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Tris(8-hydroxyquinolinato)aluminum (Al has been widely used in organic light-emitting diodes (OLEDs)

both as electron transport and light-emitting materials. To gain a deeper understanding for its carrier transport
properties, we carry out first-principle band-structure calculations using density-functional theory with
generalized gradient approximation by the Becke exchange plus\Yasg—Parr correlation functional. The
intermolecular interaction related to transport behavior has been analyzed frédiptiet wave function as

well as from the bandwidths and band gaps. From the calculated bandwidths of the frontier bands as well as
the effective masses of the electron and the hole, we conclude that the mobility of electron is-aBout 2
times larger than that for the hole. Furthermore, when several bands near Fermi surface are taken into account,
we find that the interband gaps within the unoccupied bands are generally smaller than those for the occupied
bands, which indicate that the electron can hop from one band to another, much easier than the hole, through
electror-phonon coupling for instance, thus, effectively representing an even larger mobility for the electron
than for the hole. Therefore, from both the intra-band and inter-band processes point of view, the theory

shows that that Algjis a good electron transport material.

I. Introduction

The organic light-emitting diodes (OLEDs) have played an
important role both in display and in solid-state lighting
technology, which attracts intense investigation, both academia
and industrial The emitting materials range from conjugated
polymerg-:2to small moleculesand to organo-metalicsTris(8-
hydroxyquinolate)aluminum (Ak) is the first and the most
important electroluminescent material currently used in OLEDs.
Great efforts have been made to improve the efficiency and
stability of the OLEDs devices, as well as the emission cdldts.

There have been many fundamental studies on metaloquino-,

lates in recent years in revealing the structural and electronic
properties of Alg,'®=22 many of which have been carried out
on ground-state characteristics. Alqas two geometric iso-
mers: the facialfc-Algs) and the meridianaherAlqs) forms,
having G and G symmetries, respectively. TimeerAlqs; form

was found to be energetically more stable than the facial
structure. Thefac-Algs structure can be reconverted to the
meridianal form during evaporation onto unheated substrates
or after dissolving it in polar solvent4.The vertical electronic
excitation energies of Alghave been computed with molecular
orbital method<:'-2° In these theoretical studies, both the
configuration interaction (Cl) approach with the semiempirical
ZINDO Hamiltoniarf! and the first-principle time-dependent
density functional theory (TBDFT) have been used to compute
the vertical excitation specti&’~1° and the electro-absorptigh

of Algs. Recently, the lowest singlet excited state) (& Alqs

has been optimized by the ab initio singles configuration
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interaction (CIS) methoét2® The emission properties are
calculated based on the excited-state structure by either semi-
emipirical ZINDO, ab initio CIS, or first-principle TBDFT 2223

The energy partitioning analysis of the bonding between the
metal fragment Alg2 and a single ligand gin Alg3 in its
ground (9) state has also been perforntéd.

We note that generally, the organic molecules are good hole
transport materials. From band structure point of view, the
occupied bands in organic solids usually present larger band-
widths than the unoccupied bands. However zAdqan excellent
electron transport material, in addition to being excellent light-
emitting materiaP

In this work, we are most interested in the transport-related
electronic structures of AlgIn fact, the study of charge-carrier
mobilities in organic molecular crystals has been a hotly debated
subject for the past decad®®€/ and it still stays as an unresolved
issue?®2°The carrier mobility is one of the most important factor
for organic electronics applications. In the well ordered organic
crystals, the transport at low temperature is governed by a
coherent band-like picture, where the mobility can attain a few
tens of cm/Vs,2%31and follows the power law on temperature
(T~M). At room temperature, carriers move with lattice deforma-
tion through thermally activated hopping process, which can
be described by an Arrhenius law on tempera#&féRecently,

Lin et al. have described the hopping process by Marcus electron
transfer theory and used HartreBock Koopmans’ theorem
coupled with a direct coupling scheme to calculate the charge-
transfer (hopping) integral based on a molecular dimer model,
regarding different relative positions for two moleculestdr
Algsin an amorphous filnd* They found that the coupling factor
for electrons is more than an order of magnitude larger than
the hole in all the directions, indicating that the electron mobility
is more than 2 orders of magnitude larger than the hole.
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We believe that long-range molecular interaction plays an
important role in determining the transport properties. Even
though the material structure in the device is amorphous,
knowledge based on a well ordered crystal structure presents a
reference standard for understanding the electronic properties
without disorders, which will facilitate to reveal the intrinsic
behaviors of the materials. The effect of disorder can be
considered separately. Therefore, an investigation taking the
crystal symmetry into account is essential to interpret and to
better understand the transport mechanism of the éigstal.

We note that in the literature, the first-principle band structure
calculations on organic crystals have been vastly ignored, _. . o .
probably due to the fact that in organic crystals, the inter- agljur)e 1. Molecular structure of tris(8-hydroxyquinoline) aluminum
molecular interaction is dominated by a weak van der Waals a3

force, and the intermolecular distance is large; the electron kKgopmans’ theorem. Within the band picture, the velocity of
density variation is much more pronounced than in inorganic grrier is obtained as

crystals. Nevertheless, to a large extent, this problem can be

remedied by taking the density gradient into the functional in (k) = V,E(K)/A (1)
the generalized gradient approximation (GGA) in density
functional theory (DFT). where E(k) is the band structure of organic crystal. Under

In this paper, we calculated the band structure of the; Alq the constant relaxation time approximation at low temperature,
crystal. To the best of our knowledge, this work represents the gnd by assuming that only the carriers near Fermi surface
first one based on the first-principle method. The bottom line contribute to the transport, the mobility can be simply obtained
is that the band picture transport mechanism dominates in ags
low-temperature regime. We will first analyze the frontier bands
(near Fermi surface) structure in terms of bandwidths and band u,f = er(m ) B 2)
gaps. Then we will make an analysis on the wave functions in
thel"-point in order to realize molecular interaction and splitting \ynerer is the temperature-dependent averaged relaxation time,
of the frontier molecular orbitals. The transport properties for 5,4
electrons and for holes are obtained through the effective masses
under the constant relaxation time approximation. 1 82E(k)

(m),f= —( ) 3)

R\ ok, K,

is the inverse of effective mass. Theandf are the cartesian

For the hopping regime (at room temperature), the transport indices. Namely, the heavier the effective mass, the smaller the
related electronic structure calculations on organic solids have mobility. Thus, under such approximation, band structure
been extensively studied through the electronic level splittings knowledge is enough to reveal the transport behavior.
evaluatiod® within the Koopmans’ theorem using the semi-  There exist four solvent-free crystals structures fors#fy46
empirical intermediate neglect of differential overlap (INDO) q-, 8-phase, and high-temperature380 °C) ¢- andy-phase.
method. Cornil and co-workers have first looked at the The UV—vis and fluorescence spectra in the amorphous film
prototypical conjugated polyene, trans-stilbene, pentacene, etcclosely resemble those of tiflephaset Therefore, the crystal
in a cofacial dimer configuration. Interestingly, the INDO structure in this work is chosen to Ifephase, which belongs
method typically provides transfer integrals comparable to thoseto the space groufl, and in each unit cell there are two
obtained with DFT-based approacti#$! Such quantum-  molecules related by inversion symmetry. We know that if there
chemistry based calculations have been indeed used to helpare two inequivalent molecules (say, type A and type B) in one
molecular design, prior to synthesis, for new discotic mesogens, cell, there will be two bands arising from the symmetric and
whose transport properties are shown to be less affected byantisymmetric combinations of molecular wave functions in a
intermolecular orientation. This is the case, for instance, for cell, both for electron and for hole bantfsAssuming the
hecaazatriisothianaphtheAand triphenylene derivatives in-  concentration of charge carriers is very small, a one-particle
corporating nitrogen atoms in the exterior rirfgs. formalism is applicable, and the excess electron or hole does

For band picture description, for instance, in the case of the not significantly change the wave function of the molecule, then
oligoacene single crystals, the evaluation of three-dimensionalthe lowest unoccupied molecular orbital (LUMO) of a molecule
band-structures based on the INDO-calculated splittings betweencan be used as a basis for crystal electron wave functions, and
adjacent molecules, leads to very significant bandwidths both the highest occupied orbital (HOMO) can be used for hole wave
for the valence and conduction barfi&obbert and co-workers  functions?©
have started from band-structure of oligoacene crystal and the We use density-functional theory, DFIGGA with Becke
electron-phonon interaction (including its induced bandwidth exchange plus LeeYang—Parr correlation (BLYP) functional,
narrowing effects) and gave a qualitatively correct temperature as implemented in Dmdlwithin the Materials Studio pack-
dependence of the carrier mobiliti#sVery recently, Troisiand  age¢’*8to calculate the band structure of the crystalline ;Alq
Orlandi have developed a molecular frontier orbital-based tight- along high-symmetry directions in the first Brillouin zone, as
binding model to calculate the frontier orbital band structures well as theI" point wave function. Here we focus on the
of pentacene in four different polymorpfswhere all the meridianal isomer with optimized molecular geometry (see
coupling constants (parameters for tight-binding model) is Figure 1). The lattice parameters we used are 8.443 A,
evaluated through a direct first-principle method, instead of b = 10.252 A, c= 13.171 A, o = 108.58, B = 97.06,

Il. Theoretical Background and Methodology
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Figure 2. Band structure of Alg

y = 89.74£ .5 Integrations over the Brillouin zone were carried
out by using the MonkhorstPack schenf@ with 10 x 10 x
10 k-sampling in the relevant irreducible wedge.

Ill. Results and Discussion

The calculated band structure is depicted in Figure 2.
The k-space symmetry points are chosen to be(0, 0, 0),
Y (0, 1/2, 0), Q (0, 1/2, 1/2), Z (0, 0, 1/2), and X (1/2, O, 0).
The dispersion curves are displayed along direction
I'—Y—Q—Z—T—X with 20 k-points in each segment. To
reveal the molecular orbital contributions to the crystal orbital
and to disclose the molecular origin of the energy band, we
first make an analysis on the wave functions at fhpoint (k
= 0), which is plotted in one unit cell, with yellow (blue) color
for positive (negative) wave function values, respectively, see
Figure 3. As there are two molecules in unit cell, supramolecular
orbital can be regarded as a linear combination of the two
molecules:

1

W) = (%) = W)
W o(1) =%2<wkl+wk2> (@)

Here W, and W are the specific molecular orbitals for
molecule 1 and 2, respectively, alf(r)is the unit-cell orbital.
Take the molecular LUMO as an example. The intermolecular
interaction results in a splitting for the LUMO, represented by
the two y,'s. From theI'-point orbital, we can analyze the
relative signs of two molecules, from which we can realize
which two supramolecular orbitals correspond to a specific
mono-molecular orbital splitting. Therefore, we can refer a
particular band to a molecular orbital. Figure 3(a) is the wave
function for the lowest unoccupied band. From Ihpoint wave
functions plot, we can clearly see that it is the fifth band above

Yang et al.

equivalent to bandwidth for crystal. In such a case, only a full
band structure calculation can reveal the actual bandwidth, as
well as band gap. In Table 1, we present the bandwidths and
inter-band gaps for the upper and lower HOMO and LUMO
bands.

Looking at Table 1, we find that the HOMO splitting (with
the largest value of 614.44 meV in the-% direction) is, in
general, larger than the LUMO splitting (with the largest value
of 531.68 meV). This could easily lead to the conclusion that
the hole mobility is larger than the electron. However, if we
compare the bandwidths of the lower LUMO and the upper
HOMO bands, which are more pertinent to the carrier transport,
the former is more than 3 times larger than the latter. This is in
good agreement with the experimental results that Adcan
excellent electron transport material.

If we take a look at the band structures near Fermi level for
bands other than the HOMO and LUMO, we can see that (i)
the bandwidths are, in general, much larger than those of the
occupied bands, and (ii) the band gaps between the unoccupied
bands are, in general, smaller than those between the occupied
bands, see Table 2. The former further confirms our previous
analysis based on HOMO and LUMO bands. The latter fact
implies that if we take the interband transition due to scattering
effects from thermal motion, the electron would move even more
easily than the hole.

We further calculated the effective masses of electron and
hole from the band structure data. We first locate the minima
of the HOMO and the LUMO bands. Then we performed
numerical second-order derivatives B{k) with respect tok
according to eq 3.

The inverse electron effective mass matrix is obtained to be

0.4878 —0.0029  0.015
m, '=|[—0.0029  0.1743— 0.0044 (5)
0.015 —0.0044 0.038

A direct diagonalization of the above matrix gives the following
eigen values: 0.4883, 0.1756, and 0.036953. It is seen that the
nondiagonal parts do not play any appreciable role, because the
eigen values are close to the diagonal parts of eq 5, namely the
principal axis of transport almost coincides with the original
unit cell vectors. For hole, we have

0.2236 — 0.1008 0.003
“t=[-0.1008 0.0957 0.021
0.0038 0.0218 0.03

(6)

The eigen values are 0.2787, 0.0582, and 0.0157. The effective
masses are obtained to be a few times of bare electron mass. It
should be noted that, for inorganic semiconductors, the effective
mass is usually less than one tenth of a bare electron mass m

it that corresponds to its counterpart according to eq 4. Namely, For instance, in GaAs, the electron and hole effective masses

these two bands correspond to the molecular LUMO. Similar
situation is found for the molecular HOMO bands. It is

are 0.067mand 0.08rg respectively. Roughly speaking, the
effective mass for the hole is-B times as large as that for the

interesting to note that these two bands do not merge to form electron. From a band picture point of view, the inverse of

one band. This is due to the triclinic crystal symmetry of Alq

Previous theoretical investigations have often used total band-

widths as criteria for comparing intrinsic excess electron and
excess hole mobilities. It is not appropriate for triclinic crystal
structure. Due to the triclinic structure, the degeneracy at the

effective mass is proportional to the mobility. Then, it indicates
the electron mobility should be-2Z3 times larger than that for
the hole, if we assume the same relaxation time constants.
Thus, both from the intraband and interband motion, the first
principle band structure calculations do demonstrate thag Alq

Brillouin zone edge is removed, thus there a gap appearsis indeed a good electron transport material, in qualitative

between the two components of the molecular orbital spliffing.
This implies that the molecular orbital splitting is not necessarily

agreement with the results based on hopping mechanism
calculations by Lin et at It is understood that in their approach,
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Figure 3. I'- point wave function plots for (a) LUMO orbital; (b) The fifths upper LUMO orbital; (c) The HOMO orbital; and (d) The fifths lower
HOMO orbital at thel point.

TABLE 1: Band Structure Data for the Upper and Lower of HOMO and LUMO Bands (in meV)

r—y Y—Q Q—Z 7—G r—X
LUMO upper LUMO bandwidth 12.52 3.65 4.06 4.32 91.56
lower LUMO bandwidth 41.36 3.27 41.36 12.52 139.05
band gap between upper and 301.13 303.46 292.01 292.01 301.07
lower LUMO band
maximum separation between 355.01 310.38 337.43 308.85 531.68
upper and lower LUMO bands
HOMO upper HOMO bandwidth 11.74 0.16 0.98 5.5 38.38
lower HOMO bandwidth 17.88 11.05 10.34 3.73 81.82
band gap between upper and 576.29 575.39 575.39 605.21 380.72
lower HOMO bands
maximum separation between 605.91 586.6 586.71 614.44 500.92

upper and lower HOMO bands

TABLE 2: Band Structure Data near Fermi Level (in meV)

r—y Y—Q Q—Z 7—G r—X
unoccupied bands bandwidth of LUME 48.21 4.76 23.81 10.12 23.81
gap between LUMG1 23.81 158.93 101.79 28.57 43.45
and LUMOH-2
bandwidth of LUMOt1 76.79 29.17 57.74 53.57 29.17
gap between lower LUMO 116.07 91.67 91.67 222.02 57.75
and LUMO+1 bands
occupied bands gap between upper HOMO 106.19 106.19 106.19 118.08 122.84
and HOMO-1
bandwidth of HOMO-1 11.90 0.00 11.90 0.00 7.14
gap between HOMO-1 79.71 93.99 74.96 74.96 74.96
and HOMO-2
bandwidth of HOMO-2 2.38 9.52 16.66 4.76 9.82

the interband effects are mixed with the intraband contributions, electron transport, as well as light emitting material. We focus
because for a dimer, there does not exist band structure. on discussing its transport related electronic structure. By
analyzing the wave function at thE point, we are able to
identify the electronically active bands with their molecular
To summarize, we have carried out the first principle orbital origin so that we reveal the intermolecular coupling and
calculation on the band structure for AJ@n excellent organic  splitting information. It is found that (i) due to the triclinic crystal

IV. Conclusion
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