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ABSTRACT
To obtain efficient organic devices, minimizing the charge injection barrier between the metal electrode and organic layer is of great importance.
For this, a fundamental understanding of the formation mechanism of the interface dipole that changes the work function of the electrodes is
necessary. In this study, different formations of the interface dipole of 8-hydroxyquinolinolato-lithium (Liq) on clean and contaminated metal
surfaces was investigated using in situ ultraviolet photoelectron spectroscopy. On a clean Au surface, Liq induced a large interface dipole, and
the work function significantly decreased, similar to other conducting electrodes. However, on a contaminated Ag surface, a negligible interface
dipole was formed with the deposition of the Liq layer; thus, the work function hardly changed. This was caused by the decoupling between the
electron wave functions of Liq and Ag by the contamination layer. Thus, to efficiently tailor the work function using a charge injection layer, the
surface conditions of the electrodes should be carefully considered.
Keywords: 8-hydroxyquinolinolato-lithium, Energy level alignment, Interface dipole, Organic semiconductor, Ultraviolet photoelectron
spectroscopy

1. Introduction
An efficient energy level alignment is essential to achieve high performance of organic devices [1–5]. This means that the Fermi level
(EF ) of an electrode should match the charge transport level of an organic semiconductor. However, in general, the EF of neat electrodes
is not well aligned to either the lowest unoccupied molecular orbital
(LUMO, electron transport level) or the highest occupied molecular
orbital (HOMO, hole transport level) of organic semiconductors. Thus,
the work function of the electrodes should be modified. To this end,
various hole/electron injection layers have been employed to increase/
decrease the work function of electrodes. These charge injection layers
induce an interface dipole on the electrode surface, thereby changing
the work function. However, a fundamental understanding of the formation mechanism of the interface dipole remains insufficient. Thus,
unveiling the origin of the interface dipole is of great importance in
choosing an efficient charge injection layer.
One of the most popularly used electron injection layers for lowering the work function of electrodes in organic light-emitting diodes
and organic photovoltaic cells is 8-hydroxyquinolinolato-lithium (Liq)
[6–9]. Liq significantly improves electron injection, similar to LiF.
However, Liq also has the advantage of a much lower evaporation temperature than LiF. To understand the origin of enhanced electron injection, interfacial electronic structures of Liq and metals have been
investigated [10–13]. According to these previous studies, electron
transfer from Liq to metal occurs, and a large interface dipole is formed
by charge redistribution. As a result, the work function of electrodes
is significantly reduced, which is beneficial for cathode use. However,

the degree of electron transfer can vary according to the condition of
the metal surface. For example, Grobosch et al. [14] reported that the
magnitude of the interface dipole at α-sexithiophene/metal contacts
is considerably lower on contaminated metal surfaces than on clean
metal surfaces. However, the effects of surface contaminants on the
interface dipole formation of Liq are not yet well understood. If metal
is exposed to air after deposition, C- and O-based contaminants inevitably exist on the surface. Thus, the work function may not be efficiently decreased with the Liq layer on the contaminated metal surface.
In this study, different formations of the interface dipole of Liq on
clean Au and contaminated Ag metal surfaces were investigated using
in situ ultraviolet photoelectron spectroscopy (UPS) measurements.
An accurate analysis of the electronic structure at the organic/metal
interface can be performed only by in situ UPS experiments [15]. By
comparing the interface dipoles formed on two different surfaces, the
origin of the work function reduction using the Liq layer is discussed.

2. Experimental details
Two electrodes with different surface conditions were prepared:
an Au plate was cleaned in the vacuum using Ar ion sputtering, and
Ag foil was used without cleaning. Liq was purchased from SigmaAldrich (St. Louis, MO, USA). The electronic structures of Liq on
clean Au and contaminated Ag were determined in a stepwise manner using the in situ UPS system, which was composed of deposition
and analysis chambers connected via a gate valve. Liq was degassed
sufficiently in the deposition chamber before the main experiments.
Afterward, the Liq layer was deposited at the rate of 0.01 nm s−1 via
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thermal evaporation using a Knudsen cell. The deposition rate and
total thickness of the Liq layer were monitored using a quartz crystal
microbalance. The thickness of the Liq layer increased until the spectral changes were saturated. The analysis chamber was equipped with a
He Iα (hν = 21.22 eV) ultraviolet discharge lamp and a PHI 5700 spectrometer. The base pressures of the deposition and analysis chambers
were approximately 10−8 and 10−9 Torr, respectively. At each deposition step, the sample was transferred to the analysis chamber using
a magnetic transfer arm without breaking the vacuum; then, the UPS
spectrum was recorded. To determine the secondary electron cutoff
(SEC) of the UPS spectra, a sample bias of −15 V was applied.
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Figure 1 shows the (a) SEC and (b) HOMO regions of the in situ
UPS spectra of Liq (0, 0.2, 1.6, 2.6, and 4.0 nm) on cleaned Au. To
clearly show the work function shift with an increase in the thickness of
the Liq layer, the SEC region spectra were normalized and drawn with
a kinetic energy scale. In the HOMO region, the Shirley-type background was removed from the measured HOMO region spectrum.
The EF edge of Au was observed at 0 eV, and a spectral broadening
of 0.25 eV was observed. In the current study, to reliably determine
the energy position, this thermal and instrumental broadening was
applied to the SEC and HOMO onset. The detailed procedure was described elsewhere [16]. In Fig. 1(a), the work function of Au was measured as 5.07 eV. As the 0.2-nm-thick Liq layer was deposited, the SEC
shifted toward a lower kinetic energy by 1.02 eV. This means that the
work function significantly decreased with the deposition of the ultrathin Liq layer. With Liq layers thicker than 0.2 nm, the work function
decreased more. For the 1.6-, 2.6-, and 4.0-nm-thick Liq layers, the
work function was measured as 3.79, 3.74, and 3.66 eV, respectively.
Thus, the work function of 4.0-nm-thick Liq on Au was lower by 1.41
eV than that of clean Au. This indicates that the work function of clean
Au can be dramatically reduced with the deposition of the Liq layer.
In Fig. 1(b), the Au 5d valence features are clearly observed in the
bottommost spectrum of clean Au. Because the spectral intensity of
Au was quite higher than that of Liq on Au, the clean Au spectrum
was minimized for clarity. As the Liq layer was deposited, the HOMO
features of Liq emerged near 2 eV. However, the HOMO onset of Liq
could not be reliably determined at the 0.2-nm thickness owing to its
too-low coverage. Thus, the HOMO onset of Liq was determined with
thicknesses thicker than 0.2 nm. With the 1.6-nm thickness of the
Liq layer, the HOMO onset was observed at 1.57 eV. With an increase
in the thickness of the Liq layer, the HOMO onset shifted toward a

higher binding energy. A HOMO onset at the final deposition step of
4.0 nm was observed at 1.74 eV. This HOMO level shift implies the
band bending of the Liq layer on clean Au.
Figure 2 shows the (a) SEC and (b) HOMO regions of the in situ
UPS spectra of Liq (0, 0.4, 0.8, 1.8, and 2.8 nm) on contaminated
Ag. In Fig. 2(a), the work function of the contaminated Ag was measured as 4.31 eV. As the 0.4-nm-thick Liq layer was deposited, the SEC
shifted toward a higher kinetic energy by 0.39 eV. This increase in the
work function with partial coverage of the Liq layer is a contrary phenomenon to the clean Au case (Fig. 1) and those of other conducting
substrates reported previously [13]. The origin of the increased work
function by the partially covered Liq layer is not clear at present, and
further study is necessary. However, one possible explanation pertains
to changes in the molecular orientation [17]. Different molecular orientations induce different dipole moments, which can alter the direction of the work function shift. However, with Liq layers thicker than
0.4 nm, the work function monotonically decreases, as the Liq layer on
metal generally shows. With the 0.8-, 1.8-, and 2.8-nm-thick Liq layers, the work function was measured as 4.45, 4.42, and 4.18 eV. Thus,
during the deposition of the 2.8-nm-thick Liq layer, the total shift in
the work function was measured as only 0.13 eV.
In Fig. 2(b), in the bottommost spectrum of contaminated Ag, the
EF edge was not observed because the Ag surface was covered by Cand O-based contaminants. Additionally, O 2p features near 3 eV
were clearly observed, also showing that the Ag surface was contaminated [18]. As the Liq layer was deposited, the HOMO features of
Liq were observed at approximately 1.5 eV. Like the Liq/clean Au case,
the reliable HOMO onset of Liq was determined at thicknesses greater
than 0.4 nm. With the 0.8-nm-thick Liq layer, the HOMO onset of Liq
was observed at 0.95 eV. With an increase in the thickness of the Liq
layer, the HOMO onset gradually shifted toward a higher binding energy. With the 1.8- and 2.8-nm-thick Liq layers, HOMO onsets were
observed at 1.04 and 1.10 eV. Thus, the HOMO level shift was 0.15
eV during the deposition of the 2.8-nm-thick Liq layer, implying that
band bending occurred in the Liq layer on contaminated Ag.
Figure 3 shows the energy level alignment of (a) Liq/clean Au and
(b) Liq/contaminated Ag. The LUMO level of Liq was estimated using
the band gap (3.00 eV) determined by X-ray absorption and emission
spectroscopy measurements [19]. In both cases, the ionization energy
of the thick Liq layer was almost the same within the experimental
error margin (5.28 and 5.40 eV, respectively). Band bending was evaluated by the HOMO level shift, whereas the interface dipole was calculated as the difference between the SEC shift and band bending [20].
In Fig. 3(a), the work function of clean Au was 5.07 eV. With the de-

Figure 1. In situ UPS spectra of the (a) SEC and (b) HOMO regions of Liq (0, 0.2,
1.6, 2.6, and 4.0 nm)/clean Au.

Figure 2. In situ UPS spectra of the (a) SEC and (b) HOMO regions of Liq (0, 0.4,
0.8, 1.8, and 2.8 nm)/contaminated Ag.

3. Results and discussion
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decoupling the electron wave functions of Liq and Ag. Thus, electron
transfer was significantly interrupted. These results suggest that work
function reductions using the Liq layer cannot be efficiently obtained
on air-exposed electrodes. This study provides fundamental information for achieving an efficient energy level alignment in organic devices
using the charge injection layer.
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Figure 3. Energy level diagrams of Liq on (a) clean Au and (b) contaminated Ag.
Ψ, EVAC , EF , V h , eD, IE, Φe , Φh , LUMO, and HOMO denote the work function, vacuum level, Fermi level, band bending, interface dipole, ionization energy, electron injection layer, hole injection layer, lowest unoccupied molecular orbital,
and highest occupied molecular orbital, respectively (unit: eV).

position of the Liq layer, the work function was significantly reduced
to 3.83 eV, owing to the formation of the interface dipole of 1.24 eV.
The electron and hole injection barriers from clean Au to Liq were 1.43
and 1.57 eV, respectively. The band bending in the Liq layer was 0.17
eV.
However, in Fig. 3(b), the energy level alignment of Liq on contaminated Ag was quite different from that of Liq on clean Au. The work
function of the contaminated Ag was 4.31 eV. Although the Liq layer
was deposited, the vacuum level hardly shifted. In other words, only a
negligible interface dipole (0.02 eV) formed on contaminated Ag. As
a result, the electron and hole injection barriers were 2.05 and 0.95
eV, respectively. Such a low hole injection barrier and a vacuum level
alignment with the Liq layer have not been reported with other metal
contacts. By this time, interface dipoles larger than 1 eV were observed
in Liq on conducting substrates [10, 11, 13]. Thus, this marginal interface dipole of Liq on contaminated Ag might have caused unexpected
results.
However, such different formations of the interface dipole were
also observed in other organic/metal contacts. Wan et al. [21] reported that a large interface dipole was formed at the N,N’-bis-(1naphthyl)-N,N’-diphenyl-1,1’-biphenyl-4,4’-diamine (NPB)/clean Au
contact, whereas a much smaller interface dipole was formed at the
NPB/contaminated Au contact. Similarly, the formation of a smaller
dipole on the contaminated metal surface was observed in rubrene on
Ag [22]. The origin of these smaller dipoles would be the decoupling of
the organic layer and metal surface by the contamination layer. When
the Liq layer is deposited on the metal surface, the electron wave functions of Liq and metal overlap, and electron transfer occurs from Liq
to metal to achieve thermal equilibrium. As a result, a large interface
dipole is formed. However, when C- and O-based contaminants exist
on the metal surface, the overlap between the electron wave functions
of Liq and metal is significantly suppressed. Thus, electron transfer
from Liq to metal is considerably hindered, and only a small interface
dipole is formed. This is the origin of the different formations of the
interface dipole on clean Au and contaminated Ag. These results indicate that work function modification using the Liq layer should be
performed upon careful consideration of the surface conditions of the
electrodes.

4. Conclusions
In this study, the effects of surface contaminants on the interface
dipole formation of Liq were investigated via in situ UPS analysis. On
a clean Au surface, the Liq layer formed a significantly large interface
dipole (1.24 eV) via electron transfer from Liq to Au. However, on the
contaminated Ag surface, the Liq layer formed a negligible interface
dipole (0.02 eV), and the vacuum level was almost aligned. This difference can be attributed to the C- and O-based contamination layer
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