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Abstract 

 
The highest occupied and lowest unoccupied states of the new electroluminescent material poly(9,9-dihexyl–9H-
fluorene-2,7-diyl) (PPV-D) and polyvinylcarbazole (PVK) are investigated using ultraviolet photoelectron and inverse 
photoemission spectroscopies. Hole injection barriers are determined for interfaces between indium-tin oxide covered 
substrates with work function ranging from 4.4 to 4.7 eV and these two polymers. Vacuum level alignment with flat 
bands away from the interface is found when the interface hole barrier is 0.6 eV or larger. Band bending away from the 
Fermi level occurs when the hole barrier is smaller than 0.6 eV. This is due to the accumulation charges at the interface 
with the polymer when the injection barrier is small. The resulting field bends the polymer levels to limit charge 
incoming in the bulk of the film. The efficiency of the electroluminescent structures is strongly influenced by the 

different energy levels alignment at the layer interfaces. 
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1. Introduction 
 

The parameters and characteristics of polymer light-emitting 
devices (PLED) are considerably improved since the first 

demonstration of practical devices based on poly(p-
phenylene vinylene) (PPV) [1]. The ease of processing in 

form of thin films by spray deposition [2], spin- and dip-
coating [3], etc. is key advantage of the polymeric materials 

for cheap large-scale production. Yet, some fundamental 
properties of these materials and their interfaces in devices 

are difficult to be determined and are still under intensive 
investigation. From practical importance for the PLED 

efficiency are charge injection and transport through the thin 
films in the structures [4]. Energy level alignment across the 

electrode/polymer interfaces is crucial for the device 
performance. The main idea is to obtain small enough 

contact barriers for Ohmic hole and electron injection in the 
electroluminescent layer [5]. 

 The determination of the interface energetic is more 
difficult for structures with polymer films than for small 

organic molecular films because of the materials nature, 

which consist of long chains along which the charge carriers 
can be delocalized and present complex interchain 

interactions. The film morphology, which is difficult to 
control, greatly affects the electronic and optical properties 

of these materials [6]. The morphology of the polymer films 
is therefore a source of additionally difficulties in the 

interpretation of information, obtained from spectroscopic 
techniques used in the investigation of interfaces. Ultraviolet 

photoelectron and inverse photoemission spectroscopies 
provide the most direct way for experimentally estimation of 

occupied and unoccupied electronic states in the bulk and at 
interfaces. 

 In this work, multilayer polymeric structure based on 
poly(9,9-dihexyl–9H-fluorene-2,7-diyl) (PPV-D) new and 

still weakly investigated electroluminescent material is 
chosen. Polyvinylcarbazole (PVK) is used as hole 

transporting layer. PVK has been extensively studied as hole 
transporting layer in Alq3 based devices [7,8], but not 

enough in multilayer polymer based structures. For PPV-D 
still there is no information about measurements of its 

energy levels position and energy level offset at the 
electrode interfaces. We investigate these materials with 

ultraviolet photoelectron spectroscopy (UPS) and inverse 
photoemission spectroscopy (IPES).  

 
 

2. Experimental Section 
 

In these experiments a highly pure form of commercially 

available PPV-D and PVK polymers (Sigma-Aldrich) was 
used for fabrication of the thin films. The chemical 

structures of the used polymers are shown on Fig. 1. For the 
PPV-D film preparation with thicknesses from 30 to 200 Å, 

solutions containing 0.2-1.8 mg granules dissolved in 25 mL 
of chloroform were spray deposited. The substrate 

temperature was set to 60
o
C. PVK films are deposited at the 

similar conditions. The used spray deposition setup, as well 

the optimized conditions for obtaining of uniform polymer 
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layers by pulverization are described in detail in [9]. The 
substrates were ITO covered glasses. ITO playing role of 

anode was obtained by RF reactive sputtering. Onto the ITO 
electrode were deposited PVK and PPV-D. All films 

thicknesses were measured by Atom Force Microscope 
(AFM). 

 

    
 a)    b) 
Fig. 1. Chemical structure of the used polymers: a) PVK and b) PPV-D.  

 
 

 Measurements of occupied and unoccupied electronic 
states of the polymer films were performed with UPS and 

IPES, respectively. UPS was carried out with the He I (21.22 
eV) and He II (40.8 eV) photon lines from a He-discharge 

lamp and a double-pass cylindrical mirror analyzer for 
electron collection. IPES was carried out with an electron 

current density of ~ 0.8 μA/cm
2
 impinging on the surface. 

The ionization potential (IP) of each film (200 Å) was 

determined as energy difference between the vacuum level 

(Evac) and the edge of the highest occupied molecular orbital 
(HOMO), following a procedure described elsewhere [10]. 

By analogy the electron affinity (EA) for each film was 
determined as the energy difference between Evac and the 

edge of the lowest unoccupied molecular orbital (LUMO). 
Polymer films was additionally made thinner to about 30 Å 

for the measurements with UPS and IPES to ensure that no 
charging occurred in either experiment.  

 
 

3. Results and Discussion 
 

The combined UPS and IPES spectra from 200 Å thick PVK 
and PPV-D films on ITO are shown in Fig. 2a and 2b. The 

work function of the ITO substrates measured on a control 
sample prepared at the same time and under the same 

conditions as the substrates used for the polymer films, is 
4.71 ± 0.05 eV. The IPs of PVK and PPV-D are 5.04 ± 0.05 

eV and 5.23 ± 0.05 eV, and the corresponding EAs are 2.55 
± 0.08 eV and 2.45 ± 0.08 eV, respectively. The edge-to-

edge gap, measured between the onsets of occupied and 
unoccupied states (IP - EA), is 2.49 for PVK and 2.78 for 

PPV-D. 
 Values for PVK HOMO and LUMO positions of 5.02 

and 2.09 eV are reported [12]. Therefore the spectroscopic 
measurements are in good agreement with the achieved in 

the literature. This allows a precise determination not only of 
the relative positions of HOMO and LUMO levels, but of 

the energy gap between them. The differences in the values 

might due to the different environments in which the 
measurements are made. The energy gap known as transport 

gap Et represents the energy difference between a “free” 
electron (or negative polaron) and a “free” hole (or positive 

polaron), separated in space and moving through the 
polymer. With some corrections related to surface vs. bulk 

polarization and relaxation processes in the chain the 
separation between the LUMO and HOMO determined by 

IPES and UPS is precisely this transport gap. This gap is 
fundamentally different from the optical absorption gap, Eopt, 

which represents the energy necessary to excite an electron 

on a polymer chain and create a bound electron-hole pair, 
i.e., an exciton. The energy difference between Et and Eopt 

represents the energy necessary to break the exciton to create 
a free electron (or negative polaron) and a free hole (or 

positive polaron), i.e., the exciton binding energy EB. Using 
the procedure developed for molecular films [13] we found 

that Et is equal to 2.49 eV for PVK and 2.78 eV for PPV-D. 
From measured Eopt of ~2.8 eV and ~2.1 eV for both 

materials, the estimated EB is 0.14 and 0.15 eV for PVK and 
PPV-D, respectively. These values give an idea that exciton 

binding energies in these polymer films are significantly low 
(an order of magnitude lower) than in some small molecular 

compound [14]. This is a proof that the investigated 
combination of polymers is suitable not only for light-

emitting application, but for polymer solar cells, where the 
binding energy must be low enough for fluently extraction of 

the charge carriers through the electrodes.  
 

                    
a)                                                        b) 

 

Fig. 2. Combined UPS/IPES spectra of 200 Å thick films of: a) PVK 

and b) PPV-D sprayed on ITO. The Fermi level (EF) is the reference 

energy. 

 

 
 a)          b) 

Fig. 3. UPS spectra of films with varying thickness sprayed on ITO: a) 

PVK and b) PPV-D. Enlarged views of the hole injection barriers are 

shown in the inset. 

 
 

 For PVK, the assumption of flat bands holds, as the hole 
injection barrier (measured at the surface of the film) is 

nearly identical (0.34-0.38 eV) to the difference between the 
IP of the polymer (5.04 eV) and the work function of the 

ITO substrate (4.7 eV), which indicates an interface 
electronic structure defined by vacuum level alignment 

between the polymer film and substrate. On the other hand, 
the energetics of the ITO/PPV-D interface is different. If 

vacuum level alignment did occur at the interface, the hole 
injection barrier would be exactly the difference between the 

IP of both polymers, which is about 0.5 eV. But hole barrier 

of 0.61 eV is measured at the free surface of the PPV-D 
film, which leads to a value of the work function of the film 

(i.e., Evac - EF) ~0.11 eV smaller. The difference must 
therefore be attributed to the formation of an interface dipole 

and band bending at the polymer interface, or both. This can 
due to the fact that polymer films are deposited from 

solution in ambient environment on a substrate surface, 
during which they are contaminated with hydrocarbons 

and/or oxides. No additional interface-related features are 
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detected via UPS on films with decreasing thickness, 
suggesting minimal chemical interactions between the 

polymers and the ITO substrate (Fig. 3). A negligible shift of 
the HOMO level toward the Fermi level is observed for 

PVK with decreasing thickness, but the shift is consistently 
larger than 0.1 eV in the case of PPV-D. According to the 

experiments described above, when the polymer film is 
deposited on a (relatively) low work function substrate, 

leading to a hole barrier larger than 0.6 eV, the energy of the 
polymer levels remains constant (flat) across the film, from 

interface to free surface (Fig. 4). On the other hand, when 
the polymer film is sprayed on a high work function 

substrate, leading to a smaller hole barrier of the order of 
0.3-0.5 eV, the molecular levels are seen to bend away from 

their interfacial position (Fig. 5).  
 

   
a) b) 

Fig. 4. Energy diagrams of a) PVK/ITO; b) PPV-D/ITO, when the work 

function of ITO is relatively low. 

 

 

 
a)                                         b) 

 

Fig. 5. Energy diagrams of: a) PVK/ITO; b) PPV-D/ITO, when the 

work function of ITO is relatively high. 

 

 
 This result is to be compared with the results obtained by 

Tengstedt et al. [15] on various polymers, including F8 
(PFO) and TFB who report Fermi level pinning and an 

interface hole barrier of ~0.6 eV when the polymer film is 
spun on a high work function substrate. A probable 

explanation for this type of behaviour is an excess density of 
charges accumulates in the organic material (holes in the 

present case). These interface charges induce an electric 
field that displaces the frontier orbital, e.g., the HOMO 

level, away from EF, limiting further penetration of charges 

into the bulk of the film, via a kind of self-regulating 

mechanism. The density of excess interface charges depends 
on the barrier. When the barrier is <0.6 eV, the density of 

excess holes is sufficient to bend the bands within the 
thickness measured by UPS (<200 Å). On the other hand, 

when the hole barrier is >0.6 eV, the charge density is small 
and the field does not induce a significant band bending over 

the range of thickness investigated here. This behaviour is 
closely related with the device efficiency. Fig. 6 illustrates 

the quantum efficiency QE as function of the applied voltage 
for the above described cases. If PVK film is inserted in 

structure ITO/PPV-D/Al, it will transport effectively the 
holes injected from the ITO anode to PPV-D, because the 

injection barrier at the anode is reduced form 0.83 eV to 0.64 
eV. Most of the anode barrier remains at the ITO/PVK 

interface, which is however more conducting, whereas the 
barrier at the PVK/PPV-D interface is lower. This balance is 

favorable for the injection efficiency and therefore for the 
luminous efficiency. 

 

 
Fig. 6. Quantum efficiency of PPV-D based electroluminescent 

structure as function of the applied voltage, according to the energy 

level alignment at the anode interface. 

 

 

4. Conclusion 
 

The UPS and IPES investigations of important for organic 
light-emitting application polymers, such as PVK and PPV-

D provides an accurate determination of the energy position 
of the transport states, and thus a solid basis for further study 

of the electronic structure of the polymer-metal interfaces in 

such devices. The energetics of interfaces between PVK and 
PPV-D on ITO substrates with work function ranging from 

4.4 to 4.7 eV was investigated. Vacuum level alignment was 
found to prevail in all cases, with additional band bending in 

the polymer when the (hole) injection barrier is small 
(typically less than 0.6 eV). Accumulation of excess holes at 

the polymer/metal interface, leading to an electric field that 
moves the HOMO level away from the Fermi level and 

limits further penetration of charges into the bulk of the film, 
was proposed to explain this effect. The luminance 

(quantum) efficiency increase from ~0.8 lm/W for single 
layer structure to ~1 lm/W for the lower work function of 

ITO and ~1.2 lm/W for the higher work function of ITO due 
to the suitable energy level alignment at the anode interface. 
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