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Charge injection and transport in single-layer organic light-emitting diodes
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We present experimental and device model results for the current—voltage characteristics of a series
of organic diodes. We consider three general types of structures: electron only, hole only, and
bipolar devices. Electron and hole mobility parameters are extracted from the corresponding single
carrier structures and then used to describe the bipolar devices. The device model successfully
describes the experimental results for: electron only devices as thickness is varied, hole only devices
as the contact metals are varied, and bipolar devices are both the thickness and the contact metals
are varied. ©1998 American Institute of Physid$S0003-695(98)00547-4

There is much interest in light-emitting diodélsEDs)  then due to the space-charge-limited current of one carrier
based on conjugated organic materials for large-area eleeand depends only on the bulk transport properties of the
tronic applications, such as displays, due to their promise obrganic film for that carrier. Carrier injection can be studied
low cost, easy processing, and low-temperature depositioim a relatively simple situation by considering a series of
over flexible or curved substraté#\ great deal of work has single organic layer structures in which only one contact ef-
been done towards an understanding of the device physics &itiently injects carriers and the Schottky energy barrier to
organic LEDs:™® Single-layer polydialkoxy-p-phenylene charge injection of that contact is varied by changing the
vinylene LEDs have been systematically investigatéd. contacting metal. Carrier recombination affects the injected
The electron and hole currents were studied in single carriecarrier density, and hence, theV characteristics of bipolar
structures where the current was space-charge limited ardevices. Carrier recombination also determines the lumi-
not determined by the properties of the contdcfse recom-  nance efficiencies of devices, however, quantitative evalua-
bination process was studied in bipolar devices employingion in single-layer devices is complicated by cavity effects,
space-charge-limited contacts and reported to be of thdipole quenching near the electrodes, and extrinsic nonradi-
Langevin type® ative recombination centers, and is the topic of future

The device current of organic light-emitting diodes is studies’
determined by the injection, transport, and recombination of ~We first consider Ca/Ca electron-only structures as a
charge carriers. Charge injection depends on the Schottkiunction of polymer thickness. Calcium provides a space-
energy barrier between the contact and the organic materiatharge-limited electron contact. We describe the measured
Charge transport and recombination depend on the materi&V characteristics with a device model and extract the elec-
properties of the organic film. We consider structures wheréron mobility. For hole injecting structures in MEH-PPV,
the injection processes at the contacts, the transport propethe device behavior can be varied from space-charge-limited
ties of carriers in the organic film, and the carrier recombi-current for small energy barrier contacts such as gold and
nation processes can be separated to as large a degreepdstinum, to contact-limited current for large energy barrier
possible. We present results for current—voltage characterigontacts such as copper or aluminfiwe consider Au/Al
tics of single organic layer LEDs consisting of and Cu/Al hole-only devices. The holes are injected from the
metal AMEH-PPV/metalB (denoted metalA/metal B)  gold or copper contacts. We use previously determined
structures where MEH—-PPV stands for g@ymethyoxy,5-  Schottky energy barriers for these contacts to MEH-PPV,
(2'-ethyl-hexyloxy—1,4-phenylene vinylejeWe select the describe the measurdd-V characteristics using a device
contact metals of the devices so that either electrons or holesodel and extract the hole mobility. Finally, we consider
dominate the current flow. We use the results of these singlpt/Ca and Cu/Ca bipolar devices. Using the mobility param-
carrier structures to separately determine the mobility parameters determined from the electron-only and the hole-only
eters of the two carrier types. We then select the contaditructures, the device model successfully describes the mea-
metals so that both electrons and holes are injected and usered| -V curves for these bipolar devices with different
the single carrier mobility parameters to describe the meathicknesses and injection barriers without additional fitting
sured current-voltage characteristics of the bipolar devicesparameters.

Carrier transport in organic films can be studied in a  The device model, described in detail elsewleoen-
relatively simple situation by considering single organicsiders charge injection from the metal into the organic by
layer structures in which the contacts are selected to providghermionic emission and a backflowing interface recombina-
space-charge-limited current for one carrier type and preventon, which is the time-reversed process of thermionic emis-
efficient injection of the other carrier type. The current ission. Charge transport is described by time-dependent conti-
nuity equations, with field-dependent carrier mobilities and a

aElectronic mail: crone@lanl.gov drift—diffusion form for the current coupled to Poisson’s
Ppresent address: Intel Corporation, Hillsboro, OR 97124-6497. equation. Carrier recombination is bimolecular with a Lange-
0003-6951/98/73(21)/3162/3/$15.00 3162 © 1998 American Institute of Physics
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FIG. 1. Log-linear(upper paneland linear—linearlower panel current FIG. 2. Log-linear(upper pangland linear—linearlower panel current
density vs applied voltage bias for single-layer electron-only Ca/Ca deviceslensity vs applied voltage bias for single-layer hole-only Au/Al and Cu/Al
with polymer film thicknesses of 25, 60, and 100 nm. Solid lines are mea-devices with polymer film thicknesses of 100 nm. Solid lines are measured
sured values; dashed lines are model results. The inset schematically illusalues; dashed lines are model results. The inset schematically illustrates the
trates the relative positions of the Fermi energy of the contacts and theelative positions of the Fermi energy of the contacts and the electron and
electron and hole polaron energies in the polymer. hole polaron energies in the polymer.

vin form for the kinetic coefficient. Most of the input param- device shows a leakage current, which varied from one de-
eters required by the model can be measured directly. Cadce to another, and is most likely due to defects in the or-
pacitance measurements insure that the devices are fullyanic film. The fit hole mobility parameters ayg,,=5
depleted, and that device current is due to injected charge<10 8 cn?/V's, and Ey.=1.3x 10* V/cm, which gives a
The device thickness is measured by a Dektak profilometemobility at 1 MV/cm of 3x10™4 cn?/V s. The hole mobil-
and the Schottky energy barriers to injection, and hence, thigy obtained is consistent with those obtained by TOF mea-
built-in potential for a given choice of contacts, were deter-surements on a similar polym&t.
mined in Ref. 10. Time-of-flighf TOF) measurements on Figure 3 shows experimental and device model results
organic materials have found a strongly field-dependent caffor Pt/Ca devices with polymer thicknesses varying between
rier mobility that can be parametrized by the form 20 and 110 nm. The Pt and Ca contacts provide low-energy
= wo expyE/Eq. ' This form has also been derived theo- parriers for hole and electron injection, respectively. The cur-
retically for conduction through a spatially correlated Gaussrent is limited by space charge and recombination and de-
ian density of state$DOS).'* An alternative approach as- pends on the bulk properties of the polymer. Electron and
sumes a constant carrier mobility and introduces the DO$0le mobilities determined from the fits to the single carrier
through a distribution of trap¥:'® The current voltage data devices are used without modification in the calculations:
for the single carrier structures is described by the devicnhere are no fitting parameters. The device model agrees with
model usinguo and E, as fitting parameters. The device the measured results for the Pt/Ca structures over several
thickness and energy barriers are constrained to be within thg.gers of magnitude in the current for device thicknesses
error of their independently measured values. The mobiIityram‘:]mg from 20 to 110 nm. The low current characteristics
parameters extracted from the single carrier structures arg the 40 nm device show a leakage current shoulder, which
then used to de§cribe thq bipolar devices. Device fabricatiopy ot reproducible between different devices and is likely
has been described prevpuéﬂl. , due to defects in the MEH—PPV film.

Figure 1 shows experimental and device model results g, e 4 shows experimental and model results for Pt/Ca

for Ca/Ca electron-only structures with polymer thicknesses, 4 cu/ca devices with polymer thicknesses of 100 and 80
of 25’ 60, and 100 nm. In _thes_e devices the Schottky_ ENerO¥m, respectively. Pt and Ca are space-charge-limited hole
barrier for electron injection is about 0.1 eV, leading to

space-charge-limited current flow. The current depends on
the bulk transport properties of the MEH—PPYV layer. The fit
electron mobility parameters argo,=5x10 12 cn?/V's
andEq.=10* V/cm for all thicknesses. This gives a mobility

at 1 MV/cm of 107 cn?/V s. As seen from the semilog
plot, the model describes the data over several orders of
magnitude in current for device thicknesses of 25—-100 nm.
The model provides good agreement with the observed
length scaling, which is no¥?/L3 because of the field de-
pendence of the carrier mobility.

Figure 2 shows experimental and device modeling re-
sults for Au/Al and Cu/Al hole only structures with polymer
thicknesses of 100 nm. The Au/MEH—-PPV contact has &IG. 3. Log-linear(upper paneland linear—lineaflower panel current
small Schottky energy barrier for hole injection and is spacedensity vs applied voltage bias for single-layer Pt/Ca devices with polymer

charge limited. The CWMEH—PPV contact has-8.7 eV film thllcknesses_of 20, 40, 50, 100, and 110 nm. Solid I|nes are measured
values; dashed lines are model results. The inset schematically illustrates the

SChOttky energy barrier to hole injection and_ current flow iSyg|ative positions of the Fermi energy of the contacts and the electron and
limited by the contact. The low current behavior of the Cu/Al hole polaron energies in the polymer.
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10-1 sults for the current—voltage characteristics for single or-
@10_3: | ganic layer diodes. We considered three general types of
5 i ) structures: electron only devices, hole only devices, and bi-
§10-5- i polar devices with both electrons and holes. The current—
Z 0.1 voltage data for the single carrier structures is described by
A the device model using the material-dependent mobility fac-
§0.05- | tors uy and E, as fitting parameters. The mobility param-
& eters extracted from the single carrier structures are then

0 used to describe the bipolar devices, with no additional fit-
0 15 ting parameters. The device model described the experimen-

5 10
Bias (V . . . .
1as (V) tal results for a thickness series of electron-only devices with

FIG. 4. Log-linear(upper panéland linear—lineaflower panel current ~ Space-charge-limited current and gave a good fit to the data
density vs applied voltage bias for single-layer Pt/Ca and Cu/Ca devicegyer several orders of magnitude in current density. The de-
with polymer film thlc.knesses _of 100 and 80 nm, respectlyely. Solid Ilnt_es ;Ce model described the experimental results of hoIe-onIy
are measured values; dashed lines are model results. The inset schemancaéy . 1 .
illustrates the relative positions of the Fermi energy of the contacts and thl€vices with Au/Al and Cu/Al .Conta(_:ts and gave a QOOd fit
electron and hole polaron energies in the polymer. over several orders of magnitude in current density. The
model accurately describes bipolar devices, both for a thick-

. ness series of Pt/Ca structures, and devices with Cu/Ca con-
and electron contacts, respectively. The copper contact has

i o . tgcts, without additional fitting parameters.
large barrier for hole injection and the hole current is contact gp

limited in these structures. Because the hole mobility is  The authors would like to thank D. R. Brown for tech-
larger than the electron mobility, most of the current is carnical assistance. This work was funded in part by the Los
ried by holes in the Pt/Ca structures, but in the Cu/Ca strucAlamos National Laboratory LDRD program.
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