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Abstract

Metal/polymer interfaces play an important role in polymeric light emitting
diodes (LEDs). In typical organic light-emitting devices, metallic electrodes
are used to inject charged carriers into the organic electroluminescent (EL)
medium. However, what other effects the metals have on the organic medium
is not well known. In this work, we report severe photoluminescence (PL)
quenching of organic thin films comprising of one of the most useful
materials, namely 1,4-bis[4-(3,5-di-tert-butylstyryl)styryllbenzene (4PV),
upon sub-monolayer deposition of Al, Ag, and Ca in an ultra high vacuum
environment. The severity of the luminescence quenching may greatly affect
the EL device performance. Gap states at the Ca/4PV interface are shown to
be responsible for the PL quenching. The oxidation of Ca resulted in the
removal of the gap states and the recovery of the quenched PL.

INTRODUCTION

When one thinks of organic materials, flexible, and easily processible materials
having electrically insulating properties typically come to mind. However, some organic
materials have been found to possess the electrical and optical properties traditionally
associated with metals and semiconductors, while retaining the mechanical properties
mentioned above. This combination of electrical and mechanical properties has attracted a
good deal of fundamental scientific interest. The use of organic materials in molecular based
electronics, such as light emitting diodes (LEDs), is relatively new (Ref. 1, 2, 3, 4, 5), and
lends weight to the importance of careful characterization of these materials. One of the key
issues for the organic semiconductors to be useful is the understanding of interfaces, since
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organic devices consists of thin film structures with typical effective thicknesses of the order
of 100 nm. Thus, the distinction between the bulk and the interface is blurred. The
demonstration that a multilayer structure is critical to the improvement of device performance
further emphasizes the importance of interfaces (Ref. 6, 7). Injection electroluminescence
(EL) has been demonstrated in numerous organic materials ranging from tris-(8-
hydroxyquinoline) aluminum (Alq3s) (Ref. 6, 8), a sublimable compound, to poly(p-
phenylene vinylene) (PPV) (Ref. 9), a conjugated polymer. The device structure generally
consists of, in sequence, an indium tin oxide (ITO) covered glass as the anode, a thin layer
(or multiple layers) of organic materials, and an evaporated metal film as the cathode.

The efficiency of these EL devices has been found to be highly dependent on the
injection behaviors of the contacts (Ref. 10, 11, 12), limited primarily by the electron
injection efficiency of the cathode (Ref. 13, 14, 15, 16). Presumably, a lower electron
injection efficiency from the cathode would result in an injection current dominated by the
holes in the organic layer and consequently the electron-hole recombination would occur at
or near the cathode surface (Ref. 17, 18). The role of the metal electrode as merely an agent
for charge injection has been challenged by our recent observation (Ref. 19) that the
photoluminescence (PL) of 1,4-bis[4-(3,5-di-t-butylstyryl)styryl]benzene (4PV, Fig. | inset)
can be severely quenched by the deposition of Ca, a metal known as a superior cathode for
PPV based EL devices due to its low work function. The fact that the measured spectra for
both EL and PL are basically identical implies that both processes are due to the same
emissive species. Consequently, the observation of metal-induced PL quenching may be
important for single-layer LEDs. This is particularly significant for PPV based LEDs since
the recombination region is near the metal cathode due to its hole conducting nature.

At a metal/organic interface, charge transfer from the metal to the organic material
may induce gap states associated with lattice deformation of the organic material (Ref. 20,
21) The formation of such gap states, termed polaron and bipolaron states, has been
experimentally observed (Ref. 22, 23, 24) and causes energy level bending in the organic
material near the interface (Ref. 20, 21, 25, 26). However, the effect of these states on the
luminescence properties of organic materials has not been explored. In this paper, we report
our systematic investigation to characterize the luminescence quenching phenomenon using
Ca, Al, and Ag on 4PV in an ultra high vacuum (UHV) environment. Ca, Al and Ag were
chosen because they are frequently used as cathodes in EL devices. Furthermore, 4PV can be
sublimed to form an impurity-free thin film in UHV, thus allowing a molecularly clean
surface not possible for PPV. We observed that deposition of all three metals on the 4PV
layer produced dramatic luminescence quenching even at sub-monolayer coverages,
suggesting that metal quenching may critically affect the efficiency of organic EL devices.
Similar quenching processes are also observed for Alqs, which is one of the most
representative light emitting organic molecule. We also present evidence that the formation
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of gap states upon Ca deposition is responsible for the observed PL quenching in 4PV. The
recovery of the PL upon removal of these states will also be discussed.

EXPERIMENTAL

The synthesis and basic photophysical properties of 4PV are described in detail
elsewhere (Ref. 27, 28, 29). We used ultraviolet photoelectron spectroscopy (UPS) to probe
the valence electronic structure of Ca/4PV at the University of Rochester. The entire PL and
UPS experiments were performed in a UHV chamber with the base pressure of 1x10-10 Torr.
The thickness of the 4PV films was 300 A. The films for the UPS experiments were
deposited on Au coated Si substrates while those for PL were deposited on ITO coated
substrates through thermal evaporation in UHV at a rate of approximately 2 A per minute.
The evaporated sample was then transferred to the analysis chamber in situ for PL and UPS
data acquisition as well as metal deposition (the deposition rate was approximately 1.0 A per
minute). The deposition rates were monitored by a quartz crystal microbalance. No dectable
impurity was found for the deposited 4PV films as observed by x-ray photoemission
spectroscopy (XPS). An Oriel 77501 fiber-optic light source with a regulated lamp was used
to produce the excitation light for PL, which went into the UHV chamber through a quartz
window. The excitation wavelength was chosen using a Carl Zeiss M4QIII prism
monochromator. The excitation wavelength used was 400 nm, since it produced the highest
level of luminescence for 4PV. The PL data was recorded with a Photo-Research
SpectraScan 650 photo colorimeter. The UPS spectra were taken with a 21.2 eV He |
discharge lamp and a hemispherical electron energy analyzer. This combination resulted in
an overall energy resolution of 0.2 eV. The oxygen exposure was performed by filling the
vacuum chamber with pure (99.999 %) oxygen gas at the pressure of 5x10-6¢ Torr. The
exposure was measured in the unit of Langmuir (L) which is defined as 1x10-6 Torr sec. The
sample was kept in darkness during the exposure to eliminate possible contributions to the
PL quenching due to photo-oxidation and the formation of carbonyl groups in 4PV (Ref. 30).

RESULTS AND DISCUSSION

The PL spectra of 300 A 4PV on an ITO substrate at various Ca coverages, O, are
shown in Fig. 1. The shape and the position of the peaks are consistent with those obtained
by Woo et al. (Ref. 29). The observed PL quenching is very severe as indicated by the fact
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that even the deposition of 0.1 A Ca reduces the PL intensity by 50%. However, there is no
noticeable change in the spectral shape. Further deposition of Ca continues to quench the PL
although the effect is more gradual than that of the first 0.1 A. Figure 2 is the PL intensity
plotted as a function of ©. The rate of intensity decrease can be divided into three stages.
The first stage, more clearly seen in the inset of Fig. 2, is.between © = 0 and 1 A. The
second stage is between © = 1 and 30 A, and the third for © > 30 A. The rate of decay is

highest in the first stage and lowest in the third stage.
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Fig. 1 The PL spectra of 4PV on an ITO substrate for various Ca coverages @. The inset
shows the molecular structure of 4PV.

PL intensity is reduced by 65 % in the first stage alone. At least three possible
mechanisms are responsible for the dramatic PL quenching. First, this decrease could be due
to Ca induced energy level bending which splits the excitons apart, resulting in lower yields.
Second, a strong chemical reaction between Ca and 4PV may have occurred, yielding
products which effectively quenches the luminescent species. Third, the Ca atoms provide
nonradiative decay routes. Our previous XPS studies (Ref. 25) of the interface formation
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between Ca and SPV have shown that the Ca induced energy level bending is completed at a
much larger value of © than 1 A, and since the same XPS studies did not show any evidence
of a strong chemical reaction between Ca and 5PV, mechanism (1) and (2) can be ruled out.
Therefore, we attribute the initial drop in intensity to mechanism (3), nonradiative decay
channels created by the deposited Ca. The charge injection from the Ca atom into 4PV may
induce the formation of radical anions or polarons, acting as dissociating centers for
photoinduced excitons (Ref. 31).
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Fig. 2 The evolution of PL peak intensity as a function of Ca coverage, ©. The inset
emphasizes the first and second stages.

After the initial drop, the effect of PL quenching by Ca atoms is reduced, as indicated
by a slower rate of PL quenching observed in the second stage. This can be explained by a
rather simple argument. Consider a surface with several Ca atoms. Each Ca atom has a
certain "quenching radius" defined by the exciton diffusion length within which any exciton
created will be quenched. Therefore, any additional Ca atoms added within the quenching
radius of an existing Ca atom will have a lesser effect than it would have if it were deposited
on a clean surface. This picture may be complicated by the fact that Ca may diffuse into the
near surface region of 4PV just as has been reported for poly(2,5-diheptyl-1,4-
phenylenevinylene) (DH-PPV) (Ref. 32), and by the possibility of contributions from the Ca
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induced energy level bending process. However, if Ca diffuses extensively into 4PV, we
would expect its density inside 4PV to be linearly proportional to the amount of Ca
deposited, leading to total quenching of the PL at © = 0.2 A. We have also investigated the
time dependence of the PL quenching at a given Ca coverage, and observed no detectable
change in the course of more than 10 hours. This is again inconsistent with a diffusion
picture which is a time dependent process.

In the third stage, © > 30 A, we attribute the drop in PL intensity solely to the
attenuation of both excitation and emission photons due to the thickness of the Ca layer,
since the Ca layer becomes bulk metallic at approximately 30 A coverage as observed in our
XPS studies.!7 At this point, we expect that the coverage of Ca is such that the PL
quenching is saturated. A simple curve fit of our data in this region employing the following
formula: I(©) = I(0)exp(-26/0), where K(©) is the PL intensity at coverage © and { is the
attenuation length, yielded 290 A for {. The factor of two in the exponential takes into
account the fact that both the incident excitation and the emitted light had to pass through the
Ca overlayer. The { value obtained here corresponds quite well with the calculated value for
a typical metal, which is of the order of 100 A (Ref. 33, 34).

The PL intensity of 4PV samples with different 4PV layer thicknesses plotted as a
function of ©, shown in Fig. 3, confirms that Ca indiffusion is limited in the time frame of
our experiment. The lines in Fig. 3 are not curve fits, but just a guide for the eye. If Ca
indiffusion was extensive, it would be reasonable to expect that the percentage of the
quenched PL intensity to be independent of the thickness of the sample. However, this is not
the case as shown in Fig. 3. Given that Ca indiffusion is limited, and neglecting the
quenching effect of the ITO substrate, it can be estimated from the 65% reduction of the PL
intensity of the 300 A thick sample that the light emitting species within the top 200 A of the
film has been quenched. Similarly, we find that the apparent quenching thickness, A, is 200
A and 127 A for the 500 A and 150 A films, respectively. The fact that Ac, = 200 A for both
the 300 A and 500 A films proves that the Ca indiffusion is limited. In fact, the
independence of Ac, on the thickness of the 300 A and 500 A 4PV films, and the observed
change of the slopes of the quenching curves indicate that the penetration of Ca into 4PV, if
there is any, is not well explained by a diffusion process which is described by a time
dependent linear equation. The above is better explained by substrate disruption due to the
release of condensation energy when Ca atoms impact the organic film. We believe that PL
quenching by the ITO substrate is negligible, since we were able to observe PL for a 20 A
4PV layer on ITO. The quenching thickness of 200 A can therefore be attributed mostly to
the exciton migration distance, which is much greater than the size of a 4PV molecule (2 x 8
x 40 A). For the 150 A 4PV film, intuitively, one would expect its luminescence to be
completely quenched from A obtained from analysis of the 300 A and 500 A films.
However, luminescence was still observed in the 150 A film. Several factors may have
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contributed to this. One factor is the roughness of the glass substrate. Such roughness may
noticeably alter the local thickness for the 150 A film. The morphology of the 150 A film
may also be affected by the substrate to a greater degree than that of the thicker films.
Furthermore, although the average exciton migration distance is ~200 A, it is reasonable to
expect that some excitons will recombine radiatively before traveling that distance.
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Fig. 3 The PL intensity of 4PV samples with different 4PV layer thicknesses plotted as a
function of Ca coverages, ©.

Figure 4 shows the PL intensity as a function of the thickness of the 4PV film, ®, on
two substrates, (a) Ca, and (b) ITO. For the Ca substrate, the PL was not visible until
approximately @ = 125 A, but was not measurable until ® = 150 A. Only after & = 200 A
did the PL increase linearly with ®@. The late onset of the PL is attributed to the quenching of
the emitting species in the 4PV layer by Ca. The extrapolation of the linear part of the PL
intensity curve to the x-axis yields Aca = 145 A (dashed line in Fig. 4). It is reasonable to
assume that 4PV does not diffuse into Ca. By comparing this value for Aca, and our
previously estimated value, Aca= 200 A (Fig. 3.), we can estimate that the deposited Ca
disrupts the 4PV layer to a maximum extend of 50 A. This is consistent with the values
previously reported in the literature (Ref. 32). The situation for the ITO substrate is very
different from that for the Ca substrate. The PL was measurable as early as @ = 20 A when
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ITO was used as the substrate and even at low @, the PL was increaseing linearly with ®.
Furthermore, an extrapolation of this linear part of the PL intensity curve to the x-axis yields
Arto = 0 A indicating that ITO does not quench the PL of 4PV. Thus, the PL quenching
phenomenon does not depend on whether a material is conducting. This raises the question
of whether this quenching phenomenon is unique to Ca, or common among all metals.
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Fig. 4 PL intensity as a function of the thickness of the 4PV film, ®, on two substrates, (a)
Ca, and (b) ITO.

The PL intensities plotted as a function of coverage, ©, of Ca, Al and Ag on 300 A
4PV films are shown in Fig. 5. The behavior of the PL as a function of coverage is similar
for all three metals even though their workfunctions differ by as much as 2 eV. Furthermore,
our data presented above suggests that ITO does not quench the PL of 4PV even though it is
conducting, and its workfunction is comparable to that of Al, and Ag. This suggests that the
PL quenching is indeed common to metals and is relatively insensitive to the details of the
energetics of the particular metals used. This is puzzling since the bulk of the quenching
occurs before there are sufficient metal atoms for the metals to exhibit their bulk metallic
nature. However, with the present data, we are not able to answer this question.

We performed repetitive Ca deposition and oxygen exposure cycles up to 50 A with
incremental Ca thickness. The PL spectra were taken before and after Ca deposition, and
after exposure to 5x10-6 Torr of O for 5 minutes (1.5x103 L), 30 minutes (1.05x10* L), and
several hours (~105 L). This process was repeated on the same sample at several different
total Ca thickness (0.1, 1.0, 4.0, 8.0, 15, 30, and 50 A). Figure 6(a) shows the evolution of
PL intensity as a function of Ca deposition/oxidation cycles. The horizontal axis indicates
the accumulated oxygen exposure in L and the total Ca thickness is indicated in the figure.
As reported previously (Ref. 19), the dramatic quenching (~ 50 %) of the PL intensity is
clearly observed. However, the PL intensity recovers back to about 65 % of the pristine 4PV
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Fig. 5 PL intensities plotied as a function of coverage, ©, of Ca, Al and Ag on 300 A 4PV
films.

value after the sample was exposed to Oy for 4.5 hours at 5 x 106 Torr (8.1x104 L). Also at
Ca coverages less than 8 A, the fresh deposition of Ca still greatly affects the PL even though
the previously deposited and oxidized Ca separated the freshly deposited Ca from the 4PV.
This indicates that the oxidized Ca underlayer in this thickness regime cannot protect 4PV
from Ca-induced PL quenching. However, when the oxidized Ca layer thickness approaches
approximately 30 A, additional Ca deposition does not substantially affect the PL intensity.
This indicates that the thicker oxide layer is indeed effectively protecting the 4PV from the
PL quenching effect of freshly deposited Ca.

The crucial role of the oxidized Ca layer is clearer when we compare the PL intensity
evolution with and without the oxidation process, as shown in Fig. 6(b). The bottom curve of
Fig. 6(b) is the PL intensity as a function of Ca thickness without the oxidation process. Here
a monotonic intensity decrease is evident (Ref. 19). The middle curve is the PL intensity
after each fresh deposition of Ca on previously oxidized Ca/4PV. For example, the data
point at 8 A is the PL intensity after 4 A of fresh Ca was deposited on 4 A of oxidized-
Ca/4PV. The middle curve shows how effective a given Ca oxide layer is in protecting 4PV
PL from fresh Ca. The top and middle curves are taken from data shown in Fig. 6(a). In the
early stages of Ca deposition (< 4 A), the middle curve is almost identical with the bottom
curve indicating that the existence of a very thin (< 4 A) oxidized Ca layer has no effect on
the changes in PL upon additional deposition of fresh Ca. However, it is obvious that a
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Fig. 6 (a) PL intensity under a sequence of Ca deposition and oxidation cycles. The
horizontal axis is the accumulated oxygen exposure. The connected circles indicate
the PL recovery process upon oxidation at the Ca thickness indicated. (b) The PL
intensity taken with respect to Ca thickness under three different conditions. The
bottom curve shows the PL quenching process without the exposure to oxygen.

thicker Ca oxide layer, about 30 A, effectively protects the 4PV layer from further PL
quenching. The top curve in Fig. 6(b) shows the PL. intensity at the end of the oxidation
process at a given Ca thickness. The PL intensity of oxidized Ca/4PV remains between 55
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and 65 % of that of pristine 4PV up to 50 A of oxidized Ca layer. On the other hand, the PL
from unoxidized Ca decreases down to around 15 % after deposition of 50 A Ca (Ref. 19).
These numbers suggest that a proper oxidation of Ca at the Ca/4PV interface could
significantly improve the efficiency of a single layer EL device.
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Fig. 7 The changes in UPS spectra upon Ca deposition and oxidation. The bottom curve
shows the valence band spectrum of 300 A pristine 4PV film. The middle curve is
when 4 A of Ca was deposited on the 4PV film. The formation of states in the energy
gap region is clearly observed. The top curve shows the same valence band spectra
but after oxidation by 9.1x103 L of exposure.

The UPS spectra near the Fermi level for a pristine (300 A), fresh-Ca/4PV, and
oxidized-Ca/4PV (9x103 L) are shown in Fig. 7. The spectrum of the pristine 4PV sample
exhibits the highest occupied molecular orbital (HOMO) feature near 2.4 ¢V (Ref. 26), and is
consistent with that reported for PPV (Ref. 35). Upon deposition of 4 A of Ca, a broad peak
near 1.2 eV was clearly observed. This feature indicates the formation of new states inside
the energy gap is clearly observed (Ref. 11, 22, 23, 24). Such gap states have been attributed
to the formation of bipolarons via charge transfer from the metal to the organic material (Ref.
22, 23, 24, 25) However, when the fresh-Ca/4PV sample was exposed to oxygen, the gap
states completely disappeared as seen in the top curve of Fig. 7. This is strong evidence that
the formation and disappearance of gap states may be responsible for the observed PL
quenching and recovery, respectively. One possible scenario for gap-state induced PL
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quenching is depicted in Fig. 8. The bound electron-hole pairs (excitons or polaron excitons)
are initially excited by an external radiation. During the lifetime of the exciton, it diffuses an
average distance of approximately 150-200 A (Ref. 19). The deposition of Ca created a
region of 4PV near the surface where excess charges from Ca formed occupied gap states.
When a migrating exciton encounters this region, the hole can jump to the filled gap states
and give the excess energy to the electron. This results in the dissociation of the exciton. In
this way the PL is quenched. This process is similar to the PL quenching observed in
acceptor doped conjugated polymers (Ref. 31, 36, 37, 38, 39). The oxidation of Ca atoms
then withdraws these excess charges from 4PV. This removes the gap states in 4PV, Fig. 7,
resulting in an increase in PL intensity.
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Fig. 8 A simple energy diagram near the Ca/4PV interface depicting the exciton dissociation
process in the presence of gap states. (a) The exciton is away from the doped region.
(b) After the exciton dissociation has occurred, the electron moves to a higher energy
state in the conduction band in order to conserve the pair energy (Ref. 31).
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What we have observed suggests that an organic LED, employing a hole transporting
material as an active layer and a Ca metal layer as the electron injecting electrode, would
perform with higher efficiency when 30-50 A of the metal layer at the Ca/organic interface
was simply oxidized before the rest of the electrode was deposited. However, this is
contingent on whether such a layer would greatly hinder the carrier injection. From our
results, we could expect that an LED based on a 300 A thick 4PV layer will exhibit nearly
four times efficiency improvement. There have been several reports that suggest
improvement in EL performance by introduction of a foreign layer between the active layer
and the electron injecting electrode. Broms et al. reported (Ref. 40) that PPV based EL
devices with a dirty Ca electrode fabricated in 10-6 Torr of oxygen partial pressure performed
better than the one fabricated in UHV (10-10 Torr). Although no correlation between the
changes in oxidation-induced electronic structure and enhanced EL performance was
suggested in their work, the existence of such a correlation is clear from our results. In
addition to suppressing exciton dissociation, the oxide layer (an insulating layer) may
facilitate charge carrier confinement in the active layer of EL devices, further enhancing the
performance. This was demonstrated by Kim et al., who inserted an insulating layer of
poly(methyl methacrylate) (PMMA) between the PPV layer and the Al electrode (Ref. 41).
They showed that their EL device performed best when the PMMA layer thickness was about
60 A. Judging from the measured threshold voltage, the PMMA layer of this thickness did
not affect the electron tunneling efficiency. Another example is a polymeric LED consisting
of multiple bilayers of alternating active and insulating layers (Ref. 42). When the multilayer
was terminated by the insulating layer on which the metal electrode was deposited, the LED
performed better than when the multilayer was terminated with the active layer. In view of
these reports, it is clear that a foreign non-metallic layer at the interface between the metal
and the active EL layer enhances the device performance by avoiding metal-induced
quenching of excitons.

Finally, the PL of our 4PV thin films did not recover to its initial value even after
prolonged exposure to oxygen. There are several possible origins for the final PL loss of 35
%. First, although we took extreme care not to expose the sample to light and oxygen at the
same time, the oxygen molecule may have adsorbed on the sample and later reacted with
4PV when the light was available. This would create PL quenching centers, such as carbonyl
groups. Secondly, metal deposition could induce structural changes in the organic layers or
the deposited Ca could disrupt and be buried in the 4PV. PL loss due to both of these may
not be recovered by exposure to oxygen. The width of Ca-induced gap states is broad
(FWHM = 1.0 eV). Therefore, the small difference in the ionization potential between 4PV
and PPV (<0.5 eV) should not affect the quenching and recovery mechanisms in both
materials. Preliminary work on Alqs have also exhibited metal induced PL quenching.
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However, more work needs to be done before the mechanisms responsible for this quenching

in Alq3 can be explained. Investigations are currently underway to characterize it.

SUMMARY

In summary, we have shown that the very act of depositing Ca, Ag, and Al on 4PV
greatly diminishes the PL. Excitons will suffer non-radiative decay if created within the Ca
atoms quenching radius. . The importance of this finding is clear in light of reports that the
recombination occurs near the metal cathode for hole conducting organic materials such as
4PV (Ref. 17, 18). Mechanisms which may be responsible for the PL intensity drop have
been discussed. We have also presented strong evidence that the formation and removal of
gap states in the Ca/4PV interface may be responsible for the quenching and recovery of its
PL. From the PL intensity variation on cumulative Ca deposition/oxidation cycles, it was
estimated that approximately 30 A of oxidized Ca layer can be used as a protective layer
against PL. quenching due to fresh Ca deposition. This work improves our understanding of
the role of interfaces in device performance, and has obvious ramifications on the LED
applications.
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