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Abstract 
Charge injection at electrode-organic interfaces is key to 

the performance, lifetime and stability of organic electronic 

devices. The link between fundamental material properties 

and the energy-level alignment at electrode-organic 

interfaces will be discussed. In addition the impact of the 

injection barrier height—a parameterization of the energy-

level alignment—on device characteristics will also be 

discussed. 
  

 

1. Introduction 

 

Since organic semiconductors typically contain 

almost no intrinsic charge carriers, all of the holes and 

electrons within a device must be injected from the 

anode and cathode respectively1. As a result device 

stability, performance, and lifetime are almost entirely 

dictated by the energy-level alignment (i.e., the 

injection barrier height) at the electrode-organic 

interfaces2. Although the energy-level alignment at 

metal/organic interfaces has been extensively studied, 

such interfaces are rarely used in real devices owing 

to the strong interfacial dipole that forms between 

clean metal surfaces and organic molecules, which 

limits charge injection3. In most device architectures 

either non-metallic electrodes, such as indium tin 

oxide (ITO), or metals modified with dielectric buffer 

layers, such as LiF or MoO3, are used as electrodes4. 

However, despite the critical importance of these 

interfaces (i.e., the interface between electrodes such 

as LiF/Al and organic molecules), the mechanism that 

governs the energy-level alignment and charge 

injection at electrode-organic interfaces has yet to be 

determined. In this paper we demonstrate the use of 

interface dipole theory from traditional semiconductor 

device physics to describe the energy-level alignment 

at electrode-organic interfaces. We also discuss how 

to calculate  the current-voltage (IV) characteristics of 

devices from the energy-level alignment estimated 

using interface dipole theory.  

2. Experimental  
 

Single carrier hole-only devices were fabricated in 

a Kurt J. Lesker LUMINOS® cluster tool5 on 

Corning® 1737 glass substrates (50 mm × 50 mm). 

The standard device structure is as follows: anode (20 

nm)/oxide (0, 1 nm)/organic (500 nm)/Au (20 nm). Au 

was used as the cathode for its high work function (i.e., 

5.1 eV) in order to create a sufficiently large electron 

injection barrier to minimize the electron current in 

the devices. Au was used as the anode material since 

it is non-reactive. Sputter deposited6 Al2O3 was used 

as the oxide layer since its properties have been well 

studied by both experiment and theory. N,N’-

diphenyl-N,N’-bis-(1-naphthyl)-1-1’-biphenyl-4,4’-

diamine (α-NPD) was used as the organic 

semiconductor layer since it is a commonly studied 

hole transport layer. Additional details of the device 

fabrication have been discussed elsewhere7. The 

active area for all devices was 2 mm2. IV 

characteristics were measured at room temperature 

(300 K) in a vacuum cryostat with a base pressure of ~ 

10-7 Torr using an HP4140B picoammeter. 
  

 

3. Results and discussion 
 

Many studies have experimentally demonstrated a 

strong correlation between the metal work function 

(φm) and the injection barrier for holes (φBp) or 

electrons at metal-organic interfaces8. In the Schottky-

Mott limit the vacuum level of the organic and metal 

align. However, the Schottky-Mott limit is rarely 

observed at real metal-organic interfaces due to the 

formation of a strong interfacial dipole Δ. An effective 

work function can be defined as the difference 

between the pristine φm and the dipole, 
 

 

,m eff mφ φ= − Δ . (1) 
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In the case of traditional inorganic semiconductors, 

deviation from the Schottky-Mott is due to gap states 

that are induced in the semiconductor as a result of the 

rapidly decaying tail of the electronic wave function 

from the metal9. A charge neutrality level (�CNL) is 

defined as the point at which the interface states are 

equally donor- and acceptor-like. Therefore, at metal-

semiconductor interfaces the charge neutrality level of 

the semiconductor will tend to align with  the Fermi 

level of the metal, forming an interfacial dipole10, 
 

 ( )
,m eff CNL m CNLSφφ φ φ φ= + − . (2) 

 

Mönch showed that the interface slope parameter (S�) 

for weakly interacting interfaces depends on the 

optical dielectric constant (ε∞ )11,12, 
 

 

( )2
1

1 0.1 1

Sφ ε∞
=

+ −
. 

(3) 

 

However, in the case of organic semiconductors 

metals are often modified with various dielectric 

buffer layers to improve charge injection. Hence, most 

electrode-organic interfaces in real devices are 

actually metal-dielectric-organic interfaces. Since 

most dielectric buffer layers are thin they can be 

treated as surface modification layers such that Eq. (3) 

can be applied at the metal-dielectric and dielectric-

organic interfaces to yield the net effective work 

function, as depicted in Fig. 13. As a result the energy-

level alignment at electrode-organic interfaces will 

typically depend on the properties of the underlying 

metal as well as the dielectric buffer layer, analogous 

to the situation at metal-oxide-semiconductor (MOS) 

interfaces used in advanced high-κ dielectric metal 

gate MOS field effect transistors (MOSFETs)13. 
 

 

 

Fig. 1. Schematic energy-level diagram of a metal-

dielectric-organic interface. 

In order to calculate the net effect of the dielectric 

layer on the injection barrier we treat the thin 

dielectric as a surface modification layer on the metal. 

The interaction between the dielectric and the metal 

creates an interfacial dipole layer that modifies the 

work function of the pristine metal surface. This 

results in the organic molecules deposited on top of 

the dielectric modified metal experiencing an effective 

metal work function as given by Eq. (3). Treating the 

metal-dielectric as a layered anode structure the 

effective metal work function can be plugged back 

into Eq. (3) to extract the effective work function of 

the metal-dielectric after consideration of the effect of 

the organic layer. The hole injection barrier is then 

taken as the difference between this effective work 

function and the highest occupied molecular orbital 

(HOMO) in the organic. The required material 

parameters to extract the theoretical hole injection 

barrier heights—namely the charge neutrality level, 

optical dielectric constant and interface slope 

parameter—are summarized in Table 1. 
  

TABLE 1. Materials properties used in this work.  

 �CNL ε∞ S� 

Al2O3 5.2 3.4 0.69 

α-NPD 4.2 3.0 0.71 
 

Taking the work function of clean Au as 5.1 eV14 

the effective work function of Al2O3 modified Au is 

calculated to be 5.13 eV by Eq. (3). The net effective 

work function after deposition of α-NPD is calculated 

to be 4.86 eV by plugging the result for Al2O3 

modified Au back into Eq. (2). Then, taking The 

HOMO of α-NPD as 5.4 eV15 the estimated barrier 

height for hole injection is 0.54 eV. To test this result 

against experimental data we first must consider a 

suitable model for charge injection at electrode- 

organic interfaces. 

Traditionally, charge injection at electrode-organic 

interfaces has been considered to fall into one of two 

regimes, space charge limited current (SCLC) for an 

Ohmic contact and injection limited current (ILC) for 

contacts with a barrier (i.e., a Schottky contact). For 

ILC contacts the current density can be calculated 

using the injection model proposed by Scott et al.
1, 

 

 2 1/2

0
4 exp exp( )

Bp

inj

B

e
J N e F f

k T

φ
ψ μ

−⎛ ⎞
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⎝ ⎠
. (4) 

 

Using the field dependent mobility reported 

elsewhere16 and the injection barrier height estimated 

using interface dipole theory the IV characteristics for  
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Fig. 2. Experimental IV characteristics of α-NPD 

single carrier devices along with calculation 

results. 
 

 

the Au/Al2O3/α-NPD/Au device can be simulated 

using Eq. (4). Figure 2 shows the calculated current 

density along with the experimental results for the 

above mentioned devices. The calculation results are 

in good agreement with the experimental data, 

indicating that the energy-level alignment and charge 

injection at electrode organic interfaces can indeed be 

described by the aforementioned theories. 
 

 

4. Summary 

 

In summary we have demonstrated a means of 

calculating the energy-level alignment and charge 

injection at electrode-organic interfaces.  
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