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ABSTRACT

The eectronic structure of the interface formed by Mg deposition onto 2,5-bis(6'-(2',2’ " -bipyridyl))-1,1-dimethyl-3,4-
diphenyl silacyclopentadiene (PyPySPyPy) was investigated using ultraviolet, inverse, and X-ray photoemission
spectroscopies. PyPySPyPy is of interest for use as an e ectron injection/transport layer in high efficiency organic light-
emitting diodes. Upon deposition of Mg onto PyPySPyPy thereis a shift of the occupied energy level structure to higher
binding energy, away from the Fermi level, and appearance of two energy levels within the energy gap of PyPySPyPy.
The lowest unoccupied molecular orbital isaso shifted to higher binding energy.

Keywords: 2,5-bis(6'-(2',2"" -bipyridyl))-1,1-dimethyl-3,4-diphenyl silacyclopentadiene, silole, gap state, inverse
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1. INTRODUCTION

In the quest to improve organic light emitting diode (OLED) performance charge carrier injection/transport layers are
often used in order to optimize injection at the contacts, balance electrons and holes, and help maximize the probability
of carrier recombination. In order to maximize e ectron injection efficiency at the organic/metal cathode interface the
Fermi level of the metal should be as close as possible in energy to the lowest unoccupied molecular orbital (LUMO) of
the organic e ectron injection/transport layer. In order to achieve this goal the electron affinity of the organic electron
injection/transport layer and the work function of the metal are often chosen to be close in value (assuming alignment of
the vacuum levd at the interface between the organic and metal). Asmost organic electron transporterstend to have

These electropositive metals tend to be reactive and may have strong interactions with the organic at the interface.
Strong interactions between the organic and metal may result in significant changes in the energy levels that
dramatically deviate from therigidly shifted energy level structure of the organic molecule aswould be naively
expected 56,7,89

A silole derivative, 2,5-bis(6'-(2',2'" -bipyridyl))-1,1-dimethyl-3,4-diphenyl silacyclopentadiene (PyPySPyPy), has
been recently used as an e ectron injection/transport layer, yielding highly efficient OLEDswith very low operating
voltages.’***2 PyPySPyPy has been shown to exhibit non-dispersive and air-stable el ectron transport with atime-of-
flight drift mobility of 2x10* cm?Vsat 0.64 MV/cm.*® The OLEDSs containing PyPySPyPy used aMg:Ag aloy asa
cathode.'**! The study of the electronic states resulting from the interacti ons between the chemically reactive Mg and
PyPySPyPy can provide areasonable picture of the eectronic states and injection barriers at the metal/organic interface
of these OLED devices.

We explore the electronic structure of a metal/organic interface formed between Mg and a silole derivative,
PyPySPyPy using ultraviolet, x-ray, and inverse photoel ectron emission spectroscopies (UPS, XPS, and IPES). We
examined the interface between Mg and PyPySPyPy in order to better understand the effects of Mg on the energy levels
of the PyPySPyPy and to determine the energy level alignment at the Mg/PyPySPyPy interface.
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2. EXPERIMENTAL DETAIL

The synthesis and purification of the PyPySPyPy, the molecular structure of which is shown in Figure 1, has been
reported earlier.®*** For theinitial UPS and X PS measurements, performed at the Naval Research Laboratory, a 100A
thick PyPySPyPy film was evaporated in situ from aresistively heated quartz crucible onto a freshly vacuum-deposited
Ag film. Mg was then evaporated from aresistively heated Ta boat and deposited onto the organic film in incrementa
steps for Mg depositions ranging from 2 to 256A. Both the PyPySPyPy and Mg films were deposited in a preparation
chamber (base pressure 5x10° Torr) and their thicknesses were monitored using a quartz crystal microbalance. The
sample was characterized using UPS and XPS in an attached analysis chamber (base pressure 5x10™ Torr).

Photoemission spectra of the valence levels of sample was recorded using Hel (hv =21.22 eV) and Hell (hv =40.82
eV) radiation, and XPS core level spectrawere obtained using Al Ka radiation (hv=1486.6 eV). The electron energy
was measured using a hemispherical energy analyzer. The energy resolution is 50 meV for the UPS spectraand 1 eV
for the XPS measurements. The sample was biased at -3.0 V during the UPS measurements in order to resolve the
vacuum level onset of the Hel spectra.

For the UPS , XPS, and IPES measurements carried out at the University of Rochester the sample was madein stu
by depositing a 100A thick layer of PyPySPyPy onto an Ar+ ion sputter cleaned silver substrate. The cleanliness of the
Ag surface, upon which the PyPySPyPy is deposited, isindicated by a work function of ~ 4.3 eV, which isin good
agreement with reported values.™ Mg was then incrementally deposited onto the PyPySPyPy sample, with thicknesses
ranging from 16 to 512A. The sample was characterized by UPS and |PES before and after each Mg deposition. Mg
depositions were performed in the analysis chamber (base pressure of 4x10™ Torr). The UPS spectra were recorded
using an unfiltered He | excitation (21.2 €V) light source with the samples biased in order to observe the true, low
energy secondary cut-off. The IPES spectra were taken with a custom-made spectrometer, composed of a commercial
Kimball Physics ELG-2 dectron gun and a bandpass photon detector prepared according to an existing design.*®*"#
The combined resolution (electron + photon) of the IPES spectrometer was determined to be ~0.6 eV from the Fermi
edge of an evaporated Au film. UPS and | PES spectra were collected with resolutions of 0.1 eV and 0.6 eV,
respectively. In addition to the UPS and IPES, XPS was performed for the neat PyPySPyPy film and both the 128A and
512A Mg depositions.

In order to correlate the evolution of the IPES spectra of the Mg/PyPySPyPy interface, collected at the University of
Rochester, with the XPS and UPS measurements of the same interface, performed at the Naval Research Laboratory,™
we compared the UPS spectra acquired during the two experiments. The Mg thickness measured during the IPES
measurement was renormalized based on the maximum intensity of the gap states as Mg was deposited onto the
PyPySPyPy surface.’® The observed attenuation of the C1s peak measured by XPS at the fina Mg coverage of
nominally 512A of Mg confirms that this thickness calibration brings the Mg thickness determination in these two
experiments into agreement.

Fig. 1 Molecular gructure of 2,5-bis(6'-(2',2'" -bipyridyl))-1,1-dimethyl-3,4-diphenyl silacyclopentadiene (PyPySPyPy)

Proc. of SPIE Vol. 5214 369



370

3. RESULTSAND DISCUSSION

3.1 Ultraviolet and X-ray photoemission spectr oscopies

Initially, UPS and XPS measurements of the PyPySPyPy film as a function of Mg deposition were performed at the
Naval Research Laboratory. Fig. 2 shows the Hel spectra of a PyPySPyPy film with an increasing Mg deposition.
During theinitial steps of Mg deposition (< 4 A), thereisarigid shift (0.3 + 0.1 eV) toward higher binding energy of
the vacuum level and the molecular orbital features of the neat PyPySPyPy film. While the molecular orbital features
exhibit no further shiftsthe vacuum level continues to shift toward higher binding energy with continued Mg
deposition. The vacuum level shift stops upon deposition of 32 A of Mg with atotal shift of 0.6 + 0.1 eV.

UPS Spectra
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Fig. 2 UPS (hv=21.2 eV) spectra of PyPySPyPy films with increasing Mg coverage. The binding energy is referenced to the Fermi
level of the electron energy anayzer as determined on the Ag subgtrate.

Initial Mg deposition resultsin the appearance of two Mg-induced gap statesin the Hel spectra, at ~1.0eV and ~ 2.3
eV. Thisisaresult of achemica interaction between the metal and the organic, similar to the interaction observed
between alkali and alkaline earth metals and organic charge transport materials where the metal-organi ¢ interaction has
been correlated with the appearance of gap statesin the Hel spectra.®® The exact nature of the gap statesin the
Mg/PyPySPyPy system is discussed further in arecent publication.
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Fig. 3 The core line spectra of the Mg-on-PyPySPyPy interface at avarying Mg coverage. All the spectra were obtained using Al
Ka radiation (ho=1486.6 €V). In the Mg(1s) graph Iy, refers to the core line corresponding to the metallic Mg and | refersto the core
line corresponding to the oxidized Mg.
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The Mg(1s) core level spectrashown in Fig. 3 areinitially composed mainly of a high binding energy peak at 1307.2
+ 0.1 eV. Withincreasng Mg deposition alow binding energy component appears with afinal peak position at 1305.1
+ 0.1 eV. During the deposition of the first 32A of Mg the peak intensities of both the low and high binding energy
peaks increase. Upon deposition of Mg beyond 32A |, the intensity of the high binding energy peak exhibits amost no
change, growing only dlightly upon further Mg deposition. The intensity of the low binding energy Mg(1s) peak does
continueto increase, surpassing the intensity of the high binding energy component after deposition of 256 A of Mg.

The low binding energy component of the Mg(1s) spectrum correspondsto a metallic-like Mg species while the high
binding energy component corresponds to a strongly oxidized form of Mg asaresult of eectron transfer from the metal
to the organic.?’ The separation of the two components of the Mg(1s) peak suggests a chemical shift of 2.1+ 0.1 eV for
the Mg(1s) line upon exposure to PyPySPyPy. Similarly, the Si(2s) line shape, initially symmetric, becomes
asymmetric with increasing Mg coverage. Upon fitting by two Gaussian components, the separation between the
origina high binding energy and the Mg-induced low binding energy components of the Si(2s) peak indicates a
chemical shift of -0.8 £ 0.1 eV of the Si(29) line of PyPySPyPy upon exposure to Mg.

There was no indication of the growth of a continuous Mg film, even up to anominal Mg coverage of 256 A. The
appearance of the Mg core levelsin the XPS spectra does clearly show Mg accumulation within the PyPySPyPy film.
Y et the organic core leve intensities are not significantly attenuated upon Mg deposition. This suggeststhat the initia
deposition of Mg resultsin Mg atoms diffusing into the organic film.

The change in the intensity of the high and low binding energy peaks of Mg(1s) lineindicatesinitia doping of the
silole film with Mg where the Mg is chemically interacting with the PyPySPyPy, with the concentration of Mg
eventually reaching a saturation limit. Upon saturation, no more Mg can interact chemically with the silole molecules,
i.e, there are no sites available with unreacted PyPySPyPy, with further Mg depositions remaining unreacted. Y et there
isno sign of the Mg Fermi level in the UPS spectrum even after depositing 256 A of Mg onto the organic underlayer.
Thelikely explanation for thisisthat further Mg deposition results in aggregation of unreacted Mg atomsinto clusters
that form metallic-like Mg species yet do not coalesce into a metallic Mg film. An estimate of the oxidized
Mg:PyPySPyPy molar ratio at the saturation limit was derived from the X PS spectra, and is 0.8+ 0.1 (~32 A nominal
coverage).” Therefore, the Mg/PyPySPyPy interface region should be viewed as a composite film that consists of Mg
atoms and clusters dispersed in the PyPySPyPy film with a portion of the Mg atoms forming a charge transfer complex
with nearby PyPySPyPy molecules.

The 0.3 eV rigid shift of the PyPySPyPy orbitals toward higher binding energy, with respect to the Fermi level, is
similar to the shifts observed in other reactive metal/organic interfaces.?* This molecular orbital shift resembles band
bending induced by n-type doping of an inorganic semiconductor surface, which isindicative of electron transfer from

Mg to PyPySPyPy.

As Mg is deposited onto the PyPySPyPy, and a Mg-rich PyPySPyPy film is created, the work function of the surface
isreduced relative to that of the neat PyPySPyPy film. The reduction of the work function likely reflects the changein
the el ectronic structure of the PyPySPyPy surface as aresult of the chemical interaction between Mg and PyPySPyPy.
The correlation found between the vacuum level position and the concentration of the highly oxidized Mg speciesin the
PyPySPyPy film, both remain unchanged after depositing 32 A of Mg, supportsthisinterpretation.

In earlier studies of alkali or dkaline earth metal doping of an organic host the Fermi level has been shown to be
pinned in the vicinity of the LUMO of the organic.”?>* With Mg deposition onto PyPySPyPy the HOMO - Fermi level
separation is 3.0+ 0.1 eV, which is only slightly larger than the optical band gap of a neat PyPySPyPy film, 2.76 eV
If the Fermi level isassumed to have been pinned at the LUMO an exciton binding energy of ~ 0.24 eV would be
i 2n;plied, which is somewhat smaller than the typical values of 0.5 - 1.0 eV measured in some other molecular systems

The size of the cal culated exciton binding energy, based on the possible pinning of the Fermi level at the LUMO,
suggests that it is unlikely that the Fermi level would be pinned by the LUMO edge of the neat PyPySPyPy. The
LUMO position relative to the HOMO of the Mg-doped PyPySPyPy film could be significantly smaller than that of the
PyPySPyPy film and could result in pinning of the Fermi level at thenew LUMO of the Mg: PyPySPyPy composite
film. An effective narrowing of the transport gap has been observed in K-intercalated Algz films, where the HOMO -
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LUMO on-set separation is 3.05 + 0.1 eV, whilein aneat Algs film, thetransport gapis3.9+ 0.4 eV.2% Narrowing of
the transport gap of alkali-fulleride films (K3Cgo, KeCeo) has also been seen ?

In order to determineif any LUMO -induced effects on the Fermi level and the molecular orbital positions are
important in the Mg/PyPySPyPy system, adirect probe of the unoccupied molecular orbitals, e.g., inverse
photoemission spectroscopy (IPES), was performed.

3.2 Inver se photoemission spectr oscopy

Figure 4 depicts the evolution of the unoccupied molecular orbital energy levels of PyPySPyPy as Mg is deposited
as measured using | PES measurements conducted at the University of Rochester. The UPS spectrum was aso
measured for each film. The occupied energy levels exhibit an immediate shift of ~ 1 eV to higher binding energy
relative to the Fermi level upon deposition of 16A of Mg. This shift is accompanied by the appearance of two energy
levels between the original HOMO position and the Fermi level. There isno significant change of the vacuum level or
the valence structure of the PyPySPyPy upon further deposition of Mg but thereisa small change in the position of the
gap dates of ~0.2 eV with increased Mg deposition. This behavior of the occupied energy levels matches the general
behavior of the UPS measurements done at the Naval Research Laboratory. There are some differences in the absolute
values of the binding energies of the origina PyPySPyPy films that may be due to an offset in the Fermi level position.
But with the basic behavior of the UPS the same we can correlate the | PES with the combined UPS and XPS
measurements performed at the Naval Research Laboratory.
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Fig. 4 (a) The evolution of the IPES spectra of the Mg/PyPySPyPy sampl e as a function of Mg deposition with a polynomial
background subtracted. (b) Curve fitted IPES spectra of Mg/PyPySPyPy after 0, 128, and 512A of Mg deposition.

The IPES spectra are not quantified as easily as the UPS spectra. The changes in the unoccupied energy levels are
more clearly visible in the IPES spectra with an identical polynomial background subtracted from all of the IPES
spectra, as shown in Figure 4% The |PES spectrum of the pristine PyPySPyPy film isrdatively featureless. Dueto the
lack of any well defined spectral features the | PES spectra of the PyPySPyPy film was fit using the minimum number of
Gaussians necessary to give a visually reasonablefit. Given the arbitrary nature of the peak positionsin the resulting
Gaussian curve fit the actua peak positions do not provide information in regard to the unoccupied orbital binding
energies. The polynomial background, coupled with the featurel essness of the spectra, aso creates some systematic
uncertainty, ~1 eV, in determining the precise position of the onset of the LUMO for the pristine PyPySPyPy film.
Given these problems with the spectra only the appearance of new features and therelative change in the energy
position of the onset of the LUMO can be determined from this | PES data.

Even with the limitationsin the analysis of the IPES the evol ution of the spectrais informative. The LUMO is
linearly shifted by ~ 1 eV towards the Fermi level during the deposition of thefirst 128A of Mg. In addition to the shift
of the LUMO onset Mg deposition causes anew feature to appear in the LUMO spectra. Upon 32A of Mg deposition a
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diffuse density of states beginsto appear as a broad feature between the LUMO and the Fermi level (see Figure4). The
intensity of the diffuse density of states between the LUMO and the Fermi level experiences a small increase through
deposition of 128A of Mg. Further deposition of Mg leads to a significant increase of the intensity and broadening of
this feature, causing it to now clearly extend to the Fermi level.

This apparent discrepancy between the measured evol ution of the HOMO, whose shift saturated after ~8A of Mg,
and the evolution of the LUMO as a function of Mg deposition may be explained by differences in the thickness of the
sample probed by UPS and IPES. The probing depth of each of these techniquesis dependent on the attenuation length
of eectronsin the material, which isafunction of the kinetic energy of the electrons. The electrons emitted, during
UPS, from the HOMO region for this sample have kinetic energies ranging from 17 to 21 eV while the lectrons
injected into the sample during I PES carry kinetic energiesin therange of 5to 11 eV. The average kinetic energies of
each measurement technique resultsin an attenuation length of ~2 monolayers for UPS and an attenuation length of 9
monolayers for IPES.® Therefore the IPESwill probe a layer of the sample roughly 4 to 5 times thicker than that
probed by UPS. Until the Mg has chemically saturated the PyPySPyPy film thickness probed by the respective
techniqujgezsothe energy levels would be expected to exhibit shiftsin binding energy as measured in the UPS and IPES
spectra.™

3.3 Physical inter pretation of UPS, XPS, and | PES results

The combined XPS and UPS measurements suggest diffusion of Mg into the PyPySPyPy film. This diffusion process
resultsin a Mg concentration gradient within the PyPySPyPy film where the Mg concentration will be greatest at the
surface, and will decrease deeper in the film. In this case the greater probing depth of the IPES meansthat a greater
amount of Mg will be required to chemically saturate the film that is probed by |PES and thereby saturate the IPES
spectral shift.

The UPS and XPS measurements of the Mg/PyPySPyPy interface showed that Mg chemically interacts with
PyPySPyPy to form a charge transfer complex.’*?° The formation of the charge transfer complex saturates, with
roughly 1 Mg atom reacting with each PyPySPyPy molecule, upon deposition of 32A of Mg.»*® The IPES spectra
reveal the appearance of anew diffuse feature between the Fermi level and the LUMO upon deposition of 32A of Mg.
The intensity of the feature between the LUMO and the Fermi level shows a slow, gradual increase until 128A of Mg
has been deposited. Upon further deposition of Mg this diffuse feature continues to increases dramatically in intensity.
We attribute the diffuse density of states, extending from the Fermi level to the molecular LUMO, to the presence of
metallic Mg in the measurement region of the IPES. Y et the UPS spectra do not indicate a continuous metallic surface,
which suggests that the metallic Mg consists of metallic clusters. In addition to the appearance of the diffuse featurein
the IPES spectra, a shift of the LUMO is dso seen from the curve fitting of the spectrawith Gaussians. A roughly
linear shift of 1.1 eV of the LUMO towards the Fermi level occurs during the deposition of the first 128A of Mg.
Additional Mg deposition leadsto no further apparent shift of the LUMO.

UPS
scan dept

IPES
scan depth\

_»
PYPYSPYPy

Fig. 5 (a) Pristine PyPySPyPy film. (b) After 32A of Mg deposition the probing depth of UPS is saturated with reacted Mg, (via
UPS) with some sufficient unreacted Mg to form metallic Mg clusters (via IPES). (c) After 128A of Mg is deposited the PyPySPyPy
within the probing depth of IPES is saturated with reacted Mg, (via IPES). (d) Further Mg deposition (512A) predominately
contributesto the formation of metallic Mg clusters, significantly increasing the intensity of the metalic features of the IPES spectra.

The following sequence of events occur during the deposition of Mg onto PyPySPyPy, as determined by the
combined UPS and IPESresultsandillustrated in Figure 5. Initially, Mg predominantly reacts with PyPySPyPy,
forming a charge transfer complex. The Mg diffusesinto the PyPySPyPy film, resulting in a concentration gradient with
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the Mg concentration highest near the surface of the film. Upon deposition of 32A of Mg the PyPySPyPy film is
saturated with reacted Mg within the probing depth of UPS. In addition, the concentration of unreacted Mg has reached
aleve where evidence of metallic clugters formation near the PyPySPyPy surface is seen. A noticeable metallic feature
that may indicate metallic cluster formation is apparent in the | PES spectra, a diffuse density of states between the
LUMO and Fermi level. Asmore Mg is deposited the thickness of the region of the PyPySPyPy that is chemically
saturated with Mg increases and the aggregation of Mg atoms and clusters forming metallic Mg clusters continues.
After deposition of 128A of Mg, the PyPySPyPy film within the probing depth of IPES is saturated with reacted Mg
and Mg cluster formation occurs throughout the film thickness probed by IPES. Further Mg deposition predominately
contributes to the formation of Mg clusters, significantly increasing the intensity of the metallic features of the IPES
spectra. Thisinterpretation corresponds well with the analysis of the combined UPS and X PS measurements.**?°

3.4 Implicationsfor chargeinjection

Even with the uncertainties in the LUMO position the | PES spectra would suggest that the LUMO position
PyPySPyPy film after Mg deposition is not close enough to the Fermi level to account for the small estimated injection
barrier of 0.3 eV.** Upon Mg deposition new gap states appear close to the Mg Fermi level which are associated with
the charge transfer complex observed in both UPS and XPS, and large metallic-like magnesium clustersinferred from
the XPS and |PES spectra. Thelatter may account for the small estimated injection barrier of 0.3eV.* A simple
picture that could explain the small injection barrier is presented in Figure 6. Both the charge transfer complex formed
between Mg and PyPySPyPy and the Mg clusters have unoccupied energy levels between the LUMO and the Fermi
level. Thismanifold of unoccupied energy levels may act as hopping sites for electron transfer from the cathode to the
bulk PyPySPyPy, and thus would lower the effective injection barrier for electrons.

LUMO ceereeeenens >
e
Er §
AN
HOMO
Bulk PyPySPyPy Eltélgt:\ggéAg

Fig. 6 Energy level evolution a the Mg/PyPySPyPy interface.

4. CONCLUSIONS

Photoemission spectroscopy of an interface formed through step-by-step deposition of Mg onto afilm of asilole
derivative, 2,5-bis(6'-(2',2"-bipyridyl))-1,1-dimethyl-3,4-diphenyl silacyclopentadiene (PyPySPyPy) was used to
examine the evolution of the e ectronic structure. We found that upon deposition of Mg the UPS spectra shows the
appearance of two gap states between the HOMO and the Fermi level with peak onsets 0.6 €V and 1.7 €V below the
Fermi level. The gap states indicate that PyPySPyPy and Mg interact and form a charge transfer complex. AsMg is
deposited both the HOMO and LUMO of the PyPySPyPy exhibit a shift to higher binding energy relative to the Fermi
level.

After the molar ratio of the metal to organic reaches a value close to one, the work function, and observed HOMO
and LUMO levels of the Mg-rich PyPySPyPy surface remain constant as a result of the chemical saturation of
PyPySPyPy film with Mg. Asfurther deposition of Mg onto the PyPySPyPy occurs anew feature appearsin the IPES
spectra. Thisnew feature encompasses the entire energy range between the LUMO and the Fermi level. The
appearance of this broad feature in the IPES, in conjunction with the UPS results, indicates the presence of metallic Mg
clusters after the chemical saturation of the PyPySPyPy by the Mg.
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The observed energy level evolution helpsto e ucidates how the eectronic structure of the Mg/PyPySPyPy interface
depends on the chemical interaction between the metal and the organic. The low contact resistance observed at the
Mg:Ag/ PyPySPyPy interface''! may be aresult of the presence of the diffuse density of unoccupied states near the
Fermi level. These new states, which likely result from the growth of Mg clusters, may provide low-energy hopping
sitesfor chargeinjection, and lead to an effective lowering of the charge injection barrier at the metal/organic interface.
Thisinsight isimportant for optimizing e ectron injection at the Mg/PyPySPyPy interface, which can be incorporated in
many electronic, el ectro-optic and optoel ectronic devices.
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