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Quantitatively identical orientation-dependent ionization energy and electron
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Molecular orientation dependences of the ionization energy (IE) and the electron affinity (EA) of
diindenoperylene (DIP) films were studied by using ultraviolet photoemission spectroscopy and
inverse photoemission spectroscopy. The molecular orientation was controlled by preparing the
DIP films on graphite and SiO, substrates. The threshold IE and EA of DIP thin films were
determined to be 5.81 and 3.53 eV for the film of flat-lying DIP orientation, respectively, and 5.38
and 3.13 eV for the film of standing DIP orientation, respectively. The result indicates that the IE
and EA for the flat-lying film are larger by 0.4 eV and the frontier orbital states shift away from the
vacuum level compared to the standing film. This rigid energy shift is ascribed to a
surface-electrostatic potential produced by the intramolecular polar bond (>C -H") for standing
orientation and m-electron tailing to vacuum for flat-lying orientation. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4850531]

Organic thin films grow different polymorphs at differ-
ent preparation conditions and on different substrates, which
result in variation of their ionization energies (IEs) that
impact the energy level alignment at organic interfaces.'™’
Many studies have shown that such change in IE exists
in various organic systems, for instance pentacene,”'® diin-
denoperylene  (DIP),''™"* & w-dihexyl-sexithiophene
(DH6T)? and a-sexithiophene (6T),® copper phthalocyanine
(CuPc),6’14 perylene-3,4,9,10-tetracarboxylic  dianhydride
(PTCDA)," etc. There are various origins of the IE
variations, e.g., change in intermolecular interaction® and
polarization effects'® due to difference of the crystal struc-
ture and molecular packing density, and change in the mo-
lecular orientation. > +61012.13:13.17.18 " Thege  origins  are
usually related with each other, it is therefore not easy to find
the main origin of the IE variation. This problem also pro-
duces a difficulty in designing the organic interfaces. Among
various origins, a molecular orientation dependence of IE is
attributed to the surface-electrostatic potential produced by
intramolecular polar bonds at the surface of an oriented mo-
lecular layer.**'”!® In this case, we expect that electron af-
finity (EA) also show the same shift as IE depending on
whether or not the surface is covered by the polar bonds,
while other origins, for example changes in intermolecular
interaction and polarization effects due to the crystal struc-
ture/molecular packing density difference, should result in a
significantly different change between IE and EA, since
occupied and unoccupied frontier orbitals have different spa-
tial distributions.”'®

Accordingly, it is desired to study both of IE and EA of
organic films with, for example, different molecular orienta-
tions and examine whether these two values change similarly
or not, since the values of IE and EA play crucial roles for

Yuenon@faculty.chiba-u.jp
Pkera@faculty.chiba-u.jp

0003-6951/2013/103(25)/253301/4/$30.00

103, 253301-1

the energy level alignment.'® Unfortunately, however, the
direct relationship between the EA and molecular orientation
has not yet been studied experimentally.

In this study, we investigated IE and EA of two particu-
lar samples of DIP films with flat-lying and standing-up mo-
lecular orientation by ultraviolet photoemission spectroscopy
(UPS) and inverse photoemission spectroscopy (IPES).%°
DIP films of flat-lying molecular orientation are grown on
graphite (highly oriented pyrolytic graphite: HOPG) and
films of standing molecular orientation on SiO, substrates,
which were already reported by electron scattering/diffrac-
tion,'? UPS,'""® near-edge X-ray absorption fine structure
(NEXAFS),"? and scanning tunneling microscopy (STM)."?
We found that the IEs and the EAs of these films show a
large shift depending on the molecular orientation by keep-
ing the band gap energy unchanged.

For both UPS and IPES, DIP was in situ deposited in
ultra-high vacuum (UHV) preparation chamber and directly
transferred to the measurement chamber without breaking
the vacuum. All measurements were carried out at room tem-
perature (RT). For both UPS and IPES, the substrates were
prepared as follows: Freshly cleaved HOPG (ZYA grade by
SPI Alliance Biosystems) substrate was annealed in UHV
before DIP deposition. For SiO, substrates, native oxidized
Si(111) (p-type) wafer (Waka Tech. Co. Ltd.) was ultrasoni-
cally cleaned by acetone and ultra-pure water, and then
treated with UV-ozone before loading into the UHV
systems.

He I UPS (hv=21.22eV) experiments were performed
with a home-built in situ UHV electron spectroscopy system
equipped with a PHOIBOS-HSA100 analyzer, with an
energy resolution of 60meV and an acceptance angle of
+9° 21 UPS spectra were measured at a light incidence angle
of 45° and an electron emission angle of 0° (normal emis-
sion). The Fermi level (Er) of the sample was determined by
measuring the UPS spectrum of a clean gold surface. The

© 2013 AIP Publishing LLC
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vacuum level (E,,.) was obtained from the cutoff of second-
ary electron emission of each UPS spectrum measured by
applying a sample bias of —5 V.

IPES was carried out by a home-made in sifu isochro-
mate spectroscopy mode apparatus>> with an energy resolu-
tion of about 0.5 eV, which consists of an e-gun with a BaO
coated cathode (PSP Vacuum Technology) and a bandpass
detector with the window materials of SrF, and an electron
multiplier (Hamamatsu R595) sensitized with KCl layer that
can collect the photons in the energy range 9.4-9.8eV. The
spectra were acquired by scanning the retarding bias voltage
applied to the sample while applying a constant bias of —5V
to the cathode of the electron source. The Er was measured
from the IPES spectrum of a clean gold surface in order to
examine the kinetic energy stability (see below). The E,,.
was obtained from the arrest point of second derivative (in
this paper the corresponding peak of the first derivative is
shown) of the low-energy electron transmission (LEET)
spectra by applying —5V bias to the sample. As kinetic
energy of the electron beam (thus work function) depends on
condition of the cathode (i.e., the kinetic energy is changed
by 0~ 0.2eV), it was calibrated by using the work function
of each substrate measured by UPS (the E position in the
present IPES data).*?

On the other hand, the work function of SiO, in general
shows slightly different values even for similarly treated SiO,
substrates and in the present experiments the error in deter-
mining the electron energies relative to the £ was obtained to
+0.12¢eV (standard deviation) from UPS measurements of six
SiO, substrates. Note that in the present measurements, this
error does not exist in EA values but in the Ef position (origin
of the energy scale) of the IPES spectra of DIP/SiO,, since
EA is measured from the E,,. at the same cathode condition
of the electron gun. Such an error in the Ex position of energy
axis for IPES spectra of DIP/HOPG is *0.05eV that is much
smaller than that for DIP/SiO,.

We first present UPS and IPES spectra of flat-lying DIP
deposited on the HOPG in Fig. 1, where Fig. 1(a) shows the
thickness (Opp) dependence (Opp=2, 5, 10, and 20nm) of
the UPS spectra of flat-lying DIP thin films for upper valence
band and secondary cutoff regions together with the HOPG
substrate spectra at the bottom. UPS spectra of the DIP films
show five pronounced peaks a, b, c, d, and e for all film thick-
nesses. The HOMO onset was determined by the method of
linear extrapolation of the HOMO slope at low binding energy
(Eg) side, which is commonly used by many groups, and the
peak position was by fitting the HOMO peak with Gaussian
functions. The HOMO onset Eg slightly increases with Opp.
On the other hand, the work function increases from 4.38 eV
to 4.43 eV at Opp = 2nm, then tends to decrease with further
increase in Opp. We confirmed that at Opp =2 nm the sub-
strate surface was fully covered by DIP using metastable atom
electron spectroscopy (MAES)24_26 (not shown). For
Oprp > 2nm, the HOMO onset (also HOMO peak and other
peaks) and the E,,. shift in parallel and the HOMO moves
away from Ep. The IE(Th: threshold leading edge) and IE(P:
peak), which are defined as the energy difference from
HOMO onset and peak to E, ., respectively, are unchanged at
5.81*+0.02eV and 6.19*+0.01 in conformity with the
reported ones of flat-lying thin film.'**"*®
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FIG. 1. (a) Thickness (0prp) dependence of He I UPS spectra of DIP/HOPG
in the HOMO and cutoff regions together with the HOPG substrate spectra
at the bottom. The inset shows the molecular structure of DIP. (b) Thickness
dependence of IPES spectra of DIP/HOPG. The right part shows the first de-
rivative of the LEET spectra near the vacuum level (E,,.) (obtained by
applying —5.0'V to the sample). All energy values are given in eV.

The thickness dependence (2, 5, and 10nm) of IPES
spectra on DIP/HOPG is shown in Fig. 1(b), where the spec-
tral intensity is normalized by the incidence electron current.
The energy positions of spectral features of DIP films are
similar independent of the thickness as seen after fitting with
Gaussian functions. The LUMO onset (Th: threshold leading
edge) was determined by the common method,'” and the
peak position (P: peak) by the fitting curve. The mean value
of LUMO onset was obtained to be 0.86eV and that of peak
position to be 1.73 eV, which gives the EA(Th) and EA(P)
that are defined as the energy difference from the LUMO
onset and peak to the E,, are 3.53*£0.0leV and
2.67 =0.01 eV, respectively.

The thickness dependences of UPS and IPES spectra for
DIP thin films on SiO, are presented in Fig. 2, where the
spectrum of the SiO; is also shown at the bottom. As seen in
UPS spectra in Fig. 2(a), five pronounced valence band
peaks a*, b*, c*, d*, and e* are observed for all DIP films,
which correspond well with a, b, ¢, d, and e in Fig. 1(a). The
energy positions and relative intensity of the features a*-e*,
in particular ¢* and d* region, are slightly different from
those of the DIP/HOPG, probably due to the different angu-
lar distributions of photoelectrons between the films of
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FIG. 2. (a) Thickness (Opp) dependence of He I UPS spectra of DIP/SiO, in
the HOMO and cutoff regions together with substrate spectra at the bottom.
(b) Thickness dependence of IPES spectra of DIP/SiO,. The right part shows
the first derivative of the LEET spectra near the vacuum level (E,,.) (obtained
by applying —5.0'V to the sample). All energy values are given in eV.

flat-lying (on HOPG) and standing-up (on SiO,) molecules.”®
The HOMO onset Eg is 1.15-1.16eV for Opp =2-10nm
and becomes 1.21 eV at Opp =20 nm with clear HOMO tail-
ing into the band gap. The tailing indicates that the 20 nm
film involves imperfect molecular packing/crystal structure
more than the thinner films. On the other hand, the work
function of the bare SiO, is 4.35eV and shifts to 4.18eV at
Opp=2nm. For Opp>2nm, it first increases slightly to
424eV at Opp=5 and 10nm then decreases to reach
4.12¢eV at Opp =20 nm. The trend seems to be resembled to

(a) Lying orientation
E
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the HOMO shift. As discussed later, however, the IPES spec-
trum of the 20 nm film is affected by charging effects, so that
we consider that the sudden decrease in the work function
(namely E,,.) in UPS involves slightly charging effects prob-
ably because of increased electron trapping centers due to
imperfect molecular packing/crystal structure. Accordingly,
we obtain the IE(Th) and IE(P) are 5.38 =0.04eV and
5.70+0.01eV as the mean values from results for
Opp=2-10nm. The thickness dependent shift of the IEs
(shown as error) is much smaller than the IE difference
between DIP/HOPG and DIP/SiO, (see discussion below:
AIE(Th) =0.43eV, AIE(P)=0.49¢V). This means that
effects of changes in intermolecular interaction and/or polar-
ization effects due to expected tiny changes in molecular
packing structure are much smaller than the orientation
effects. Both the HOMO onset and the work function slightly
shift when the thickness increases as on the HOPG substrate.
The IE agrees reasonably with the value of standing DIP thin
film, 1213

The corresponding IPES spectra are shown in Fig. 2(b)
after intensity normalization by the incidence electron cur-
rent and the energy axis calibration. Two spectral features
are clearly seen in each spectrum. The energy positions of
LUMO peaks and onsets are the same for 2 and 5nm DIP
films. Note, however, that the LUMO, LUMO+1 peaks and
the electron injection peak (of the first derivative curve of
LEET) are shifted away from E for the 10 and 20 nm films.
This is considered to be caused by the negative charging
effect during IPES measurement, since this effect was
observed much more after longer data accumulation for
thicker films, c.a. 20 nm film. Furthermore, the UPS showed
a decrease in the E,,. [left shift in Fig. 2(a) by positive
charging], suggesting that there must be more right-shift in
IPES at 0pp =20 nm than that shown in Fig. 2(b). Thus, the
charging effect in 20 nm film [Fig. 2(b)] is in part compen-
sated by the decrease in the E,,. observed by UPS. To be
free from influence of the charging effects in determining
EA and, in particular, the work function, we use IPES results
on 2 and 5 nm films and obtain EA(Th) =3.13 £ 0.01 eV and
EA(P)=2.31*=0.03¢V for the DIP film of standing-up mo-
lecular orientation.

Accordingly, the molecular orientation-dependent
change of IE is obtained as AIE(Th)=0.43 £0.06eV and
AIE(P)=0.49 +£0.02, and that of EA as AEA(Th)
=0.40 £ 0.02eV and AEA(P)=0.36 = 0.03eV. These AIEs

(b) Standing orientation

FIG. 3. Schematic molecular-

vac e ? ’:‘ Evac
EA(P)=2.67 % |
EA(Th)=3.53} i |

IE(Th)=5.81

EA(P)=2.31-§—>;
EA(Th)=3.13} i|i

_— : IE(Th)=5.38
SR - IE(P)=5.70

i orientation dependence of energy lev-
els of DIP film. (a) Flat lying orienta-
tion of DIP on HOPG. (b) Standing up
orientation of DIP on SiO,. IE(P) and
IE(Th) are the ionization energy for
HOMO peak and threshold, respec-

i [E(P)=6.19

tively. EA(P) and EA(Th) are the elec-
tron affinity measured with LUMO
peak and threshold of LUMO, respec-
tively. The E position (work function)
is from the UPS. All energy values are
given in eV.

Sio,
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and AEAs are much larger than thickness dependent varia-
tions of IE and EA. To clearly show the molecular orienta-
tion effects, schematics of the energy levels for DIP films
of flat-lying and standing-up molecules are shown in Figs.
3(a) and 3(b), respectively, where Ef is from UPS since the
value from IPES has an error of =*0.12eV. In
DIP(standing)/SiO,, both of HOMO and LUMO thresholds
is shifted by ~0.4eV towards E,,., which makes the IE
and the EA smaller than in DIP(flat-lying)/HOPG but the
band gap energy is nearly unchanged. The main difference
of DIP on HOPG and SiO, is that DIP molecular packing
orientation is flat-lying and standing-up, respectively. When
the surface layer of the films consists of standing-up mole-
cules, the surface electrostatic potential across the >C-H*
local-bond layer decreases and thus only the E,,. is
decreased,*! 718 leading to significant lowering (~0.4eV)
of the IE and the EA compared to those of the flat-lying
films. An opposite shift of E,,. occurs for the DIP/HOPG
system due to m-electron distribution that is spreading out-
side the surface (molecular plane)'®2®* for the flat-lying
film, the observed large difference of the IE and EA
between DIP/SiO, and DIP/HOPG involve both of
these contributions, namely, >C-H" local dipole for
DIP(standing)/HOPG and opposite-pointing dipole due to
n-electron tailing to vacuum for DIP(lying)/HOPG. Thus,
values of AIE and AEA are changed with the density of
the local-bond dipoles at the surface and the size of =
conjugation (c.a. number of double bonds in the plane) in
the molecule.

In summary, the molecular orientation dependences of
ionization energy and electron affinity were studied by UPS
and IPES, respectively, for DIP thin films on HOPG and
SiO, substrates, where the DIP molecular planes are oriented
parallel to the surface on HOPG, while molecular long axes
are perpendicular to the surface on SiO,. For the film of
flat-lying DIP, both occupied and unoccupied states shift in
parallel away from the vacuum level, which makes IE and
EA higher by ~0.4eV comparing to those for the film of
standing DIP. The change in these energies, which is domi-
nantly affected by the molecular orientation, is very large
and can be reasonably explained by surface local potential
produced by the intramolecular polar bond (>C-H") and
n-electron tailing into vacuum with minor contribution from
changes in the molecular packing/crystal structures on
graphite and SiO, substrates.
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