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Current injection from a metal to a disordered hopping system.
[ll. Comparison between experiment and Monte Carlo simulation
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We have performed electric-field and temperature-dependent electron injection studies in an aluminum/
tris(8-hydroxy-quinolinolatgaluminum/magnesium:silver single-layer organic light-emitting diode. Analysis
of the observed injection currents in terms of the classic Fowler-NordifiEM) tunneling or Richardson-
Schottky (RS) thermionic emission proved to be inadequate. Whereas, the FN-type behavior at high-electric
fields must be considered accidental, the injection currents qualitatively resemble those of the RS concept.
However, quantitative differences are observed concerning the RS coefficient, the prefactor current, and the
temperature dependence. On the other hand, the experimental data are in excellent agreement with a recently
presented Monte Carlo simulatighl. Wolf et al, Phys. Rev. B69, 7507(1999] of carrier injection from a
metal to an organic dielectric with random hopping sif&0163-1829)14535-1

[. INTRODUCTION wheree is the relative dielectric constant, the permittivity
of vacuum,u the charge-carrier mobility, and the sample
In recent years, organic light-emitting diodéSLED’s)  thickness.
have been comprehensively studied for their possible appli- Injection-limited conduction is commonly described ei-
cation in display$® To improve their efficiency, a detailed ther by the Fowler-NordheintFN) model for tunneling in-
understanding of the charge-carrier injection processes ijgction or by the Richardson-SchottkiRS) model for ther-
necessary. Charge-carrier injection from a metallic contacmionic emissiort” The FN model ignores image-charge
into solids, and especially into semiconductors, has been exffects and considers the tunneling of electrons from the con-
tensively investigated and it is well known that the energy tact through a triangular barrier into unbound continuum
barrier between the contact and the organic dielectric constates. It predicts & F) characteristic, which is insensitive
trols the hole and electron injection. In the absence of surfac® temperature,
states and a depletion region due to impurity dopinthe
energy barrier isA,=1—® ,,,qcfor holes andA .= d . hode . 2
—A for electronst? where @ is the work function of the Jrn=BF exp ==/, )
contact material andl and A are the ionization energy and
electron affinity of the organic dielectric, respectively. De-whereB=e*87hA andb=[8m(2m*)Y?A%?)/3he. Heree
pending on the magnitude df, the current flowing through is the elementary chargh,the Planck constant, and* the
an OLED can either be space-charge limit®CL), i.e.,  effective mass of the carrier inside the dielectric.
transport limited, or injection limited. A necessary condition ~The RS model assumes that an electron from the contact
for SCL conduction is that one of the contacts supply morecan be injected once it has acquired a thermal energy suffi-
charge carriers per unit time than can be transported througgient to cross the potential maximum resulting from the su-
the organic dielectri¢?>~1°A contact that behaves in this way perposition of the external and the image-charge potential.
is called an ohmic contact. At an ohmic contact the electricTunneling through the barrier is ignored. Th@) charac-
field F vanishes owing to screening by the space charge ageristic is given by
sociated with unipolar current flow. This requires an injec-
tion barrier small enough to guarantee efficient injection _ i A—(e¥4mesy)/F?
without the assistance of an external electric field. The SCL Jrs= AT T exp — kT ' )
current(SCLCQ) is the maximum unipolar current a sample
can sustain at a given electric field unless the exit contact iwhereA* is the Richardson constarit,the temperature, and
able to inject opposite charge carriers sufficient to compenk the Boltzmann constant.
sate for the internal space charge. In the absence of traps the The models described above were developed for bandtype
SCLC obeys Child’s law materials, and it is difficult to rationalize an application of
these models to disordered organic materials, where the
charge-carrier mobility is lowtypically ©<10"2 cn?/Vs),
1) which means that charge carriers are localized and transport
involves discrete hopping within a distribution of energy

F2
jSCL(F):gssoMT,
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states. Recently, various Monte Carlo simulation stdfli¥s Vacuum Level
and analytic theorié8?! were presented for the charge-

carrier injection into an organic hopping system. Gartstein

and Conwelt® investigated how charge carriers generated 3.0 Ma:A
within a Gaussian density of states under the premise of ei- A ‘%
ther unrelaxed or relaxed starting energy escape from a Cou- 43| Mg, '
lombic potential. Arkhipovet al?® presented an analytic '

theory that explicitly includes the primary injection step 5;\
from the Fermi level of the metal to the first layer of the ’ )
dielectric, whereas the subsequent diffusive random walk is N
treated in terms of an Onsager-like process. Wailfal!® @
recently performed more detailed Monte Carlo simulations \;dg_
under the premise that thermal injection starts from the Potential Q N/b@
Fermi level of an electrode and populates states under the Energy v

manifold of hopping states according to a weighted probabil-

ity density that takes into account thermal activation and the FIG. 1. Schematic energy-level diagram, device structure, and

energetic distribution of hopping states. Arkhipetal?*  molecular structure of Alg

compared these simulations with the results of an analytic

theory and found good agreement for the field dependence égristics were performed in a specially designed setup, which

the yield of charge carriers as a function of the energy barriefllows temperatures as low as 77 (Kquid nitrogen. The

at the metal/organic-dielectric interface. temperature of the sample was measured via two thermo-
The aim of the present paper is to analyze electroncouples(NiCr/NiAl, Thermocoay placed directly above and

injection studies performed with a single-layer OLED con-below the device. To ensure reproducibility of the data the

sisting of aluminum/trié-hydroxy-quinolinolatp aluminum  measurements of theV curves were performed in a tem-

(Algs)/magnesium:silver alloy in terms of the classical FN perature cycle, i.e., the data were taken in both temperature

tunneling and RS thermionic emission models. Althe  sweep directions. Constant temperature conditions were ob-

most common electron-transporting and emitting material irfained with extremely long temperature-stabilizing times.

OLED's, was used for these investigations because of its The charge-carrier injection from a metal contact into a

nearly pinhole-free, film forming characteristics, good random organic dielectric has been studied via Monte Carlo

charge-carrier transport properties, and high-thermal stabisimulations. A detailed description of the simulation tech-

ity. Furthermore, detailed investigations of single-layerAlg hique can be found in Ref. 18.

devices with different anode and cathode materials showed

that Al/Algs/Mg:Ag structures are electron-only devices and Ill. RESULTS
thus are an ideal system to study electron injection and _. . - .
transport2.2 Figure 2 presents a seriesle¥ characteristics parametric

in the temperature for an Al/A150 nm/Mg:Ag device.
he I-V curves were measured subsequently, starting at
higher temperatures. They show a typical diode behavior fea-
turing a steep increase in current in forward direction, indi-
Il. EXPERIMENT cating efficient charge-carrier injection and transport above a
. , certain voltage. With decreasing temperature the threshold
Our OLED'’s consist of glass substrate®59 Corning qjtage shifts to higher voltages. The detection limit of the
covered with an evaporated Al anode, followed by a 150 rrent is determined by the setup and the occurrence of
nm-thick Alg layer as active material and a Mg:AG0:1)  |eakage currents. It is noteworthy that the currents at 133 K
alloy as metal top cathode. The schematic device structurgitter from those at room temperature by more than three
together with the energy-level diagram and the moleculagqers of magnitude at the same voltage. Figure 3 shews
structure of Alg are shown in Fig. 1. curves measured in a temperature cycle. These data clearly
All layers were prepared in a high-vacuum systérey-  manifest that absolute currents are reproducible within a fac-

bold) by vapor deposition using resistively heated tantalumgr of 2. and do not exhibit a pronounced hysteresis effect.
and tungsten boats. The typical deposition rate for;AlQd

the metals/alloys was about 1 A/s. For the deposition of the
Mg:Ag alloy the evaporation rates of Mg and Ag were con-
trolled independently by separate thin-film deposition moni- The interpretation of the present electron-injection studies
tors (Leybold Infikon. The active area of our devices was performed with an Al/Alg(150 nm/Mg:Ag device in terms
2x2 mn?, and the base pressure in the chamber rangedf Child’s law of SCLC will fail. Although thel-V charac-
between 107 and 10 ® mbar. The evaporation chamber was teristics shown in Fig. 2 bear out a power-law behavior of
attached directly to a glovebox, allowing device fabricationl =V for 295 K andl«=V? for 133 K, indicative of trap-
and characterizations completely under in@rgor condi-  controlled SCLC flow, this has to be considered accidental
tions. because of the absence of an ohmic contact in our device. In

The current-voltage|€V) characteristics were measured view of the present energy barrier for electron injection, it is
with a Hewlett Packard Parameter AnalyZétP 4145 B.  all but surprising that the currents are injection rather than
Our temperature-dependent measurements df-theharac-  space-charge limited.

The experimental results will be compared to recen
Monte Carlo simulations by Wolét al 8

IV. DISCUSSION
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~ FIG. 2. 1-V characteristics of an A/Alg150 nm)/Mg:Ag de- FIG. 3. |-V characteristics of an Al/Al(150 nm/Mg:Ag de-
vice at various temperatures. Data were taken in a temperature scgfte. Data represented by open and solid symbols were taken in a
from 295 to 133 K. temperature cycle, i.e., at falling and rising temperatures, respec-

tively. The |-V curves indicate both the absence of pronounced
hysteresis effects and the level of reproducibility of absolute cur-

Therefore, we will analyze thieV characteristicgFig. 2) ronts

in terms of injection-limited currents. Often, injection-
limited currents in OLED’s dominated by majority carriers at
high-electric fields have been treated in terms of the classisaturation of the currents at lower fieldsz2x 10° V/cm).

FN model for tunneling injection. The FN plots, |p(/F?) Therefore, we conclude that tunneling is not involved. This
vs F~1, often feature an asymptotic straight-line behavior,conclusion is supported by a recent Monte Carlo simulafion
and from the slope of these lines one arrives at values for thend an analytic theor§t. In the former, the unimportance of
injection barrie>=?°In the literature, e.g., Refs. 23—25, the long-range tunneling transitions is demonstrated for various
energy barrier correlates reasonably well with barriers exjumping distances between the metal and the adjacent layer
pected on the basis of the highest occupied molecular orbitatif the amorphous organic dielectric. In the latter the rate-
lowest unoccupied molecular orbitdlUMO) of the active  limiting step is the primary injection event from the metal
material and the idealized work functions of the electrodesinto the dielectric, which has been treated in terms of hop-
Figure 4 shows the experimental data of Fig. 2 in an FN plotping theory involving the concept of transport energy. The
For this representation a built-in voltage of 0.7 eV from theagreement of the field dependences of the injection current
difference in the work functions of Al and Mg:Ag alloy was from simulation studies and from analytic theory in this pa-
taken into consideration. In the high-field range the curveper is remarkablé!

were fitted linearly, and because we have an electron-only The above brief analysis clearly demonstrates that the FN
device, one can calculate from the slope the values of thtunneling concept is obviously not appropriate to describe
barrier height for electron injection from the Mg:Ag cathode the electron injection in our single-layer OLED. Therefore,
into the Alg; layer. The energy barriers obtained vary be-we try to analyze the experimental results in terms of the RS
tween 0.18 and 0.3 eV at 295 and 133 K, respectively. Howeoncept of thermionic emission. Equati3) predicts that a
ever, these barriers are significantly lower than expected ofm jrs vs F2 plot parametric in temperature should feature a
the basis of the LUMO of Alg and the Fermi level of the family of straight lines. In Fig. 5, thé-V characteristics of
Mg:Ag cathode obtained from the energy-level diagéig. Fig. 2 are plotted in a logjrs vs FY2 representation, at

1) and imply that our experimental results cannot be dewhich the built-in potential of 0.7 eV was subtracted from
scribed by the FN tunneling model and that the FN-typethe voltage applied to the device. For the entire temperature
j (F) characteristics at high-electric fields have to be considrange investigated one observes a linear relationship between
ered accidental. Further arguments against the appropriateurrent density andF*/? in the semilogarithmic plot except
ness of the FN theory are the strong temperature dependents current densities<10 8 A/cm? because of the low

of the currents observed even at higher electric fields and thgignal-to-noise ratio caused by limitations of the experimen-
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Fig. 2. A built-in voltage of 0.7 eV was taken into consideration. 5y A pyilt-in voltage of 0.7 eV was taken into consideration.
From the slope of the dashed lines the energy barrier for the elec-

tron injection at the Mg:ApAlq; interface was calculated. The en- gretical value is 120 A/cRK? (Ref. 17.
ergy barrier ranges from 0.18 to 0.3 eV for 295 and 133 K, respec- Another discrepancy from the thermionic emission con-
tively. cept is found concerning the temperature dependence of the
injection current at different electric field$ig. 6(c)]. The
tal setup. In the following we will show that the experimental current density approaches an Arrhenius law at high tem-
data resembles the predictions of RS theory, but that differperatures but levels off gradually at lower temperatures. Pre-
ences exist concerning the quantitative data analysis. By exious Monte Carlo simulations of geminate pair
trapolating the straight lines in Fig. 5 ©=0, the current  dissociatio”® and experiments on both intrinsic and extrinsic
densities at zero electric fieldl{) were determined as a photoconductiofl also show that such a sublinear tempera-
function of temperature. Presuming the validity of the RSture dependence is a ubiquitous feature of energetically ran-
concept one can calculate the energy barrier for the injectiodom hopping systems. The reason is that within a Gaussian
of electrons from the Mg:Ag electrode into Aldgo be 0.32  distribution of energy states, charge carriers tend to relax
eV [Fig. 6(@]. This concept assumes that injection occursenergetically towards lower localized staté$® Under sta-
into unbound electron states obeying a parabolic energyionary conditions an ensemble of carriers shift by an energy
versus-momentum dependenEék), wherek is the momen-  of ¢,,= — ¢?/kT relative to the center of the DOS, wheve
tum vector in the direction of the electron surfdé&he T? is the variance of the DOS. However, the actual injection
term in the RS Eq(3) results from integration ovek space. process occurs far away from equilibrium. By lowering the
However, in a disordered hopping system no unbound eleaemperature and increasing the width of the Gaussian DOS
tron states exist, and injection events occur via the first layethe ensemble of injected charge carriers will move further
of the dielectric in the course of an optimization procedureaway from equilibrium. Therefore, the injection process be-
concerning site energy and density of stae©S). There- comes more efficient as the system deviates from equilib-
fore, it is illegitimate to integrate overspace for an organic rium. At higher temperatures the disorder effect vanishes and
dielectric. This allows one to abandon théfactor inthe RS  the rate-limiting step approaches that determined by the
equation for the calculation of the energy barrier. In Fign)6  Boltzmann factor taking field-induced barrier lowering into
the current densitie, are shown in a logJy vs 1/T plotin  account, i.e., eXp-[A—(e’F/4mesg)Y?]/kT}. This is illus-
which theT? term has been neglected. An energy barrier oftrated in terms of the high-temperature asymptotes shown in
0.5 eV is obtained from the high-temperature asymptote. BeFig. 6(c), which result in energy barriers of 0.16, 0.21, 0.25,
sides, the prefactor current of the injection rate into a two-and 0.30 eV at electric fields of 9510°, 7X10°, 5X 10°,
dimensional sheet of hopping sites should differ from the oneand 3< 10° V/cm, respectively. The basic result is that en-
predicted by the RS theory. Extrapolatidgto T— would  ergy barriers calculated from a jrnvs 1T plot, especially
yield a value ofA*=1.5x 10 8 A/cm?K?, whereby the the- near ambient temperature and at high-electric fields, will un-
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FIG. 7. Comparison of the temperature dependence of the injec-
tion efficiency (p) between a disordered hopping system character-
ized by a Gaussian DO&ariances =100 meV, zero-field energy
barrierA=0.5 eV, electric fieldc =1x10° V/cm) and experimen-
tal data of the current density obtained from an AI/ABO nmy/
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1000 /T (K™
FIG. 6. (a) Relationship betweed, /T2 and 1T. The current Mg:Ag device at 9.%10° Vicm. The dashed line represents the

high-temperature asymptote for an energy barrier of

densities at zero-electric fieldl{) were obtained by extrapolatin
9 y exiapolaing = (@3 amssg) M2 eV.

the lines in Fig. 5 to the ordinate. From the slope of the solid line

the energy barrier for electron injection at the Mg}j#Adp; inter- . 13132 .
face is determined to be 0.32 eV, and from the ordinate intercept thQOS about 100-meV wid&:** Another conclusion from the

Richardson constant is calculated toAe=1.5x10"8 Alcm? K2, Comparison of t.heory and experiment is that a simple
(b) Relationship betweed, and 1T. From the high-temperature Arrhenius analysis of th_e temperature dependence of the cur-
asymptote an energy barrier of 0.5 eV is obtained for electron in€Nt, Notably at a restricted temperature range and a high-
jection from the Mg:Ag cathode to the Ajdayer. (c) Temperature electric field, would widely underestimate the true zero-field
dependence of the current density for different electric fields for arParrier. For example, if one calculates the slope of thevis
Al/Alg 5(150 nm/Mg:Ag device. The high-temperature asymptotes 1/T plot near 300 K, one would arrive at a value=sD.2 eV.
result in energy barriers of 0.16, 0.21, 0.25, and 0.30 eV at electri€onsidering the barrier lowering of 0.2 eV Bt=1x10°
fields of 9.5<10° (), 7x10° (V), 5x10° (O), and V/cm, the asymptotic value at this field 0.3 eV.
3X10° (A) Vicm, respectively. Simulation also provides an estimate of the injection cur-
rent from a Mg:Ag contact into Algin the T—oo and/or
derestimate the real energy barrier height. This conclusion iE—¢ limit. Yielding the probability for a carrier once at-
based on the comparison between the temperature depetlempting to cross the barrier, it is to estimate how many
dence of the injection efficiencye) in a disordered model electrons are available per attempt at a given temperature and
hopping system determined via computer simulation, and exfield. As at T=295 K and F=9.5x10° V/cm, we have
perimental data for the injection current obtainedcat9.5 j=10"1 A/cm?, we obtain a limiting current density of
X 10° V/cm (Fig. 7). Assuming a zero field-injection barrier 10 A/cm? for ¢=10 °. Recalling that RS theory would
of A=0.5 eV and a variance af=100 meV for the mani- predict j,.=6x10° Alcm?, one has to consider, however,
fold of hopping states, the temperature dependence of thiat the attainment of such large current densities requires
injection current measured at an electric field ok 10°  extremely thin samples and/or large carrier mobilities to
V/cm can be modeled over more than three orders of magavoid field screening at the electrode due to space-charge
nitude with remarkable accuracy. This demonstrates that theccumulation. On the other hand this estimate suggests that
concept of temperature and field-assisted injection into a raninder appropriate experimental conditions the current densi-
dom hopping system can quantitatively describe the experities required to achieve electrically driven lasing in OLED’s
mental observations. We emphasize that this concept immight be feasible.
volves Miller-Abrahams-type jump rates rather than polaron Finally we comment on another difference between the
rates > This result is consistent with analyses of the temperaclassic RS model and thermally assisted hopping injection.
ture and field dependence of the charge-carrier mobility in d&or an organic layer with a dielectric constantecf 3.5 the
broad class of organic glasses known to feature a Gaussi®S coefficient should beBrs=(€%/4meeo)Ydkt=0.77
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30 T the I-V characteristics follow qualitatively the prediction of
the RS conceptFig. 5), there obviously exist quantitative

] differences as far as the RS coefficient is concerned. The
. theoretical Brs values are a factor o2 lower than the
experimental data.

20k V. CONCLUSIONS
In the present paper we have investigated the electron
] injection in an Al/Alg(150 nm/Mg:Ag single-layer OLED.
N Conventional models such as Fowler-Nordheim tunneling
] and Richardson-Schottky thermionic emission cannot ac-
] count for the experimentally observed dependence of the in-
. jection current on electric field and temperature. The similar-
] ity with FN-type j(F) characteristics at high-electric fields
1 has to be considered accidental. Analysis of the injection
P IR B BT current in terms of the classic RS concept yields only quali-
150 200 250 300 350 tative agreement with the experimental data. Quantitative
T (K) differences are noted concerning the RS coefficig®id],
the RS constantA*), and the temperature dependence. We
FIG. 8. Comparison of the theoretical Richardson-Schottky cofind excellent agreement with experiment, provided by a
efficient Brs= (€%/4me o) Y2/ kt for £ =3.5 (solid line), the experi-  Monte Carlo simulatiort® which takes into account that ther-
mental data for Alg (V) obtained from the slopes of the straight mal injection starts at the Fermi level of an electrode and
lines in Fig. 5, and the simulation values at 250 and 3008 for  populates states under the manifold of hopping states accord-
a disordered hopping system characterized by a Gaussian DOS witig to a weighted probability density of width 100 meV,
o=80 meV. assuming a zero-field energy barrier’of 0.5 eV. Given the
uncertainty of the exact values of the work functions of

X102 (cm/V)*2 at 300 K. For a Gaussian distribution of Mg:Ag and the reduction potential of AJgthis agreement is

hopping states of variance=80 meV simulation predicts quite satisfactory.

Brsto be 1.4...1.%10°2 (cm/V)Y2 From the slopes of

the straight lines in Fig. 5 the experimeniBks values for ACKNOWLEDGMENTS
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