peripheral substitution8. Thus 
these compounds are suitable to examine the above issues. We measured UPS spectra 
of 5,10,15,20-tetraphenylporphinatozinc(II) (ZnTPP), 5,10,15,20-tetraphenylporphyrin 
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430 H. ISHI1 e f d .  

(H,TPP), and 5,10,15,20-tetra(4-pyridyl)porphyrin (HzT(4-Py)P) as well as porphine 
which is the central part of the porphyrins. The chemical structures are shown in Figure 
2. We first discuss the change of the bulk electronic sturctures of the porphyrins by the 
substitution. Second we describe the UPS results on the interfacial electronic structures 
and discuss the energy level alignment at the interface, including the effect of oxygen 
on the porphyridmetal interfaces. Finally, the relation between the interfacial 
electronic structure and the conduction type is discussed. 

Porphine FIGURE 2. The chemical structure 
of porphine. 5,10,15,20-tetraphenyl- 
porphynatozinc (ZnTPP), 5,10,15,20- 
tetra-phenylporphyrin (HzTPP), and 
5,10,15,2O-tetra(4-pyridyl)porphyrin 
(H~T(~-PY)P) .  0 

H2TPP 

EXPERIMENTAL 

ZnTPP, HzTPP, H2T(4-Py)P and porphne were purchased from Strem Chemical, 
Tokyo Chemical Industry, Aldrich Chemical, and SIGMA Chemical, respectively. The 
samples of the porphyrins were purified by two times of vacuum sublimation. Before 
the vacuum sublimation, ZnTPP was purified by the treatment with 2,3-dichloro-4,5- 
dicyano-p-benzoquinone(DDQ)' I. No purification treatment was performed for the 
sample of porphine due to the limited amount of available sample. Its purity was ca. 
85% according to the supplier. Since vacuum deposition often has the effect of sample 
purification and we discarded the initial subliming fraction before starting the sample 
deposition, the purity of the UPS specimen might be higher than this. 

8B2 of UVSOR at Institute for Molecular Science". 
UPS spectra were measured by using angle-resolving UPS system at the beamlinc 

We used four metals (Mg, Al, 
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UPS OF PORPHYRIN/METAL INTERFACES 43 1 

Ag, Au) as substrate material, which were vacuum evaporated ( 30 nm thick ) on Mo 
plates. Sample thin films were prepared by vacuum deposition on these substrates in 
a newly constructed preparation chamber equipped with an evaporation source 
surrounded by a liquid-nitrogen-cooled shroud. Torr 
and the working pressure during evaporation was less than ~ x I O - ~  Torr, which enabled 
us to suppress surface contamination during the evaporation. The UPS spectra were 
measured at the photon energy of 40eV with a concentric hemispherical analyzer with 
a total energy resolution of 0.2eV as judged from the Fermi edge of gold. The 
incident angle of photon was 40" relative to surface normal and electron was detected 
in normal emission for all the UPS measurements. The photon intensity was reduced 
by an appropriate mesh to keep the sample photocurrent less than 15pA, in order to 
avoid any energy shift of the spectrum due to sample charging or surface photovoltaic 
effect. The work functions of the samples were determined by the low energy cutoff 
of the UPS spectra measured with biasing the sample at -5 V for ensuring that the 
cutoff is not determined by the spectrometer work function but the sample work 
function. Since the value of the photon energy contained a small ambiguity of a few 
tenths of eV, we calibrated the obtained work functions by the reported work function 
of polycrystalline Ag of 4.3 eV13. Fortunately, this ambiguity of photon energy does 
not affect the following discussion, since the relative value is critical. 

The MOPAC program developed by Stewart14 was used for the PM3 calculations'5 
for the assignment of the observed UPS spectra. The simulated spectra were obtained 
by broadening the delta function located at each orbital energy with a Gaussian 
function without correction for cross-section effects. The width of the Gaussian was 
chosen to be 0.6 eV in order to take account of the resolution of the UPS system and 
the solid-state spectral broadeningi6. No contraction of the energy scale was 
performed to fit the simulated spectrum to the observed UPS spectrum. 

The base pressure was lx 

RESULTS AND DISCUSSION 

[a) Bulk electronic structures of uoyhine and uomhvrins 
In Figure 3, we show the UPS spectrum of a porphine film (30nm thick) deposited on 
AgMo substrate. Since the film thickness is much larger than the probing depth of 
UPS measurement (ca. lnm for hv=40 eV), the UPS spectrum reflects the bulk 
electronic structure. The abscissa is the electron binding energy relative to the Fermi 
level of the substrate. In order to assign the spectral features, UPS spectrum of 
porphine in gas phase (Fig.3(a))I7 and simulated spectrum by MOPAC PM3 MO 
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432 H. ISHII ef nl. 

calculation, together with each orbital energy marked by a vertical line, are also shown 
in Fig. 3. Although the UPS spectrum of porphine in solid phase has already been 
reported’*, it did not correspond to the gas phase spectrum. In particular, there seems 
to be no feature corresponding to peak A in the previous report. From good 
correspondence among the spectra shown in the figure, the present spectrum seems to 
be more reliable. The present PM3 calculation gives qualitatively similar results to 
those of the previous works by VEHI9, CNDO/S3I8, and ab initio”.”methods. From 
comparison with our PM3 calculation, we can assign the spectral features in solid 
phase spectrum (Fig.3b): peak A corresponds to the electron emission from the HOMO 
(a,,) and the next-HOMO (b,”). Peaks B and C are due to IC and B orbitals delocalized 
over the molecule, and peaks D and E are assigned to the MOs derived from carbon 2s 
orbitals. 

In Figures 4(b) and 4(c), the UPS spectra of ZnTPP for hv=40eV and 60eV are 
shown, respectively. For the assignment of the spectral features, the UPS of benzene2’ 
in gas phase (Fig.4(e)), that of porphine in solid phase(Fig.4(d)), and the simulated 

> 
In c 
(I, 

C 

c .- 

c - 

FIGURE 3. 

HOMO(AJ n-HOMO(BIU) 
. .  

1 I I I I I I 

-25 -20 -15 -10 -5 0 5 
Electron Energy / eV 

UPS spectra of porphine. 
(b) solid porphine at hv=40eV, (c) simulated spectrum by MOPAC PM3 
calculation . Each vertical line indicates the respective orbital energy. 

(a) gas-phase spectrum at hv=21.2eV [ 171, 
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UPS OF PORPHYRINlMETAL INTERFACES 433 

spectrum of ZnTPP by PM3 MO calculation (Fig.4(a)) are also shown. As seen in 
Figures 4(b) and 4(c), the peak at around 11.3eV becomes enhanced with increasing 
the photon energy from 40 eV to 60 eV. This can be explained by the resonance 
enhancement of the zinc 3d photoionization cross section which was reported for zinc 
phthal~cyanine'~. The spectra of porphine and benzene were aligned to those of 
ZnTPP at the C2s peaks. The simulated spectrum was shifted to get a better fit around 
the uppermost valence region. As seen in the figure, the spectrum of ZnTPP 
corresponds well to the superposition of those of the porphine, benzene (substituents) 
and zinc 3d (central-metal). This indicates that the valence electronic structure of 
ZnTPP can be regarded as a superposition of those of constituents parts. The 
uppermost valence electronic structure (peak A), which dominates the various 
properties of ZnTPP, can be attributed to nearly degenerate two 7t orbitals which 
correspond to a, and bl, orbitals of porphine by comparison with PM3 calculation. 

._ The UPS spectra of the other porphyrins give similar results. Figures 5 and 6 show 
the UPS spectra of H2TPP(FigS(b)) and H~T(4-Py)P(Fig.6(b)) together with those of 
porphin and the substituents (benzene" for HzTPP, and pyridineZ4 for HzT(4-Py)P). As 

in the case of ZnTPP, the valence electronic structures of the porphyrins correspond to 
the superposition of the constituent parts. 

Zn3d 

; A  
: . b) hv=GOeV 

i i c) hv=40eV . -.- I .  I , .  , . . , . .  . .  

. .  , d) porphine . .  , . .  . . .  . . .  . . .  . . .  . . .  . . .  . 

-25 -20 -15 -10 -5 0 5 10 
Electron Energy 1 eV 

FIGURE, 4. 
UPS spectra of ZnTPP. 
(a) simulated spectrum by MOPAC 
PM3 calculation. Each vertical line 
indicates respective orbital energy, 
(b) solid ZnTPP at hv=60eV, 
(c) solid ZnTPP at hv=4OeV, 
(d) solid porphine at hv=40eV, 
(e) gas-phase benzene". 
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a) PM3 calc. 
(this work) 

. .  , .  . .  . .  

. .  , .  . .  . .  . .  . .  . .  . .  . .  

. .  , .  . .  

i It\ (this work) 

d) benzene 
gas [ref221 

I . , . , . , . , . , . , .  

-25 -20 -15 -10 -5 0 5 10 

Electron Energy I eV 

a) PM3 cak. 
(this work) 

: .+ 

d) pyridine 

FIGURE 5 .  
UPS spectra of HzTPP. 
(a) simulated spectrum by 
MOPAC PM3 calculation. Each 
vertical line indicates respective 
orbital energy, (b) solid HzTPP at 
hv =40eV, 
(c) solid porphine at hv=40eV, 
(d) gas-phase benzene". 

FIGURE 6.  
UPS spectra of H2T(4-Py)P. 
(a) simulated spectrum by 
MOPAC PM3 calculation. Each 
vertical line indicates respective 
orbital energy, 
(b) solid H2T(4-Py)P at hv=40eV, 
(c)  solid porphine at hv=40eV, 
(d) gas-phase ~ y r i d i n e ~ ~ .  

.25 -20 -15 -10 -5 0 5 10 

Electron Energy I eV 
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UPS OF PORPHYRIN/METAL INTERFACES 435 

Now we discuss the difference among the spectra of porphyrins. The observed 
ionization potentials &hs) in solid phase were 5.3, 5.3, and 6.0 eV for ZnTPP, HzTPP 
and H2T(4-Py)P, respectively. The large value for H2T(4-Py)P can be explained by the 
inductive effect of the substituents: electron-withdrawing nature of pyridine causes the 
increase of the It< of H2T(4-Py)P. As concerned with the peak A, there is difference 
in the degeneracy of the HOMO and the next-HOMO. As seen in the simulated spectra, 

peak A consists of the two non-degenerate n: orbitals in the case of porphine, HzTPP 

and H2T(4-Py)P. On the other hand, peak A of ZnTPP involves doubly degenerate TC 

orbitals. This is due to the difference of the symmetry of the system: In the former case, 
porhine macrocycle has D2h symmetry with two kinds of nitrogen with and without 
hydrogen, while it has D4h symmetry with only one kind of nitrogen in the latter case. 
These results are consistent with the previous work by X-ray photoelectron 
spectroscopy (XPS)25. In the present UPS spectra, the width of peak A of ZnTPP 
(0.68eV) was found to be about 10% less than those of H2TPP and HzT(4-Py)P 
(0.76eV). This difference may be due to this difference of the degeneracy. 

Jb) Electronic structures of DorDhvrin/metal interfaces 

Jbl) ZnTPP/metal interface 
The filled circles in Figure 7 show the UPS spectra in the low binding energy region 
for ZnTPP/Au, Ag, Al, Mg systems. The film thickness was 5nm. The peak position 
of the UPS spectra relative to the Fermi level of the metal shows a drastic dependence 
on the metal substrate. Table I summarizes the measured values of work function of 
the metal (@,), the energy of the onset (threshold) of peak A relative to the Ferrni 

level of metal (E?), and the energy of the vacuum level of ZnTPP relative to the Fermi 
level of metal (&,,$). The superscript UHV indicates the results measured under the 

TABLE 1. Summary of the observed energy parameters (in eV) of 
ZnTPPlmetal interfaces. For definitions, see Fig. 1 and text. 

In  UHV condition After exposure to oxygen 

metal am E Y ~ W H V )  ~y~~ A=c,.~:-@,,, iIrh ~ ~ ( 0 x 1  G,,F EyFiox)- E-,~(IJHV) I,” 
Mg 3.88 -2.10 3.23 -0.65 5.33 -1.85 3.52 +0.25 5.3, 

Ag 4.3,, -1.73 3.61 -0.69 5.34 -1.03 4.36 +0.70 5.39 
AU 4.18 -1.16 4.21 -0.57 5.37 - 1 . 1 4  4.21 +0.02 5.35 

Al 4.30 -1.73 3.63 -0.67 5.36 -1.98 3.30 -O.& 5.28 
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436 H. ISHII et al. 

UHV (ultra high vacuum) condition. These values did not show notable dependence on 
the film thckness in the range from 1 to 5 nm. 

In Figure 8 the values of E: and E ~ ~ ~ F  of the ZnTPP films are plotted versus 4,,,. 
These plots show good linear relations. The lines by least-squares fit in Fig. 8 are &vac 

=1.09@, -1.05 and G~ =1.044", -6.21 (in eV), with correlation coefficients of almost 

unity (0.995 for both and E:). These results indicate that the energies of the levels 
of ZnTPP are linear function of 4, with a slope of almost unity. We will compare 

these results with expectations from the traditional models in Fig. 1 .  If Fermi-level 
alignment occurs (Fig.l(a)), E? should be constant irrespective of the substrate, and we 
expect flat lines in Fig.8. On the other hand, if vacuum-level alignment occurs 

(Fig.l(b)), A= -4m should be equal to zero, and we expect svac =@, in Fig.8. 

The presently observed results show that neither of these cases holds at the 
ZnTPP/metal interfaces. Ln Figure 9, we plot A as a function of @,,,. As seen in the 
figure, the observed energy shift of the vacuum levels at the interface is almost 
constant (AzO.7eV) irrespective of @,, These findings indicate that the energy 

F 

F 

0 inUHV 

o after O2 exposure 

B 

on Al 

6 5 4 3 2 1 0 = e  
Binding Energy / eV 

FIGURE 7. 
UPS spectra in the uppermost 
valence region for ZnTPP films 
evaporated on various metals (Mg, 
Al, Ag, Au) in ultrahigh vacuum 
(filled circles) and after exposure 
to oxygen (open circles). The 
solid and dotted vertical lines 
indicate the onset of peak A 
measured before and after 
exposure to oxygen, respectively. 
The energy shift by exposure to 
oxygen is denoted by an arrow. 
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UPS OF PORPHYRINlMETAL INTERFACES 431 

levels of ZnTPP align with those of the substrate metal with a finite constant shift of 
the vacuum level, as shown in Fig.l(c). Similar abmpt shift of vacuum level at the 
organic/inorganic interface was observed for merocyanine dye/Ag halide interfacesz6. 
This shift indicates the formation of an electric double layer at the interface. Since all 
porphyrins studied have no permanent dipole, this dipole layer should be the result of 
electronic rearrangement at the interface. The constant magnitude of A suggests that 
the interaction is not due to chemical bonding but electrostatic interaction (e.g. image 
potential) near the interface. This, however, needs further experimental examination. 
The apparent lack of band bending within the film thickness of 5nm may be explained 
by the low carrier density of well-purified ZnTPP, which leads to small slope of band 
bending and a very large thickness of the space charge layer. 

Next we examine the effect of exposure to oxygen. The open circles in Figure 7 
show the UPS spectra in the low binding energy region of ZnTPP/Au, Ag, Al, Mg 

specimen after exposure to 1 . 2 ~ 1 0 ~  L oxygen (4 Torr, 5 minutes; 1L=10-6 Torr . s) and 
subsequent evacuation to UHV region. The spectral lineshape is still similar to that 
observed in the UHV condition, suggesting only weak interaction between ZnTPP and 
oxygen, but the energy position of the spectral features are different from that in the 
UHV condition. As shown in Table 1 (the superscript OX indicates the results 
measured after oxygen exposure) the extent and direction of the energy shift are 
strongly dependent on the substrate (see &:(OX)- e:(UHV) in Table 1). This variation 
cannot be ascribed to the doping of ZnTPP by oxygen alone, since this should lead to a 
constant shift irrespective of the substrate metal. 

Rather, this behavior can be explained by the change of the work function of the 
substrate metal by oxygen. It is plausible that oxygen reaches the interface through 
defects and grain boundaries of ZnTPP film and interacts with the metal surfaces. It 
is known that the work function of most metal surface is increased by the exposure to 
oxygen due to the large electronegativity of oxygen atom. On the other hand, the 
work function of Au surface is insensitive to oxygen exposure due to its chemical 
stability” and that of A1 surface is slightly decreased by oxygen exposure due to 
unusual surface structure of its oxidized surface2*. This trend of work function 
change qualitatively corresponds to the observed shift  OX> - E~,F(UHV> , which 
strongly supports the idea that the energy levels of ZnTPP are aligned with the vacuum 
level of the metal substrate. The very small shift of the UPS of ZnTPP on Au suggests 
that the shift by the oxygen-doping is negligibly small. 
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FIGURE 8. 
Plots of the energies of the onset of peak A (&:) (m) and the vacuum 
level of ZnTPP (E" ,~)  (C) against the work function of metal (@,,,). 
The least-squares straight lines are also indicated. 

-o,2 1 ZnTPPIMetal 

@ / e V  
rn 

FlGURE 9. 
Plot of the vacuum level shifts (A)  at ZnTPP/metal interfaces 
against the work function of metal (@,,,). 

/b-2) HtTPP/metal and HzTM-Py)P/metal interfaces 
For H2TPP and H2T(4-Py)P, we performed similar experiments as those for ZnTPP. 
The observed energy parameters are listed in Table 2. In Figs. 10(a) and IO(b), we plot 
e i c  and E: of H2TPP and HlT(4-Py)P films (5nm thick) versus a,,, with the results of 

ZnTPP/metal interfaces. These plots show also good linear relations. In contrast to 
ZnTPP/metal interfaces, the slope of the plots is not unity but about a half. Figure 1O(c) 
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-08- 

-1 0 

shows the plots of A against a,,,. The shift of the vacuum level at the interface (A)  is not 

zero, indicating that the concept of a common vacuum level is again invalid for these 
interfaces, as in the case of ZnTPP. These results suggest that the energy levels of 
H2T(4-Py)P and HzTPP are also fixed to the vacuum level of the substrate metal with 

an energy shift A. In contrast to the case of ZnTPP/metal systems, however, A is not 

constant, but a linear function of @m. 
Such linearity of level-energy against metal work function has been observed for 

inorganic semiconductor/metal systemz9. A slope parameter which is defined as 
S=d&/d&, (& is the Schottky barrier height) is known to depend on the type of the 
semiconductor. S corresponds to the slope of the E,F versus am plot in our discussion. 

When Schottky-Mott rule holds, i.e. there is no interface state at the interface (Schottky 

Au 
w - 

4.0 4.21 

2 3.8 

Y E  w' 3.6 i 
3.4 I 

1 I 
- 2 4 1 '  " " " '  ' ~ " ' ' " I  

3.6 3.8 4 0  4.2 4.4 4.6 4.8 5 0 5.2 5.4 
om I eV 

FIGURE 10. 
Plots of the observed energy parameters against the work function of metal 
(a) for ZnTPP(A), H2TPP(W), and HzT(4-Py)P(O). (a) plots of the 
energies of the onset of peak A (E:) against a,,,, (b) plots of the energy of 
the vacuum level of the porphyrin film against Qm, and (c) plots of 
the vacuum level shifts (A)  against @,,. The least-squares straight lines are 
also indicated. 
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440 H. ISHII er (11. 

limit), the value of S should be unity. On the other hand, when there is interface states 
which has sufficient densities to pin the Fermi level of the semiconductor, it should be 
zero (Bardeen limit). The reported values of S in most inorganic-semiconductor/metal 
junction are between zero and unity29. For example, S is about 0.1 for Si, GaAs and 
Ge, and about 0.5 for compound semiconductor such as ZnSe and ZnS30, suggesting 
the effect of the interface states. The small slope for HzT(4-Py)P and H2TPP /metals 
systems may be also explained by similar effect of the interface states. Although no 
intrinsic interface state is known for organic solids, possible extrinsic interface states 
such as defect states, impurity levels, and metal-induced gap state (MIGS)29 may be 
responsible for the observed behavior. Possible origins of such variety in S ampng the 
porphyrins may be ( i )  higher purity of ZnTPP due to additional DDQ treatment, and 
(ii) the existence of the central metal which may affect the nature of the interaction 
between the metal surface and the first porphyrin layer. Further study is necessary to 
clarify this point. 

Finally we discuss the relation between the observed electronic structure and the 
conduction type. The observed ionization potentials (It<) in the solid phase were 5.3, 
5.3, and 6.0 eV for ZnTPP, H2TPP and HzT(4-Py)P, respectively. H>T(4-Py)P, which 
is known to be n-type, has larger It< than ZnTPP and HzTPP with p-type character. A 
similar correlation between It< and the conduction type was reported for 
phthalocyanine derivatives". For H2TPP and HzT(4-Py)P, PM3 calculations gave 
almost the same pattern of wave functions for the frontier orbitals, which are expected 
to dominate the electric properties as well as conduction type. These results indicate 
that the change of the conduction type of porphyrins by substitution is not 
accompanied with an essential change of the frontier orbitals except for their energy 
position. Here we discuss the conduction type on the basis of the observed interfacial 
electronic structures. 

As seen in Fig. 10(b), the energy of the HOMO relative to Fermi level of the metal 
substrate ( E : )  strongly depends on both the metal work function and the organic 

compound. At first we focus on the results for Au substrate. The values of E,F for Au 

are -1.16, - 1.27, and - 1.83 eV for ZnTPP, HzTPP, and H2T(4-Py)P, respectively. If we 
regard the optical excitation energy (2.08 eV for ZnTPP, 1.92 eV for HlTPP and 
H*T(4-Py)$') as the band gap (the actual band gap may be slightly larger, since this 
assumption ignores excitonic effect), the Fermi level of the Au substrate is around the 
center of the gap for ZnTPP and HzTPP, while it is very close to the LUMO for HzT(4- 
Py)P. Thus we can expect strong electron-injecting nature for the H*T(4-Py)P/Au 
interface in contrast to the other interfaces. This expectation is consistent with the 
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observed carrier-injecting character by displacement current measuremed2. If we 
classify the conduction type by the carrier-injecting character, the position of the 
frontier orbital at the interface well correlates with the conduction type. On the other 
hand, for metals with low work functions, especially for Mg substrate, there is little 
difference in the energy position of the HOMO ( E : )  among the porphyrins irrespective 

of the "conducting type" assigned from the results for the interfaces with Au. For all 
the porphyrin/Mg interfaces, electron-injecting nature can be expected, with little 
correlation between the interfacial electric properties and the "conduction type". These 
results strongly suggest that the "conduction type" of an organic semiconductor from 
interface-related electrical measurements should be dependent on the electrode metal 
used in the experiments. For further clarification of these points, the investigation of 
the space charge layer and the determination of the Fermi level of the organic 
semiconductor will be necessary. 

TABLE 2. Summary of the observed energy parameters 
(in eV) for H2TPP and H2T(4-Py)P/metal interfaces. For 
definitions, see Fig. 1 and text. 

HzTPP 

metal @,,, GF GacF A=GzF-@m 1s" 

Mg 3.77 -1.96 3.46 -0.31 5.42 
Al 4.30 -l.67 3.6, -0.63 5.34 

Au 5.07 -I.Z7 4.03 -1.04 5.30 

Al 4.30 -2.13 3.88 -0.42 6.01 
Au 4.8, -I .g3 4.24 -0.57 6.07 

SUMMARY 

The electronic structures of porphyrins and their interfaces with various metals were 
investigated using ultraviolet photoemission spectroscopy in order to examine (i) bulk 
electronic structure, (ii) the energy level alignment at the porphyridmetal interfaces 
and (iii) the relation between the electronic structure and the conduction type of 
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porphyrins. 
The observed valence electronic structures of the porphyrins can be regarded as the 

superposition of those of porphine and the substituents. The energy levels of the 
porphyrins relative to the Fermi level of substrate metals could be expressed as linear 
functions of the work function of metals with the shift of the vacuum level at interface 

(A). This indicates that the energy levels of the porphyrins align to the vacuum level of 
the substrate metal with the vacuum level shift due to interfacial dipole, clearly 
implying the invalidity of the assumption of "a common vacuum level". The slope of 
the linear functions was about unity for ZnTPP, indicating that the extent of A is 
constant for ZnTPP/metal. For H2TPP and H2T(4-Py)P, the slope was much smaller 
than unity, indicating that A is also a linear function of @,,,. This deviation of the slope 
from unity suggests the existence of interface states. 

These findings strongly indicate the necessity of the modification of the 
traditional model of the energy level alignment at the organidmetal interface. 
Especially, the traditional method for the estimation of the interfacial electronic 
structure has possibility to predict incorrect electric properties of the interface, since 
the magnitude of the observed A (upto -1.OeV) is comparable with the band gap. For 
a deeper insight into the mechanism of energy level alignment, it is important to 
clarify the origin of the interfacial dipole based on the interaction between the metal 
surface and the organic layer. 

The ionization potential of H2T(4-Py)P was 0.7eV larger than those of HzTPP and 
ZnTPP due to the inductive effect of pyridyl-group of electron-withdrawing nature. 
This tendency of the ionization potentials well corresponds with the conduction type 
reported for phtahlocyanine-derivatives". For porphyridAu interface, the energy 
position of the frontier orbitals relative to the Fermi level of the Au substrate exhibits 
good correlation with the conduction type. However, the correspondence was poor 
for the other interfaces with low work function metals. In order to establish truly 
meaningful concept of this type, it is necessary to understand the mechanism of the 
interfacial electric process by which the conduction type is judged. 

DEDICATION 

It is our great pleasure to dedicate this article to Professor Yusei Maruyama and 
Professor Fumio Ogura who have been active in the field of electrically and 
electronically functional organic materials on the occasion of their retirement. 
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