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3.1
Introduction

Organic semiconductors, discovered in the mid-twentieth century [1-3], have larger
bandgap and smaller bandwidth than their inorganic counterparts. The number of
thermally excited carriers in the organic films is not enough to give
sufficient current. We thus need injection of carriers into the organic film from
electrodes to realize sufficient current in organic devices. This chapter describes
fundamental aspects of electronic structure of organic semiconductors and the
method to bridge the electronic structure and electrical property using ultraviolet
photoemission spectroscopy (UPS).
As it is well known, the electrical conductivity (o) is given by

o =nqu (3.1)

where n is the carrier concentration, q is the charge of the carrier concerned, and u
is the charge-carrier mobility. This relation simply indicates that we must increase
n and y, if we need larger conductivity and electrical current. To obtain sufficient
current in organic films, we need to inject charge carriers effectively from electro-
des to increase n. As the carrier injection is dominated by the charge injection bar-
rier height that is the energy difference between the Fermi level (Eg) and the
highest occupied molecular orbital (HOMO) state (for hole) or the lowest
unoccupied molecular orbital (LUMO) state (for electron) of the organic film, a
large number of studies using UPS have been carried out to study the energy level
alignment at organic/metal interfaces [4-9]. These experiments have provided
quantitative information on the position of Er in the HOMO-LUMO bandgap of
an organic layer at organic/metal or organic/organic heterojunctions and motivated
studies on the origin of the Fermi level pinning to give models such as the charge
neutrality level and/or the induced density of interface states [10-18] and the inte-
ger charge transfer states (ICT model) due to polaron [19-21] in the bandgap at the
interfaces. Unfortunately, however, direct experimental evidence of such bandgap
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states has been missing for weakly interacting interfaces that show pinning of the
Fermi level near HOMO or LUMO. In relation to this Fermi level pinning effect,
we observe n-or p-type charge transport property without intentional impurity dop-
ing. These effects seem to be determined by the host molecule itself. There have
also been some direct measurements on gap states that have not been detected by
conventional UPS, which have pointed out the role of the gap states in the energy
level alignment and band bending phenomena [22-26].

To increase u, on the other hand, we need to know principal origin of u of organic
material concerned, namely, coherent band conduction or hopping conduction.
The band mobility, which is derived by coherent carrier motion and generally larger
than the hopping mobility, is dominated by the energy band dispersion [27, 28],
whereas the hopping mobility is dominated by the charge reorganization energy
that is related to electron or hole/vibration coupling [28-32]. Unfortunately, how-
ever, quantum mechanical/chemical information on the charge mobility has been
completely left to be elusive in experimental field till 2002 due to difficulty in realiz-
ing high-energy resolution UPS measurements on organic thin films [33, 34]. Such
fundamental understanding based on experimental evidences is critical if we are
going to improve charge-carrier mobility from quantum chemical molecular design
and material engineering.

In this way, electronic structure of the organic semiconductor is of critical impor-
tance to unravel electrical conduction in organic devices [28]. Many of the electrical
properties of organic devices have not been discussed based on quantum mechani-
cal or quantum chemical ways, but on classical electromagnetism. In this chapter,
we describe a feature of electronic states of an organic molecular solid in relation
to the charge transport property.

3.2
General View of Electronic States of Organic Solids

3.2.1
From Single Molecule to Molecular Solid

We will first learn the evolution of electronic structure from single molecule to
molecular solid and then discuss the energy bands typically appearing in the solid.
Figure 3.1a schematically shows the electronic structure of a polyatomic molecule,
where the molecule is made of three atoms. The ordinate is the electron energy. The
potential well is formed by the Coulombic potential of each atomic nucleus. The
effective potential well of the molecule for an electron is formed by the atomic nuclei
as well as other electrons. However, we here neglect contribution of other electrons
for simplicity. The wells of the nuclei are merged in the upper part to form a broad
well, where various molecular orbitals (MOs) exist and produce discrete energy levels
that are different from atomic energy levels. Each MO level (energy level) is occupied
by two electrons with spin up and down, respectively. The horizontal part of the
potential well is the vacuum level (VL), at which an electron that exists outside the
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Figure 3.1 Evolution of electronic structure, electron affinity of gas phase, A: electron
from single molecule (a) to solid (b and c). affinity of solid, I,: ionization energy of gas
When intermolecular electronic interaction is phase, I5: ionization energy of solid, P™:
weak, the width of energy bands is very narrow  polarization energy for negative ion in solid, P':
(b). With increase in the intermolecular polarization energy for positive ion in solid, Ey:

interaction, the bandwidth becomes larger (c).  bandgap.
VL: the vacuum level, E¢: Fermi level, Ag:

molecule stops moving and its kinetic energy is zero. The electron excited above the
VL can escape from the molecule to vacuum. Electrons at deeper levels are localized
in the atomic potential well (core levels), and thus have the feature of those in atomic
orbitals because of very high potential barrier between the atoms. The upper energy
levels, MO levels, involve interatomic interaction to form delocalized molecular orbi-
tals. The energy separations from the HOMO or the LUMO to the VL are defined as
the gas-phase ionization energy (I) or the electron affinity (Ag) of the molecule,
respectively. When molecules come together to form an organic solid, the electronic
structure becomes like that shown in Figure 3.2b. Since the molecules interact only
by the weak van der Waals interaction in many organic solids, wave functions of the
occupied valence states (or valence bands) and the lower unoccupied states (conduc-
tion bands) are mainly localized in each molecule, yielding narrow intermolecular
energy band of the bandwidth approximately <0.2 eV [28]. Thus, the electronic struc-
ture of an organic solid approximately preserves that of a molecule, and the validity
of usual band theory is often limited in discussing charge transport in an organic
solid [28], which means that such an organic solid often shows two faces, in some
cases face of single molecule and in other cases face of solid state. This situation in
the electronic structure of the solid allows us to simply write the band structure such
as the HOMO and the LUMO levels by using “line” due to very narrow bandwidth as
in Figure 3.1b. When intermolecular interaction becomes larger, both the occupied
(valence) and unoccupied (conduction) bands become wider because of larger over-
lapping of relevant wave functions (MOs) of adjacent molecules. This also means
that the HOMO does not necessarily show the widest band in occupied valence
bands, since the bandwidth is related to spatial spread of the MO as well as the inter-
molecular distance. Such an example can be seen in the intermolecular band disper-
sion results on perylene-3,4,9,10-tetracarboxilic dianhydride (PTCDA) [35].
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Figure 3.2 Screening effects in an organic low kinetic energy/higher binding energy) and
semiconductor film and in a gas-phase bulk molecules (with higher kinetic

molecule (a) and origin of the bandwidth of a energy/lower binding energy), where screening
UPS feature for a thin film of weakly interacting  effects depend on the number of molecules

molecules (b). The potential (U) of the surrounding the ion. Panel (c) show
photogenerated hole (positive ion) acting on comparison of gas and thin-film UPS on

the photoelectron is described in (a). Panel (b) naphthacene, where the ionization energy of
illustrates a historical model that UPS gas-phase spectrum is shifted by ~1.2eV,
bandwidth is determined by superposition of polarization energy (P*), to align the HOMO
photoelectrons from surface molecules (with positions.

From a molecule to a solid, the energy levels change from Figure 3.1a to b,
where I; and A, become the ionization energy (I5) and the electron affinity (As) of
the solid, respectively. They are defined as the energy separation of the HOMO and
the LUMO from the VL, as in the case of a molecule (Figure 3.1b). When a hole
(electron) is introduced into the HOMO (LUMO) of the solid, the electronic polar-
ization of the molecules surrounding the ionized molecule stabilizes the ion by
screening effects, leading to a lowering of I and an increase in A from those in the
gas phase, as shown in Figure 3.1a and b. As the polarization effect may be differ-
ent for the hole (cation) and the electron (anion) because a molecular solid is not
complete continuum medium, there are two polarization energies P* and P~ for
the hole and the electron, respectively [36, 37]; thus, we write

I=1I,— P*, A =Ag+P" (3.2)
This relation is easily understandable by considering the case of photoionization of
a molecule and a molecular solid. The potential energy of an electron in the attract-
ive force field of the ion is U= e®/4me,yr in vacuum, where &, is the vacuum permit-
tivity, and U= ¢?/4mer in the solid with the permittivity e that reflects screening of
the ion by surrounding molecules, where the molecules are polarized as shown in
Figure 3.2. UPS of organic thin films gives I that is smaller by P* than I,, and
inverse photoemission spectroscopy (IPES) provides Ag larger by P~ than A,

Although we usually do not write a hole in the occupied MO level but two elec-
trons in the energy level scheme, the scheme always means that the occupied MO
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level corresponds to that of one hole state and the unoccupied MO level to one
electron state by assuming Koopmans’ theorem [38, 39]. For ionization, Koopmans’
theorem gives

EN—EN,1 =& (33)

where Ey and Ey_; are total electron energies of N and N — 1 electron systems in
closed-shell Hartree—Fock approximation, respectively, and ¢; is the orbital energy
of ith level from which an electron is ejected. Therefore, the computed MO energy
corresponds to its ionization energy. The valence band is thus called as hole band
and the conduction band as electron band. This is why we can use the energy level
diagram in Figure 3.1 for UPS and IPES, and also for hole and electron conduction
in organic solid.

3.2.2
Polaron and Charge Transport

In the UPS experiment, as the ionization time can be defined by the time from the
photoexcitation to the photoelectron detection, the polarization that is faster than
the ionization time contributes to the P". This is generally contribution of very
rapid electron rearrangement after photoionization. If we consider slower ioniza-
tion process such as charge hopping (with low mobility), polarization associated
with deformation of geometrical structure of the molecular ion (change in the
atomic positions within the ion that is related to local phonon/molecular vibration)
and of surrounding molecules (crystal phonon) contributes to P*. In this way, there
are three polarization contributions: (i) electronic polarization (fast, and called elec-
tronic polaron from quasi-particle picture), (ii) intramolecular geometrical polariza-
tion (slower than (i) and here we call as very small polaron,) and (iii) intermolecular
geometrical polarization (small polaron if the geometrical deformation is in the
scale of the unit cell of the crystal, and large polaron for a larger scale deformation,
expected to be slower than (ii)). Thus, P* in UPS may mainly involve electronic
polarization effects (i), and contribution of (ii) and (iii) has been considered to be
too slow to be detected effectively by conventional UPS. Accordingly, UPS mea-
sures mainly a positive electronic polaron, while the hopping mobility in devices
also involves effects of the very small, small, and large polarons (positive/negative
polaron for hole/electron) depending on timescale of the hopping as well as the
electronic polaron. Therefore, information on these polarons, especially on polaron
binding energy (Ep,: stabilization energy by polarization) and the timescale, is
important in discussion of photoionization and charge transport.

3.23
Requirement from Thermodynamic Equilibrium

There is key concept for considering electronic state of solid and the energy level
alignment at the interface of interacting two solids. The electron system of solid is
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specified by the Fermi-Dirac distribution with the Fermi level (Eg). E is the chemi-
cal potential of the electron (fermion) system. If an organic solid is free from
impurity and effective masses (m") of the HOMO hole and the LUMO electrons
are the same, Ep locates at the center of the HOMO-LUMO gap. Since the elec-
trons fill the energy levels strictly following the Fermi-Dirac distribution, an inter-
face system consisting of two solids must have single Eg throughout the interacting
solids when the electrons in this system are in thermodynamic equilibrium after
exchange through the interface. This concept should be strictly valid for the elec-
tron system in thermodynamic equilibrium.

The work function ¢ of the solid is defined as the energy separation between the
Erand the VL.

33
Electronic Structure in Relation to Charge Transport

3.3.1
Ultraviolet Photoemission Spectroscopy

Photoemission spectroscopy, particularly ultraviolet photoemission spectroscopy, is
a well-established and the most widely used technique in characterizing valence
electronic structure at interfaces, including metal-molecule interfaces and solids
(thin films of high resistivity). A schematic UPS process is shown in Figure 3.3,
where the energy and momentum conservation rules are used in analyzing
observed spectra. As the photogenerated hole exists during the photoionization of
a molecular solid, the spectrum reflects the one hole state. Thus, for example, the
binding energy (Ep) from Er can be obtained by the energy conservation rule as

Eg=hv—E —¢ (3.4)

where Ej and ¢ are the kinetic energy of photoelectron and the work function of
molecular film, respectively. The vacuum level (E,,), at which E =0, is identified
by the cutoff position of the secondary electron. Ey is measured by UPS of the con-
ductive/metal substrate. In some cases, the binding energy (E}) is measured from
Eyac as

E =Ey+¢=hv—E (3.5)

Elimination of the photogenerated hole by electron transfer from the substrate
contributes to the broadening of the observed spectral width, if the attractive
Coulombic potential acting on the photoelectron disappears by the elimination of
the hole before detection of the photoelectron.

In order to obtain the energy band dispersion from UPS experiments, a three-
step model is generally adopted for the photoemission process, consisting of an
optical dipole excitation in the bulk, followed by transport to the surface and emis-
sion to the vacuum [40, 41]. General assumptions are (i) both the energy and the
momentum of the electrons are conserved during the optical transition, (ii) the
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Figure 3.3 Electronic structure probed by refers to the Fermi level (Eg). Ey, ¢, and Ej,
ultraviolet photoemission spectroscopy (UPS) are the kinetic energy of the photoelectron,
and important parameters in discussing work function, and hole injection barrier,
organic devices. Here, binding energy (Eg) respectively.

momentum component parallel to the surface is conserved, while the electron
escapes through the surface, and (iii) the final continuum state in the solid is a
parabolic free electron-like band in a constant inner potential Vj :,

R

E _
2m*

+ Vo (3.6)

where m" is the effective mass of the photoexcited electron in the final state (con-
duction band) and k is the electron wave vector (Figure 3.4). V, represents the effec-
tive potential step to be crossed by the photoexcited electron to leave the surface.
The kinetic energy Ei, and the wave vector K of observed photoelectron is
described by the following relation, with the surface normal (K*) and parallel (K'/)
components of K, respectively,

h2K2 hz(KLZ +K//Z)
2m0 - Zmo
K' =Kcosf, K//=Ksinf (3.8)

Eyin = (37)
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Figure 3.4 Energy and momentum conservation rules for measurements of valence band
dispersion Eg(k) (a) and the momentum conservation upon photoelectron escape to vacuum (b).

where my is the free electron mass and 6 is the photoelectron emission angle from
surface normal (Figure 3.4b). The surface normal and parallel components of the
wave vector k of the photoexcited electron in the solid, respectively, can be
expressed as

2 *

ki =\ /h—n:\/ Eyin cos2 0 + V, (3.9)
2

k=4 /%JEkin sin@ = 0.51A"1\/Exm(eV) sin 0 (3.10)

The binding energy (E}) from E,,. of the electron in the initial state is written as
Eq. (3.5). The free electron mass my is often assumed for m™ in the computation of
k.. The band dispersion along either k,, or k, in the organic film may be investi-
gated by changing the electron emission angle 6 or Ey, of the photoelectrons via
tuning of the energy of the incident photons hv. As understood from Egs. (3.9) and
(3.10), however, the inner potential V, must be determined in obtaining k, while
k;; can be determined without V,. Thus, the simplest way to obtain band dispersion
is to measure angle-resolved UPS (ARUPS) of a single-crystal specimen as a func-
tion of 0 in order to tune k,, (method I). A principal difficulty in measuring k,, for
organic semiconductors and insulators is that electrical conductivity is very low and
thus charging of the specimen upon photoemission has hindered to use single-
crystal organic samples in ARUPS. Thus, one needs to use oriented thin films on
conductive substrates to realize the measurement. Organic thin films, being free
from charging, are divided into two groups: (i) uniaxially oriented thin films where
direction of the periodic structure or molecular stacking direction is along the sur-
face normal, and (ii) oriented thin films where direction of the periodic structure
(one-dimensional molecules) or molecular stacking direction is along the surface.
For the former, in order to tune k, and probe the electronic band existing along the
periodic direction perpendicular to the substrate, experimental setup is chosen
such that the electrons are collected normal to the surface (0= 0°), that is, k/, is
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zero, while varying hv of the incident photons (method II). The latter is similar to
the measurements of the single crystal with method I.

The use of actual single crystal in UPS measurements requires elimination of
the charging effects by using high-quality single crystal with less charge-trapping
centers as well as using photoinduced-electron injection from the substrate to the
crystal to reduce the number of the trapped holes. An example of the dispersion
measurements of single crystals will be discussed in 3.3.2.

332
Energy Band Dispersion and Band Transport Mobility

If the intermolecular band dispersion [Eg = Ep(k)] is measured with angle-resolved
UPS (ARUPS), the effective mass of hole (m;) is obtained experimentally as [28]

d? EB(k)}
dk?

-1

m; = hz{ (3.11)

In the case that the band dispersion is described by a tight binding model,
Ep(k) = Eo — 2t cos(ak), m;, becomes

d*Eg (k)
dk? ]

- 2ta?

m; = h’ [ (3.12)
where Ej is the energy of the band center, t is the transfer integral that specifies the
intermolecular interaction, and a is the lattice constant for relevant direction. Here,
for the tight binding dispersion, the cosine curve is approximated by a parabola
near the top of the band. In a broadband model (bandwidth (W) > kgT), the drift
mobility of a hole (4,) can be estimated from the uncertainty principle [27]:

h h
> > 3.13
A (313)
h 300
= > g0 2T (3.14)
my — mi W my T

where 7 is the relaxation time of the hole due to scattering and T'is the temperature.

The first experimental determination of intermolecular band dispersion was
reported by Hasegawa et al. [42] for an oriented thin film of bis(1,2,5-thiadiazolo p-
quinobis(1,3-dithiole) (BTQBT). They used an oriented multilayer (30 A) grown on a
cleaved MoS, single-crystal surface with the molecular planes nearly parallel to the
surface, as confirmed by the quantitative analysis of the photoelectron angular dis-
tribution [43]. The hv dependence of the normal-emission ARUPS in the HOMO
and HOMO-1 region is shown in Figure 3.5a, where the periodic binding energy
shifts are seen for both the HOMO and the HOMO-1 bands. The band dispersions
obtained from these results are shown in Figure 3.5b, where V,, was used as an
adjustable parameter to obtain the expected periodicity in the extended Brillouin
zone scheme from the tight binding model. Although the accuracy of the deter-
mined k values depends also on the number of the repeating units, the experimen-
tal dispersion relation shows a cosine curve, suggesting both bands can be

73
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Figure 3.5 hv dependence of ARUPS at normal derived results (e) (c) [45]. The binding energy
emission for BTQBT thin film on MoS, (a) [43]. of the theoretical bands was obtained by setting
The HOMO and HOMO-1 bands are labeled A the HOMO-1-derived bands to have the same
and B, respectively. HOMO and HOMO-1band binding energy as the experimental value at
dispersion of BTQBT measured with ARUPS T point. Figures a and b were reprinted with
with a best-fit tight binding dispersion (b) [43].  permission from Ref. [43]. Copyright (1993) by

Comparison with recent theoretical HOMO the American Physical Society, and Figure ¢
(O, ») and HOMO-1 (&, x)-derived band were reprinted with permission from Ref. [45].
structure along I'-K compared with ARUPS- Copyright (2005) American Chemical Society.

approximated by the tight binding model. The experimental bandwidth W is about
0.4 eV for the HOMO band and 0.1 eV for the HOMO-1 band. Since W is given by
4t in the tight binding model in one dimension, the cosine curve fitting with ¢, a;
(lattice spacing), and Vj as adjustable parameters yielded tyomo =0.092eV and
tromo = 0.02 eV, with a, =3.4Aand Vo=—12.5eV, respectively. This lattice spac-
ing corresponds well to that (3.45 A) of the molecular sheets in the reported crystal
structure [44]. The hole mobility is then estimated as w;, > 6.5 cm?/(V's) at 290 K.
Huang and Kertesz computed the band structure of BTQBT using first-principle
density functional theory (DFT) and compared with the experimental dispersion
[45]. The results are shown in Figure 3.5¢, indicating that the data scattering in the
experimental results came from two bands of the HOMO.

In Figures 3.6 and 3.7, the results of PTCDA on MoS,; [35] and pentacene on
Cu(110) [46] are shown, respectively. For pentacene (Pn), the values of mj; in the
I'-Xp, and I'-Yp, directions at 300K are 3.02m, and 1.86m,, respectively. This
result also demonstrates the presence of the anisotropy of the hole mobility in pen-
tacene crystals at higher temperatures. Furthermore, by comparing with the other
experimental E(k) relations in pentacene films [47-49], it was confirmed that the
band structure of pentacene films is very sensitive to the minor difference in the
film structure, especially molecular tilt angle, because of bumpy spatial-distribution
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Figure 3.7 Photoelectron takeoff angle (6) energy relative to the Fermi level (E¢) of the
dependence of the ARUPS spectra for the substrate. (c and d) E(k) relation for the
highly ordered upright standing pentacene highly ordered upright standing pentacene
multilayer film on Cu(110) measured at multilayer film on Cu(110) at sample
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experimental HOMO band dispersion [46]. is measured from [110] direction. Figures were
The incidence photon energy is 20eV and the  reprinted with permission from Ref. [46].
sample temperature is 300 K. Ey, is the binding  Copyright (2008) Wiley.

of MO of the molecule. This was also shown with band structure calculation [50].
Further studies on the correlation between the band structure and the film struc-
ture would lead to a breakthrough for the understanding of the charge transport
mechanism in organic solids.

So far some other dispersion measurements are available for oriented thin films
[28]. These measurements used oriented thin films to avoid charging effects upon
photoionization.

Recently, band dispersion measurement of a single crystal was realized by
Machida et al. for rubrene that showed the largest mobility so far [51]. The
results are shown in Figure 3.8. The HOMO band dispersion width was found
to be 0.4 eV along the I'-Y direction (well-stacked b-direction), whereas it is very
small along the I'-X direction (a-direction). The dispersion along the I'-Y direc-
tion gives m{ =0.65(+0.1)m, using Eq. (3.12). In the case of rubrene single
crystal, if the reliable u;, is known, we can also obtain 7 or mean free path (I)
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the I'-X direction. The main peak position at Physical Society.

of the HOMO hole by combining experimental m; and u;, to be 7=15fs and
lh=2.1nm or longer. This distance is three times larger than the lattice con-
stant, suggesting that the transport behavior in the HOMO band of the rubrene
single crystal may be described by coherent band transport. Similar results were
obtained by Ding et al. [54].

333
Density-of-States Effects in Polycrystalline Film

The HOMO band dispersion in pentacene suggests that there is a density-of-
states (DOS) structure and, therefore, the DOS may be observed even for poly-
crystalline films. Such evidences were observed by Fukagawa et al. [S5] prior to
the band dispersion measurements and accelerated the ARUPS experiments.
The DOS structure in the HOMO band of polycrystalline pentacene is shown in
Figure 3.9. Actually the maximum difference in binding energy between the
higher Ep band and the lower Fp one in Figure 3.9, 460-500 meV, is in good
agreement with the largest energy separation between two components of the
HOMO (Figure 3.7) [46, 49]. The two DOS components of polycrystalline penta-
cene were better resolved even for polycrystalline monolayer when it is prepared
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Figure 3.9 He | UPS spectra of spectra were measured at 295 K. Bars indicate
pentacene/SiO,/Si(100) (a) and density-of-states (DOS) structure of the
pentacene/CuPc/HOPG (b) as a function of the pentacene HOMO band. Figures were reprinted
deposition amount of pentacene (9) in the with permission from Ref. [55]. Copyright

HOMO region [55]. In part (b), the underlying ~ (2006) by the American Physical Society.
CuPc film consists of flat-lying CuPc. All the

on CuPc¢(ML)/GeS(001) and CuPc(ML)/HOPG [56], where the surfaces of
GeS(001) and HOPG are passivated by flat-lying CuPc(ML). Note that one can
obtain a clear evidence of the intermolecular band dispersion even for the poly-
crystalline film of monolayer range when the molecular packing structure in
each grain is sufficiently good. If such DOS splitting is not observed, one
should understand that the molecular packing in the film is not sufficient, thus
yielding a very low uy, in pentacene field-effect transistor (organic field-effect
transistor OFET).
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3.4.1
Basic Background

Traveling charges couple strongly with phonons, and the hopping charge mobility
is dominated by the so-called electron—phonon coupling. Here, phonons involve
both delocalized lattice phonons and localized phonons at each molecule in a
molecular solid. The latter corresponds well to molecular vibrations of a free mole-
cule; thus, in many cases, we use electron—vibration coupling as the keyword when
we consider the coupling with localized phonons. For hole transport, it is necessary
to consider hole-vibration coupling, which in principle can be measured by UPS as
vibration-related shake-up satellites of a spectral peak (HOMO for hole conduction
in organic devices).

Direct experimental evidence of HOMO hole—vibration coupling in organic
semiconductor film was published in 2002 [33]. A HOMO band in UPS involves
information on the coupling between the conduction hole and vibrations of the
molecular ion. UPS measurements can thus offer key information that is necessary
to unravel the fundamental mechanism in the carrier transport properties of
organic devices.

Charge hopping dominates the mobility of molecular systems with very nar-
row bandwidths and systems with larger bandwidths if the mean free path of the
conduction charge is on the order of the intermolecular distance. Charge transfer
processes and carrier dynamics of organic molecules have been widely studied in
various fields and detailed theoretical descriptions can be found in several
reviews [29-32, 57]. According to general microscopic models, total mobility can
be expressed as the sum of two contributions, that is, (i) coherent charge tunnel-
ing that dominates transport at low temperatures, and (ii) incoherent charge hop-
ping that becomes dominant at high temperatures. The relative contributions of
either mechanism depend on the film structures, where key parameters are the
charge (electron or hole)~phonon (molecular vibration) coupling, the electronic
bandwidth, and phonon bandwidths. For ideal crystalline films, the model has
been satisfactorily described in the theoretical work for two limiting cases, that
is, weak and strong electronic coupling limits; however, a model that exhibits
intermediate coupling with dependence on temperature has not yet been well
explained.

The Holstein polaron model [58, 59] has been applied within the limits of weak
intermolecular interactions. There is also a detailed theoretical description in a
review [31, 32]. Since the electronic state concerned is well localized, charge trans-
port occurs via hopping from one molecule to the next. Transport in a wide band is
also described by hopping when the mean free path of the mobile charge is very
short [28]. Moreover, changes in the hopping rate due to variation of relative inter-
molecular geometry need to be considered for static disorder systems, which are
often found in actual organic solids. When an electron or a hole is injected into a



80| 3 Electronic Structure of Molecular Solids: Bridge to the Electrical Conduction

molecular solid, electronic—nuclear coupling leads to localization and transport
occurs via localized charge hopping, which is closely related to Marcus electron
transfer theory [29]. The semiclassical Marcus hopping model for self-exchange
charge transfer has been widely studied. Here, we present one semiclassical
approach to obtain hopping mobility. These molecular parameters have appeared
in the following equations, which have also often been used in other theoretical
models and can experimentally be obtained by using high-resolution UPS
measurements.

The hopping mobility (#) in the high-temperature regime can be approximated
from the electron transfer rates by considering the Einstein relation for diffusive
motion [28, 31]:

ea? 2, |1 A
u= kB—TkCT and kcr = ft 4ijBTexp {741%4 (3.15)

where a is the intermolecular distance, kcr is the charge transfer/hopping probabil-
ity per unit time, A denotes the reorganization energy induced by the charge trans-
fer, and ¢ corresponds to the intermolecular transfer integral that describes the
strength of the electronic interaction between adjacent molecules, as in Eq. (3.12).
Thus, there are two major parameters that determine the charge hopping mobility:
(i) the electronic coupling (transfer integral t) between adjacent molecules, which
needs to be large, and (ii) the reorganization energy A, which needs to be small for
obtaining efficient hopping mobility. For the hole, transport ¢ can be experimen-
tally obtained from the HOMO band dispersion of a molecular stacking system or
from the splitting of the HOMO level of a dimer molecule. A corresponds to the
sum of the geometry relaxation energies (/lfif and /lgl))) in Figure 3.10. The contri-
bution of each vibration mode to relaxation energy /lrzl can be determined by the
intensities of vibration satellites in high-resolution UPS. The satellite intensities
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Figure 3.10 (a) Typical adiabatic energy obtained by measuring I,,. (b) Typical
surfaces of neutral (V) and ionized (Vm,)  simulation results of charge hopping mobility
states and two relaxation energies A, and as function of transfer integral (¢) and
)»gl) at ionization (M — M¥) and reorganization energy (A:ZXEQ using
neutralization (M™ — M) processes. The UPS Eq. (3.15) at 300K and a=0.32 nm. Figures
intensity of vibration satellites 1,, on were reprinted with permission from

photoionization is shown on the right. 7\5;) is Ref. [34]. Copyright (2009) Elsevier.
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are described by the values of the Huang—Rhys factors S, which in the harmonic
approximation are related to /1551) by

ﬂ.g]) = Z S,’]’W,' (316)
There are two A, components /121) and Agf , corresponding to going to the ionized

state and returning to the neutral state (Figure 3.10). If /121) is not too different from

/1%) , A can be written as

@ 9@ (3.17)

rel rel

A=214+a

rel

One thus obtains 4 using the following relation:

Am 2l =23 s (3.18)

When the neutral state is in the vibrational ground state, the intensities of the vibra-
tional progression resemble a Poisson distribution:
"o

I, =—¢e
n!

(3.19)
where I, is the intensity of the nth vibrational satellite. These relations mean that 1
can be experimentally estimated by measuring hv; and I, with high-resolution
UPS. As Eq. (3.15) is too simplified when we calculate u using experimental 4
obtained at low temperatures, one should refer, for example, to Refs. [31, 32]. To
our knowledge, however, no good theoretical description is available so far to obtain
U or kcy from the analyses of the vibration satellites in the thin-film UPS measured
at low temperatures.

Here, one should be careful in considering the hopping mobility obtained by
above-described approach, since (i) the validity of the Einstein relationship has
been debated for nonequilibrium conditions, for example, in an actual organic
field-effect transistor, and (ii) the above-described hopping mobility corresponds
to that in an ideal crystalline region, where there is no energy distribution/-
spread of the HOMO. For nonideal crystals, which have various band gap
states/trap states due to crystal imperfectness and domain boundaries, we need
to consider distributions of the electronic energy levels, the intermolecular dis-
tance that depends on relative molecular orientation of relevant adjacent mole-
cules and ¢, and thus the progress of theoretical study on these contributions as
well as on the effects of polaron, as discussed in Section 3.2.2 [32, 57]. It is true,
however, that u in actual devices of poor molecular packing should be smaller
than that estimated with above-described method.

As the polaron binding energy (E,,) is defined as a stabilization energy when the
hole (electron) is localized on a single lattice site, E,,q is directly related to the relax-
ation energy and thus the reorganization energy [32]. For intramolecular relaxation
(for a very small positive polaron) in the limit of weak intermolecular electronic
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@

rel

interaction (t~0), Eyo may be obtained by using 4] determined from the UPS

vibration satellites:

@ 4
2

rel

Epol = 2 (3.20)
This relation means that the high-resolution UPS gives E, even for molecular sys-
tems with /121) %+ /121) .

342
Experimental Reorganization Energy and Polaron Binding Energy

The bandwidth of UPS features contains information on electron/hole—phonon/vi-
bration interaction, electron (hole) lifetime, and electron-defect scattering provided
that the final state band structure (dispersion) effects are not taken into account. It
is necessary to obtain high-resolution UPS spectra to observe vibration satellites for
HOMO band. There are few examples of molecular adsorbates on metal surfaces
where vibrational features can be resolved in a valence photoemission spectrum
and where structural heterogeneity can be eliminated from molecule-metal interfa-
ces to allow the bandwidth to be quantitatively determined.

The first result for a CuPc submonolayer (ML) on HOPG [33] is shown in
Figure 3.11, where the molecular plane is parallel to the surface. This result was

Hel UPS (b) HOMO
.
vy

2]

(a)

A background
7 subtracted

FWHM
=172meV

Intensity (arb. units)

1.5 1

15 10 5 0o 2 0.5
Binding energy from substrate Eg (eV)
Figure3.11 (a) He | UPS of CuPc (0.2nm) on  observed spectrum is convolution of three

a highly oriented pyrolytic graphite (HOPG)
substrate (solid curve) and clean HOPG
(dashed curve) at the sample temperature of
295K at #=0° [33]. (b) Expanded spectrum of
top band (A) (HOMO) region after subtraction
of background. Circles represent observed
spectrum after subtraction of background.
Three components (ap—a,) of pseudo-Voigt
profiles used in curve fitting are indicated by
thin solid curves. Solid curve that overlaps

fitting curves. Residual of curve fitting is also
shown at bottom of (b). Orbital pattern of
HOMO of CuPc is also illustrated. Caution
should be taken with vibration energy

(170 meV) obtained from this result.

More precise measurements give smaller
vibration energy (153 meV) as shown

in Figure 3.12 Figures were reprinted with
permission from Ref. [33]. Copyright (2002)
Elsevier.
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obtained at room temperature (295 K), since the molecular orientation becomes
tilted to yield a larger spectral bandwidth at a lower temperature due to the appear-
ance of a nonuniform packing structure [60]. Nevertheless, the experiment was suc-
cessfully realized in obtaining a much sharper HOMO band for the CuPc/HOPG
system, which will be discussed later, by properly controlling the method of cool-
ing. The HOMO (labeled A) in Figure 3.11a appears as a sharp peak at 1eV below
Eg. Panel (b) shows an enlarged view of the HOMO peak after the contribution
from the HOPG substrate has been subtracted. The peak is asymmetric and can be
decomposed into three vibrational features (v=0, 1, 2) with an energy separation of
170 meV (this value has been improved in recent work) (Figure 3.12). This gives a
full width at half maximum (FWHM) of 172 meV for the main component (v=0).
Considering an instrument resolution (AE) of 80 meV, the intrinsic linewidth was
obtained as 150meV, which corresponds to a lifetime of 2.2fs under the

CuPc

R AR R Raza Ry
(b) 85K % o
FWHM gqu
W = 40 meV ¢ Y\
W =87 meV N\ %

T

----0-0 peak

— convoluted HOMO

(a) gas

Weg = 72 meV
W =37 meV

Intensity (normalized to 0—0 peak)

-==0-0 peak
— 85K film
~— convoluted
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600 400 200 0 -200 -400
Energy relative to 0-0 peak (meV)

Figure 3.12 Gaseous (green circles) and and 0-2 transition intensities.
angle-integrated-ML UPS spectra (red circles) (b) Convolution curve obtained by Voigt
for CuPc, compared with convoluted curves  functions (Wg =40 meV and W, =87 meV)
of eight vibrational modes (solid curves) [34]. with Sk and hvg,,. Each Sgiy, in this
Energy is relative to 0-0 transition peak analysis was determined by least-squares
(dashed curve). (a) Convolution curve fitting. Gas spectrum is after Evangelista
obtained by Voigt functions (Wg=72meV, et al. [66]. Figure was reprinted with

Wi =37 meV) with S, and hvg,s, compared permission from Ref. [34]. Copyright (2009)
with gas-phase and 85K film spectra Elsevier.

(thin curve). Vertical bars indicate 0-0, 0-1,
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assumption of using an uncertainty relation. The lifetime effect on the line shape
will be discussed elsewhere without using the uncertainty relation. This value can
be an upper limit for the lifetime of the hole generated by the photoemission pro-
cess. The transient hole was considered to be filled by electron transfer from the
HOPG substrate; thus, the lifetime of the HOMO hole may correspond to the elec-
tron transfer rate to the HOMO.

Figure 3.13 shows the angle-integrated UPS spectra (6 =0°-60°) of a penta-
cene (ML)/HOPG system compared with the convoluted curves of 18 A, modes
[61]. The energy scale is relative to the 0-0 transition peak. Here, the thin-film
spectra have also been integrated for the azimuthal angle around the surface
normal by the azimuthal disorder of the single-crystal domains in the HOPG
surface. The convolutions were carried out using Voigt functions, in which the

Pentacene
T T
(b) 49K P A\

)
FWHM 4
Wg =50 meV Q )
W, =90 meV \?
---0-0 peak ’ ~
— convoluted &

Wg=5 meV
W, =65meV

Intensity (normalized to 0-0 peak)

----0-0 peak
— 49K film
—— convoluted

600 400 200 0 -200 -400
Energy relative to 0-0 peak (meV)

Figure 3.13 Gaseous (green circles) and angle- 49 K film spectra (thin curve). Vertical bars
integrated ML UPS spectra (blue circles) for indicate 0-0, 0-1, and 0-2 transition intensities.
pentacene compared with convoluted curves of  (b) Convolution curve obtained by Voigt

18 A, vibrational modes (solid curves) [34, 61].  functions (Wg =50 meV and W, =90 meV),
Energy is relative to 0-0 transition peak (dashed assuming values of 1.2 S,,; and 0.95 hv,,,. Gas
curve). (a) Convolution curve obtained by Voigt spectrum is after Malagoli et al. [62]. Figure was
functions (Wg =5 meV and W, =65 meV) with  reprinted with permission from Ref. [34].

Sgas and hvg,,, compared with gas-phase and Copyright (2009) Elsevier.
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intensity of the vibration satellite is given by 0-0, 0-1, and 0-2 transitions
as represented by the Poisson distribution. The convoluted curve with
W =5 meV and W =65 meV for Voigt functions and with the vibration inten-
sities given by the gas-phase S factor (Sg,s) and the gas-phase vibration energies
(hngas), Which were used to analyze the gas-phase spectrum [62], is in excellent
agreement with the gas-phase spectrum to yield a Ag.s of 97 meV. However,
there was marked disagreement between this convoluted curve and the 49K
spectrum both in the satellite intensities and the linewidth. Better agreement
between the 49 K and the convoluted spectrum is obtained for Wg=50meV,
WL =90meV, and Sgm =1.2Sg,s for all A, vibrational modes, in which all
hvg,’s are contracted by 0.95, which is obtained from direct measurements of
the vibration energy for the satellite peak (158 meV for 49K film and 167 meV
for gas-phase UPS). Therefore, A for the pentacene/HOPG (igm) was obtained
from Eq. (3.18) as Afim =109 meV at 49 K. The value was slightly revised to
Afim =110meV (Kera, S. and Ueno, N. et al., unpublished). Agy,, is larger than
Agas [62, 63], indicating that the hole mobility at the interface and in the bulk of
oligoacene crystal is smaller than that expected from the gas-phase results.

Paramonov et al. [64] calculated on the hole-vibration coupling on the penta-
cene/graphite system and demonstrated that the effects of molecule/substrate
interaction on hole-vibration coupling are larger than those of intermolecular
interaction. Using Eq. (3.15), the hopping mobility in a crystalline pentacene
can be estimated as 1-2 cm?/Vs from Agm = 0.10-0.11 eV obtained from mono-
layer film, t=0.04-0.06eV from band dispersion measurements [46, 49], a
=0.32nm, and T=300K. Note that Ag, and t depend on the direction of hop-
ping in the crystal. In passing, Nan et al. reported that the semiclassical Marcus
theory is valid only for very small A and at very high temperatures by consider-
ing electronic coupling [65].

Figure 3.12 plots new angle-integrated UPS spectra (6 =0-60°) for the CuPc
(ML)/HOPG system with the gas-phase results [66] and FC analysis on the Pc sys-
tem by Kera et al. [34, 56]. Here, sharper HOMO bands are observed for ML film
than those were evident in the previous results (Figure 3.11) by measuring the UPS
using the electron energy analyzer with a higher energy resolution (AE < 20 meV)
and by controlling the sample preparation more carefully. The FWHM of the 0-0
peak for the integrated spectrum is about 120 meV. The convolutions were done
using Voigt functions as was described for pentacene. The convoluted curve with
We =72meV and W =37 meV for the Voigt functions was used for the gas-phase
spectrum. The vibrational fine structure of the gas-phase CuPc was reproduced
well using eight vibrational modes (A; and By,) whose intensities satisfied the lin-
ear coupling model. We used up to eight vibration modes with the largest S factors
to reduce computation costs, that is, other modes with smaller S factors were con-
sidered in a spectral width. We found that the k for the CuPc was Ag,s =63 meV
from the gas-phase results. This value is similar to the results recently estimated
from theoretical calculations for TiOPc [67].

In Figure 3.14, we show values of the relaxation energy }‘2:1) , namely, Agy, =2 27\53_1)
and polaron binding energy Ep, (intramolecular polaron), which have been
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measured so far [34], where kg and Ej obtained by single-mode analysis are plot-
ted as a function of the square root of the molecular weight (M). The relaxation
energies for the films were estimated using the spectra at 6 = 0° with acceptance
angle of 12° and some of the solid-state effects have also been included [34]. Never-
theless, one can clearly see a correlation between the relaxation energy and the size
of the 7 electron system for oligoacenes (Acs), as has been described in theoretical
papers [31, 63]. It is interesting to see that the polaron binding energy is 0.05—
0.15eV, while the electronic polarization energy (electronic polaron binding

energy) is around 1.2-1.8 eV [37].

3.5
Summary

Although many works were carried out on electrical properties of organic devices,
most of them discussed [-V curves under classical electromagnetism with charge

injection barrier estimated by UPS

on organic films on polycrystalline
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substrates/electrodes. In order to develop key technologies to increase device func-
tions, it is clear that we need to understand relation between the electronic states
and the electrical property.

We described what we have learnt so far, but it is more important to realize what
we do not know currently. Emphasis in this chapter was therefore placed on high-
precision UPS studies that can provide deeper insights into the charge mobility of
organic molecular systems that have been elusive in past experimental studies on
electrical conduction. The accurate information on the electronic states described
here would provide a way to reach the goal of organic electronics. As impacts of
imperfect molecular packing on the electronic structure are also important to
unravel the energy level alignment and band bending, we will describe this issue
elsewhere.

As understood from this chapter, we must know the relaxation time or mean free
path of the conduction charge, namely, the mean free path of very low-energy elec-
tron and hole in an organic solid, in obtaining the drift mobility more quantita-
tively. Experimental challenges on this issue have been left.
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