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Device physics of single layer organic light-emitting diodes
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We present experimental and device model results for electron only, hole only, and bipolar organic
light-emitting diodes fabricated using a soluble pdly-phenylene vinylene based polymer.
Current—voltagel(-V) characteristics were measured for a series of electron only devices in which
the polymer thickness was varied. TheV curves were described using a device model from which

the electron mobility parameters were extracted. Similarly, the hole mobility parameters were
extracted using a device model descriptiorl 6%/ characteristics for a series of hole only devices
where the barrier to hole injection was varied by appropriate choices of hole injecting electrode. The
electron and hole mobilities extracted from the single carrier devices are then used, without
additional adjustable parameters, to describe the measured current—voltage characteristics of a series
of bipolar devices where both the device thickness and contacts were varied. The model successfully
describes thé —V characteristics of single carrier and bipolar devices as a function of polymer
thickness and for structures that are contact limited, space charge limited, and for cases in between.
We find qualitative agreement between the device model and measured external luminance for a
thickness series of devices. We investigate the sensitivity of the device model calculations to the
magnitude of the bimolecular recombination rate prefactor.1999 American Institute of Physics.
[S0021-89709)05922-9

I. INTRODUCTION whether the device is electron only, hole only, or bipolar.
Previous work has shown that a variety of metals form con-
Organic light-emitting diode$LEDs) are of interest for  tacts to MEH-PPV with energy barriers that follow the ideal
displays because they show promise for low cost, large aregchottky picture’. Metals with small work functions such as
devices, and they are compatible with low processing temca or Sm provide a small barrier to injection of electrons,
peratures and flexible substrate§.The simplest organic ang large work function metals such as Pt or Au provide a
LED consists of a thin layer of organic material sandwichedsma| parrier to injection of holes. Al and Cu provide a large

between two metal contacts. The organic layer is not dopefly rier to injection for both holes and electrons into MEH-
and the asymmetry of the contacts determines the diode N@spy/

ture of the devic@.By using appropriate contacts, electrons We first consider single carrier electron only and hole

or hole;s or .bOth are efficiently injected. For bipolar .Sj[ruc'only devices in order to determine independently the carrier
tures, in which both electrons and holes can be efficiently .~ . . .
injected, radiative recombination in the organic layer resultslmectlor1 from various contacts and th_e carner tra_nsp_ort
in the emission of light. There has been much work donéDrOpertIeS of ME_H'I_DPV' In these dewces_ re_co_mblnqtlon
recently to understand the basic principles of organic LEDdOE_’S_ nOJF play a significant role and current is I_|m|ted elther
operatiorft-11 py |nljzect|on at the contacts or by space charge in the organic
Our approach to studying the device physics of organiJ"m' The tr_an_sport parameters are obtained using a device
LEDs is to begin with simple devices in which we can Sepa_model description of current—voltagé—~V) .character.lsncs.
rate, to as large a degree as possible, the fundamental proh® measured current-voltage characteristics of bipolar de-
cesses of charge injection, transport, and recombination. TH4Ces with a variety of thicknesses and Schottky energy bar-
understanding gained from the simple devices can then bders are then described using the carrier mobilities extracted
applied to more complex structures. In this article we reporfrom single carrier devices without additional fitting param-
experimental and model results for single layer devices witreters. The device model provides insight into the carrier den-
the structure metal/MEH-PPV/metalB (denoted metah/  sity and electric field profiles in the devices. These quantities
metalB), where MEH-PPV stands for poly2-methoxy, are difficult to directly probe experimentally. In bipolar de-
5-(2'-ethyl-hexyloxy-1,4-phenylene vinylerle The metal vices recombination can play an important role in determin-
contacts determine the energy barrier to injection of electronig the current—voltage characteristiésHowever, for the
and holes. Thus, the choice of metal contacts determinesevices investigated here, the current—voltage characteristics
have a weak dependence on the recombination rate. Recom-
3Electronic mail: campbell@lanl.gov bination does affect the carrier density profiles, recombina-
PPresent address: Intel Corporation, Hillshoro, OR 97124-6497. tion density profiles, and luminance efficiencies.
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We describe the measurédV characteristics using a 0.10 . T
device model, described in detail elsewhere, that considers
charge injection from the metal into the organic by thermi-
onic emission and a backflowing interface recombination
which is the time reversed process of thermionic emis&on.
We find that for most cases of interest for organic LEDs
these two currents are separately much larger than the net
device current and that they establish quasithermal equilib-
rium at the injecting contacts. Charge transport is described 0
by continuity equations, with electric field dependent carrier )
mobilities and a drift-diffusion form for the current coupled
to Poisson’s equation. Carrier recombination is bimolecular
with a Langevin form for the kinetic coefficient. Except for
the carrier mobility all the parameters used in the device
model are constrained to lie within the error of independently
measured values. We take carrier mobilities to have an elec-
tric field dependence of the Poole—Frenkel form:

= noeVEE whereE is the electric field angiy andE, are 0]
parameters describing the mobility. This form for the mobil- Bias (V)

ity has been seen in time of ﬂlght measurements on ConJuIEIG. 1. Measuredsolid line) and calculateddashed lingcurrent density vs

gated organic materials, and has been derivegjas voltage for PAl, Au/Al, and Cu/Al hole only devices on lindésp
theoretically*>~° It has been directly seen in time of flight pane) and log—log(bottom panél scales. Holes are injected from the Pt,
measurements of MEH-PPRAY. Au, and Cu electrodes. Devices are about 100 nm thick. The inset shows the

. L . . relative energy levels.
The device fabrication has been described previously. o

Fabrication and measurement of devices was done either un-
der vacuum or in an argon glove box atmosphere. Except folrI
the results discussed in Appendix C, all devices were fabri-
cated using MEH-PPV from the same synthetic run and us- In this section we present experimental and device
ing processing conditions that were as nearly identical aghodel results for single carrier structures. A series of hole
possible. The device thickness was determined from profiloonly devices is presented where the energy barrier for hole
meter measurements. Capacitance—voltage measuremeffigction is varied by choosing different metal contacts. A
verify that the devices are fully depleted and also provide dhickness series of electron only devices were fabricated
check of device thickness. The Schottky energy barriers t§/here Ca was always the electron injecting contact. The car-
charge injection for a variety of metals into MEH-PPV have'ier density and electric field profiles calculated with the de-
been determined by combining electroabsorption and interYice model are presented for several of the devices.

nal photoemission measuremehfBhe Schottky energy bar- Figure 1 shows current density versus bias voltage for
riers to electrons and holes used in the model calculations afel/Al: AU/Al, and Cu/Al hole only devices with about 100
as follows: Pt(holes 0.1 eV, Au (holes 0.2 eV, Cu (holes M thick MEH-PPV layers. The holes are injected from the
0.7 eV), Al (electrons 1.3 é)/ and Ca(electro’ns 0.1 ey Pt, Au, or Cu electrodes. The Al electrode provides a large

The Schottky energy barrier to injection for the carrier notbarrler to ele_ctr(_)n injection. The experimental results are
. o . . shown as solid lines and the model results as dashed lines.
listed is given by subtracting the Schottky barrier shown

) . The hole mobility parameterg.o,=5%10 8cm?V's, and
fro.m.the energy gap of MEH F.)P\(ZA ev). T_here 'S a Eon=1.3x10* V/cm were used for all the structures. Pt and
built-in potential in the device given by the difference be-

W the Schottk barri f th tact Au provide space charge limited current because they have a
een the SChotiky energy barriers ot the contacts. small energy barrier for holes to MEH-PPV. Cu has a larger
The article is organized as follows: in Sec.

. . ; . ) I we d?' barrier and the current is limited by injection at the Cu/
scribe the single carrier device results, in Sec. Ill we describge_ppy contact. When the data and model results are

the bipo.lar device results, recpmbination is d.iscussed in Sefalotted on a log—log scale, the data are approximately linear
IV, and in Sec. V- we summarize our conclusions. In Appen-iy g|| cases, although the current is not space charge limited
dix A, we consider the effect of recombination on a devicefor cy/Al. The slope on the log—log plot is due to the field
where both carriers have good injection and equal mobilitiesgependence of the mobility and the image force barrier low-
In Appendix B, we show that essentially the same results argring if the energy barrier to injection is large. The model
obtained if we consider injection into electronic states at ongjescribes the experimental data over several orders of mag-
energy level or into states with a Gaussian distribution ofitude in current density for a variety of Schottky energy
energy levels. In Appendix C, we discuss variations in carbarriers to injection.

rier mobility that arise when using MEH-PPV starting mate-  Figure 2 shows current density versus bias voltage for a
rial from different synthetic runs and different processingthickness series of Ca/Ca electron only devices. The experi-
conditions. mental results are shown as solid lines and the model results

0.05

Current Density (A/cmz)

20
Bias (V)

Current Density (A/cmz)
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FIG. 4. Calculated electron densitop panel and electric field(bottom
pane) profiles for a 110 nm Ca/Ca device biased to provide 182
Alcm? device current density. The electron injecting contact is on the left.

Bias (V)

FIG. 2. Measuredsolid line) and calculateddashed lingcurrent density vs
bias voltage for 25-, 60-, and 100-nm thick Ca/Ca electron only devices on
linear (top panel and log—log(bottom panel scales.

that give a current density 056102 A/lcm?. In both cases

the hole density at the injecting contact=L) is the qua-
as dashed lines. The electron mobility paramejegs=5  sithermal equilibrium value. For the Cu/Al device, there is a
X 10" 2cm?/V's, andEg.=1.0X 10 V/cm were used for all large barrier to injection for both holes and electrons so that
the structures. The current is space charge limited becauske injected carrier densities are small and they do not sig-
the energy barrier to injection of electrons from Ca intonificantly modify the electric field in the device. The carrier
MEH-PPV is small. The current is determined by bulk trans-density and electric field are constant across the device. In
port properties of the polymer. The model describes currentthe Pt/Al device the Pt contact has a small energy barrier to
voltage characteristics for Ca/Ca devices over a range dfjection of holes so the hole density is high at this interface,
thicknesses, and over several orders of magnitude of curregusing a lowering of the electric field. The electric field and
density. The thickness scaling is nét/L3 as predicted by hole density vary across the device in such a way that the
the analytic calculation for space charge limited current thatlevice current remains constant. The hole density in the
does not use field dependent mobilities. Pt/Al device is over two orders of magnitude larger than the

Figure 3 shows the calculated carrier density and electritiole density in the Cu/Al device. The electric field is larger
field profiles for contact limited Cu/Al) and space charge in the Cu/Al device and because of the strong field depen-
limited (Pt/Al) hole only devices with 100- and 90-nm thick dence of the carrier mobility, theE product is over two
MEH-PPV layers, respectively. Profiles are shown for biasesrders of magnitude larger in the Cu/Al device and the de-
vice currents in the two structures are equal.

Figure 4 shows the calculated electron carrier density
and electric field profile for the 100 nm Ca/Ca device at a
bias such that the current density is<50 2 A/cm?. The
electron density at the injecting contact=0) is the qua-
sithermal equilibrium value. The barrier to electron injection
is small and sufficient space charge accumulates at the in-

10" cwm jecting contact to screen the electric field in this region. The

Hole Density (cm’)

Ca/Ca device is space charge limited for electrons.

2Isx10”a/em’

CwAl Ill. BIPOLAR DEVICES

In this section we present experimental and device
PYAl model results for bipolar single layer devices. Two device
series are presented, a thickness series of Pt/Ca devices
1 ! where both electron and holes are space charge limited, and
0 50 100 a series where the electron injecting contact is always Ca, but
Position (nm) the hole current is varied from contact limited to space
, o charge limited. The current—voltage characteristics of these
FIG. 3. Calculated hole densitjop panel and electric fieldbottom paneél o ica are measured and described with the device model
profiles for a 90 nm Pt/Al and a 100 nm Cu/Al device biased to provide 5~ . . . A .
X 10~2 Alcm? device current density. The hole injecting contact is on the using the carrier mobilities determined from the smgle car-
right. rier devices with no additional fitting parameters. The device

Electric Field (MV/cm)
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linear (top panel and log—log(bottom panel scales.

Figure 7 shows calculated carrier density and electric
d profiles for Pt/Ca and Cu/Ca bipolar devices, for biases
that give a current density 06102 A/lcm?. In both cases
electrons are injected from the left a&=0 and holes from
the right atx=L. The electron and hole densities are given
by the quasithermal equilibrium values at the injecting con-

. . : acts. For the Pt/Ca device the electrons and holes are space
Figure 5 shows current density versus bias voltage for %‘:harge limited and have high carrier densities at the injecting

series of Pt/Ca bipolar devices with MEH-PPV layer thick- tacts that the electric field. The electron densit
ness from 40 to 110 nm. The Pt and Ca contacts provide loyyOntacts that suppress the €electric ield. The electron density

energy barriers for hole and electron injection, respec:tivelydrOpS rapidly across the device. The slope of this drop is

The current is space charge limited and depends on bulgetgrmined by-a qombination of the glectron mobility and
properties of the polymer. The data are described using thaarmer recombmaﬂon. The.holes QOmlnate the current dgn—
device model with carrier mobility parameters determinedSlty across virtually the entire dgvpe. For the Cu/Ca device
from the single carrier devices with no additional fitting pa- the electrons are space charge limited, but the holes are con-

rameters. The model describes the data over a range of gtact limited. The electric field and carrier densities near the

vice thickness and over several orders of magnitude of de-
vice current.

Figure 6 shows current density versus bias voltage for
Pt/Ca and Cu/Ca bipolar devices, as well as Pt/Al and Cu/Al
hole only devices. The Pt/Ca and Cu/Al devices are 100 nm
thick, the Pt/Al is 90 nm thick, and the Cu/Ca is 80 nm thick.
The Pt/Ca device has space charge limited current for elec-
tron and hole carriers, whereas the Cu/Ca device has spact
charge for electrons, but holes are contact limited due to the
large energy barrier to injection of holes from Cu into MEH-
PPV. The model describes the data well over several orders
of current density using the mobility parameters determined
from single carrier devices. The Pt/Ca and Pt/Al devices
have similar currents, the Pt/Al current is somewhat higher
because it is thinner and has a smaller built-in potential. The CF\ ,
Cu/Ca device has a substantially larger current than the 0 30 1000 40 80
Cu/Al devices. This is due in part to the thickness difference, Position (nm) Position (nm)
k?Ut primarily because the Cu/Ca device current has ContrlbuIEIG. 7. Calculated holésolid line) and electror{dashed lingcarrier density
tions from both electrons and holes, whereas the Cu/Al deémd electric field profiles for Pt/Ca and Cu/Ca devices. The electron inject-
vice current is hole only. ing contact is at the left and the hole injecting electrode is at the right.

model assumes a bimolecular carrier recombination with %el
kinetic coefficient of the Langevin fornR=ynp=eugrnp/

€€y, Whereupg is the larger of the carrier mobilities,is the
electronic chargep(p) is the electrorthole) density, e is the
static dielectric constant, ane}, is the permittivity of free
space.

_
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FIG. 8. Calculated electrofdashed lingand hole(solid ling) current den-  £1G. 9. Calculated devicétop panel and recombinatior(bottom panel

sity profiles for a Cu/Ca device. The current density profiles are shown folgyrrent density vs bias voltage for three valuesypthe kinetic coefficient

bias voltages of 6, 9.5, and 13 V, corresponding to current densities ofs the recombination rate. Calculations are shown for the expected value of

0.07x10°5, 3x 103, and 6x 10" 2A/cm?, respectively. v (solid ling), and for the expected value ¢fdivided by (dashed lingand
multiplied by (dotted ling a factor of 10.

hole injecting contact ak=L are relatively constant. The

electron density is high near the electron injecting contact attlole(lower panel density profiles for 100 nm Pt/Ca devices

x=0, and screens the electric field. At this current density, the three values of the recombination rate kinetic coeffi-

the electron density is about three orders of magnitude Iargq{iem: one tenth the Langevin valtgashed ling the Lange-
than the hole density, however the electrgp mobility is abou(/in value(solid line), and ten times the Langevin value. The
a factor of 300 Iower_than the hole m_ob|I|ty. The eleCtronScarrier densities vary witly predominantly near the Ca elec-
and h_OIES, both cqntnbute to the device current, as can Bon injecting contact at= 0. This region is shown in greater
seen in Fig. 8 which shows calculated current density progeai in the insets. When the kinetic coefficient is increased,
fll_es for electrons and holes for the Cu/Ca deVIce_ "_"t applle‘goth the electron and hole density decrease near the Ca con-
b|ase_35 of 6, _955' and 13 v W'thz current densities of 7,04 The hole density is relatively unaffected away from this
x107%, 3x107", and 6<10™ Alcn’, respectively. contact. The device current in Pt/Ca devices is predomi-
nantly due to holes, so it is insensitive to the kinetic coeffi-
cient. The recombination is dominated by the region near the
In this section we address carrier recombination. Carriefa contact, where thep product is appreciable.
recombination determines the light emission from a device, The upper panel of Fig. 11 shows the measured and
and also affects the current—voltage characteristics and cagalculated external luminance versus device current for 40-
rier and field profiles. The model assumes a bimoleculagnd 110-nm thick Pt/Ca devices. The symbols are the mea-
Langevin recombination of the formR=+ynp with y  sured device luminance using a silicon photodiode placed
=eug/€eey.?! This is a total recombination rate, and in-
cludes both radiative and nonradiative processes. This re-
combination rate can be integrated across the device to give

IV. RECOMBINATION

a net recombination current density 0 | PUCe 0.1 Alem®
L i 19|
3= fo eRdx=J,(L)—3,(0)=3,(0) = Jp(L), (1) for
= : 107} %
whereJ, (x)[J,(X)] is the electrorihole] current density as a s 107 10”0-
E 16 J II
10° [

function of position. This recombination current density can
be used to calculate a device luminance by multiplying it by
the optical energy gap, and by the fraction of recombination
events that lead to external photon emission.

Figure 9 shows calculated current dengityp) and re-
combination current densitipottom) versus applied bias for
a 100 nm Pt/Ca device. Three values for the recombination
rate kinetic coefficient are used; one tenth the Langevin 10 .
value (dashed ling the Langevin valugsolid line), and ten 0 %0 100
times the Langevin valu@lotted ling. The device current is Position (nm)
essentially the same for all three cases. The recombinationG. 10. Calculated electroftop panel and hole(bottom panél carrier
current increase@decreasesby a factor of 2 when the ki- density profiles for three values of the kinetic coefficient of the recombi-

. - P nation rate. Calculations are shown for the expected valisolid line), and
netic coefficient is increase@lecreasedby a factor of 10. (15, "0 0 T o6 divided by (dashed ling and multiplied by

The rgcombination current is proportional to the light OUtPUL. (gotted ling a factor of 10. The electron injecting contact is at the left and
Figure 10 shows calculated electrompper pangland the hole injecting electrode is at the right.
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0.1 r V. CONCLUSION

The current—voltage characteristics of electron only and
hole only single layer MEH-PPV devices were presented.
- The results were described by a device model in which the
o ® Poole—Frenkel form was used for the carrier mobilities. The
.. . mobility parameters extracted wepgy,=5x10 8cné/Vs
2 ' and Eg,=1.3x10*V/cm for holes, and uge=>5
[ PuCall0am o o X 10" 2cm?/V's and Eq.=1.0x 10* V/cm for electrons. As
10 discussed in Appendix C, the carrier mobilities can change

significantly for different synthetic runs of MEH-PPV. The
model describes cases from contact limited to space charge
444444444444444 limited over several orders of current density, and also de-
e scribes the length scaling for space charge limited devices.
0 0.025 , 005 Calculated carrier density and electric field profiles were
Current Density (Afemt) shown for single carrier devices. The carrier densities at the
FIG. 11. Measuredsymbol$ and calculatedlines) external luminance vs  INjecting contacts were found to be the quasithermal equilib-
device current density for 40- and 110-nm thick Pt/Ca deviapper panel rium values. For the same current density, contact limited
g"e?‘SUfed eéfema'd'“mli”e}”fedvs ‘:EViC? Icu"_em de”fS“yﬂ:Of the 113 nm P]E/Céases had carrier densities several orders of magnitude lower
sevceynb) s it el Lminarce 0 1 s4me e O those n space charge fmited devices, however th elec
by (dashed lingand multiplied by(dotted ling a factor of 10. tric field was only several times larger. This is the case be-
cause the field dependence of the carrier mobilities gives a
very large increase in mobility for a severalfold increase in
flush against the LED substrate. The lines are calculated ejel|d.
ternal luminance obtained by multiplying; by the optical Experimental and device model results were presented
energy gap and by a factgrwhich is the fraction of recom-  for bipolar single layer devices. Bipolar devices were mea-
bination events leading to externally measurable light emissured and described with a device model using carrier mo-
sion. The optical gap is 2.4 eV for MEH-PPV, agdvas  bilities determined from single carrier devices, and Schottky
chosen agf=1/110 so the measured and calculated lumi-energy barriers and device thicknesses which were measured
nance agreed for the 110 nm device. The model reproducesdependently. The model accurately describes bipolar de-
the linear behavior of luminance versus current density, angices, both for a thickness series of Pt/Ca devices, and de-
the decrease in luminance with decreasing device thicknesgices with Cu/Ca contacts, over several orders of magnitude
However, the model underestimates the magnitude of thg current density, without additional fitting parameters. In
luminescence drop with decreasing thickness. The loweg| cases the calculated carrier densities at the injecting con-
panel shows the calculated external luminance versus deviggcts were found to be the quasithermal equilibrium values.
current for a 110-nm-thick Pt/Ca device usifg1/110, and The calculated current—voltage characteristics of Pt/Ca
for recombination rate kinetic coefficient: of one-tenth the| EDs are relatively insensitive to the magnitude of the pref-
Langevin value(dashed ling the Langevin valueg(solid  actor chosen for recombination. Variations of recombination
line), and ten times the Langevin value. A factor of 10 rate predominantly affect the carrier with a lower density.
change in the recombination rate results in a factor of 2-or Pt/Ca devices this is the low mobility electrons which do
change in the calculated luminance. not contribute significantly to the device current over most of

The factor{ is determined by the photoluminescencethe device. The current—voltage characteristics for Cu/Ca de-
yield, the fraction of excitons which are singlets, cavity ef-vices are also relatively insensitive to changes in recombina-
fects, losses to the metal contact such as dipole quenchingon rate. In this case it is because the low density holes are
reabsorption of the emitted light, and the fraction of gener{imited not by recombination, but rather by injection from
ated photons which can escape the deffcé> A simple  the Cu electrode. For Pt/Ca devices the calculated recombi-
estimate of{ can be obtained by neglecting cavity effects, nation current is sensitive to the recombination rate, and is a
reabsorption of the emitted light, and luminescence quenchmeasure of the light output by the device. Luminance was
ing by the metal contacts. The photoluminescence yield isneasured for a thickness series of Pt/Ca devices, and was
about 15% for MEH-PPV. The fraction of excitons that aredescribed qualitatively with the device model. The model
singlets is assumed to be 25%. The light emitted through thgeproduces the linear dependence of luminance on current
semitransparent metal, is the transmission coefficient of density, and showed a decrease in the magnitude and slope

the contact. The light that escapes from the device is (Jf the luminance versus current density as the device thick-
—cos#,), where sing,=1/n, andn is the refractive index of pess decreases.

the material where the light is generated. For the devices

considered her& = 0.25 for the semitransparent Pt contacts,

and n=1.7, so {~1/600. This value is about five times ACKNOWLEDGMENTS

smaller than the value required to fit the data, so either the The authors thank D. R. Brown for technical assistance.
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r : 1 tion, and lead to higher device current densities. The recom-
Device Current Density ;| . bination current density also increases with decreasing
recombination prefactor, however the ratio of recombination
current to device current decreases with decreasing recombi-
nation as expected. The results presented for MEH-PPV
' showed that the device current for Pt/Ca and Cu/Ca devices
**[ Recombination Current Density ~ J was relatively independent of the magnitudeyofHere we
o/ have shown that the calculated current densities are more
sensitive toy for materials with equal carrier mobilities.

0.2

!
vio
0.1f .

Current Density (A/cmz)
=)

APPENDIX B: INJECTION INTO A GAUSSIAN
DENSITY OF STATES

The results presented above assume carrier injection into
a single electronic energy level in the organic material at
room temperature. In this section we will show that these
results do not change significantly when a Gaussian distribu-
tion of energy levels in the organic material is considered.
For essentially all cases of interest the carrier density at the
Position (am) injecting contacts is given by quasithermal equilibrium val-
ues, thus we need to consider how broadening the energy
current density vs bias voltage, and electron density préfiigtom panel Ieve_ls Into a. Gaussmn changes the qu.aSIthermal equilibrium
for three values ofy, the kinetic coefficient of the recombination rate. Cal- CarTier density at the interface. For a single energy level, the
culations are shown for the expected valuejofsolid line), and for the  quasithermal equilibrium carrier density at the interface in

expected value oy divided by (dashed lingand multiplied by(dotted ling the nondegenerate case is
a factor of 10.

Electron Density (cm's)

FIG. 12. Calculated devic&op panel and recombinatiorimiddle panel

n(0)=Noe /T, (B1)
APPENDIX A: EEFECT OF RECOMBINATION ON whereNy is the density of states of the organic materéglis
MATERIALS WITH EQUAL CARRIER MOBILITIES the energy of the stateg; is the quasi-Fermi level at the

interface,k is Boltzmann’s constant, and is the tempera-

The MEH-PPV used in this work has a much larger holeyre |f we consider a Gaussian density of states centered at
than electron mobility. The calculated current density was, with varianceo,

found to be insensitive to the magnitude of the prefagtof

the recombination rate. For cases with good injection of both
carriers such as Pt/Ca, the current is dominated by the high
mobility holes, whereas changes npredominantly affect
the low mobility electrons near the electron injecting contactthe quasithermal equilibrium carrier density at the interface
where thenp product is appreciable. For cases where boti the nondegenerate case is

D(e)=N, e (-0 (B2)

2ma?

cgrriers contribute tc_) the current density su'ch as Cu/Ca de- n(0)= Noe*“o*ff)’”e”z’z”, (83)
vices, the hole density is low across the entire device, so the _ _
recombination rate is low. However, for materials in which Equation(B3) can be written as
the two carriers have nearly the same mobility, recombina- eff
y y n(o):NOef(eO *Ef)/kT’ (84)

tion can have a significant influence on the current—voltage

relations. To illustrate this point we consider 100-nm thickwhere

devices with an organic material in which the carrier mobili-

ties are equal withuo=5%x10"8cn?Vs, and E,=1.3

% 10*V/em, and both carriers are space charge limited with

a 0.2 eV energy barrier to injection. Figure 12 shows current

density versus applied voltagapper panel recombination

current versus applied voltageniddle pane)l, and electron

density profile(lower panel for recombination rate kinetic

coefficients of: one tenth the Langevin val(dashed ling

the Langevin valudsolid line), and ten times the Langevin

value (dotted ling. The hole density is the mirror image of

the electron density. The calculated device and recombina- 0

tion current density, and the carrier densities all increase as i Bias (V)

the recombination rate decreases. The electron and hole den-

sities increase as recombination is reduced, however the toté‘l,G' 13. Calculated current density vs bias voltage for injection into a single
e . . unction level (solid line) and a Gaussian distribution of stat@mshed

charge and electric field remain unchanged. The higher caje). calculations are shown for a hole injecting electrode work function of

rier densities balance each other to satisfy Poisson’s equa:7 eV (contact limited and 5.1 eV(space charge limitéd
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0.10

—— or using different processing conditions. Figure tép

P/Ca 100 nm

p-Xylene pane) shows measured and calculated current—voltage char-
acteristics of 100-nm thick Pt/Ca devices made using MEH-
PPV from three different synthetic runs all spun from
p-xylene solutions. For the three runs shown thg values
range from 510 8cnm?/V's to 1.4<10 cn?/V's and the

Eon Values range from 1810 V/cm to 1x 10° V/cm. Fig-

Current Density (A/cmz)
(=3
<
L

0.00L .

" z 4 5 "(V) § 10 1 ure 14 (bottom panel shows the measured and calculated

010m . o ' current—voltage characteristics of 100-nm thick Pt/Ca de-
PY/Ca 100 am vices when using a single synthetic run and different sol-
One Synthetic Run m-Xylene vents. Theug, values range from 1.6510 ' cné/V's to

6.25<10 “cn?/Vs and theEy, values range from 1.1

x 10*Vicm to 2x10*V/cm. The observed variation from
synthetic run to synthetic run is much greater than that due to
different solvents. The origin of the significant run to run
variation is not clear but may be related to the solubility of
Bias (V) the polymer that is sensitive to its molecular weight distribu-
tion.

Current Density (A/cmz)
=)
o

=]
3

FIG. 14. Measuredsolid line) and calculateddashed ling current density
vs bias voltage for 100-nm thick Pt/Ca devices made using MEH-PPV from ;
three different synthetic runs spin cast frgrxylene solutiongtop panel
and from one synthetic run spin cast using different solvéstom panel
The variation from synthetic run to synthetic run is much greater than that
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