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Abstract

When a thin layer of bathocuproine (BCP) is inserted between the metal electrode and organic layer
of organic semiconductor device, the electron injection/collection efficiency at the interface is
significantly improved. However, the mechanism of electron transport through the BCP layer has
not been clarified yet. In this study, we directly observed the unoccupied electronic states of the
Ag/BCP interface using low-energy inverse photoemission spectroscopy. The result shows that Ag
strongly interacts with the BCP molecule and the lowest unoccupied molecular orbital (LUMO) level
of the Ag-BCP complex aligns with the Fermi level indicating that the electron transport occurs
through the LUMO level of the complex. With the aid of DFT calculation, we identify the reaction
product.



Introduction

Interface energy level alignment of metal and organic layers is crucial to the performance of organic
electronic devices such as organic light emitting diodes (OLEDs), organic field effect transistors, and
organic photovoltaic cells (OPVs).15 It has been demonstrated that inserting a thin layer of organic
or inorganic material can improve the charge injection/collection efficiencies. Novel insertion layers

have been developed and demonstrated to manipulate the relative energy levels at the interface. 68

2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline (bathocuproine, BCP) is a benchmark of the cathode
buffer layer. A thin layer of BCP inserted between a metal cathode and an electron transport layer
improves the performances of OLED 9 10 and OPV 1L 12 gignificantly. BCP has a large ionization
energy of 6.5 eV 13 which is the highest occupied molecular orbital derived-level (HOMO level) with
respect to the vacuum level and corresponds to the hole transport level. Thus the BCP layer was
initially intended to block the exciton and hole diffusion from the electron transport layer to the

cathode.10

The insertion of BCP layer also facilitates the electron transport across the cathode and electron
transport layer. There are, however, controversial explanations on the mechanism of the electron
transport in the BCP layer. The electron transport level, or the lowest unoccupied molecular orbital
derived level (LUMO level), of BCP is assumed to locate at 3.0 eV below the vacuum level G.e.
electron affinity) estimated from the ionization energy of 6.5 eV and the optical gap of 3.5 eV as
schematically shown in Fig. 1a.13 Since this is substantially higher than the workfunction of typical
cathode materials such as Al and Ag (around 4.5 eV), it was suggested that the electron transport
occurs not through the LUMO level of BCP but through the unoccupied levels generated by the metal
deposition.!2 In the earlier work, the alignment of the vacuum levels between the BCP layer and

metal are conjectured.912

Ultraviolet photoemission spectroscopy (UPS) studies have revealed a large vacuum level shift at the
BCP/metal interface.1418 Sakurai and coworkers systematically studied the energy level alignment
between the BCP layer and metal surface with different workfunctions such as Au, Cu, Ag, Al, In, Mg
and Ca.'4 15,17 They observed a constant vacuum level shift of 1.6 eV for the metals with the
workfunction higher than 4.3 eV (Au, Cu and Ag), while the vacuum level shift decreases
proportional to the workfunciton for those with the workfunciton smaller than 4.3 eV (Ag through
Ca). In the latter group of metals, the LUMO level of BCP may align with the Fermi level of the
metal as shown in Fig. 1b. Hence, the authors suggested the electron transport through the LUMO
level of BCP.

Their UPS results pose several questions. First, the electron affinity of BCP is assumed to about



3.0 eV based on the ionization energy and optical gap. The estimated value using the optical gap is
usually 0.2 — 1.0 eV higher than the actual electron affinity due to the exciton binding energy 19-21
meaning that the actual electron LUMO level may be higher than this estimation. Second, the
Fermi level of the metal seems to be pinned in the middle of the band gap (at 2.7 eV below the
vacuum level) of BCP for the metal with the workfunction smaller than 4.3 eV. Usually the Fermi
level of the metal is pinned in the vicinity of either HOMO or LUMO level.4 5 22,23  The pinning in
the middle of the band gap of BCP suggests existence of a gap state though no gap states have been

reported in the vicinity of the Fermi level.14 15,17

The substantial problem of these earlier studies is that energies of the electron transport levels
(unoccupied states) are estimated from the experimental data on the occupied states obtained by
UPS. In order to discuss the electron transport levels at the organic/metal interface, inverse
photoemission spectroscopy (IPES) is in principle the suitable technique because the electron
transport level is directly observed and the method is surface sensitive. The previous IPES,
however, has serious disadvantages such as radiation damage to organic samples and low energy

resolution.

Recently we developed a new method, called low-energy inverse photoemission spectroscopy (LEIPS).
2426 In this technique, electrons having a kinetic energy below 5 eV are introduced to the sample
surface, and photons emitted due to the radiative transition to the unoccupied states are detected.
Since the electron kinetic energy is below the damage threshold of organic materials, the sample
damage is negligible. By lowering the electron energy, the photon energy falls in the
near-ultraviolet range leading to the improvement of the energy resolution by a factor of two. We
have demonstrated that the electron affinity of organic materials can be determined with the

precision comparable to the ionization energy determined by UPS.27-32

Using this technique, we determined the electron affinity of BCP to be 1.9 eV.30  This value is more
than 1 eV smaller than the previously assumed one suggesting that the electron transport through
the LUMO level of BCP is unlikely. In this study, we examine the interface electronic structure
between BCP and Ag using LEIPS. The results clearly answer the questions about the electron

transport across the BCP layer and interface energy level alignment at the BCP/metal.
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Fig. 1: Energy level diagrams of Ag and BCP interface proposed in Refs. 11 (a) and 17 (b). In these
earlier studies, the LUMO levels were estimated from the HOMO level and optical gap.

Experimental

BCP (Aldrich, sublimed grade) was used as received. BCP was vacuum-deposited onto an
indium-tin oxide (Flat ITO, Geomatec Co., Ltd.) surface with a thickness of 10 nm at a rate of 1 nm
sl. Then Ag was deposited on the BCP layer and the sample was transferred to the measurement
without exposing to air. Detail of the LEIPS apparatus is described elsewhere.33 The electron
beam with the current density of 5-25 x 102 A m'2 was incident to the sample surface and the emitted
photons were focused into the photon detector consisting of a bandpass filter (center energy of 4.38
eV or 3.71 eV) and a photomultiplier. Overall energy resolution was about 0.3 eV. No discernible
differences were observed depending on the sample current or photon energy confirming that the
LEIPS spectra were free from the sample charging. The vacuum level Eyac was determined as the

peak of first derivative of sample current with respect to the electron energy.

Results

Figure 2 shows the LEIPS spectra and the first derivative of the sample current for the Ag/BCP
layers. The spectrum of the pristine BCP is essentially the same as the previous result.3° The
electron affinity was determined based on the standard procedure for the ionization energy
determined by UPS. The onset of the LEIPS spectrum is determined as the cross point of the
straight line fitted to the onset region of the spectrum and the baseline (see Supplemental
Information). The onset is 2.40 eV (Fig. 2a) while the vacuum level Eiac is 4.27 eV (Fig. 2b) above



the Fermi level £F. From the onset energy with respect to FEvac, the electron affinity of BCP is
determined to 1.87 eV.

When Ag with the average thickness of 0.4 nm is deposited on top of the BCP layer, the spectral line
shape completely changes. The tail of the spectrum extends to the Fermi level £F and the onset of the
spectrum shifts by 2.1 eV associated with the decrease of the vacuum level by 1.2 eV. The onset
energy of 0.29 eV and the vacuum level of 3.04 eV with respect to £r gives the electron affinity of 2.75

eV. Such large changes of the spectral line shape as well as of the energy levels suggest strong

interaction between the BCP molecule and the Ag atom.

When the average thickness of Ag is further increased to 2.0 and 8.5 nm, the peak energies remain
unchanged and the baseline rises. These spectral line shapes can be interpreted as the
superposition of the 0.4-nm-thick Ag/BCP and the spectra of pristine metal Ag (displayed by dotted
line in Figure 2). The latter component is attributable to the formation of metallic Ag layer or

clusters at or near the surface of the BCP layer.
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Fig. 2: Experimental results for increasing average thickness of Ag on BCP. (a) LEIPS spectra and
(b) first derivatives of sample current show the unoccupied states and the vacuum levels, respectively.
The energies are with reference to the Fermi level which is shown by the dashed line. The vertical

arrows in panel (a) indicate the onsets of the spectra while the vertical bars show the vacuum levels

in panel (b).



In order to elucidate the nature of the strong interaction between BCP and Ag and to identify the
reaction product, we carried out the first principle calculation on plausible complexes of BCP and Ag,
and compared the results with the experimental spectrum. The calculations were done for an
isolated molecule using the hybrid density functional of BSLYP on the Gaussian 09 program.3¢ For
the basis sets, 6-31G(d) for H, C and O, and Stuttgart/Dresden ECP for Ag are used. The geometry

was optimized at the same level.

First, we applied this method to a pristine BCP molecule to assess the reliability of the calculation.
The calculated Kohn-Sham orbital eigenvalues were broadened by the Gaussian function with the
full width at half maximum (FWHM) of 0.69 eV to simulate the density of states (DOS) which are
shown in the upper panel of Figure 3a. The calculated density of states for both the occupied and
unoccupied levels are in excellent agreement with the UPS16 and LEIPS spectra as shown in Figure
3a. Note that the bandgap (the HOMO-LUMO gap) calculated by the BSLYP functional does not
reproduce the experimental value correctly. Thus the occupied and unoccupied levels are offseted

by about 2 eV in Figure 3.

Now that the UPS/LEIPS spectra of BCP are reproduced by the calculated DOS, the same
calculations were made for possible reaction products between a BCP molecule and Ag atom. We
tested several candidates as the reaction products. When the Ag atom binds to the nitrogen atoms
of BCP as shown in Figure 3b, a stable complex is formed. The binding energy between the BCP
and Ag is 0.15 eV calculated as the difference in the total energy. The predicted molecular structure
is consistent with the recent X-ray photoemission study on BCP and Mg complex where a strong

bond between the nitrogen atoms of BCP and the metal atom was suggested.35

The calculated results are compared with the experimental spectra in Figure 3b. For the
experimental spectra of BCP and Ag complex, the UPS spectrum of the Ag and BCP co-deposited film
with the molar ration of 1.2:1.0 17 are referred while the LEIPS spectrum of 0.4-nm thick Ag/BCP is
shown. The simulated DOSs closely reproduce the experimental ones strongly indicating that a
BCP-Ag complex shown in Figure 3b is a dominant reaction product. The occupied DOSs are
similar between BCP and BCP-Ag explaining that the previous photoemission studies could not
identify the reaction product between BCP and Ag. In contrast, the unoccupied DOS and LEIPS
spectrum of BCP is largely affected by the reaction with Ag, which facilitates to identify the reaction
product.
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Fig. 3: Molecular structure, calculated Kohn-Sham eigenvalues (vertical bars) and simulated
density of states (solid lines) in the upper panels, and the experimental UPS/LEIPS spectra in the
lower panels, for a) BCP and b) BCP-Ag complex for the indicated molecular structure. Remarkable
spectral features are indicated by the arrows. The UPS spectra of BCP and BCP+Ag are taken from
Refs. 16 and 17, respectively.

Figure 4 shows the molecular orbitals of the BCP and BCP-Ag complex. The LUMO and LUMO+1
levels of the complex are almost degenerated, and have little population on the Ag atom. The
LUMO and LUMO+1 of BCP-Ag is mainly contributed from the LUMO+1 and LUMO of BCP,
respectively. Similarly, the HOMO-1 of BCP-Ag consists mainly of the HOMO of BCP. In contrast,
the HOMO of BCP+Ag is localized on Ag atom. The eigenvalue of the HOMO level is -3.14 eV.

In UPS of BCP-Ag, the two gap states peaked at -0.8 eV (peak a in Figure 3b) and -2.0 eV (peak b)
with reference to the Fermi level are reported.14 17 We tentatively assign the peak b as the HOMO
level of BCP-Ag. The HOMO of BCP-Ag is localized on the Ag atom while the HOMO-1 is
delocalized over the phenanthroline moiety. In the solid state, the localized orbital is the more

effectively screened by the electronic polarization effect resulting in the decrease of the HOMO and



HOMO-1 gap from the calculated gap of 2.95 eV. Usually, the cross section of photoemission is
smaller for metal atoms than for organic molecules, which explains the small intensity of the peak b.
The peak a may be caused by the partially occupied LUMO level of BCP-Ag. Recent electron spin
resonance (ESR) study revealed that electrons are transferred from Al atoms to BCP molecules and
anion radicals are formed at the AI/BCP interface.36 The spin concentration on BCP is estimated to
be 1.7%. Assuming the similar magnitude of charge transfer at Ag/BCP interface explains the peak
intensity of peak a reasonably. When the concentration of Ag is increased in Ag+BCP co-deposited
film, the intensity of the peak a increases 7 which is consistent with our assignment. The LUMO
level of BCP-Ag splits to the occupied and unoccupied levels with the difference of about 1 eV. Such

increase of the energy gap upon the metal doping is reported in pentacene.37
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Figure 4: Calculated molecular orbitals and Kohn-Sham eigenvalues for (a) the BCP molecule and (b)
the BCP-Ag complex.

Discussion

The results of the present study are summarized in the energy level diagram shown in Figure 5.
The workfunction of 4.3 eV is assumed for the Ag overlayer. The vacuum level shift is obtained as

the difference in the workfunction between the metal and organic layers. The energy levels are



determined as the onsets of spectra rather than the maxima of peaks because the spectral onset
corresponds to the bulk material while the peak to the outermost layer. 33 For example, the HOMO
of the BCP and Ag complex is determined to 0.5 eV from the onset of peak a in Figure 3b.

The organic layer may consist of the BCP molecules and BCP-Ag complexes. From the present
results, the energy levels of the intact BCP in the mixed organic layer cannot be determined. When
the vacuum levels of BCP and Ag align, the difference between the LUMO of BCP and the EFr of Ag
exceeds 2 eV. When the vacuum levels of BCP and BCP-Ag aligns, the LUMO level of BCP is 1 eV
above the Fermi level and is still too high for the electron transport (Fig. 5). In any cases, it is
unlikely that the electron transport occurs through the intact BCP. In contrast, the LUMO level (or
more likely the two almost degenerated unoccupied levels, LUMO and LUMO+1) of the BCP-Ag

complex is close to the Fermi level through which the electron transport occurs.

The dependence of the thickness of BCP layer on the device performance supports this conclusion.
The optimum thickness of BCP layer is reported to be in the range between 5 and 20 nm.12.39 When
the metal is deposited onto the organic layer, the metal atoms diffuse into the organic layer3 with the
diffusion length ranging from a few to 100 nm.4042 It is understandable that the Ag atom diffuses
into the BCP layer as much as 20 nm and forms the BCP-Ag complex. When the metal layer is
prepared prior to the deposition of BCP layer in the OPV with inverted structure, on the other hand,
the pristine BCP layer shows insufficient performance and requires co-deposition with Ag.43 This

further evidences that the electron conduction occurs through the LUMO of the BCP-Ag complex.

vac 1
(1.3)
T
43 o
l LUMO (BCP)
. |02 L. LUMO (BCP+Ag)
" "'6L53"" HOMO (BCP+Ag)
6.42
HOMO (BCP)
Ag BCP

Fig. 5 Energy level diagram of Ag/BCP interface. 2The values are taken from the photoemission

data. 17



The LUMO level of the BCP-Ag complex is about 0.3 €V above the Fermi level. It is commonly
observed that the Er is pinned about 0.3 eV from the edge of HOMO or LUMO level.4 522,23 The
pinning to the LUMO level of BCP-Ag explains the previous UPS results that the Fermi level is
pinned in the middle of the bandgap of BCP for metals having the workfuncition lower than 4.3 eV
(Ag through Ca).1” Though the gap state to which the EF is pinned was not clarified in the previous
study, the pinning state is identified as the LUMO level of the BCP-Ag complex in this study. The
pinning of EF to the LUMO level should be associated with the electron transfer from metal to
organic layer, which is supported by the ESR study.3¢ The BCP and Al (workfunction is about 4.3 eV,
showing the pinning) contact gives ESR signal from the anion of BCP while the BCP and Au
(workfunction is about 5.1 eV, shows no pinning) contact shows no ESR signal. The authors
assumed the formation of BCP anion, but the anion of BCP-metal complex should also give similar
ESR signal because the LUMO of BCP-metal complex has a strong character of the molecular orbital
of BCP as shown in Figure 4. It is therefore likely that the £Fr of Ag is pinned to the LUMO level of
BCP-Ag complex.

Conclusion

In this work, we examined the electron transport level at the interface between Ag and BCP using
low-energy inverse photoemission spectroscopy (LEIPS). The spectral change upon the Ag
deposition on BCP layer suggests the strong interaction between the BCP molecule and Ag atom.
The reaction product BCP-Ag is identified with the aid of DFT calculation and the bond energy
between BCP and Ag is calculated to be 0.15 eV. The LUMO level of the BCP-Ag complex lies 2.8 eV
below the vacuum level and appears to pinned to the Fermi level. On the other hand, the LUMO of
pristine BCP is 1 eV above the Fermi level. From these observations, we conclude that the electron
transport occurs through the LUMO level of the BCP-Ag complex rather than the intact BCP

molecule.
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