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Self-consistent analysis of the contact phenomena
in low-mobility semiconductors
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Self-consistent solution of charge injection and charge transport in low mobility light emitting
diodes(LEDs) is reported. We show that an explicit description of the contact region under the same
premise as the transport equations is needed to accurately evaluate the current—voltage
characteristics of polymer or small-molecule based LEDs. The results are compared to widely used
models, which treat the contact region in an implicit manner. 2@3 American Institute of
Physics. [DOI: 10.1063/1.1539534

I. INTRODUCTION ductor device model is generally applied to thermalized car-

L riers only and hence if we want to include the contact region
Charge injection and transport phenomena have been o 2

. . . . in such a model the thermalization length must be negligibly
studied for many years and in many material systems

. . . 5 ) small. Thermalization of carriers in polymers can be de-

cluding organic semiconductofs® Many of these studies . . : . .
: . 46.10 : . . scribed as ballistic motion of the particle under the influence

are now being revisité as high quality devices seem to f viscous drag force in the image potential fidld:
emerge through the use of new and better matetialately, ° 9 gep '
it has become evident that a better description of the contact
region or the contact phenomena in organic-material based v
devices is required. It has been proposed that one may need m—=—¢
to add interface states in the form of traps or dipoles to better
simulate experimental resufté1®However, it has also been
suggested that the contact phenomena in organic material%. . . .
should be formulated in a manner adequate to describe low? 'Ch. lead to an approxmate expression for the thermaliza-
mobility semiconductofé®and not as a correction to con- 1" distance for hot carriers:
tact phenomena in ceramic semiconductors. The common
feature of all the models described above is that they treat
contact phenomena separately or lump the contact region
into a single point in space. Recently, a molecularly oriented

transport modéf that treats the contact region in an explicit where, is the initial velocity of the injected carrieg, is the

manner was developed and applied to various light emittin I : . . S
. . . obility, andm is the carrier mass. This equation illustrates
diode(LED) structures. In this article we also make the con- - . X
the relevance of the low mobility to the physical picture.

tact region an explicit part of the device and solve the entire . .
. . . . . Although the mass of a carrier polaron is not well known the
device using a single semiconductor device model. More- o : ) )
; ._overall thermalization length is believed to be in the range of

over, we show that the effect of disorder and the Gaussia

density of statesDOS) can be included in such a model in
an easy to implement manner.

v de

;—e&, 1)

X¢~uvo(mie), 2

7_0.1 nm and hence one may assume that the carriers ther-
malize at the first-hop sit€ and that any further motion of
the carrier is governed by hopping transport in the electronic
potential. This process can be modeled by Monte-Carlo
Il. PHYSICAL PICTURE simulatiort® or by the drift—diffusion equatioh’*°
. ) ) In the current context one should compare the thermali-
Before describing the complete model we first examine, inn |ength with the length associated with the contact re-

the physical picture we use to describe the contact regionyion defined as the space between the metal/semiconductor
Investigation and development of physical models for charg&. o rface and the potential pedkee Fig. 1 The length of

injection into organic as well as d_isordereq mater!al_s can behis contact region varies betweenl0 and~5 nm for ap-
traced bggk sgveral decades. A microscopic Qescrlptlon gf '_[hﬁied voltages between 2.5 and 4 V, respectivelysuming a
charge injection process would generally include ballistic,ij;.in voltage of 2 VV and a 100 nm thick deviceén the low
motion of the charge carrier through the polymer, energy 0S8, jieq voltage rangérelevant to LEDS the thermalization
and thermalization, and the hopping motion of thermalizéqgnth is much smaller than the contact region with the latter

carriers between the localization site to the collector or re'comprising a sizeable fraction{(10%) of the device. Based

combination at the source. However, a8 macroscopic SemiCory, the ahove discussion we conclude that the contact region
should be treated in an explicit manner and that it may be
dElectronic mail: nir@ee.technion.ac.il treated under the premise of drift—diffusion models.
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J single poinf. When applied to single carrier devices the
hot semianalytical model shown aboyEgs. (3)—(5)] is similar

to the “standard” numerical semiconductor device

models’~®

C. Explicit model

llIlIllIll>

1. Semiconductor device model

>

3

In this article we present results obtained by self-
FIG. 1. Schematic of the contact regiog, is the coordinate of peak of the ConSBtem solution of an explicit model _ahd QOmPare Its re-
image force potential in the presence of an applied figlis the current of ~ Sults to widely used models for charge injection.

carriers thermalized at the contact regigpislthe current of “hot” carriers The equations that constitute the model are
that successfully overcome the peak ballistically.
—Doan/dx— undplox=1J, (7)
b= dsct d’image+ ¢appliedr 8
IIl. DEVICE MODELS P psdx)x*=al(g&y), 9)
A. Space charge limited current Dimagd X) = — A/ (8me£oX) + Pparien (10

The upper bound for the current flowing through anyWherenis the charge densitf is the diffusivity constanty
undoped device is given by the so-called space charge liniS the mobility, ¢sc is the potential induced by the spatial

ited current(SCLC) relation (bulk limited): distribution of charge carriershimage is the image force po-
tential at the contact, angl is the total potential experienced
9 %% by the carriers. We compare this model to three other mod-
‘]SC'-:§880'“F' ) els. To make the comparison simpler we do not account for

the field dependence of the mobility.

Our numerical simulation is based on solving K@)
using the exponentially fitted finite difference solution

While expression(3) is valid for low barrier injection  method as outlined in Refs. 20 and 21 and in the Appendix.
contacts it can be extended to include Contact—limiting effectsro illustrate the actual effect of |ump|ng the contact region
using the following formulas: into a single point in spadéqs.(4) and(6)] we plot in Fig.

Qb 2 the electronic potential calculated by “standaftlimped-
JED=qNO,uE(O)ex;{ - W) contaci modelg~° along results obtained using the explicit
model presented here. In these calculations the device length

qE(0) 4 is assumed to be 100 nm, the total DAS=10cm 3, the
hp=Pro— dmeey

B. Emission diffusion  (generalized SCLC )

mobility ©x=10%cm?V~'s !, and the contact barrier is
0.2 and 0.3 eV for Figs.(A) and 2B), respectively. The
dashed line corresponds to lumped-contact modeésults
and the solid line to results obtained through the explicit
model described here. We note that in the lumped-contact
L 5 2Jx models a sizeable region, betwees 0 andx,,, is pushed
Vep= fo \ E“(0)+ MSSOdX- () out of the devicgpushed to the left in Fig.)2
In order to examine the change in physical picture in-
The physical picture of this model is transport of chargeduced by neglect of the contact region we plot in Fig. 3 the
carriers under the combinegbint) potential of the image charge distribution calculated for devices having the same
force lowered by the potential appligdee Fig. 1 If the  contact barriers as those in Fig. 2 and operated at a net ap-
initial concentration of the carriers at the lower point of po- plied voltage Vapp— Vi) of 0.5 V. Figure 3 illustrates a few
tential, at the metallurgic junction, is equal to the total DOSpoints. First, for an injection barrier of 0.2 eV there is agree-
(Np) then the concentration at the top of the potentig|)(is  ment regarding the predicted charge density at the bulk
given by hence one would expect a similasV relation (bulk lim-
Qb ited). Second, for the injection barrier above 0.2 &ée 0.3
N(Xm) =Ng ex;{—ﬁ). (6) eV) the lumped-contact model tends to overestimate the
voltage-induced barrier lowering, resulting in a significantly
At X, the current is assumed to be drift current only andhigher charge density in the bulthence higher currents
proportional ton(x,)E(X,), where one assumes that,  Third, even for cases where the injection-contact barrier
~0 or E(0)=~E(X,,). Due to this latter assumption, the in- plays a role the image force still induces a high charge den-
fluence of space charge on the value of voltage applied isity close to the contagmetal/polymey interface, as calcu-
taken into account only beyond the contact regigmK,,) lated by the explicit model. Neglect of this high-density re-
and the high charge density at the metal/semiconductor ingion of 5-10 nm and of its space charge is the reason for
terface is neglectegsince the contact region is lumped into a overestimation of the voltage-induced barrier lowerfdt

where®,, is the potential value at its maximufpoint X, in
Fig. ). The drop in voltage betweeq, and the other contact
(x=L) is then given by
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Distance From Metallic Contact [nm] FIG. 3. Charge density distribution for contact injection barriergapf0.2

and (b) 0.3 eV. The dashed line was calculated using the “standard”

FIG. 2. Typical band bending. The barrier heights @e).2 and(b) 0.3 eV, (lumpeg model and the solid line using our explicit model.
respectively. The voltage applied is 0.5 V beyond the flat band condition

(i.e., V~2.5V). The dashed line was calculated using the “standard”

(lumped model and the solid line using our explicit model.

2. Accounting for the Gaussian DOS

The advantage of the explicit model described here is
that once contact is made part of the transport equations it
is also interesting to note that in order to account for highbecomes possible to account for unique properties associated
charge density at the interface there is no need to invok®ith organic materials. The most common property is that of
extrinsic traps or defects. disorder and the Gaussian distribution of the DI has
The above effects also manifest themselves inlth&/ recently been shown that within the framework of the semi-
characteristics of the device. FiguréAd compares simula- conductor transport equation the Gaussian DOS results in the
tion results of current—voltage device characteristics to thosmobility («) and diffusivity (D) not being related through the
of the (sem) analytical predictionglumped-contact models  classical Einstein relatior)/ w =k T/q) but rather through a
As expected, for low injection-barrier cases, the SCLCgeneralized relation of the form &/u= 7-kT/q 2> wherey
model is a reasonable approximation and for the 0.2 eV baiis a function of both the charge density) and the width of
rier all three models effectively converge. For higher injec-the Gaussian DO%r) (see Fig. 5 The main assumption in
tion barriers, like 0.4 eV, the role of the contact region has tahis calculation is that of equilibrium, which has not been
be explicitly taken into account, especially when low volt- fully proved. However, such an assumption is embedded in
ages are applied. At high voltages the main drawback of thenost device models and in the case at hand the final result is
lumped modelgstandardl is that they tend to overestimate in good agreement with Monte-Carlo simulatidi€? More
the voltage-induced barrier lowering effect, resulting in over-details on the derivation of the generalized Einstein relation
estimation of the charge density in the bulk and hence of thean be found in Ref. 23. Note thatis strongly dependent on
current density. This is shown clearly in Fig(B} which  the disorder parameter especially at high charge densities,
presents, on a linear scale, the V curves for the 0.6 eV i.e., this phenomenon should affect transport in the contact
barrier case. region (0<x<x,,) where the density is higlisee Fig. 3.
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FIG. 4. (a) Current density as a function of the mean field for a 100 nm long device and varying injection barriers of 0.2, 0.4, and 0.6 eV and device length
of 0.1 um. (b) Current density for a 0.6 eV barrier on a linear scale. Stanelatdimped model; explicit= our model; SCLC= space charge limited current
as in Eq.(3).

Mathematically speaking, one should find the self-consistenation the difference in energy between the Gaussian center
solution of the following, slightly modified, continuity equa- and the metal work function is fixed at 0.5 eV and the net
tion: voltage applied Y —Vy,;) is 2 V. As the Gaussian width is
KT made larger more transport states become available close to
— (N, o) — wanl Ix— undpl ax=J. (1) the energy of the metal work function and hence the injection
a barrier effectively becomes smalfér** Figure 7 shows the
Accounting fors,,y requires modification of the numeri- calculated current—voltage relations for the cases shown in
cal method. For a fine enough grid, one in which the densityig. 6. The dependence of the mobility) on the disorder
(n) does not change by more than an order of magnitudé()') is not included and hence only the functional form of the
between successive grid points, one can still make use of theurves is important. One should keep in mind that disorder
exponentially fitted finite difference scherff! In this case also reduces the mobility and hence the curves in Fig. 7
accounting fory, in the numerical code is made trividee ~ would shift slightly downward{ wxexp((—2/30)%])}*. As
the Appendix. Figure 6 shows the calculated charge densityexpected, Fig. 7 shows that asis made larger, for a fixed
distribution for several disorder parametéss. In the calcu-  difference in energy between the Gaussian center and the
metal, thel —V curve tends towards the SCLC functional
form. This is consistent with the reduction of the effective

barrier discussed with in the context of Fig. 6.
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Ny is the total DOS. FIG. 6. Charge density distribution.
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10°° . . , , the metallurgic junction to be in equilibrium with metal elec-
—_ trons. If ® (x) andJ are known one can derive an analytical
‘?E 10" 5 solution of continuity equation for carrier concentration:
O
= 10" 1 N M J M
S v | n(X)=Noexp — 5 ¢(X) |~ gexg — 5 ¢(X)
S
-t X
2 o 0=4KT . <[ x|t g .
o 0
5 10" )
o 1 The above representation clearly shows the importance of
g 10 o=2KT - the rationu/D. For the numerical solution we apply a dis-
= 10" R cretization scheme:
3 \
© 10"? 1 1 G<<kT ;{ K ) J
' ' n=ni_iexpg —=(di—di_1) |~ =
0 20 40 60 80 100 b pé= 90|75
Distance From Metalic Contact [nm] _
X ex —ﬁ(¢>-—¢- ) JXI ex ﬁqS(x’) dx’
FIG. 7. Influence of disorder on device behavior. The charge distribution D" -1 X 1 D '
andl —V curve show a significant variety for difference disorder in hopping
Site energies. By writing an analogous expression for the next mesh inter-
val and expressing throughn(x) one can arrive at a scheme
IV. CONCLUSIONS that contains the carrier concentration only:
We have presented a self-consistent analysis of charge o i
injection and transport in low mobility disordered materials. Ni—1=Niexp 5 (= di-1)
It was found that incorporating the contact region into the J=D % P
transport model is important to properly account for contact f ex%5¢(x’))dx’
phenomena. The model shows that a high charge density - Xi-1 =
near the metallic interface is due to the image-force potential r P .
and does not require the addition of extrinsic trap states or n—n;.q exp{5(¢i+1—¢i))
defects. Moreover, it makes it possible to account for unique =D
features associated with organic materials, like disorder and fx”l exp(ﬁqﬁ(x’))dx’
Gaussian DOS which are known to affect the injection pro- L Xi D ]

cess, all within the framework of a conventional semicon-
ductor device model. We emphasize that all these effectBY rearranging terms when assumipgD = q/kT we arrive
enter the model through a single parametgf® and hence at the following discretization schemi&?!
can be added to any semiconductor device model simulator
(see the Appendix We expect that the method described Ni—1
here will make it possible to better simulate, design, and [xi q

V‘Jx ex k—_l_qS(x’))dx’

i—1

manufacture state-of-the-art LEDs that can operate at lo
voltages and potentially have a fast switching time.
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N
APPENDIX: DISCRETIZATION OF THE CONTINUITY + Xit1 q ,
EQUATION J ex ﬁ_¢>(x ) |dx’
Xi
The simulation program solves the continuity equation q
an d ni+1eXF<ﬁ(¢i+1_¢i))
D—+un—=7J, -0
X X i 10 :
whered(x) is a joint potential of space charge induced field, in ex ﬁ¢(x ))dx

the image potential near the contact, and the voltage applied.
The charge carriers are assumed to be thermalized at the first In the generalized Einstein relation cagéD =q/ kT
hop so one can assume the concentration in the vicinity oAnd hence the discretization scheme is written as
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]

X q i—1/2
fxil ex;{ 7 yXKT X ))dx
q
eXP(m(dn ¢i—1)>

Ni—1/2
dx’

—n in exp(Ldﬁx’)
Xi_1 7i—1KT

n;
+...J,xi+1 ;{ q o ,))d /77i+1/2
exp ——=¢(x X
Xi 7+ KT
sl — (= )
i+1 77i+1/2kT i+1 i o

+
fXHl [{ q ¢(x’))dx’
exp——=
Xi 7+ KT

The above scheme is valid only for a fine enough grid so that
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