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Abstract

We present X-ray photoelectron spectra and X-ray emission spectra of N, N'-bis(3-methylphenyl)-N,N'-diphenyl-1,1’-
biphenyl-4,4'-diamine (TPD) films excited with synchrotron radiation. The measurements are compared with density-
functional theory calculations performed for a TPD monomer and the electronic structure of this material is discussed
in detail. The TPD films studied in this work were prepared by ionized and neutral cluster beam deposition (ICBD and
NCBD, respectively) as well as by thermal evaporation. X-ray fluorescence measurements show that the ICBD tech-
nique provides the most promising way of preparing high quality TPD films with strong electroluminescence. C-N
bonds in the TPD structure are destroyed under NCBD as well as under thermal evaporation. © 2002 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Multilayered polymeric [1-3] and molecular
thin films [4-9] have attracted interest as organic
light-emitting diodes (OLEDs) [10,11]. One of the
promising candidates is the tris-(8-hydroxyquino-
line) aluminum (Alqs)/N,N'-di-(3-methylphenyl)-

*Corresponding author. Tel.: +7-343-27-44183; fax: +7-343-
27-45244.
E-mail address: kurmaev@ifmlrs.uran.ru (E.Z. Kurmaev).

N,N'diphenyl-bis(3-methyl phenyl)-1,1’-biphenyl-
4,4'-diamine (TPD) multilayered film. Alq; and
TPD layers have been known to play a role in the
light-emitting process as light-emitting layer and
hole transport layer as well as in terms of electron
transport. In order to understand the light-emit-
ting mechanism of Alqs;/TPD multilayers, it is es-
sential to study the characteristics of each layer.
The ionized cluster beam deposition (ICBD)
method has been found to be promising for ob-
taining sharp interface, high packing density, and
smooth surface [12]. In this study, we applied the
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ICBD method to grow the TPD film with a smooth
surface and a well-defined molecular bonding. For
comparison the TPD films were also prepared by
neutral cluster beam deposition (NCBD) and by
thermal evaporation. X-ray fluorescence measure-
ments were used for the characterization of these
films. It is shown that preparation of the films with
the ICBD technique provides the best way for ob-
taining high quality TPD films, with strong elec-
troluminescence (EL). In the case of preparation by
NCBD or thermal evaporation, some bonds be-
tween carbon (C) and nitrogen (N) are broken in
the TPD structure.

In this work, we demonstrate that X-ray pho-
toelectron and emission spectroscopies are pow-
erful tools for providing precise information on
the electronic states of film substances. These ex-
perimental electron spectra of the substance are
directly linked to the theoretical results of the
electronic states as obtained by density-functional
theory (DFT) calculations using model molecules.
Here, we show that theoretical valence X-ray pho-
toelectron and emission spectra for TPD obtained
by deMon (DFT) calculations [13] using the model
molecule are in a good accordance with the ex-
periments to obtain valence X-ray photoelectron
spectra (XPS) and C and N Ko X-ray emission
spectra (XES).

2. Experiment

Fig. 1 shows the structure of TPD [15] which
contains phenyl rings linked by N atoms and side
CH; groups. The TPD films were prepared at room
temperature on indium-tin-oxide (ITO) glasses by
the ICBD and NCBD method respectively [12,14].
We can divide the ICB equipment into four parts.
First, the crucible part which is used to dissolve

OO0

CH, CH;

Fig. 1. The schematic diagram of TPD structure.

the material, and to form molecule clusters. Sec-
ond, the electron-gun part which is to ionize the
molecule clusters. Third, the acceleration part
which is used to accelerate the ionized molecule
clusters. Fourth, the substrate holder upon which
the molecule clusters are deposited. Thin films are
obtained by the following method. First of all, the
materials are loaded into crucibles, and heated to a
suitable temperature. The molecular clusters are
made by adiabatic expansion, and then they are
ionized by electrons from the electron gun. The
ionized clusters are accelerated by the electric field
between crucible and substrate in case of ICBD,
to obtain a thin film. During the ICBD process,
the acceleration voltage was fixed at 800 V. TPD
films deposited by thermal evaporation was also
prepared for comparison to the ICBD method.
During the thermal evaporation, the crucible was
heated to 140 °C. The thickness of the TPD was
monitored by a crystal oscillator to be about 50
nm and the deposition rates were fixed at 6 nm/
min. The total pressure during the process was in
the low 107 Torr range.

The C and N Ko (2p — 1s transition) XES were
taken at the Advanced Light Source (Beamline
8.0), employing the University of Tennessee’s soft
X-ray fluorescence (SXF) endstation [16]. Photons
with an energy of 300 eV, well above the CK edge
and with an energy of 430 eV, well above the NK
edge were delivered to the endstation via the beam-
line’s 89-period, 5-cm undulator insertion device
and spherical grating monochromator. The C and
N Ko spectra were obtained in first order with a
600 lines/mm, 10 m radius grating providing an
energy resolution of 0.3-0.4 eV. The C and N Ko
emission spectra were calibrated with a reference
sample of highly oriented pyrographite and hex-
agonal boron nitride, respectively.

We measured the valence band spectra of TPD
films by using X-ray photoelectron spectroscopy
(XPS) at Atomic-scale Surface Science Research
Center in Yonsei University, Korea. The XPS
measurements were performed using a 300 mm di-
ameter hemispherical energy analyzer with a mul-
tichannel detector. The pass energy of the energy
analyzer was 23.5 e¢V. Monochromatized AlKa
X-rays (1486.6 ¢V) were used as the X-ray source.
In addition, the current-voltage measurements
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were carried out by using Keithley 236 source-
measure unit and the EL was detected by a photo-
diode array.

3. Calculation details

To compare the calculations for a single mole-
cule of the model and experiments on a solid, we
must shift each computed vertical ionization po-
tential (VIP), I by a quantity WD illustrated by
It(EF) = I, — WD. This fromula normalizes the
ionization energy /,(EF) relative to the Fermi level.
The quantity WD denotes the sum of the work
function of the sample and other potential en-
ergy effects, which are described in previous studies
[17-21].

3.1. Core-electron binding and emission energies and
VIPs for XPS and XES

In order to obtain the accurate core-electron
binding energies (CEBEs), we used the general-
ized transition-state (GTS) method. In the GTS
method, Williams and co-workers [24] proposed
the extension of Slater’s transition-state method
[22] and approximated the endothermicity AE =
E(1) — E(0) by

AE = [F(0) +3F(2/3)]/4, (1)

where F(x) =0E(x)/0x, and x (0 <x<1) is as-
sumed to be a continuous variable, with £(0) and
E(1) denoting the energies of the initial and final
states, respectively. For example, for the ionization
of an electron from molecular orbital (MO) ¢, of
interest, x represents the fraction of electron re-
moved, and, according to the Janak theorem [25],
F(x) is the negative orbital energy & (x). This
procedure is applied in the following way. In the
unrestricted GTS method, we removed 2/3 o elec-
tron from MO ¢, of interest.

For the VIPs of the valence regions, we use the
so-called restricted diffuse ionization (rDI) model
which Asbrink et al. [26] proposed in the HAM/3
method. In the rDI model, half of an electron is
removed evenly from the valence MOs and the
negative of the resulting orbital energies corre-

spond to calculated VIPs. This allows us to obtain
all the valence VIPs in a single calculation.

In the case of C and NKa X-ray emission
energy, we obtain the calculated values from the
differences [(CEBE);; — (VIP,Ii)jppay]  between
CEBEs of the hole and VIPs of electrons to fill up
the hole.

3.2. Intensity of XPS and XES

The intensity of valence XPS was estimated
from the relative photoionization cross-section for
Al Ko radiation using the Gelius intensity model
[23]. For the relative atomic photoionization cross-
section, we used the theoretical values from Yeh
[27].

The XES intensity of carbon and oxygen spectral
lines was obtained by summing the linear combi-
nation of atomic orbitals (LCAO) populations
Pyapay; of the atomic orbitals y,,4)(r) centered on
given carbon and oxygen atoms; / = x, y and z.

In the case of C Ka and N Ka spectra the XES
transition arises from outer occupied p orbitals to
s-type holes in a given atom, due to the selection
rule Al = +1. The intensity can be written as

2
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where ¢7(r) and ¢,(r) is a core hole and an outer
valence MO, respectively. Ny denotes a normal-
ization factor, and Cj,a) is the LCAO coefficient
of the atomic orbital y,4(r) centered on atom A.
In order to calculate each intensity of XES for
model molecules at each emission energy, we used
the STO-3G basis set for each atom of the model
molecules.

Considering the dipole selection rule and ne-
glecting the terms involving orbital products on
different atoms, an approximate intensity /i), 18
given by

2
Ly = Ny > |Crppanl’s 3)
A
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where N| is a normalization factor, which includes
the units of atomic dipole intensities. Thus, the
XES intensity of carbon, and oxygen spectral lines
was obtained by summing the LCAO populations
of the atomic orbitals y,,,(r) centered on given
carbon, and oxygen atoms; / = x, y and z.

DFT calculations of TPD were performed using
a model monomer (H;CC¢H4)N(CeH;5)[CsH4CH
=CH,)] containing 41 atoms including 21 carbon
atoms, a nitrogen atom and 19 hydrogen atoms for
a total of 152 electrons, and 76 occupied orbitals
to simulate the molecular structure of this com-
pound shown in Fig. 1. The DeMon DFT program
[13] was used for the calculations. For the geom-
etry of the molecule, we used the optimized car-
tesian coordinate from the semiempirical AMI
(version 6.0) method [28]. The DeMon calculation
was performed with the exchange-correlation po-
tential labeled as B88/P86, made from Becke’s 1988
exchange functional [29] and Perdew’s 1986 corre-
lation functional [30]. In the program, we used a
nonrandom grid and polarized valence double-¢
(DZVP) basis of (621/41/1*) for C and N, (41) for
H with auxiliary fitting functions labeled (4, 4; 4, 4)
for Cand O, (3, 1; 3, 1) for H. In order to calculate
each intensity of valence XPS and XES for model
molecules, we considered only the atoms of the
model molecule in the brace. We also used the
STO-3G basis set for each atom of the model
molecules to calculate the intensity of XES.

To simulate the valence XPS and XES of the
TPD theoretically, we constructed from a super-
position of peaks centered on each VIP, I, and
each emission energy, [(CEBE);; — (VIP, Iy)op(a))
or (CEBE),,— (VIP, I;)i3ss)], respectively. As was
done in previous work [17-21] each peak was rep-
resented by a Gaussian curve, and we used the line
widths, WH(k) = 0.10 I, (proportional to the ion-
ization energy) and WH (k) = 1.3 eV (experimental
resolution) for valence XPS and XES, respectively.

4. Results and discussion

4.1. Electroluminescence properties

To elucidate the effect that organic TPD layers
might have on the EL, we prepared the OLEDs,
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Fig. 2. EL spectra of organic electroluminescent devices:
Al(200 nm)/Alq;(60 nm)/TPD(50 nm) on indium-tin-oxide
glasses.

such as Al(200 nm)/Alq;(60 nm)/TPD(50 nm) on
ITO glasses by ICBD and NCBD, respectively. The
device with the same geometry by thermal evapo-
ration was also prepared for comparison. Fig. 2
shows the EL results of our samples. The lumi-
nescence intensity of an OLED prepared by the
ICBD method is about 10 times larger (starting
at about 8 V) compared to the device prepared by
the conventional thermal evaporation. The sample
prepared by the NCBD technique has an onset
that occurs at higher bias and therefore has in-
significant luminescence in the bias region of im-
portance. In the EL process, the TPD layer has
been known to play a role as transport layer for
holes in the OLEDs, because the TPD layer blocks
electrons injected from the metal electrode and
transports holes only. The luminescence efficiency
of the device is influenced by the quality of TPD
layer and the chemical structure of the TPD layers
is a very important property.

4.2. X-ray fluorescence measurements

Soft X-ray emission spectroscopy is governed
by the dipole selection rules and it can be used to
study the local bonding environment of a sample.
XES site-selectively probes the symmetry restricted
valence states and it can be directly compared
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Fig. 3. CKa XES of TPD films.

to MO calculations. The electronic transitions are
limited to the first coordination sphere of the emit-
ting atom, making the technique sensitive to short-
range order (coordination number, bond length,
etc.).

Fig. 3 displays the Carbon Ko emission (2p —
1s transitions) of TPD. The fine structure in the
spectra is due to the overlapping peaks labeled A
through E. The energetic positions of the peaks of
TPD films coincide with those of benzene [31],
because phenyl groups are mainly contributing to
the formation of the structure of TPD as well (see
Fig. 1). The spectra are found to be different with
respect to the presence of the smallest peak labeled
as E at about 262 eV. This peak is present only for
the film prepared by ion cluster beam deposition.
In order to discuss these changes in the spectra of
TPD films one has to analyze the details of the
electronic structure of TPD.

4.3. Density-functional theory calculations

The DFT calculations were performed for the
model monomer (H3;CCqH4)N(CqHs)[CsH,CH=

XPS VB
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Fig. 4. Experimental and calculated XPS VB of TPD films (the
calculated spectrum is shifted to 3.0 eV).

CH,)]. To check the validity of these calculations
we have compared the experimental and calculated
XPS VB of TPD on a binding energy scale in Fig.
4. The calculations and experiment show the same
structure and are in good agreement. The most
intense experimental peak centered at 17.5 eV
corresponds to the ionization of {s;(C 2s-C 25)-B}
bonding orbitals which result from the —Ph (phe-
nyl) and —CH; functional groups of TPD. The
next peak located at about 13.6 eV is assigned to
contributions from {ps(C 2p—C 2s), ps(N 2p-C 2s)}
bonding orbitals from —Ph and C-N functional
groups, respectively. A third peak centered around
10 eV is due to ps(C2p-C2s) bonding orbitals
from —Ph functional groups. The next two peaks at
7.3 and 6.7 eV are due to ps(C2p—N2p, C2p) and
p=(C2p—C2p) bonding orbitals from —C-N and —
Ph groups, respectively. We attribute the peak
located at about 4.0 eV to N2p lone pair non-
bonding orbitals. Table 1 gives an overview of the
energy positions of the observed XPS valence band
peaks, the calculated VIPs, the main atomic orbi-
tals, and the orbital nature and the corresponding
functional groups of the TPD films. We note that
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Table 1

Energy position of observed peaks, VIP (in eV), main atomic orbitals, orbital nature and functional groups from calculation and XPS
measurement of TPD (calculated VIPs shifted by 3.0 eV)

Observed peaks (eV) VIP (eV) Main atomic orbital Orbital nature Functional group
23.5 N 2s (0.8), $6(N2s-C2s)-B N-C
C2s(0.2)
20.4, 20.3, 19.9 C2s $6(C2s-C 2s)-B —-Ph
17.5 18.1-16.4, 15.7 C2s $6(C2s—C 2s)-B —Ph, CH;
13.6 14.7-12.9, 12.6 C2p, C2s (0.8) ps(C2p-C2s)-B -Ph
N2p (0.8) ps(N2p-C2s)-B C-N
10.6-9.3 11.2-94 C2p, C2s ps(C2p-C2s)-B —~Ph
7.3 8.4-8.0 C2p (0.5), N2p (0.5) p(C2p-N,C2p)-B C-N, -Ph
7.7-1.0 -C2p p=(C2p-C2p)-B -Ph
6.7 6.8-6.0 C2p (0.4), N2p (0.6) p(C2p-N,C2p)-B C-N, -Ph
4.0 34 N2p pr(lone pair)-NB N

noticeable changes in the fine structure of the ex-
perimental XPS VB of different TPD films were
not detected owing to the lack of bulk sensitivity of
XPS VB in comparison to XES.

Fig. 5 is a comparison between the calculations
and the Carbon Ko emission measured for the
sample prepared by ICBD. Experiment and theory
agree well. The results of our calculations are given
in Table 2. We can assign the main experimental

3000 C Ko XES
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Fig. 5. Comparison of experimentally measured and theoreti-
cally calculated C Ko XES of TPD films.

Table 2

Energy positions of observed C Ko peaks, calculated emission
energy, orbital nature and functional groups from calculation
and XES measurement of TPD

Observed  Emission Orbital nature Func-
peaks energy (eV) tional
(eV) group
262 263.6 ps(C2p-N2s)-B C-N
269-273 269.1-271.4  ps(C2p-C2s)-B —Ph, CH;
273-276 272.5-2742  ps(C2p-C2s)-B —Ph
276-280 276.0-277.8  p.(C2p-C2p)-B -Ph
278.8-279.2  p.(C2p-C, N2p)-B —Ph, C-N
280-283 281.8-282.5 p.(C2p—C2p)-B -Ph
(shoulder
peak)

CKa XES peaks located in the energy range
around 271-283 eV to ps(C 2p—C 2s) and ps(C 2p-
C2p) bonding orbitals of —Ph groups. The weak
feature located at 262 eV is due to ps(C2p—N 2s)
bonding where three carbons bond directly to
nitrogen and this feature indicates the existence of
direct C-N bonding in TPD. Taking into account
the experimental finding from Fig. 3 that this peak
is clearly present only for the sample prepared by
ICBD, it can be concluded that the number of
C-N bonds is decreased in TPD films prepared by
NCBD and by thermal evaporation. It is not clear
at the moment why breaking some C—N bonds in
the TPD structure leads to weakened EL in OLED
devices. This phenomenon needs further investi-
gations for clarification. In this paper we would
like to emphasize the very high sensitivity XES has
to local chemical bonding, which is an important
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element for the characterization of polymer mate-
rials. XPS VB is less sensitive to the local chemical
bonding and it is not surprising that we did not find
any noticeable changes in these spectra for TPD
films as a function of preparation conditions.

5. Conclusions

X-ray emission and photoelectron measure-
ments of TPD films prepared by ICBD, NCBD
and by thermal evaporation are presented. The
obtained results are compared with our DFT cal-
culations of the TPD monomer and the electronic
structure of this material is discussed in detail. The
X-ray fluorescence measurements suggest that the
ICBD technique appears to be the best way for
obtaining high quality TPD films with intense EL.
For films prepared by NCBD or thermal evapo-
ration some of C—N bonds in the TPD structure
are broken.
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