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Soft x-ray absorption and emission spectroscopies have been employed to investigate the electronic
structure and chemical bonding of two prototypical molecules, N,N’-bis-(1-naphthyl)-
N,N'-diphenyl-1,1’-biphenyl-4,4'-diamine (NPB) and bathocuproine (BCP), which are frequently
chosen because of their hole-transporting and hole-blocking properties, respectively. The resulting
resonant C Ka x-ray emission spectra of these materials reveal different spectral features depending
on the resonant excitation energy. According to the N absorption and emission spectra, the
contribution of N atoms to the highest occupied and lowest unoccupied molecular orbitals is
different for in NPB and in BCP. Detailed knowledge of these materials will allow tailoring charge
transport properties of organic devices in order to develop high performance organic light-emitting

diodes and photovoltaic cells. © 2007 American Institute of Physics. [DOIL: 10.1063/1.2464086]

I. INTRODUCTION

Light-emitting diodes and photovoltaic cells based on
organic materials have been studied as potential applications
in next-generation optoelectronic and solar-energy conver-
sion devices since Tang and VanSlyke reported an efficient
electroluminescence from organic thin bilayers (aromatic
diamine/8-hydroxyquinoline aluminum) and an improved
photovoltaic response from an organic p-n heterojunction
cell (a copper phthalocyanine/perylene tetracarboxylic
derivative).'” Subsequent research efforts were devoted to
enhance the electronic characteristics of organic devices such
as light-emitting efficiency, charge-carrier mobility, power-
conversion efficiency, and long-term chemical stability.3_5
Regarding these enhancements in organic light-emitting di-
odes (OLEDs) and organic solar cells (OSCs), one of the
widely used methods is the introduction of additional buffer
layers. Bathocuproine (BCP) and N,N’-bis-(1-naphthyl)-
N,N'-diphenyl-1, 1'-biphenyl-4,4’-diamine (NPB) played
an important role in this approach due to their efficient hole/
exciton-blocking and hole-transport properties, respectively.
For instance, Huang et al. increased the forward external
quantum efficiencies significantly (~4.5% at 10—15 V bias)
by using the BCP and NPB layers in the tris(8-
hydroxyquinoline)  aluminum(IIl)/1%  di-isoamylquin-
acridone-based OLEDs.” It has also been reported that a
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BCP layer has been inserted between blue-emitting
N,N’-bis-(1-naphthyl)- N,N’-diphenyl-1,1’-biphenyl-4,4’-
diamine (NPB) and ovaline-emitting aluminum tris(8-
hydroxyquinoline) in order to produce white light emission.’
BCP has been also applied to develop efficient OSCs. Ahn et
al. reported that the insertion of BCP between fullerene layer
and Al cathode significantly enhances the quantum efficiency
of conjugated polymer/fullerene heterojunction solar cells.”

Although it is essential to know the detailed bonding
configurations of the constituent elements (especially carbon
and nitrogen) in order to understand their hole-transporting
(NPB) and hole-blocking (BCP) properties, the electronic
structure of these materials has not been studied in detail.

In this paper, we employ soft x-ray absorption spectros-
copy (XAS) and x-ray emission spectroscopy (XES) to in-
vestigate the electronic structure of C and N atoms in NPB
and BCP molecules. Localized transitions in x-ray absorption
and emission processes occur in the first coordination sphere
of the excited atom, and thus XES and XAS probe the partial
electronic structure of the constituent elements in organic
molecules in element-specific fashion.® The measured XAS
and XES spectra of NPB and BCP molecules are compared
to our theoretical density of states (DOS) calculated by den-
sity functional theory (DFT).

Il. EXPERIMENT

100 nm thick NPB and BCP films were thermally evapo-
rated onto a SiO, layer, which is synthesized on a heavily
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doped silicon substrate by a dry oxidation process. Base
pressure and deposition rate were maintained at 1
X 107 Torr and 0.1 A/s, respectively. After an in situ prepa-
ration of the NPB and BCP films, a 5 nm thick Au capping
layer is deposited (without breaking the vacuum) in order to
avoid the sample contamination.

The unoccupied and occupied C 2p partial DOSs of the
NPB and BCP films were probed by employing soft x-ray
absorption and emission spectroscopies, respectively. All ex-
periments were carried out at Beamline 8.0.1 of the Ad-
vanced Light Source at the Lawrence Berkeley National
Laboratory. The XAS measurements were carried out in the
total electron yield mode. Excitation energies (E.,.) for the
resonant and nonresonant C Ka (2p— 1s transition) emis-
sion spectra were selected at 285.2 and 310 eV, respectively.
N 1s XAS and nonresonant N K« emission spectra (excited
at E.,.=435 eV) were collected as well. The measurement
angle was maintained at 30° between the incident x-ray and
the sample’s surface normal. All measured spectra are nor-
malized to the number of photons falling on the sample
monitored by a highly transparent gold mesh.

lll. RESULTS AND DISCUSSION

Figure 1(a) displays the C 1s XAS spectra of the NPB
and BCP films as well as the spectrum of a reference sample
of highly oriented pyrolytic graphite (HOPG). Since the elec-
tron transitions in x-ray absorption processes are governed
by the dipole selection rule (Al==+1), the absorption spectra
provide information about the partial density of carbon elec-
tronic states of p symmetry in the conduction band.” The
peaks located at energies of 285.5 and 292 eV for HOPG
correspond to 1s— 7 and ls— o, respectively, which are
typical for crystalline graphite.10 On the other hand both
NPB and BCP films show the 7" feature consisting of the
intense peak around 285 eV and a small feature just above
284 eV, and the broad o features spread over more than
7 eV while HOPG exhibits a more localized o feature at
292 eV. These spectral behaviors of NPB and BCP films are
due to the contribution from different benzene-ring com-
plexes. As seen in Fig. 2, the NPB molecule consists of three
kinds of benzene-ring complexes that are joined by two N
atoms. One is a simple benzene ring—Ilabeled C58—-C63 in
Fig. 2(a)—and the other two types are double-benzene-ring
complexes in different arrangements and are labeled C1-C12
and C24-C35, respectively. The BCP molecule is composed
of two benzene rings [C19-C26 in Fig. 2(b)] and one
phenanthrene in which two C atoms are replaced with N
atoms (C1 to C12).

The occupied carbon valence states of p symmetry of
NPB and BCP are shown in Figs. 1(b) and 1(c). In the non-
resonant C Ka XES spectra of NPB and BCP films (solid
line, excited at 310eV), the spectral weight around
268-278 eV originates from o states while that around
278-283 eV is assigned as 7 states. Although the NPB film
has slightly higher 7-emission states than the BCP film, NPB
and BCP films both show the similar three-peak structure of
carbocyclic aromatic rings (benzene)."" This is due to the fact
that both molecules consist of phenyl rings as building
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FIG. 1. C 1s XAS spectra of NPB, BCP, and HOPG (a), and C Ka XES
spectra of NPB (b) and BCP (c) measured at different excitation energies. To
compensate for different amounts of C atoms in NPB and BCP films, the
XES spectra taken at each excitation energy are normalized with the integral
intensity ratio between NPB and BCP so that total XES intensity for NPB
coincides with that for BCP.

blocks. However, when the excitation energy is tuned to the
7 feature (open circle, excited at 285.2 eV), spectral differ-
ences become more distinct. The NPB film exhibits a strong
resonant feature at 275 eV while other features around 278
and 281 eV are significantly suppressed under resonant ex-
citation condition. These can be interpreted in terms of the
parity selection rules for resonant x-ray scattering. When an
electron is excited from a core orbital (1e2g orbital) to 7"
state (le,, orbital), the transition from any valence orbital
with parity g to a legg} core hole would be symmetry forbid-
den due to the dipole character of resonant x-ray emission.
The highest occupied molecular orbital (HOMO) states
(spectral feature at 281 eV) and a feature at 278 eV are the
le, and 3e,,+1lay, orbitals, respectively. That is why NPB
film shows a strong resonant feature at 275 eV which corre-
sponds to x-ray transitions involving the 3e;,+1b,,+2b,
orbitals. The result has a good agreement with resonant C K«
XES spectra of benzene.!' On the other hand the resonant
structure at 275 eV is weaker in the BCP film because re-
placement of two C atoms in phenanthrene with N atoms
results in modification of the o-symmetry orbitals.
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In addition to C 15 XAS and C Ka XES spectra, we also
measured N Is XAS and nonresonant N Ko XES spectra
(excited at E,,,=435 eV), as displayed in Flgs 3(a) and 3(b),
respectively. One can see that unoccupied 7 molecular or-
bital states significantly depend on different local environ-
ment around the N atoms in NPB and BCP. The N 1s XAS
spectrum of the BCP molecule shows a dominant 7~ feature
at 401 eV, which is much weaker for the NPB molecule
despite lower signal-to-noise ratio of the N 1s XAS spectra
than that of the C 1s spectra which is due to the lower nitro-
gen content in both molecules. The N Ka XES spectrum of
the BCP [open circle in Fig. 3(b)] has slightly higher 7 va-
lence states than the NPB film. The emission spectrum of the
BCP resembles that of pyridine which has similar environ-
ment except one N-H bond.'? Since the N atoms mediate a
three-dimensional structure of organic semiconductors, the
prominent difference in unoccupied 7" feature between BCP
and NPB is related to the charge transferring properties of
these molecules.

For further understanding of the spectral behavior of car-
bon and nitrogen XAS and XES spectra, DFT calculations
were performed. We used the nonlocal hybrid Becke three-
parameter Lee-Yang-Parr (B3LYP) function with a basis set
of 6-31G. Before calculating the total DOS and projected
DOS, the molecular geometries of the NPB and BCP were
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FIG. 3. (a) N 1s XAS spectra and (b) nonresonant N Ka XES spectra
(Eoc=435 V) of NPB and BCP films.
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FIG. 4. Calculated total DOS and projected DOS of the NPB molecule.

optimized with the B3LYP/6-31G (Ref. 13) and the struc-
tures are presented in Fig. 2. From the obtained DOS, the
spectra were broadened using a Gaussian function with a full
width at half maximum of 0.1 eV. Figure 4 shows the total
DOS of the NPB structure (thick solid line at bottom) as well
as the projected DOS providing the information on the spec-
tral contribution of all constituent atoms to the total DOS.
The labeling of the atoms is the same as in Fig. 2(a). The
overall spectral features agree well with the calculated elec-
tronic structure of the NPB molecule previously reported by
Zhang et al. 14 By examining the projected DOS of the C and
N (and H atoms), it is found that HOMO states of NPB have
contributions mainly from N atoms. The lowest unoccupied
molecular orbital (LUMO) states originate from C atoms in
the two double-benzene-ring complexes [denoted by
C24-C35 and C40-C53 in Fig. 2(a)] while simple benzene
rings (C58-C63 and C69-C75) are responsible for intense
conduction states just above HOMO position. The calcula-
tions well reproduce two spectral features at 284 and 285 eV
in the C 1s XAS spectrum of NPB [Fig. 1(a)]. The broad
spectral weight around 290 eV in the XAS spectrum stems
from the superposition of two subpeaks in the conduction
states (lines A and B). Otherwise the projected DOS of the H
atoms resides in the energy range of 7—10 eV above the
Fermi level and thus their contribution to the electric prop-
erties of NPB is negligible. The absence of N 7" states in the
N 1s XAS spectrum shows a similar trend with the projected
DOS of N atoms, which assists the good hole-transporting
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FIG. 5. Calculated total DOS and projected DOS of the BCP molecule.

properties of NPB. As reported by Zhang et al.,"* a hole
injection of the NPB layer will excite an electron in N atom
involving the HOMO states, and energetically excited N
atom due to electron deficiency can be stabilized by the de-
localized 7r characters of adjacent C atoms because the N
atoms locate at the junctions of the conjugated C chains.

A similar analysis of the BCP molecule is presented in
Fig. 5. Although BCP also consists of several benzene-ring
complexes such as NPB, there are prominent differences in
their electronic structure. The comparison of total DOS with
the projected DOS reveals that the HOMO states of BCP are
mainly composed by the N atoms and their neighboring C
atoms in the phenanthrene [denoted by C1-C12 in Fig. 1(b)].
An interesting feature appears in the LUMO states. In con-
trast to NPB, the BCP molecule shows a significant contri-
bution of the N atoms to the LUMO states (corresponding to
the 7" feature in the experimental N 1s XAS spectrum). This
indicates that upon the hole injection into the BCP layer, the
excited 7 electron in the N atom to unoccupied 7" states will
easily decay to the valence states and thus the N atoms in the
BCP does not accept the hole from the active layer in OLED
devices. On the other hand, C K« resonant inelastic x-ray
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FIG. 6. C 1s XAS (solid line) and C Ka XES (filled circle) spectra of (a)
NPB and (b) BCP films.

scattering spectrum for the BCP film suggests that the C
atoms are not favorable sites for the hole injection and trans-
port as well because more localized structure of the C atoms
in BCP significantly restricts the hole movement through the
benzene complexes.

In addition to the spectral differences between NPB and
BCP discussed above, we attempted to estimate the
HOMO-LUMO gap energies from displaying XES and XAS
spectra on the same energy scale, as displayed in Figs. 6(a)
and 6(b). The gap energy is one of the key parameters in
applications of these materials to organic optoelectronics and
photovoltaic cells. By assuming that neither the LUMO nor
the HOMO levels shift perceptibly in the presence of a C s
hole, the relative energies of XES and XAS spectra are cali-
brated using a C 1s binding energy of 284.5 eV. It is noted
that these superposed spectra do not include the spectral con-
tribution from the N atoms due to low signal-to-noise ratio of
the N 1s XAS spectra but the projected DOS of the C atoms
shows similar HOMO and LUMO energy positions with
those of the N atoms. To determine the LUMO energy posi-
tions of NPB and BCP films, the 7" regions of C 1s XAS
spectra were fitted by Lorentzian functions. The individual
Lorentzian peaks (dotted line) and final fits (open circle) are
displayed in Figs. 6(a) and 6(b), and then the peak maxima at
—0.44 and -0.13 eV (shaded peaks) are assigned to be
LUMO positions of NPB and BCP, respectively. Using a
similar way, HOMO levels are determined from the positions
of the rightmost peaks in C Ka XES spectra (-3.45 eV for
NPB and —3.78 eV for BCP). The resulting HOMO-LUMO
gap energies are about 3.01 eV for NPB and 3.65 eV for
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BCP. Although the accurate determination of the HOMO and
LUMO positions depends on the spectral resolution of the
XAS and XES spectra, the resultant gap energies for NPB

and BCP films are in fair agreement with previously pub-

lished results.>!>1

IV. CONCLUSIONS

To conclude, the electronic structures of NPB and BCP
molecules are studied by employing synchrotron-based x-ray
absorption and emission spectroscopies as well as DFT cal-
culations. It is found that different contributions of N and C
atoms to the HOMO and LUMO states play an important
role for the hole-transport properties of the NPB molecule.
The compositions of HOMO and LUMO states derived from
N atoms and the local electronic structure of C atoms in the
benzene complexes suggest that the hole-blocking property
of BCP can be attributed to the participation of N atoms in
the HOMO and LUMO configurations and the localized
bonding between C atoms. We note that the element- and
momentum-selective XAS and XES techniques provide use-
ful methods for evaluating electronic properties of organic
materials.
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