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The electronic structure at organic-organic interface gives essential information on device 
performance such as charge transport and mobility. Especially, the molecular orientation of 
organic material can affect the electronic structure at interface and ultimately the device 
performance in organic photovoltaics. The molecular orientation is examined by the change 
in ionization potential (IP) for metal phthalocyanines (MPc, M=Zn, Cu)/fullerene (C60) 
interfaces on ITO by adding the CuI templating layer through ultraviolet photoelectron 
spectroscopy measurement. On CuPc/C60 bilayer, the addition of CuI templating layer 
represents the noticeable change in IP, while it hardly affects the electronic structure of 
ZnPc/C60 bilayer. The CuPc molecules on CuI represent relatively lying down orientation 
with intermolecular π-π overlap being aligned in vertical direction. Consequently, in organic 
photovoltaics consisting of CuPc and C60 as donor and acceptor, respectively, the carrier 
transport along the direction is enhanced by the insertion of CuI templaing layer. In addition, 
optical absorption in CuPc molecules is increased due to aligned transition matrix elements. 
Overall the lying down orientation of CuPc on CuI will improve photovoltaic efficiency.

Keywords : Organic/organic interface, Organic photovoltaics, Photoelectron spectroscopy, 
Molecular orientation, Ionization potential

* [E-mail] jeongwonk@kriss.re.kr

I. Introduction

Organic materials feature low-cost, flexibility and 

large-scale fabrication [1], and their interfaces are 

fundamental building blocks in organic light-emitting 

diodes (OLEDs), ambipolar organic field-effect 

transistors (OFETs) and organic photovoltaic cells 

(OPVs) [2-5]. To develop a high-performance electric 

device, the interfacial electronic structure is widely 

recognized as key factor that affects the device 

performance. Despite the extensive theoretical and 

experimental studies, its fundamental properties are 

not clearly understood yet due to the complicated 

nature of organic-organic interface characterized by 

the formation of interface dipoles, electronic 

polarization, charge-transfer exciton and hole- 

vibration coupling [6-8]. Especially, the formation of 

interface dipoles is seriously affected by the 

molecular orientation [9]. Thus, through the control 

of molecular orientation at interface, it can be 
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anticipated how the material characteristics such as 

light absorption, charge transport and energy level 

alignment in a device can be changed as we wish.

Metal phthalocyanines (MPc) represent one of the 

most promising candidates for ordered organic thin 

films as those have many advantageous such as 

chemical stability and excellent film growth [9]. In 

addition, MPc has a planar structure with a 

perpendicular p-orbital to the molecular plane. For 

this reason, in organic photovoltaics (OPVs), the 

charge transport is favored along the stacking axis 

due to the π-π overlap between p-orbitals of 

neighboring molecules [10]. In case of MPc on indium 

tin oxide (ITO), the molecular orientation is usually 

“standing-up” configuration, which can have negative 

influence on OPV performance [11]. One of the 

methods to control the molecular orientations is to use 

a templating layer such as PTCDA, pentacene, and Cu 

halide. Especially, CuI shows the best performance as 

templating layer and it can also modify the anodes to 

lower the hole transport barrier in OPVs [12].

In this paper, we have investigated the change in 

the electronic structure of CuPc and ZnPc on ITO 

with and without CuI template using ultraviolet 

photoelectron spectroscopy (UPS) to reveal the 

templating effect of CuI in terms of heteroepitaxial 

growth. By knowing the change in the electronic 

structure, especially, ionization potential (IP), we could 

guess the molecular orientation of MPc depending on 

the addition of CuI templating layer. In addition, its 

influence on the electronic structures at MPc/fullerene 

(C60) interface is discussed in terms of structural 

disorder as well as difference in dielectric constant. 

Finally we prospect better OPV performance for the 

lying-down molecular orientation of the MPc based 

on the enhanced carrier transport and optical 

absorption probability.

II. Experimental

The organic/organic interface was fabricated as the 

following planar heterojunction structure: ITO/CuI/MPc 

(CuPc and ZnPc)/C60. For preparation of organic/organic 

interface systems, the ITO-coated glass substrates 

were exposed to UV-O3 for 10 min to eliminate 

organic contaminations before use. All other films of 

ZnPc, CuPc, C60 and CuI were thermally deposited 

onto the ITO substrate at the base pressure of 10-8 

Torr with a deposition rate of 0.1 Å/sec. The 

evaporation rate of the organic films was controlled 

by a quartz crystal microbalance (QCM). The substrates 

were kept at room temperature during the evaporation 

process.

All experiments were carried out in-situ way in an 

analysis chamber to investigate the interface electronic 

structures under ultrahigh vacuum (UHV) conditions 

The analysis chamber is equipped with a hemispherical 

electron analyser (VG-Scienta SES-100) with a HeI 

ultraviolet source (ħω=21.2 eV) for UPS. Total 

energy resolution of the UPS spectra was less than 

0.1 eV [13]. The low energy secondary cut-off was 

observed with the sample biased at -10 V. 

Photoelectrons were detected at surface-normal 

geometry. In order to obtain reliable valence band 

maximum values, we extrapolate each raw spectrum 

by edge slope and background signal and their 

crossing point is defined as the band edge position.

III. Results and Discussion

Fig. 1 displays the schematic of the molecular 

structures and UV-Vis absorption spectra from 10 nm 

thick CuPc, ZnPc, and C60 deposited on quartz 

substrate, respectively. CuPc and ZnPc molecules 

have planar π-conjugated structure which is 

perpendicular to the molecular plane. That is why the 

charge transport in these molecules is favored along 
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Figure 1. (a) Molecular structures and (b) UV-Vis ab-
sorption spectra from 10 nm thick ZnPc, 
CuPc, and C60 deposited on quartz sub-
strate, respectively.

Figure 2. The UPS spectra for C60/ZnPc interface. The
secondary electron cut-off and the HOMO 
region of (a), (b) without and (c), (d) with CuI
templating layer on ITO, respectively.

the strong π-coupling between adjacent molecules in 

OPVs [11]. In addition, these molecules have the 

outstanding properties such as strong absorbance 

over a wide range of the solar irradiation spectrum 

(especially, 600∼800 nm) as shown in Fig. 1(b), and 

sufficient charge transport properties. Therefore, 

most of small molecule PV devices with high efficiency 

have been fabricated using CuPc or ZnPc as the donor 

material [14,15]. The C60 molecule exhibits unique 

spherical molecular structure with exotic π-conjugated 

carbon molecules, which is composed of a carbon 

atom at each corner of the 20 hexagons and 12 

pentagons. It has attracted a great interest in 

organic electronics due to the n-type semiconductor 

nature. Furthermore, the high electron affinity 

(strong electronegativity) and superior ability to 

transport charge (high electron mobility) make 

fullerenes (C60) the best acceptor component (n-type 

molecule) currently available for photovoltaic devices 

[16]. These properties account for a good counterpart 

to the various p-type semiconductors in OPVs. The 

optical absorption of C60 is also displayed in Fig. 1(b). 

It has a strong absorbance at low wavelength region, 

which is in complementary to the CuPc and ZnPc 

molecules.

Fig. 2 presents the UPS spectra without and with 

CuI templating layer, recorded from ITO, the ZnPc 

film grown on ITO, and then the C60/ZnPc/ITO bilayer 

as a function of film thickness. It shows the variation 

in the energy level of C60/ZnPc on ITO depending on 

the addition of CuI templating layer. Fig. 2(a) shows 

the low-energy secondary cut-off regions during the 

fabrication of C60/ZnPc bilayer film on ITO. This 

cut-off, also called the photoemission onset, is 

related to the vacuum level (Evac), as no electron with 

energy lower than the cut-off can escape from the 

material. Translated by the photon energy, this 

cut-off gives the position of Evac with respect to EF, 

which means work function (WF). Prior to ZnPc 

deposition, the WF of clean ITO substrate is at 4.45 

eV. With the deposition of 12 Å ZnPc, the cut-off 

shifts toward the low kinetic-energy side by 0.28 eV 

and after further deposition, it almost becomes 

saturated at 50 Å ZnPc (∼3.95 eV). Upon sequential 

deposition of C60, it reversely shifts and is saturated 

at the high kinetic-energy side by 0.58 eV (∼4.59 

eV). When 3 nm thick CuI templating layer is 

inserted, the WF is shifted toward high kinetic 

energy side by 1.34 eV as shown in Fig. 2(c). Such a 

high WF of CuI induces strong interface dipole 

between ITO and CuI as well as CuI and ZnPc. This 

dipole layer raises the highest occupied molecular 

orbital (HOMO) level of ZnPc, which reduces the 

chance of electron back transfer (electron blocking) 
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Table 1. Ionization potential (IP) for C60/MPc (M=Zn, Cu) bilayer without and with CuI templating layer on ITO as
a function of film thickness. It contains two different kinds of IP values using the HOMO onset and the
HOMO peak for MPc molecules, respectively. The parenthesis shows the measured IPs based on the HOMO
peak for MPc molecules.

IP ZnPc CuPc

Coverage Without CuI [With CuI Without CuI With CuI

MPc

6A  5.17 (5.62) 4.965 (5.44) - -

12A  4.97 (5.42)   4.9 (5.35) - -

24A  5.13 (5.58)      5 (5.425) - -

50A 5.05 (5.5)  4.765 (5.365) - -

100A 5.065 (5.44)  4.85 (5.25) 4.995 (5.345) 5.63 (6.02)

C60

3A  5.37 (5.82)  4.96 (5.41) 5.215 (5.665) 5.495 (5.895)

6A  5.43 (5.88)  5.04 (5.49) 5.205 (5.705) 5.595 (5.995)

12A  5.59 (6.04)  5.38 (5.83) 5.29 (5.44)  5.63 (6.055)

Figure 3. The UPS spectra for C60/CuPc interface. The
secondary electron cut-off and the HOMO 
region of (a), (b) without and (c), (d) with CuI
templating layer on ITO, respectively.

in OSCs [12]. With the deposition of ZnPc, the 

cut-off shifts toward the low kinetic-energy side and 

becomes saturated at the thickness of 150 Å. Next, 

the deposition of C60 makes the secondary electron 

cut-off be shifted toward the reverse side by 0.76 eV. 

The spectra in Figs. 2(b) and (d) show the HOMO 

onset position of C60/ZnPc bilayer film without and 

with CuI templating layer as a function of film 

thickness, respectively. For C60/ZnPc bilayer without 

templating layer, the HOMO onset of the ZnPc layer 

was observed at a binding energy of 1.1 eV below EF 

regardless of the ZnPc thickness. The C60 HOMO 

shifts toward the low binding energy with coverage, 

which represents a downward band bending of ∼0.35 

eV. Contrary to the C60/ZnPc bilayer without 

templating layer, the HOMO onset of ZnPc on ITO 

covered by CuI templating layer is shifted toward the 

high binding energy side, however, that of C60 has a 

similar behaviour. 

The UPS measurement for C60/CuPc bilayer was 

also carried out and the result is shown in Fig. 3. In 

contrast with C60/ZnPc bilayer, the C60 was deposited 

as a function of film thickness after 10 nm of CuPc 

was deposited at once. The result is similar to the 

C60/ZnPc bilayer although the absolute value of 

changes in their energy level is different. The 

detailed difference between C60/ZnPc and C60/CuPc 

bilayers was summarized in Table 1 and discussed in 

the following paragraph.

From the UPS results, the ionization potential (IP) 

for C60/MPc (M=Zn, Cu) bilayer system without and 

with CuI templating layer on ITO was summarized in 

Table 1. As described above, we can guess the relative 

molecular orientation from the IP values because the 

different molecular orientation changes the direction 

of dipole moments for molecules, which leads to 

easier or harder escape of the photo-excited 

electrons from the surface. In our systems, as the 
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Figure 4. The expected orientations of (a) ZnPc and 
(b) CuPc deposited on ITO without and with
CuI templating layer.

C-H bond in MPc molecule has a dipole moment 

because of electronegativity difference, it imposes 

the upward surface-dipoles in “standing-up” MPc 

film. Thus, if the CuI templating layer changes the 

orientation of MPc molecules from “standing-up” to 

“lying-down” configuration, we could assume that 

the ionization potential (IP) is increased because the 

dipole moment for molecules is not directed toward 

top anymore. In case of C60/ZnPc bilayer, the energy 

levels of ZnPc molecules were scarcely or reversely 

changed unlike initial expectation. It means that CuI 

has little influence on the ZnPc molecular orientation. 

However, in case of C60/CuPc, we observed the 

noticeable change in the ionization potential (ΔIP=

∼0.3 eV) upon the addition of CuI, which represents 

the change in the molecular orientation. Because the 

templating effects are described by heteroepitaxial 

growth of organic molecules on the templating layer, 

we suggest that the degree of epitaxy for CuPc is 

larger than that for ZnPc on the CuI layer [17,18]. In 

addition, the energy-level alignment of each interface 

can be given a detailed account in terms of structural 

disorder as well as difference in dielectric constant 

[19]. Because C60, ZnPc, and CuPc molecules have 

different dielectric constants (ε) of 3.8, 3.2, and 3.7 

[19,20], respectively, it is necessary to progress the 

elaborated study considering other effects likes 

structure disorder and dielectrics as a next plan.

Based on an analysis of the IP, Fig. 4 illustrates 

the expected orientations of ZnPc and CuPc deposited 

on ITO without and with CuI templating layer. On the 

CuI templating layer, CuPc molecules are forced to lie 

flat by the heteroepitaxial growth mode or their 

interaction between CuPc and CuI layers with 

subsequent layer also compelled into the same 

orientation, while ZnPc molecules are expected to be 

randomly arranged as shown in Fig. 4. Further 

quantitative information of their orientation should 

be investigated by using AFM (Atomic Force 

Microscope) and NEXAFS (Near Edge X-ray Absorption 

Spectroscopy) in detail. Consequently, in the OPVs 

consisting of CuPc and C60 as donor and acceptor, 

respectively, the molecular π-π stacking is aligned 

along the charge transport direction by inserting the 

CuI templaing layer between the ITO and the CuPc 

layer. It enhances the charge carrier mobility, which 

leads to the efficient photocurrent flow and the 

higher short circuit current (Jsc). Moreover, since the 

dipole transition matrix of the lying-down CuPc 

molecules are aligned planar to the surface, the 

optical absorption of the CuPc by the light 

illumination will be enhanced. Therefore, we expect 

that the power conversion efficiency in CuPc/C60 solar 

cell will be effectively improved by adding the CuI 

templating layer.

IV. Conclusion

In this paper, we observed the change in the 

electronic structure of CuPc and ZnPc on ITO with 

and without CuI template using UPS to reveal the 

templating effect of CuI in terms of heteroepitaxial 

growth. In case of CuPc, we checked the noticeable 

change in the IP (ΔIP=∼0.3 eV) upon the addition of 

CuI, which represents the change in the molecular 

orientation, while the energy levels of ZnPc 

molecules were scarcely or reversely changed. It 
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means that the CuI has little influence on the ZnPc 

molecular orientation. Because the templating effects 

are described by heteroepitaxial growth of organic 

molecules, we suggest that the degree of epitaxy for 

CuPc is larger than that for ZnPc on the CuI layer 

[17,18]. Additionally, we ensured that the difference 

in dielectrics and disordering can change the 

energy-level alignment. Through the results, we are 

able to use an appropriate template to control the 

molecular orientation and ultimately to create more 

efficient OPVs. This might be one of important ways 

of interfacial engineering for the fabrication of 

effective OPVs.
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