
Japan Advanced Institute of Science and Technology

JAIST Repository
https://dspace.jaist.ac.jp/

Title

Molecular order, charge injection efficiency and

the role of intermolecular polar bonds at

organic/organic heterointerfaces

Author(s)
Wang, Y.; Matsushima, T.; Murata, H.; Fleurence,

A.; Yamada-Takamura, Y.; Friedlein, R.

Citation Organic Electronics, 13(10): 1853-1858

Issue Date 2012-06-13

Type Journal Article

Text version author

URL http://hdl.handle.net/10119/10872

Rights

NOTICE: This is the author's version of a work

accepted for publication by Elsevier. Y. Wang, T.

Matsushima, H. Murata, A. Fleurence, Y. Yamada-

Takamura, R. Friedlein, Organic Electronics,

13(10), 2012, 1853-1858,

http://dx.doi.org/10.1016/j.orgel.2012.05.038

Description



Highlights:  

 The molecular orientation within non-crystalline transport materials can be controlled. 

 This affects the charge-injection efficiency at organic-organic interfaces, where  

 The energy-level alignment is determined by the intramolecular polar bond orientation. 
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Molecular order, charge injection efficiency and the role of 

intramolecular polar bonds at organic/organic heterointerfaces  
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Ishikawa 923-1292, Japan 

 

ABSTRACT 

 The effect of orientational changes in thin films of the non-crystalline hole transport material 

NNdiphenyl NN’bis(1 naphthayl)1,1biphenyl4,4diamine (NPD) on the energy level 

alignment and the film electronic structure has been investigated by angle-resolved ultraviolet 

photoelectron spectroscopy and related to the transport characteristics of hole-only devices. Changes in 

the anisotropic -sexithiophene (6T) substrate from a “standing” to a “flat” molecular orientation 

induced by mechanical rubbing lead to molecular order and a preferential orientation in subsequently 

deposited thin NPD films and cause a reduction of the charge injection barrier at the organic/organic 

interface. The results show that the height of this barrier is determined by the surface dipoles of the 

individual organic films that relate to the orientation of intramolecular polar bonds at the interface. 
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1. Introduction 

While over the last decades, the mechanisms underlying the functioning of organic electronics 

devices have been the topic of intense research such that in particular organic light-emitting devices 

(OLEDs) do now rapidly mature into new applications and products [1-3]. In such OLEDs, amorphous or 

non-crystalline materials are commonly employed. It has been found that these amorphous films may 

exhibit a preferential orientation
4
 or even a particular defined local packing. This affects charge carrier 

transport and light emission that depend strongly on the local moleculer order [5-10]. In a comprehensive 

study, Adachi and coworkers investigated the molecular orientation and electronic properties of a large 

number of organic amorphous thin film materials and found that linear or planar molecules show a 

tendency to orient flat with respect to the substrates [4]. Longer molecules are inclined to form films with 

a larger anisotropy [4]. It was also shown that the molecular orientation of linear-shaped 4,4’-bis[(N-

carbazole)styryl]biphenyl molecules can be controlled by the substrate roughness and temperature [11]. 

Charge carrier mobilities have been observed to be higher for films with a horizontal molecular 

orientation as compared to others highlighting the significant role of the molecular orientation on the 

charge-transport characteristics of organic amorphous films. Introducing highly oriented p-sexiphenyl 

(6P) films as the emissive layer of light-emitting devices, Era et al. demonstrated polarized 

electroluminescence from oriented 6P films [7]. Yanagi et al. prepared 6P films exhibiting either a 

“lying” and or a “standing” orientation, denoted l- and s-6P, epitaxially on KCl (001) surfaces and 

constructed a multilayered electroluminescent device containing these 6P films using indium tin oxide 



(ITO) as electrode material and 2-(4-biphenylyl)-5-(4-tertbutylphenyl)-1,3,4-oxadiazole (PBD) as the 

electron transport layer [9]. As compared to the s-6P devices, those employing an l-6P layer emitted a 

higher electroluminescence (EL) intensity within a narrower spectrum, even at a lower driving voltage. 

These examples demonstrate that optimizing the molecular packing and orientation in active layers is an 

efficient way to control the charge transport and optical properties in order to further enhance the 

performance of OLEDs.   

As shown by Arai et al., amorphous but simultaneously uniaxially and horizontally oriented 

organic films can be obtained by mechanical brushing [12]. When used in OLEDs with polarized 

emission, the EL intensity was higher parallel to the brushing direction as compared to the perpendicular 

one. Nevertheless, simple and practical methods for the effective control of the molecular orientation and 

of the resulting electronic properties are still limited. In this context, recently, we reported that upon 

mechanical rubbing of thin sexithiophene (6T, the chemical structure shown in Fig. 1a) films on 

ITO substrates, using a Nylon cloth, the molecular orientation changes from the “standing” to a “lying” 

configuration [13]. Using the “flat” -6T films as substrates for NPD (see chemical structure in Fig. 

1a) films in hole-only devices, current densities are dramatically increased (42 times at a driving voltage 

of 1.0 V) with respect to devices with a “lying” 6T film.   

In the present work, angle-dependent ultraviolet photoelectron spectroscopy (UPS) has been used 

to investigate the molecular orientation and electronic structure of the 6T and subsequently deposited 

-NPD films providing infomation on the energy level alignment in the devices. The mechanism 

responsible for the enhanced hole injection at the organic/organic interface is clarified and linked to 

changes in the preferential molecular orientation within the NPD films caused by the rubbing of the  

6T substrate.  

 

2. Experimental and calculations 



ITO substrates have been cleaned by conventional ultra-sonication and ultraviolet-ozone 

treatment [13]. 6T (Aldrich) films with a thickness of about 15 nm were then deposited under high-

vacuum conditions (of 2.0  10
7

 mbar) onto the cleaned ITO substrates, at the rate of about 1 Å/s. Some 

of the sample surfaces have been rubbed 15 times with a dust-free Nylon cloth inside a nitrogen-filled 

glove box. For the samples prepared for the UPS measurements, -NPD (Nippon Steel Chemical) films 

with a thickness of about 10 nm have then been deposited under ultra-high vacuum conditions onto either 

the as-deposited or rubbed 6T films. The particular thickness has been chosen in order to avoid sample 

charging. For the device structures shown in Fig. 1(a), the -NPD film thickness of 100 nm was used. 

Finally, to complete the cathodes of the hole-only devices, about 10 nm of molybdenum oxide, MoOx (2 < 

x < 3) (Mitsuwa Chemical), and 100 nm of aluminum (Nilaco) have been deposited onto the organic 

films. The deposition rates were 1 Å/s, 0.5 Å/s and 5 Å/s, for -NPD, molybdenum oxide and Al, 

respectively. 

The UPS experiments have been performed in a home-built, ultra-high vacuum set-up (base-

pressure  410
10

 mbar) [14]. He I (h = 21.218 eV) UPS spectra have been acquired as a function of the 

polar emission angle  using a SCIENTA SES-100 hemispherical analyzer, and integrated within  5. 

The total instrumental energy resolution has been set to 50 meV. In the set-up employed here, the angle 

between the directions of the incoming photons and the emitted photoelectrons is fixed at 45. Spectra are 

shown with respect to the Fermi level, EF, of the spectrometer. The work function, , has been determined 

from the analysis of the secondary electron cut-offs, the sample being biased at 5 V. The current density-

voltage (JV) characteristics of the devices were obtained using a computer-controlled Keithley 2400 

sourcemeter, using the ITO electrode as anode and the Al electrode as cathode. Molecular energy levels 

have been calculated by a density-functional theory (DFT) method in which an unrestricted open-shell 

wave function (B3LYP/6-31G**) and Becke’s three-parameter exchange with the Lee, Young and Parr 



correlation function (B3LYP) was used. In order to account for solid state effects and to match the 

experimental spectrum, these energies have then been rigidly shifted and broadened.  

 

3. Results and discussion 

3.1. As-prepared and rubbed-6T films on ITO 

Figure 1b shows the current density J as a function of the applied voltage V of the hole-only 

devices, either with as-deposited or with rubbed 6T films. As discussed previously [13], the current 

densities J of the devices made with rubbed 6T films are more than one order of magnitude higher than 

that for those made with as-deposited 6T films. It is therefore important to understand how the charge 

injection barriers between ITO and the 6T film, on one hand, and at the organic/organic interface, on 

the other, are affected by the change of orientation of the 6T molecules caused by the mechanical 

rubbing.   

This information is best obtained by UPS and work function measurements that can provide a full 

picture of the alignment of occupied energy levels with respect to EF. In Fig. 2a are shown UPS spectra of 

an as-deposited -6T film, taken at selected . As expected for a thickness of 15 nm, all valence band 

features are attributed to -6T molecular states. In line with previously reported spectra [15,16], the peaks 

at lowest binding energies, centered at 1.070.01 eV and 1.800.01 eV, denoted “H” and “H-1”, are 

related to the highest occupied molecular orbital (HOMO) and the HOMO-1 of the -6T, respectively. 

Only minor spectral changes occur as a function of . Note that the photoelectron emission pattern from 

localized -electronic states is strongly varying with the emission angle with respect to the normal of the 

molecular plane [17,18]. For relatively low photon energies h like the one used in the present 

experiments, the emission cone is, however, broadened, as compared to higher h , with the maximum 

shifted to higher . Providing this intensity pattern for each molecule, the measured angular dependence 



of the emission intensity is then consistent with the presence of -6T domains of  “standing “ molecules 

that have a random in-plane orientation. 

After rubbing of the film, notable changes in the overall spectral shape are observed, as shown in 

Fig. 2b. While some spectral features like “H” and “H-1” are reduced in intensity, others, like the 

shoulder at about 6 eV, are increased. This is consistent with the already observed [13] change of the 

average molecular orientation towards a “flat” configuration. Importantly, however, as shown in the inset 

of Fig. 2b, the binding energy of the “H” and “H-1” features does not change keeping the hole injection 

barrier from ITO to the -6T films of 0.63  0.01 eV constant. This is consistent with Fermi level 

alignment and indicates that the improved device performance following the rubbing procedure is not 

related to the charge injection at the -6T/ITO interface.  

The work function of the ITO substrate ITO = 4.74  0.03 eV is decreased by about │1│= 0.45 

 0.01 eV upon adsorption of the -6T molecular film. This decrease is partially reversed by about 0.16  

0.01 eV upon rubbing which translates into a increased ionization potential (IP) for the nominally “flat” 

-6T films obtained by rubbing. The IPs as estimated from the sum of the workfunction and the onset of 

spectral weight at low binding energies are 4.92  0.04  eV and 5.08  0.04 eV, for the as-prepared, 

“standing” and rubbed, “flat” films, respectively. Note that the dependence of the IP on the molecular 

orientation is well understood and essentially caused by the modification of the surface dipole of the 

molecular film due to the change of the intramolecular bond orientation at the surface [19] and to a minor 

extent on the dependence of the polarization energy on the molecular packing [20]. 

3.2.  Interface between -6T and -NPD films  

In order to understand the electronic structures of  the organic/organic interface and of the -NPD 

films itself, in a next step, UPS was performed on 10-nm-thick -NPD films on the already discussed as-

deposited and rubbed -6T substrates. The corresponding UPS spectra are shown in Figure 3a and 3b, 



respectively. Spectral features are typical for -NPD films which indicates that the -6T films are 

completely covered [21,22]. As shown in the inset of Fig. 3b, at normal emission ( = 0), the spectra of 

the two samples are almost identical but rigidly shifted to each other. Since the -6T HOMO energy is 

unaffected by the rubbing, this shift of about HIB = 0.24  0.02 eV towards lower binding energy after 

rubbing is related to a decrease of the hole injection barrier at the organic/organic interface from 0.43  

0.01 eV to 0.19 0.01 eV which shall be considered to be one of the reasons for the higher current 

densities in the hole-only device structures. As illustrated in the diagrams displayed in Figures 4a and b, 

the type of energy level alignment at the -NPD/-6T interface observed here is typical for a vacuum 

level alignment regime at the organic/organic interface which is emphasized also by the only small and 

almost unchanged vacuum level offsets 2 of 0.12  0.02 eV and 0.08  0.02 eV, for the samples with as-

deposited and rubbed -6T layers, respectively.  

3.3. Molecular orientation in -NPD films 

At higher angles , the spectra of the -NPD film prepared on the as-prepared, “standing” -6T 

substrate (Fig. 3a) display only a minor angular dependence. This is consistent with the expected emission 

pattern from non-oriented  molecules present in an amorphous film. The -dependence observed for the 

film deposited onto the rubbed -6T substrate (Fig. 3b), on the other hand, is strikingly different. Here, 

the intensity of spectral features denoted “A”, “B” and “C”, at binding energies around 9 eV,  7 eV and 5 

eV, changes significantly with .  In particular, while feature “A” is decreased with increasing , “B” and 

“C” show a strong increase. This indicates that the photoelectron emission pattern is anisotropic and 

strongly dependent on the molecular orbitals involved. It must be concluded that -NPD molecules or 

functional groups thereof are becoming oriented with respect to the substrate normal. While the flexible 

molecular structure of the -NPD molecules prevents crystallization, a preferential orientation of -NPD 

molecules is possible, as observed previously [4] for the thin film structure discussed over here. It is 



obvious that these orientational changes are caused by the “flat” orientation of the -6T molecules which 

serve as a growth template for the -NPD film.  

 

In order to obtain additional insight into the structural properties of the oriented -NPD film, the 

molecular electronic structure has been calculated within the DFT framework. As shown in Fig. 5a, the 

splitting between the highest two occupied levels, denoted “H” and “H-1”, is underestimated in the 

calculations, which indicates [23,24] that, in the films, the twist angle between the core of the molecule 

and the phenyl and naphtyl side groups is larger than for the optimized geometry of the free molecule. 

The spacing of all other ground state energy levels agrees well with UPS spectral features allowing an 

assignment of particular molecular orbital to experimental peaks. In particular, feature “B” is related to 

the molecular orbitals numbered “132”, “133” and “134”, which are almost exclusively localized on the 

-NPD side groups (Fig. 5b). While feature “A” derives from the orbitals “108”, “106” and “110” that 

have contributions at both the core of the molecule and the side groups. The opposite angular dependence 

of “A” and “B” is then another strong indication for a large twist between the center and the side groups 

while the molecules themselves are, in the average, oriented with respect to the normal of the substrate. 

Moreover, the increase of “B” with is consistent with a rather “flat“ orientation of the phenyl and 

naphtyl side groups. Given this orientation, it may be conceived that the interaction of the side groups 

with the “flat” -6T molecules at the interface may drive the overall molecular orientation of the -NPD 

molecules that progresses into thicker films and to the surface region where it is observed by UPS. Note, 

that the spacing between “H” and “H-1” does not change between the two -NPD films which indicates 

that the twist angle between the core of the molecule and the side groups is unchanged. 

It may then also be conceived that a higher degree of order at the organic/organic interface may 

also improve the charge carrier transport. In particular, a “flat” and “face-to-face” orientation of the -6T 

molecules and -NPD  phenyl side groups leads to a larger spatial overlap of the  orbitals at the 



interface. Since the reduction of the total charge injection barrier from the ITO substrate to the -NPD 

amounts only to 23  1% of the barrier height, it must strongly be considered that the effective - 

overlap at the -NPD/-6T interface shall be another main reason for the the enhancement of the current 

densities after rubbing.  

3.3. Energy level alignment at the organic-organic interface 

The work function of the sample with the -NPD film on top of the as-deposited -6T film is  = 

4.41  0.03 eV, slightly lower than that of  = 4.54  0.03 eV of the -NPD film on the rubbed -6T 

substrate. Because of the different orientation of the molecules, as expected, with 5.47  0.04 eV and 5.36 

 0.04 eV, the IPs of the two samples are also different  from each other.   

With all energy parameters at hand, the reason for the lowering of the charge injection barrier at 

the organic/organic interface and for the alignment of energy levels at the organic/organic interface may 

now be discussed. Here it is important to note that the shift of the -NPD vacuum level with respect to 

that of the ITO substrate is about 0.33  0.02  eV and 0.20  0.02 eV, for the sample with the as-prepared 

and rubbed a-6T, respectively. The similarity of these two offsets indicate that the position of the -NPD 

HOMO is determined by the equilibration of the electrochemical potential of the -NPD films with that 

of the ITO substrate, as suggested for other organic/organic heterojunctions by Osikowicz et al. [25]. The 

values are quite similar because the electrochemical potential of an organic film is essentially that of the 

molecule itself. Given such an alignment, we propose that the change of the hole injection barrier hight 

HIB is then given by the difference of the changes of the ionization potentials of the two organic films, on 

both sides of the heterojunction. Thus, HIB ≈ (IP-6T,1 - IP-6T,2) - (IP-NPD,1 - IP-NPD,2) = 0.27  0.06 eV 

which is close to the measured change of the injection barrier of HIB = 0.24  0.02 eV. It is then clear that 

different to the case of Fermi level pinning [26], in the case of vacuum level alignment present in the 

device structure discussed over here, the energy of the HOMO-related hole transport level of -NPD film 



is fundamentally determined by the surface dipoles of the molecular films that relate to the intramolecular 

polar bond orientation at the interface.   

 

4. Conclusions  

Upon mechanical rubbing of an -6T film prepared on an ITO substrate, subsequently deposited 

non-crystalline films of the NPD are found to become oriented. These orientational changes improve 

the performance of hole-only devices based on these -NPD/6T heterojunctions and have been linked 

to changes of the energy level alignment and to the spatial overlap of the  orbitals of -6T and of the 

NPD phenyl and naphthyl side groups at the organic/organic heterointerface. In the case of vacuum 

level alignment related to weak interactions at the organic/organic interface, the observed reduction of the 

hole injection barrier can be understood from changes in the intramolecular polar bond orientation at the 

surfaces of the two individual organic films. The results demonstrate that the charge injection efficiency 

across organic/organic heterointerfaces can be engineered by controlling the orientation-dependent 

surface dipoles and the  orbital orientation at the interface between the two organic films. Such a control 

can be achieved even for non-crystalline materials and simple ex-situ techniques. 
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Figure Captions 

Fig. 1. (a) Chemical structures of the -6T and -NPD molecules, (b) the device structure of the hole-

only devices composed of ITO, -6T, -NPD, molybdenum oxide and Al, and (c) the J-V characteristics 

of the hole-only devices with as-deposited and rubbed 6T layers.  

Fig. 2. UPS spectra of the (a) as-deposited and (b) rubbed -6T films as a function of the polar 

photoelectron emission angle . (c) Low-binding-energy region of the normal-emission spectra of as-

deposited and rubbed films.  

Fig. 3. UPS spectra of the -NPD films prepared on top of (a) as-deposited and (b) rubbed -6T films as 

a function of the polar photoelectron emission angle . (c) Low-binding-energy region of the normal-

emission spectra of the -NPD films prepared on as-deposited and rubbed -6T films.  

Fig. 4.  Scheme of the energy levels of hole-only devices: (a) -NPD/as-deposited -6T/ITO  and  (b) -

NPD/rubbed -6T/ITO.  



Fig. 5. (a) UPS spectrum of the -NPD film (on rubbed -6T), (b) a simulated spectrum derived from (c) 

calculated molecular orbital energies, shown at the bottom of the graph. Wave functions of selected -

NPD molecular orbitals are related to peaks in the simulated spectrum. 
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