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We use a hybrid density-functional-theory approach to calculate ground-state electronic properties and a
time-dependent density-functional-theory approach to investigate the excited state electronic properties of
molecular trist8-hydroxyquinolatg-aluminum, Alg. The calculated molecular results are compared with mea-
surements on dense solid-state films of Alg. We specifically consider: the optical absorption spectrum near the
fundamental absorption threshold, the ionization potential, the single-particle energy gap, the static dielectric
constant, and the electric-field dependence of the electron mobility. We find that the molecular calculations can
describe the optical absorption spectrum near the fundamental absorption threshold without significant correc-
tions for solid-state effects. The energies of the triplet excited states are computed and the lowest triplet is
found to lie 0.64 eV below the lowest excited singlet state. In contrast, large dielectric corrections must be
included for the molecular calculations to describe the ionization potential and single-particle energy gap.
When these dielectric corrections are made, using the calculated molecular polarizability, which accurately
gives the measured static dielectric constant, both the ionization potential and single-particle energy gap are
well described. The calculated molecular dipole moment can be used to interpret the electric-field dependence
of the electron mobility. The solid-state properties, determined from the molecular calculations, are then used
in a device model to describe the measured current-voltage characteristics in Alq diodes.

[. INTRODUCTION single layer structures where the properties of thin Alg films
can be measured more directly.

Conjugated organic materials are now used as the emis- In this paper, we use a hybrid density-functional theory
sive layer in organic light-emitting diodes and they are alsoDFT) to calculate ground-state electronic properties and
being investigated for a large variety of other electronic aptime-dependent density-functional thegfDDFT) to inves-
plications. It is of both scientific interest and technologicaltigate the excited-state electronic properties of molecular
importance to be able to predict the properties of dense solidAlq. The calculated molecular results are compared with
state films based on the properties of the isolated, constituemteasurements on dense solid-state films of Alg. We wish to
organic molecules. It is particularly desirable to be able todetermine which calculated properties of the isolated mol-
predict the solid-state electronic properties using calculateécules can be used directly to interpret the results of mea-
molecular properties since this would enable rational desigsurements on dense solid-state films and which calculated
of individual molecules for device applications. The generalmolecular properties must be corrected for solid-state effects
goal is to be able to use calculated molecular properties tto describe the electronic properties of these films. We find
predict solid-state film properties and then incorporate thesthat the optical properties near the absorption threshold of
solid-state properties into a device model to predict devicghe solid-state film are well described by the molecular cal-
behavior. culations without modification. The optical transitions in this

Two important organic electronic devices are light- energy range are from the ground state to a molecularly lo-
emitting diodes and field-effect transistors. For these devicesalized neutral excited state. The states involved are not
critical solid-state properties include the solid-state ionizastrongly perturbed in the condensed phase. By contrast we
tion potential (IR), the solid-state electron affinity (EfA  find that properties that involve energies of electrically
the single-particle energy gapEf=IP;—EA;), and the charged states such as the ionization potential and the single-
charge-carrier mobilities and optical properties near the abparticle energy gap, cannot be directly described by the mo-
sorption threshold. The single-particle energy gap,dRd lecular calculations. However, if polarization corrections,
EAs largely determine the charge injection properties ofwhich are rather large, are included, the molecular calcula-
metal electrodes in contact with the organic material and théions can then describe these charged state properties. We
carrier mobilities determine the current in the device for afind that the calculated molecular polarizability accurately
given charge density and electric field. The optical propertieslescribes the solid-state polarization corrections and can be
near the absorption threshold are important for light-emittingused to determine the measured static dielectric constant.
diodes. Tris(8-hydroxyquinolatgaluminum, Alg, has been The calculated molecular dipole moment can be used to in-
widely studied because of its use in light-emitting diodes. terpret the electric-field dependence of the electron mobility.
Films of Alq are used as both light emitting and as electron-The solid-state properties, determined from the molecular
transport layers. Although Alg is typically used in multiple calculations, are then used in a device model to describe the
organic layer device structures it has recently been studied imeasured current-voltage characteristics in Alq diodes.
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FIG. 1. The meridianal isomer of Alg. The darker cirlces about
the central Al represent oxygen atoms. Hydrogens bound to the rin
carbons are not shown.

The paper is organized as follows: in Sec. Il, we presen
the results of the molecular calculations; in Sec. I, we

Semiempirical ZINDO (Ref. 3 calculations by Burrows

et al* provided the first qualitative overview of the elec-
tronic structure. The optical transition to the lowest excited
singlet state was found to correspond to an excitation of an
electron from an orbital with amplitude primarily on the oxy-
gen side of the quinolate to one with amplitude largely on the
nitrogen side. Combinations of these excitations on the three
ligands give rise to three low-lying, nearly degenerate ex-
cited singlets.

Very recently, density-functional theory calculations on
this material using a generalized-gradient approximation
(GGA) were reported by Curionét al®>~’ This work pro-
vided a detailed description of structural features and geo-
metrical relaxation processes accompanying charge injection
in molecular Alg. The excited-state spectrum was generated
within a one-electron approximation in which the character
of particle-hole excited states was inferred from the convo-
lution of the eigenvalue spectra of individual electrons and
holes. The nature of the low-lying states agreed well with the

arlier assignments, although the absolute excitation energies
plied significant “excitonic” corrections.

Here, we utilize a hybrid DFT method, B3LYPIt is
primarily distinguished from the GGA used by Curigtial.
by the presence of a component of the full, nonlocal Hartree-

present the results of measurements on dense solid-stdf@CK €xchange term. This approach often gives improved

films of Alq and compare these results with the molecula®

calculations; and in Sec. IV we state our conclusions.

II. MOLECULAR CALCULATIONS

An individual Alg molecule consists of a central alumi-

ond energies and geometries in organic molecules com-
pared with the GGA’s. However, we find that in all cases
where we can compare, our results are in excellent agree-
ment with those of Curionét al. For example, we find the
meridianal isomer to be-5 kcal/mol more stable than the
facial form. Curioniet al. found the same ordering with an

num atom coordinated by three quinolate ligands, each opnergy difference of-4 kcal/mole. Their estimate also in-
which binds to the metal site via oxygen and nitrogen do.C'UdeS zero-point corrections, which are found to be quite

nors, thereby giving a pseudo-octahedral environment for th
aluminum. There are two isomers with different chirality; the

small (0.4 kcal/mol favoring the facial formThe qualitative
nature of the bonding, the eigenvalue patterns, the charge

meridianal isomer shown in Fig. 1 and the facial isomerdensities, and the nature of the lowest excited states are also
shown in Fig. 2. The meridianal isomer is more stable and igh good agreement with the DFT results of Curicetial.

generally the major constituent of thin films.

Here we concentrate on properties that are directly related to

Despite its technological importance, there are relativelysolid-state electronic properties of Alg with which we will

few theoretical studies of the electronic structure of Alg.

FIG. 2. The facial isomer of Alg. This isomer is computed to be
slightly less stable{5 kcal/mol) than the meridianal form.

compare.
The geometries of both isomers were optimized using the
hybrid B3LYP approximation, a 6-31G* basis set, and the
Gaussian suite of programsSelected geometrical param-
eters describing the two isomers at their respective minima
are given in Table I. The meridianal form has been charac-
terized experimentally, and the Al-O distances range from
1.85-1.86 A in one determination and 1.84-1.88 A in
anothett®!  These compare favorably with the
1.86—1.89 A range from the B3LYP calculation. The Al-N
distances of 2.06—2.13 A are only slightly longer than the
experimental determination 2.03—-2.08'®! |t is interest-
ing to note that the commonly used semiempirical approxi-
mations, AM1 and PM3, both yield disappointing geometries
for Alg. The Al-N distance, in particular, is in error on the
order of 0.3-0.4 A
The dipole momentsl of both isomers are large. In the
meridianal isomer, the dipole is oriented toward the oxygen
atom, which has a nitrogen trans tdiie., the oxygen point-
ing towards the reader in Fig).1ln the facial isomerFig.
2), it points to the center of the triangular face defined by the
three oxygens coming towards the reader. The molecular
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TABLE |. Properties computed for Alg. The units are A for TABLE Il. Singlet and triplet vertical excitation energies for the
distances, Debye for dipole momenmtsatomic units for the static meridianal isomer of Alq in the TDDFT approximation using the
polarizability «, and eV for the vertical molecular ionization poten- B3LYP functional and the 6-31G* basis set. For singlets, the oscil-
tials (IP,) and electron affinities (E4). The B3LYP calculations lator strength computed in the length form is given parenthetically.
used the 6-31G* basis set, with the exception of the electron affi
nites and ionization potentials, which were computed with theRoot AE(S=0) AE(S=1)
6-31+G* basis set. The latter contains the diffuse functions neces-

sary to describe the negative ion, and hence the electron affinity. B% ;;égggg ;12

way of comparison, the calculations of Curiagtial. give (for the ) : :

meridianal isomerd=4.1 D, IR,=6.15 eV, and EA=0.95 eV. 3 2.940.001 2.19
4 2.970.042 2.79

Property B3LYP 5 3.030.009) 2.95

— 6 3.150.014 3.06

Meridianal 7 3.260.003 3.23

Raio 1.86,1.89,1.88 8 3.270.006 394

Rain 2.08,2.13,2.06 9 3.350.003 331

a 53 10 3.970.013) 3.35

o 327

= 6.60

EA., 0.83 correspond to excitations among the three phenoxidelike oc-
cupied orbitals to the three pyridyl-like orbitals.

Facial The lowest triplet state in the TDDFT calculations is pre-

Raio 1.85 dicted to occur at 2.13 eV, 0.64 eV below the lowest singlet

Rain 213 state. It involves an orbital excitation analogous to the lowest

d 79 singlet. It is also possible to perform direct spin-unrestricted

. 330 Kohn—Sham calculations on the lowest triplet. At the opti-
mized ground-state geometry, this approach gives the lowest

IPm 6.65 triplet 2.39 eV above the ground state, only slightly larger

EAn 0.85 ' '

than the TDDFT result. We examined the magnitude of ge-
ometry relaxation in the triplet and found that it is stabilized
by 0.39 eV.

ionization potential (IR) and electron affinity (EA) re-
ported in Table | are for vertical transitions in which the
molecular geometry of the ground state is used for the ions. lll. COMPARISON WITH MEASURED SOLID-STATE
For the meridianal isomer, we find structural relaxation en- PROPERTIES

ergies of 0.09 eV for the pOSitive ion and 0.11 eV for the The solid-state properties of A|q thin films were deter-
negative ion, similar to the values of 0.04 eV and 0.06 eVmined using a variety of Alq test structures. Optical absorp-
computed by Curioniet al® The static polarizabilitya is  tion measurements were made on tfi00 nnj films of Alg
found to be reasonably isotropic, as might be expected for deposited on quartz substrates. Structures for electrical mea-
pseudo-octahedral species, and very similar in both isomersurements consisted of a thih0 nm), semitransparent metal

We have studied the excited-state spectrum of the isolatedn a glass substrate, an Alq layer 50—2000 nm thick, and a
molecule with time-dependent density-functional thei}®>  top, thick (100 nm) metal contact. The semitransparent con-
This technique is effectively the random-phase approximatact was deposited either by sputter depositicn, Au, P}
tion applied within DFT. Recent implementations of the or resistive evaporatiofCa, Mg, Sm, AJ. The Alg and top
method by Bauernschmitt and Ahlridfisand Stratmann metal contacts were resistively evaporated in a cryo-pumped
et al,!” compared the performance of a variety of functionalsvacuum system with a base pressure of ¢ Torr. The
for a set of organic molecules. Both groups found that TD-structures were fabricated and tested in an inert atmosphere
DFT was surprisingly accurate and that the hybrid function-at room temperature. Capacitance-voltage measurements
als gave slightly more accurate excitation energies thamere used to measure the film dielectric constant and to
GGA's, although they pointed out that an intensive study hawserify that the metal/Alg/metal structures were fully de-
yet to be performed. pleted.

Table Il reports the vertical excitation energies and oscil- The optical absorption spectrum of a thin solid film of Alq
lator strengthglength form) for the first ten excited singlet is shown in Fig. 3. For comparison, graphical representations
states of the meridianal form of Alg. The qualitative natureof the TDDFT calculated singlet excitation energies and os-
of the lowest excited singlets in the TDDFT calculations iscillator strengths from Table Il are also shown in Fig. 3.
compatible with that found in the earlier semiempirical Overall, the agreement between calculation and experiment
work:* In each isolated ligand the highest occupied molecuis very good for the low-energy transitions. The onset of
lar orbital is located principally on the phenoxide side of theabsorption is predicted at 2.77 eV, in close agreement with
ring and the lowest unoccupied molecular orbital principallythe observed onset. The most intense transitions, from states
on the nitrogen side. In the complex, linear combinations o and 4, are underestimated by a few tenths of an eV. Above
these give rise to three high-lying occupied orbitals and three-3.5 eV, the agreement with experiment is not as satisfac-
low-lying virtuals. The first nine excited states of Table Il tory. This may be a basis set artifact. The excited-state cal-
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FIG. 3. The absorption spectrum of Alg. The vertical lines rep- Sv
resent the energies and oscillator strengths predicted by the time- g 05F
dependent DFT calculations described in the text. %
=]
culations use the 6-31G* basis, which is expected to be ad- b:‘f
equate for the ground state and first few excited states. It is = 00 03 1o s 20
deficient, however, in lacking the diffuse functions needed to ’ Photon Energy (eV) ’
describe Rydberg character in the excited states. At present,
inclusion of such diffuse functions requires excessive com- Lo
putation time. This basis set deficiency is expected to be- )
come more severe at higher energies. The missing spectral E
intensity in the region from 3.5-4.0 eV is likely due more to & 1
this omission than to a failure of either the functional or the g 03
basic approximations of TDDFT. Solid-state effects could g
have a greater impact on the high-energy transitions than on = AwMg PUCa
the transitions near the absorption edge. Although there may = 0.0
be some difficulty with the higher-energy transitions, absorp- 05 00 05 10 15 20 25
tion near the fundamental absorption edge in the dense solid- Bias (V)

state film is well described by the molecular calculations. )
The measured dielectric constant of thin films of Alq is 3.0 ~ FIG. 4. Electron energy diagram for metal contacts to Alq de-
+0.3 as determined from the capacitance of device strudived from internal photoemission and built-in potential measure-

tures. The dielectric constant of the Alq thin films can bements(top). Internal photoemission measurements of t_he hole en-
calculated from the molecular polarizability and the ergy barrier for Au and Cu contacts to Alqniddle). Magnitude of

e . : . : : the photocurrent as a function of bias voltage between the anode/
Clausius—Mossotti relation. The dielectric constant is cathode(bottom. The photocurrent is nulled when the applied bias

3+ ZXZ cancels the built-in potential.

—, 1
3—xa @ measured energy level diagram for various metals in contact
—. . N . with Alg (top) and representative internal photoemission
wherea is the static polarizabilityy=4=N, andN is the ~ iq4ie) and photocurrent vs bigottom) measurement re-
density of molecules in the solid. Using the molecular polar-Sults used to determine these energy levels.
|zab|I|ty for the meridianal structure=327 a.u. and a mo- In the internal photoemission techniq{?ephotons are ab-
lecular density(taken from the crystal structuref N=2.0  sorbed in a thin metal contact producing hot electrons and
X 10°* molecules/cm, the calculated dielectric constant is holes. The hot electror(sr holes give rise to a photocurrent
3.0, in excellent agreement with the experimental value. gs they move from the metal into the organic film. The pho-
The single-particle energy gap of dense organic materialgocurrent yield is
is an important parameter for organic electronic devices. It is
not sufficient to measure the optical absorption spectrum to yield<(hv— ¢)?, 2
determine this quantity because there can be significant ex-
citonic effects that are difficult to estimate reliably. In prin- wherehv is the photon energy and is the energy barrier
ciple, the single-particle energy gap can be measured usingtsetween the metal Fermi level and the conducti&q) (or
combination of photoemission and inverse photoemissiowvalence E,) levels of the Alg film. The energy barrier is
but it has proven difficult to obtain adequate signals frommeasured by extrapolating the square root of the photocur-
thin, insulating organic films. We have determined therent yield as shown in Fig. 4. The extrapolated energy barrier
single-particle energy gap of Alg using a combination ofis about 0.7 eV for Au and about 1.3 eV for Cu. These
internal photoemission and built-in potential measurementextrapolated barriers are not the zero electric-field energy
in device structure$Internal photoemission and built-in po- barriers. There is an electric field in the Alg film and an
tential measurements determine the relative energy positioimage charge potential in the metal when the electron is
of various contact metals with respect to the electron an@mitted into the organic. This effect lowers the extrapolated
hole polaron levels of the Alq thin film. Figure 4 shows the threshold in the films by about 0.1 eV for the experimental

€
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conditions used. The zero-field energy barriers are thus the 1.er
extrapolated thresholds plus the correction for the image po- Epo|ar=2 = i—z' ,
tential. T2
Measurements of the photocurrent as a function of bias R
can be used to determine the differences between the metdhered; is the induced dipole moment at molecule i and
contact energy levels. At zero bias in a fully depleted metalfhe '|ntermolec_ular distance. To estimate this induced polar-
organic/metal structure, there is a built-in potential equal tgZation correction we enclose the charged Alq molecule of
the difference between the metal contact energy levels. Thifterest in a spherical cavity also containing the ten nearest

photocurrent is proportional to the electric field in the struc-Alq molecules in the x-ray crystal structufeThe radius of

ture, which can be nulled by application of an external dcth'S cavity isfo=1.1 nm. The polarization energy from the

bias. The results shown in Fig. 4 were made using moduten nv_aar-neighbor molecules_, is calcula_ted directly. T_his en-
lated, above energy gap light and phase-sensitive detectiofi’9Y IS then a_ugmented using a continuum approximation
The built-in potential in the structure is the bias at which theand the Cllausms-M.ossotu relation f‘?F th(_e more d'St‘f’mt Alg
photocurrent is minimum. The built-in potential is near zeromOIeCUIe§' Our estimate of the stabilization energy is then

for Ca/Ca and Sm/Ca, about 0.4 V for Al/Ca, about 1.6 V for _

Au/Mg, and aboti2 V for Pt/Ca. The built-in potential of 2 1a€® 1(e—1)€?
V for Pt/Ca structures means that the Fermi-level difference Epolar= zl 2 4 ) Cer,
between Pt and Ca electrodes is 2 eV. !

_ By combining internal photoemission and photocurrent V§, here the sum is over the ten near neighbor molecules and
bias results, the single-particle energy gap, i.e., the separgie second term on the right is the contribution from the

tion between the conduction and valence levels of the filmy e gistant molecules . The solid-state ionization potential
can be determined. The single-particle energy gap of Algq single-particle energy gap are then
determined using these techniques is 3.0=&2 eV as in-

dicated in Fig. 4. These techniques measure the differences
between the metal Fermi energies and the electron and hole
polaron levels of the Alq film. They do not provide a direct
measurement of these energy levels with respect to vacuum. Eg=(IPn—EAm) = 2Epoia— Evib(e) ~ Evib(h) » (6)

The experimental solid-state ionization potential is 5.6—
6.0 eV1® which is nearly 1 eV smaller than the calculated WhereE,in(e ny is the vibronic relaxation energy for the elec-
molecular ionization potential and the measured solid-stat&on (hole) polaron. The sum over the ten nearest molecules
single-particle energy gap is more than 2 eV smaller than th@ives a stabilization energy of 0.70 eV. WitR=1.1 nm
computed difference between the molecular ionization poand €= 3.0, the continuum correction is 0.44 eV. The total
tential and electron affinity (JP~EA,,~5.8 eV). These dis- polarization  correction is thus 0.70 e\0.44 eV
crepancies come about from the additional stabilization as=1.14 eV. The calculated vibronic relaxation for the hole
sociated with the charged states in the solid-state film due tpolaron is 0.09 eV. The solid-state ionization potential is
polarization of the neighboring molecules and from vibronicthen 6.60 eV-1.14 eV-0.09 eV=5.37 eV, which is in
relaxation?’ The polarization stabilizes both the positive ion, reasonable agreement with the experimental values that
thereby decreasing the ionization potential of the solid, andange from 5.6-6.0 eV. The sum of the calculated vibronic
the negative ion, thereby increasing the electron affinityrelaxation energiegfor electron and holeis 0.20 eV. The
relative to what would be measured or computed for theenergy gap is then 6.60 eV0.83 eV—(2X1.14 eV)
isolated molecule. Such polarization corrections are much-0.2 eV=3.29 eV. This is in reasonable agreement with
less important for the neutral excited states, which appear ithe experimental result of 3.0 ed0.2 eV presented above.
optical property calculations because the response of the efthus the molecular calculations give good agreement for the
vironment to a local dipole is much less than that for asolid-state ionization potential and single-particle energy gap
charge. after polarization corrections and the vibronic relaxation en-

The solid-state ionization potential and single-particle en-ergy is included.
ergy gap of the Alg film can be calculated using the theoret- The transport properties of electrons in Alg thin films
ical electron affinity and ionization potential of the molecule were measured using the time-of-flight technique. In this
and correcting for solid-state polarization effects and vi-technique, a semitransparent blocking contact/film/blocking
bronic relaxation. We assume the permanent dipole momentontact structure is used. An optical pulse incident on the
of the various Alg molecules are oriented so that their intermaterial through the semitransparent contact, creates a thin
action energy with the localized charge cancels, and on awheet of electron-hole pairs next to the contact and, depend-
erage, makes no net contribution to the stabilization energying upon the sign of the applied bias, electrons or holes are
This interaction of the charge with the permanent dipole modriven across the sample. The absorption depth of the optical
ments leads to an inhomogeneous broadening, but not a nexcitation is small compared to the film thickness and the
shift, of the energy distribution because of disorder in theoptical pulse duration is short compared to the transit time of
neighboring dipole orientation at various molecular sitesthe charge carriers across the sample. Low-intensity optical
The induced dipoles are oriented by the localized charge anpulses are used so that the photogenerated charge-carrier
are all directed towardor away the charge and have same density does not significantly perturb the spatially uniform
sign energy contribution. The stabilization energy due to in-€lectric field in the structure. The carrier mobiljtyis given
teraction with the induced dipoles’fs by

()

4

IPs= 1Py, — Epolar_ Euib(h) ) %)
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FIG. 6. Electron mobility as a function of electric field derived
from the TOF measurements of Fig. 5. The markers are TOF results
and the solid line is a least-squares fit to Ef).

tude smaller than the transit time. The total charge injected
into the film was about 0.0CV in all cases, wher€ is the
capacitance of the structure aNdhe applied voltage.

Figure 6 shows the electron mobility as a function of elec-
tric field determined from the TOF measuremefmntsrkers
and a least-squares {&olid line) to the mobility assuming a
Poole-Frenkel form

E
1= o ©XP\[ £ ®)

o]

Current (arb. units)
<o

0.01
10

0.1F 1 whereE is the electric field angk, and E, are parameters

describing the mobility. This form for the electric-field de-
pendent mobility is frequently observed in organic molecular
. . solids and polymers. As seen from Fig. 6, the Poole-Frenkel
¢ 2 4% 2 468 20 form accurately describes the measured TOF results. The fit
10 10 10 to the TOF data yieldegh,=1.5<10"8 cn?/Vs and E,
Time (s) =1.5x10* V/cm. It was not possible to measure the hole

FIG. 5. Time-of-flight electron current transients at three appliedtmhot)méy usmgttf:]e TOF ttetChmquei S.Igm.f(ljcelmt BOIe tr%p.pmpﬂ
voltages. The structure was Al (10 nm)/Alg (2m)/ al obscures the current transients IS widely observea in Alq

films.

Al (100 nm). To calculate the mobility of carriers in the solid state a

quantitative understanding of the transport process is re-
h=— @ quired. Recent theoretical work on spatially correlated disor-
v '’ der models has provided a solid starting point for determin-

ing the electric-field dependence of the solid-state
wherel is the film thickness is the transit time of the mobilities?#%° For Alg, the correlated disorder arises from
carriers, andV is the applied voltage. For the time-of-flight the interaction of the charge carrier with the randomly ori-
(TOF) measurements, 500-ps pulses at 370 nm from a nitroented dipole moments of the molecules. The mobility in the
gen pumped dye laser were used as the optical excitatiosolid state is dominated by hopping between the molecules
The absorption coefficient of Alg at 370 nm is about 5 whose site energy distribution is dominated by the randomly
x10* cm™ ! so most of the photons are absorbed within 2000riented dipole moments of the individual molecules. The
nm of the semitransparent contagt. site energy distribution in this model has been shown to be
The TOF structures consisted of a thin, semitransparerpproximately Gaussian with a standard deviation of

Al contact on a glass substrate, an Alg layer abouf.gh
thick, and a top, thick Al contact. Figure 5 is a log-log plot of 2.35e
the electron current as a function of time after optical exci- o= 2 ! ©
tation for applied biases of 20 V, 50 V, and 100 V. The
transit time was determined by the intersection of the asympwherea is the intermolecular spacirf§.Using the calculated
totes to the plateau and declining slope of the current trandipole moment of 5.3 D and a molecular spacing of 0.99 nm,
sient. The bandwidth of the current preamplifier was typi-the standard deviation is 126 meV. Because of this large
cally two orders of magnitude greater than the reciprocal ofvidth the dipole contribution to the site energy distribution
the transit time. The product of the structure capacitance anochost likely dominates other contributions to the energy dis-
amplifier input impedance was at least two orders of magnitribution. In this model, the field dependence mobility pa-

| 2
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0.01

the Ca contact, an energy barrier of 0.62 eV was used to
describe the measuréelV characteristic. This energy barrier
is in good agreement with the internal photoemission and
built-in potential measurements discussed above. Also
shown in Fig. 7 is the calculatddV characteristic assuming
that the contact has a 0.1 eV energy bar(dot dash. This
small energy barrier leads to space charge limited current in
the Alqg film and a substantially higher current-density for a
given voltage.

Current Density (A/crnz)

IV. SUMMARY AND CONCLUSIONS

15 We used a hybrid density-functional-theory approach to
Bias (V) calculate ground-state electronic properties and a time-
dependent density-functional-theory approach to investigate
FIG. 7. Measuredsolid) and calculateddashed, dot dashpd the excited-state electronic properties of molecular Alg. The
current-voltage characteristics for G20 nm/Alg (100 nm/Ca  calculated molecular results were compared with measure-
(100 nm structure. The dashedot dashejlline is for an energy  ments on dense solid-state films of Alg. We specifically con-
barrier of 0.62 eM0.1 eV). The calculations used the fit to the TOF sidered: the optical absorption spectrum near the fundamen-
mobility shown in Fig. 6. The inset shows the measured and calcutal absorption threshold, the ionization potential, the single-
lated (0.62 eV barrier characteristics on a log-log scale. particle energy gap, the static dielectric constant, and the
electric-field dependence of the electron mobility. We found
rameter is estimated to l&,=2.7x 10* V/cm25in approxi- that t_he molecular calculations can describe tht_a optical ab-
mate agreement with the experimental resufi 1.5 sorption spectrum near the fundame_ntal absorption threshold
X 10" presented above. without significant corrections for solid-state effects. The en-

Measurements of device current-voltage character?sticsergies of the triplet states were computed and the lowest

suggest that the intrinsic electron and hole mobilities in Alqt”pl.et lies 0.64 ev pelow the .IOWESt excited smglgt state.
are comparable both in absolute value and in the strength folld-state polarlza_ltlon corrections are quh Iess Important
the field dependence. The DFT calculations support this co or the 'Fe“”a' excited states that appear in opfucal property
clusion since the computed electron and hole charged exciteﬁ?lcu'aﬂons _because the response of the environment to a
states have similar spatial extent and vibronic relaxation en-Ocal d'.p°|e IS much Ie_ss than that fpr a charge. In contrast,
ergies. If the field dependence is due to energetic disorddf"9€ dielectric corrections must be included for the molecu-

resulting from the charged carrier interacting with randomly ar Icalcul?tli)ns to descrlbve\/htheﬂ;onlz%t_loln tpptennal ta_md
arrayed molecular dipoles, it will be the same for electrong>Nd'€-particie energy gap. en these dielectric corrections

and holes. The calculated molecular properties suggest th e made, using the calculated molecular polarizability,

the previously reported two order of magnitude differenceV ich accurately gives the measured static dielectric con-

between the electron and hole mobility is due to extrinsicStant; both the ionization potential and single-particle energy

trapping effects’ gap are _vveII described. The polarizat_ion' stabilizes bot'h the
In organic electronic device applications it is desirable toPositive ion, thereby decreasing the ionization potential of

be able to use solid-state properties, determined from mot-he So"fj’_ and the_ hegative ion, thereby increasing the elec-
lecular calculations, to describe the measured characteristié®" affinity, rglatlve to what would be measured or com-
of the organic devices. The current-voltage characteristics oq_uted for the isolated moleculg. The calculated _mqlecular
electron only Alg devices were measured and compared tglpole moment can be used tc.)'mterpret the electric-field _de-
model calculations using the independently determined mopenden_ce of the electron mobility. The s_,olld-state properties,
bility and energy barrier. The-V characteristics were calcu- _determm_ed from the molec_ular calculations, were then used
lated using a previously established device model that accd” @ dewqe .mOQeI to d_escrlbe the measured current-voltage
rately describes the energy barrier dependence of conjuga\té%i]"’m’mter'St'CS in Alg diodes.

polymer 1-V characteristicd® Figure 7 shows measured
(solid) and calculateddashed current-voltage characteris-
tics for a Ca/Alg/Ca structure. The Alg layer was 100 nm  The authors acknowledge financial support from the
thick as measured by profilometry. There is good agreemertDRD program at Los Alamos National Laboratory and
between the measured and calculdtdd characteristics. For thank D. R. Brown for technical assistance.
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