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The energy level alignment in metal-organic and organic-organic junctions of the widely used

materials tris-(8-hydroxyquinoline)aluminum (Alq3) and 1,4,5,8-naphthalenetetracarboxylic

dianhydride (NTCDA) is investigated. The measured alignment schemes for single and bilayer

films of Alq3 and NTCDA are interpreted with the integer charge transfer (ICT) model. Single

layer films of Alq3 feature a constant vacuum level shift of �0.2–0.4 eV in the absence of charge

transfer across the interface. This finding is attributed to the intrinsic dipole of the Alq3 molecule

and (partial) ordering of the molecules at the interfaces. The vacuum level shift changes the onset

of Fermi level pinning, as it changes the energy needed for equilibrium charge transfer across the

interface. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4809567]

All organic-based electronic devices are made by depo-

sition of successive layers (metal, oxide, insulating or semi-

conducting layers), and many key electronic processes (such

as charge injection from metallic electrodes, charge recombi-

nation into light or light conversion into charges) occur at

interfaces. In fact, as charges are localized on (parts of) mol-

ecules in most films, even charge transport can be seen as a

sequence of charge injection events at organic-organic junc-

tions. A device performance is thus strongly linked to the

energy level alignment at the various interfaces contained

within, and it is of great importance to understand and pre-

dict energy level alignment at both metal-organic and

organic-organic interfaces.

Two different models are typically used to describe the

energy level alignment at interfaces: the Induced Density of

Interface States (IDIS) model1 and the Integer Charge

Transfer (ICT) model.2–4 According to the IDIS model, the

energy level alignment at an organic-organic heterojunction

does not depend on the underlying substrate, nor on the order

in which the two organic layers are deposited on the sub-

strate. In contrast, the ICT model gives an energy level align-

ment profile that depends on the underlying substrate and on

the deposition order, provided that charge equilibration can

take place over the whole system.4–7

The ICT model, used in this work, is designed for

(hybrid) organic interfaces, where the interaction between the

organic material and the substrate is weak. This can occur,

for instance, for a metal substrate that is passivated by a

native oxide layer, which will often be the case for metal

electrodes applied in devices. Electrons can pass freely

through this thin barrier in order to equilibrate the electro-

chemical potentials of the metal and the organic material.

Experimentally, the potential step D at an interface is a very

non-linear function of the substrate work function USUB. An

organic material can be characterized by two energy levels

EICT� and EICTþ, where EICT�<EICTþ. The interface poten-

tial step D, depends on USUB with respect to EICTþ/�, i.e., (i)

D¼EICT��USUB for USUB<EICT�, (ii) D¼ 0 for EICT�
<USUB<EICTþ, and (iii) D¼EICTþ�USUB for USUB

>EICTþ.2–4 In terms of the work function of the complete

system UORG/SUB¼USUBþD, these three regimes are char-

acterized as, (i) UORG/SUB¼EICT�, (ii) UORG/SUB¼USUB,

and (iii) UORG/SUB¼EICTþ. Obviously, regime (ii) corre-

sponds to the Schottky-Mott limit, or vacuum level align-

ment, where there is negligible electron transfer between the

substrate and the organic material in equilibrium, whereas

regimes (i) and (iii) represent pinning of the Fermi level by

the organic material. The pinning levels EICTþ and EICT� can

be interpreted as the oxidation/reduction energies of the mol-

ecules at the interface, taking all electrostatic interactions at

the interface into account.3,4,8,9 As stated, the ICT model

relies on electron transfer across interfaces, and assuming

that equilibration takes place across the whole multilayer, all

layers can influence one another. Potential steps do not need

to be localized at interfaces and depend explicitly on the

order of the individual layers in the multilayer. This reason-

ing has been tested on the data of a number of experimental

studies on donor/acceptor multilayers.5–7,10

In this paper, we study metal-organic junctions of tris-

(8-hydroxyquinoline)aluminum (Alq3) and 1,4,5,8-naphtha-

lenetetracarboxylic dianhydride (NTCDA) with a range of

metals of different work functions, as well as the organic-

organic Alq3-NTCDA heterojunction. Both these organic

materials are frequently used in organic (opto)electronics.11

The Alq3 molecule has a large intrinsic dipole moment,12

making the energy level alignment at junctions with Alq3

more complex than that at previously studied junctions

(where the molecules had a zero dipole moment).5–7,10 The

work function of the samples is measured with an accuracy

of 60.05 eV by means of ultraviolet photoelectron spectros-

copy (UPS) using monochromatized HeI radiation

(h�¼ 21.2 eV) in a spectrometer of our own design and con-

struction. The work function values are derived from the on-

set of the secondary electron cut-off. The substrate work

functions used in the experiments range from �3.5 eV for

AlOx up to as high as �5.8 for UV-ozone treated gold

and poly(3,4-ethylenedioxythiophene)-poly(perfluoroethy-

lene sulfonic acid) (PEDOT-PFESA). All of the substrates
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are handled under ambient conditions and thus feature the

non-reactive surfaces required by the ICT model.3,4 Both

NTCDA and Alq3 are deposited onto the substrates by in-
situ vacuum sublimation from a Knudsen-cell. NTCDA

(�95.0%) and Alq3 (99.995%) were purchased from Fluka

and Aldrich, respectively. The substrate temperature Tsubstrate

is set to 20 �C during deposition and measurements. The pin-

ning energies of NTCDA and Alq3 are calculated using a

model based upon density functional theory described in

detail elsewhere.7,9,13

In Figure 1, the UPS-derived work functions after film

formation of NTCDA (yellow) and Alq3 (teal) UORG/SUB are

plotted versus the substrate work function USUB. The non-

linear behavior suggests an analysis in terms of the ICT

model. For NTCDA, the analysis of the energy level align-

ment is straightforward. From the zero slope part of the

NTCDA plot in Figure 1, it is seen that the Fermi level is

pinned at EICT�� 4.35 eV for substrate work functions

USUB<EICT�, which corresponds to regime (i) in the ICT

model as stated earlier. For substrate work functions

USUB>EICT�, UORG/SUB follows the Schottky-Mott limit of

vacuum level alignment, i.e., regime (ii) of the ICT model. It

is worth to mention that the ionization potential of NTCDA

is invariant with respect to the chosen substrates, which sug-

gests no substrate-induced changes in ordering of the films.14

The calculated electron pinning energy EICT�¼ 4.53 eV

for a layer of flat lying NTCDA molecules in a herringbone-

like structure similar to that used previously for PTCDA

(3,4,9,10-perylene-tetra-carboxylic-dianhydride)15 is in fair

agreement with the experimental value. EICT� includes a con-

tribution of 0.12 eV corresponding to a structural relaxation

of the NTCDA molecule upon charging it with an electron.

This relaxation energy is approximately twice that found for

PTCDA, reflecting the smaller size of the NTCDA molecule.

The calculated hole pinning energy EICTþ for an NTCDA

layer in the same geometry is 6.33 eV, which lies outside

of the range of substrate work functions used in this study.

For Alq3, the situation is more complex. Alq3 films

formed by vacuum deposition under dark conditions may

feature a phenomenon named giant surface potential.16 This

effect stems from an alignment of the dipoles of the Alq3

molecules in the film, which builds up a large effective

dipole in the film, and a corresponding electric field. The

film dipole is not stable; it is sensitive to the UV light from

the measurement, and it is permanently removed by extended

irradiation. In the process of investigating the energy level

alignment behavior of Alq3 care must hence be taken to first

reach equilibrium, where the dipole alignment causing the

giant surface potential is no longer present in the films.

From the Alq3 data in Figure 1, it is clear that the overall

behavior of Alq3 follows the ICT model. For substrate work

functions USUB>�4.7 eV, we observe Fermi level pinning,

whereas for USUB<�4.7 eV, UORG/SUB follows the substrate

work function. However, there is a displacement (d in

Figure 1) in UORG/SUB of �0.4 eV away from the Schottky-

Mott limit of vacuum level alignment. We attribute this dis-

placement to a (partial) ordering of the Alq3 molecules at the

interface with the substrate. Ordering (or partially ordering)

the Alq3 molecules at the interface gives rise to an effective

interface dipole, which leads to a potential step d at the inter-

face. The basic idea is illustrated in Figures 2 and 3. The dis-

placement observed in Figure 1 is such that it effectively

decreases the work function of the substrate. This indicates

that the component of the effective dipole along the normal

to the molecular layer is pointing away from the substrate.17

For substrate work functions USUB>�4.7 eV, the Fermi

level pinning regime in Figure 1 gives a pinning value

EICTþ¼ 4.3 eV. Ordering the Alq3 molecules in a layer

makes the vacuum level left VLL and right VLR of the layer

different, the difference being the interface potential step d,

see Figures 1 and 3. The substrate’s vacuum level lines up

FIG. 1. Work function AORG/SUB of NTCDA (yellow) and Alq3 (teal) layers

as function of the work function of the substrate ASUB. The lines are added

as a guide for the eye. The dashed line indicated the Schottky-Mott limit of

vacuum level alignment.

FIG. 2. An idealized structure of an ordered layer of (meridional) Alq3 mol-

ecules. The arrows indicate the molecular dipole moments.
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with VLL, whereas for electrons extracted on the Alq3 side,

the vacuum level is given by VLR.

A calculation on an ordered layer of Alq3 molecules in

their meridional conformational form in the structure shown

in Figure 2 gives a hole pinning level EICTþ¼ 4.39 eV and a

potential step d¼ 0.56 eV, see Figure 3. The calculated mo-

lecular relaxation energy is 0.04 eV. The corresponding elec-

tron pinning level in this structure is EICT�¼ 2.65 eV, which

would only be noticeable for substrates with a work function

USUB<EICT�þ d. The structure shown in Figure 2 is similar

to that of a perfect Alq3 layer adsorbed on a clean metal sub-

strate.18 It grasps the principal physical idea, but a calcula-

tion of the exact ordering of Alq3 molecules on substrates

such as they are used in experiment is of course outside the

scope of the present paper. The value of the pinning level is

affected by the orientation and the packing of the Alq3 mole-

cules within the layer. As an example, in the b-crystal struc-

ture of (meridional) Alq3, the molecular dipoles are locally

ordered anti-parallel,19 which leads to low index crystal

surfaces without a net effective dipole. For layers in (100),

(111), and (210) orientations we find pinning levels in the

range of 4.5–4.7 eV. A parallel ordering of molecular dipoles

pointing away from the substrate, as in the structure of

Figure 2, thus decreases the value of the pinning level.

Bilayer structures of NTCDA and Alq3 are made to test

the ICT model for an organic multilayer featuring molecules

with an intrinsic dipole. We use AlOx substrates with a work

function of 3.5–3.6 eV. From the results of Figure 1, we

can see that NTCDA has a pinning level for electrons

EICT�, NTCDA� 4.35 eV. Therefore, if NTCDA is deposited

on AlOx, electrons should be transferred from the substrate

to the NTCDA layer, and the Fermi level should be pinned

to EICT�, NTCDA. For Alq3 deposited on a substrate with a

work function of �4.3 eV, such as an NTCDA layer on

AlOx, no further charge transfer is expected, as for Alq3, we

are in the Schottky-Mott limit regime, see Figure 1.

Spectra on the sequentially formed Alq3/NTCDA/AlOx

system are shown in Figure 4. We see that the resulting work

function upon NTCDA film formation on AlOx is 4.3 eV, in

accordance with the ICT model predictions given the accuracy

of the measurement technique. Depositing an Alq3 overlayer

(and waiting for equilibrium) yields a small interface potential

step of 0.2 eV. We attribute this step to a partially ordered

Alq3 layer at the Alq3/NTCDA interface. The potential step is

smaller than the 0.4 eV obtained for Alq3 deposition on inor-

ganic substrates. The UPS spectra on Alq3 deposited on

NTCDA show a slight broadening of the Alq3 frontier peak as

compared to Alq3/AlOx case. This is consistent with a less

well-ordered Alq3 layer on a rougher NTCDA surface, which

decreases the net collective dipole of the Alq3 molecules.

For Alq3 and the NTCDA layers deposited in the oppo-

site sequential order onto AlOx, i.e., NTCDA/Alq3/AlOx,

there is no charge transfer between Alq3 and AlOx, as for

Alq3, we are still in the Schottky-Mott limit regime. The

potential step of 0.3 eV observed at the AlOx/Alq3 interface

is then again consistent with a (partial) ordering of Alq3

dipoles at the interface. Most remarkable, after NTCDA is

deposited on Alq3, the work function changes considerably,

i.e., from 3.3 eV to 4.35 eV. The latter value corresponds to

the pinning level EICT�, NTCDA.

The dependence of the results on Alq3/NTCDA on the

deposition order can be reconciled with the ICT model. At

the Alq3/NTCDA interface, the Fermi level is pinned to the

level EICT�, NTCDA. The difference between EICT�, NTCDA

(4.35 eV) and EICTþ, Alq3 (4.3 eV) yields a 0.05 eV dipole at

the interface. This means that an additional potential increase

of 4.3–3.3¼ 1.0 eV must occur to achieve equilibrium, and

as a consequence, electrons are transferred across the Alq3

layer from the AlOx substrate to the NTCDA layer. This sit-

uation is reminiscent to the other donor-acceptor system,

composed of tetrathiafulvalene (TTF) and tetracyanoquino-

dimethane (TCNQ), for which the charge equilibration

occurs with the charge transfer from the substrate across the

TTF film to TCNQ overlayer.6

In summary, the results for the single layer films as well

for the bilayer structure of NTCDA and Alq3 agree well with

the ICT model. The calculated values for the pinning levels

FIG. 3. The calculated plane-averaged electrostatic potential plotted along

the normal to a free-standing Alq3 layer in the structure of Figure 2. The

zero of the potential is placed at the calculated EICT,þ level; VLL,R mark the

vacuum potentials left and right of the layer, and d¼VLL – VLR marks

the potential step induced by the layer.
FIG. 4. UPS spectra of NTCDA and Alq3 films deposited in various configu-

rations on AlOx substrate.
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and dipoles are in good agreement with the experimental data.

The effect of a strong intrinsic molecular dipole on energy

level alignment has been explored and shown to introduce a

vacuum level shift in the absence of charge transfer across the

interface. The small but significant spread in the measured

dipole energy is attributed to variations in the Alq3 intermo-

lecular order at the different interfaces, with rougher surfaces

likely leading to a smaller dipole. The presence of an intrinsic

dipole also shifts the onset of Fermi level pinning, as it

increases (or reduces depending on direction) the energy for

spontaneous charge transfer across the interface.
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