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ABSTRACT: We report on the identification of molecular orientation and
its order—disorder transition during the initial growth of 1,3-bis(N-
carbazolyl)benzene (mCP) thin films on a highly ordered pyrolytic graphite
(HOPG) surface by using photoelectron spectroscopy (PES). Theoretical
PES amplitudes using a quantum mechanical calculation that adapts
independent atomic center approximation (IAC) were calculated to compare
with experimental observations. At low coverage, an equilibrium orientation
of isolated adsorbate was estimated. As the coverage increases, the
interaction between adsorbates becomes dominant and raises the disorder,

Low Coverage High Coverage

o A

which results in changes in the PES shapes as well as the line broadening of

each peak.
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1. INTRODUCTION

Understanding the molecular geometry at (in)organic/organic
interfaces is one of prerequisites to investigate the electronic
properties of organic devices. That is because the energy level
alignment and the dynamics in charge carrier transfer strongly
depend on the distance and orientation of constituent
molecules relative to the interface.' > There are several
different methods that have been used to probe an interfacial
molecular geometry, including STM,"* grazing ellipsometry,® X-
ray scattermg, ~'!and solid-state NMR.12 In particular, X-ray
scattering or diffraction has widely been utilized to see an
organic film growth and geometrical transition under various
growth condition.’"" However, this is limited to rather simple
molecules in homogeneous state. Photoelectron spectroscopy
(PES) has also been utilized as a tool for the determination of
molecular geometry as well as electronic structural studies.'*”*®
The fundamental advantage of the PES over other methods is
that it can easily control interfacial sensitivity when it is
combined with in situ film deposition.

Over the last few decades, several research groups have
pioneered using PES as a tool for the identification of molecular
orientation on various substrates with or without ordering.'®"”
A distinct PES peak shape is basically due to different
photoionization cross sections for different energy states,
which vary according to the order of molecular orientation
on a substrate."® The gradual change in PES shape triggered by
the increase in population of adsorbate molecules implies local
order or disorder as a result of interaction between them. This
type of study regarding order and disorder transition during
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adsorption on a substrate has long been an important problem
in the area of surface science. The details of molecular
geometries vary with deposition procedure or its coverage.'®
However, previous approaches have been limited mainly to
planar molecules and well-defined equilibrium systems. Thus,
tracing a nonplanar molecular geometry as a function of
coverage still remains a challenging task.

In this study, the work by Ueno et al." is generalized to a
three-dimensional molecule, 1,3-bis(N-carbazolyl)benzene
(mCP) which is a widely used host material for phosphorescent
organic light-emitting diodes. The two carbarzole (Cz) units
are linked at the meta-position of a phenyl ring, which enables
wide band gap and high charge carrier mobility."”” Quantum
mechanical calculation utilizing the independent atomic center
(IAC) approximation is conducted to determine the equili-
brium orientation of an adsorbate at low coverage, by
comparing the calculated PES spectrum with an experimental
one.'* As the coverage increases, the relative intensity ratio
changes and spectral line width increases. To explain the former
under high coverage, simplified models which consist of various
ensembles of disordered single molecules are introduced. Based
on these disordered ensembles, we have successfully explained
the experimental change in the PES shape from the calculation
of statistical PES spectra. These phenomena are interpreted to
be due to the adsorbate—adsorbate interaction at higher
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Figure 1. (a) Coverage-dependent work function change of mCP on HOPG. Inset: Secondary electron cutoffs as a function of coverage of mCP. (b,
c) Frontier valence regions of PES spectra are shown as a function of coverage obtained from normal emission (NE) geometry, in which inset defines
the measurement geometry. Circles represent experimental data and lines are the results of convolution. The violet curves at around —3 eV are from
the underlying HOPG. (d) fwhm curves of convoluted H peaks in b and c as a function of coverage. (e) Intensity ratios of convoluted H-1 with

respect to H-4 are shown as a function of coverage.
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Figure 2. (a) Contour map of percent error of calculated intensity as a function of Euler rotation angles (a and ), which are defined in (b). (c)
Comparison of the simulated PES signals for the molecular geometric regions, A, B, and C. (d) Background subtracted PES spectrum is compared
with simulated spectra of mCP molecule with (red) and without (black) corrections for PES cross section. Insets: one example of possible molecular

orientation (S,), in which z axis is surface normal.

coverages. Thus, the order and disorder transition in three-
dimensional molecular orientation during molecular growth is
elaborated on. This explanation is also in agreement with the
observation of increased line width of each peak, which can also
be related to the change of polarization energy20 or energy

splitting due to intermolecular interaction.”"**
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2. EXPERIMENTAL SECTION

The mCP films were deposited on HOPG substrate (ZYA-
grade) at room temperature by thermal evaporation at
pressures less than 6.7 X 107 Pa, with a deposition rate of
0.1 A/s, which was measured with a calibrated quartz crystal
microbalance. The substrate HOPG had been thoroughly
outgassed by maintaining it at 573 K overnight. Spectral
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Table 1. Relative Intensities of Experimental (I,,) and Calculated (I,) Peaks with Respect to That of H-4

H-3 H-2 H-1 H
Ly" 0.79 + 0.018 0.60 + 0.014 0.53 + 0.012 0.79 + 0.018
1.° 0.85 0.66 0.61 0.72
error (%) -8 —-10 —16 +9

“Intensity ratios (I/I;;4) obtained from 2 A spectrum in Figure 2d. bIntensity ratios (I/I;y4) obtained from calculated PES at the S geometry. “Error

percentage = [(Ioy, — Lo)/Leyp] X 100.

measurements were performed in an UHV system by using a
hemispherical electron energy analyzer (SES-100, VG-Scienta)
with an unpolarized He I (21.2 €V) gas discharge lamp.”® The
light incidence and electron emission angles were 30° and 0°,
respectively, for normal emission. The samples were biased at
—10 V for work-function measurements. The atomic
coordinates of mCP were obtained by X-ray structure data,”*
refined by geometry optimization using the B3LYP/6-31G-
(D,P) level of theory on the platform of Gaussian 09 package.”’
Simulation of PES was performed using a conventional method,
in which each Kohn—Sham (K—S) energy level is considered as
having Gaussian distribution with full width at half-maximum
(fwhm) of 0.2 eV.>*!

3. RESULTS AND DISCUSSION

In Figure 1a, the work function of HOPG exhibits a fast drop
from 4.62 to 4.47 eV upon 1 A of mCP deposition. From 2 to 8
A, the work function change is marginal, and it decreases
steadily until 64 A, which indicates an incomplete coating of the
mCP thin film. In panels b and c in Figure 1, valence electronic
structures are shown. The signal-to-background ratio increases
as the molecular thickness increases. Until 2 A, no significant
changes are observed, which indicates no interaction between
adsorbates up to this coverage. However, from 4 A, the shapes
of spectra show remarkable changes, exhibiting saturation at 64
A. In fact, the 64 A spectrum shows no significant features on
the overall shape and exhibits apparently similar intensity for all
the energy states.

During the convolution process in panels b and ¢ in Figure 1,
base lines are assumed to consist of an exponential curve, which
originates from secondary electrons, and a Gaussian curve,
which is ascribed to the underlying HOPG around —2.9 eV.
When choosing the convolution parameters, we tried to
minimize the intensities at —5.0 and —3.1 eV, because these
points are expected to be in the energy-level deficient regions,
which is evident from the result of DFT calculation as shown in
Figure 2. The details of the convolution process are given in the
Supporting Information.

The most outstanding characteristics of the spectra at low
coverage are the relatively narrow line width (0.42 eV) and
well-distinguished intensity difference between energy states: at
low coverage, H-4 shows the largest intensity, while H-1
exhibits the lowest value. When the thickness increases to 4 and
8 A, the clear difference in the intensity becomes mitigated,
resulting in a completely different overall shape of the PES
spectra. This is evident if the intensity ratios (H-1)/(H-4) are
monitored as a function of coverage as shown in Figure le. The
intensity ratio shows marginal change until 2 A (0.53), starts to
increase from 4 A, and saturates to 1.1 at 64 A. In Figure 1d, the
changes in the line width of H are shown as a function of
coverage. fwhm of H increases from 0.42 to 0.55 eV as the
coverage increases from 2 to 4 A, which is apparently abrupt.

In Figure 2d, UPS spectrum at 2 A after background and
HOPG signal subtraction is shown. The bottom curves indicate
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the calculated K—S energy levels and simulated UPS of a single
mCP molecule, respectively. The first ten frontier occupied K—
S energy levels are doubly degenerated due to two equivalent
Cz units attached to a phenyl in mCP. For convenience, the
degenerate energy states are designated as H, H-1, H-2, H-3,
and H-4. The position of each energy state can be assigned to
the five experimental peaks on the 2 A PES spectrum. Each
peak of the experimental spectrum clearly shows different
relative intensity, as summarized in Table 1. H-1 state shows
the most intriguing behavior in that it has the lowest intensity
compared to the others.

The intensity difference on a spectrum can be ascribed to the
different PES cross sections, which depend on initial energy
state of a molecule.*™" Following mostly the works of
Hasegawa et al,, (details in the Supporting Information) and
taking into account the effect of unpolarized light source, the
calculations of the PES cross section were averaged over all the
possible linear polarizations of incident light. To reflect the
effects of the azimuthal disorder of HOPG due to its micrograin
structure, the calculations were also averaged over the substrate
azimuthal angles."> To determine the molecular orientation that
can account for the experiment, all the possible geometries
were examined by rotating a molecule according to the
following formula

’ ’

X X X
y|=81y | =RBR)] ¥
z Z' 2 (1)

for which the rotations, @ and f3, are defined in Figure 2b. There
are only two nontrivial Euler angles, because the azimuthal
angle, 7, is averaged in the calculation of PES cross section as
mentioned above. The atomic orbital coefficients were then
obtained using modified neglect of diatomic overlap (MNDO)
calculation based on the rotated coordinates. Taking the above
coefficients and the rotated coordinates, PES cross sections
from each energy state were calculated (see Figure S2 in the
Supporting Information)'® for the specified detection geome-
try. From these PES cross sections, a weighted simulation of
PES is obtained by multiplying the amplitude of each K-S
energy level by the corresponding PES cross section. The
intensity ratios of each representative energy state with respect
to that of H-4 are plotted as a function of orientations (see
Figure S3 in the Supporting Information). It results in the most
probable molecular orientation, where the calculated intensity
ratios best mimic those of experimental ones. Figure 2a
illustrates three plausible regions with different errors ranging
up to +50%. Even if considering a large error tolerance of
+50%, the corresponding areas for Euler angles are very small.
This indicates that the PES amplitude of each energy state is
sensitive to the molecular orientation. In Figure 2c, three
different regions, A-C produce completely different spectral
weights. Thus, one can examine correct molecular orientation
in more detail by comparing the experimental spectrum over
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Figure 3. Comparison of intensities of the representative five energy states on the simulated PES based on the disordered noncumulative ensembles
as a function of  angle. Radius represents intensity. Angles, o and f are defined in Figure 2b. All of the disorders are defined with respect to S,.

the narrow regions in Figure 2a. The purple contours represent
the regions, in which calculation and experiment coincide
within an estimated error of +15%. With higher accuracy, the
area would be reduced further. In this way, molecular
geometries within a specific range of errors were found, and
one representative orientation (S,) is shown in the inset of
Figure 2d (see Figure S4 in the Supporting Information). The
red curve represents the weighted simulation of PES for the S,,.
The resulting intensity ratios obtained by the calculation and
measurement are listed in Table 1, denoted as I, and I,
respectively. Thus, the current experimental PES features match
the specific molecular orientation S, remarkably well. One
might imagine that molecules on HOPG do not have any
molecular order. However, the above results indicate that the
landing molecules have a stable orientation, in which the
binding energy with the substrate possesses a local minimum
point (see Figure SS in the Supporting Information).
Nonetheless, because of the sensitivity of the binding energy
between adsorbates and substrate, such a stationary orientation
might have dependence on the thin film preparation condition
and the surface treatment.

Finally, we discuss the implication of the errors between
experiment and calculation, in which the errors cannot be
reduced to zero. In the case of S;, maximum error is —16% for
the peak H-1. The origin of the limitation can be ascribed to
the following causes. First, the orientation of mCP may not
have a fixed one, but have slight disorder around a stationary
orientation, S,. Second, the molecule itself may suffer from
disruption in geometric conformation due to interaction with
substrate. Third, the approximation (IAC) used in the
calculation may have posed the limitation in accuracy.

Now we turn our attention to the spectra above 4 A
coverage, in which the overall PES intensities gradually become
similar to each other. For systematic investigation of the
molecular structures at high coverage, a statistical ensemble of
single molecules with disordered orientation around S, was
generated as follows

Q = Q(8,Sy, --SSo SxSo) (2)
where §, represents the rotation transform matrix of the ith
molecule in an ensemble as defined in eq 1. The PES cross-
section of the nth energy state from the molecules in this
ensemble can be obtained by the ensemble average using the
following formula
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- 1 & = o«
<An(R)> = An(R) Sls )
SN Z:, ’ 3)

where An(ﬁ, S,-SO) represents the contribution from the ith
molecule in the ensemble, and R represents the detector
position. Two kinds of disordered ensembles were generated:
(i) with S angles fixed to a nonzero value and 100 equally
spaced a angles included. And (ii) with 250 randomly selected
orientations with 8 angles less than a specified value, which is
called a cumulative ensemble. In the cumulative ensemble, the
ensemble number 250 was chosen, because this number was
the minimum number to guarantee the reproducibility in the
random selection. Figure 3 illustrates the effect of disorder in
angle at a fixed f angle in a noncumulative ensemble on the
intensity of the weighted simulation of PES. For negligibly
small §, the intensity changes are negligible. But as the disorder
in f increases, the relative intensity strongly depends on a.
Averaging each ensemble over «a, the intensity difference
becomes gradually vague.

Figure 4 illustrates the ensemble averaged relative intensity
ratios, (H-1)/(H-4), as a function of disorder parameter. In
case of noncumulative ensembles, the ratio (blue triangle)
becomes unity around 12° and approaches a maximum at 30°, a
minimum at 60°, and finally assumes a value of 0.93 at 90°. The
curve shows mirror symmetry with respect to 90°. The
noncumulative ensemble shows obvious dependence of the
intensity ratio on the f deviation, but this oscillatory behavior is
related to a disorder deviated from the S, rather than a random
disorder. In the case of a cumulative ensemble, the ratio (black
squares) shows damping oscillator-like behaviors, in which the
ratio shows initial monotonic increase with maximum value of
1.57 at 40° and finally approaching around 1.15 by 150°
because of random distribution of f in the cumulative
ensemble. The intensity ratios for other energy states also
showed similar damping oscillator-like behaviors, converging to
values between 1.0 and 1.1. Cumulative ensembles represent
completely random disorder within a given value of B. Even
though these simulate nicely the initial changes of PES
intensities, care should be paid when we correlate these to
the experimental PES, because the molecules in real thin film
may not be completely random, but have a limited level of
order.”' Nevertheless, we can obtain qualitative understanding
on the peculiar changes in the overall shapes of PES spectra as a
function of coverage. As the coverage increases, the adsorbate—
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Figure 4. Intensity ratios of H-1 to H-4 obtained from the simulated
PES, which was calculated from the ensemble of single molecules with
a disorder in orientation from the suggested orientation, S,. Each point
is obtained by the average on each ensemble represented by disorder
parameter, . Red dots represent mathematical damping oscillator
curve for guide to eyes.

substrate interaction is supposed to be disturbed by interactions
between adsorbates. Such a weak van der Waals type
interaction takes place in quite a random manner, which
rationally brings out disorder in the molecular orientation,
particularly for the nonplanar molecules like mCP.

In this reasoning, any detailed interaction between
adsorbates was not considered due to the complexity involved
in the interaction.”’ Nevertheless, there is another clue to the
intermolecular interactions, which is the abrupt increase in line
width of each peak, as shown in Figure 1d. Apart from hole-
vibration coupling or crystalline band effect, the position and
width of molecular orbital features on PES reflect inter- or
intramolecular interaction.”*~** Such mixed environments give
rise to inhomogeneous molecular geometries, which can be
related to either inhomogeneous distribution of polarization
energy effect,”® or energy splitting of the previously
degenerated states.””” Both effects together with hole-
vibration effects®® contribute to the line width of PES under
study. In any case, the significant increase in line width of the H
peak is basically originated from intermolecular interaction.

4. CONCLUSIONS

In conclusion, we have compared experimental PES spectra
with a simulated one by using quantum mechanical calculations
with IAC approximation. This method provides systematic
estimation of molecular orientation and disorder, even for
nontrivially shaped molecules. At low coverage of mCP
adsorbates, they show a preferential orientation on the
HOPG substrate. However, as the coverage increases, they
interact with each other predominantly, and produce
considerable disorder in the molecular orientation. This work
does not only reveal an unprecedented way to interpret the
adsorption behavior of weakly interacting system without long-
range order, but also provides interface structural information
of a useful molecule in organic electronics.
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Additional procedures for experimental data fitting, IAC
approximation to three-dimensional molecules, and determi-
nation of equilibrium molecular orientation. This information is
available free of charge via the Internet at http://pubs.acs.org/.
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