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We examine unipolar charge carrier injection in organic insulators containing traps and sandwiched between
two equal Ohmic contacts. We show that diffusion of charge carriers from the contacts plays a key role in the
electrical transport of thin organic films with a low concentration of traps. In these systems a significant
fraction of trapping states can be filled by diffusion even at zero applied bias. The diffusion-induced filling of
traps decreases with increasing thickness of the insulator, which produces a “detrapping transition” in the
voltage-thickness curve at constant current. The observation of this transition can be useful to determine the
trap density. We demonstrate that the density of free charge carriers at the contacts, compared to the density of
trapping states in the solid, determines different regimes of diffusion injection. Finally, we discuss how the
density of available conducting states in the organic insulator can constrain the charge carrier injection and
review the consequences of this effect on the electrical properties of a device.
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I. INTRODUCTION lator sandwiched between Ohmic contacts.
A first simple effect of Ohmic contacts has maybe already

The use of organic materials for electronics applicationdeen observed in Refs. 1 and 2. There, a sizeable current was
such as organic light emitting diodes and organic field effectietected even at very low applied fields, despite the excep-
transistors critically depends on charge injection from a metional purity of the system studied. This current could be due
tallic contact. Despite the fact that these systems have ate charge carriers that enter the organic insulator through
tracted much attention in recent years, the physical procességffusion from the Ohmic contacts. In this work we explore
underlying the injection and transport of charge carriers irthis and other more complex effects caused by the diffusion
organic solids and their influence on the electrical propertiesf carriers from Ohmic contacts. Examples of effects that are
of devices are still not well understood. A better understandmore difficult to predict, and that we will discuss in this
ing of the basic principles involved in device operation iswork, are the occurrence of trap filling and the dependence
necessary to improve efficiency, stability, and lifetime, and toof the electrical characteristics from the thickness of the or-
develop predictive guidelines that can be used to projecganic insulator.
what modifications are necessary to optimize a device for a We first review the existing theories on charge injection
specific application. Moreover, predicting the electrical prop-and transport in insulators. When charge carriers are injected
erties of devices based on organic insulators under differerinto an insulator by an applied electric field, the injected
conditions can give valuable informations about the use ofpace-charge decreases the electric field at the injecting sur-
those devices as a tool to investigate different regimes oface and can give rise to a space-charge-limited current
electrical conduction in organic materials. (SCLQO). An approximate theory of SCLC in a trap-free in-

In recent current-voltage measurements on t&  sulator was proposed by Mott and Guriéyand later ex-
hydroxyquinoling (Algs) with Mg contacts, which were per- tended by Rosé,Lampert and Mark, and other3® to de-
formed in ultrahigh vacuunfUHV),%? a trap-filling transi-  scribe currents limited by the space-charge confined in a
tion and a space-charge limited current following the Mott-single discrete energy level and in localized states with a
Gurney law"® were observed, implying a very low injection distribution in energy. The simplified SCLC theory, which is
barrier at the Mg/Alg interfacel? It is then a small concep- usually applied to model the current-voltage\) character-
tual step to go from a low injection barrier to no barriers. istics of organic device§; " neglects the role of the diffusion
How will Ohmic contacts influence the electrical propertiescurrents and the possible constrains introduced by the avail-
of devices based on injection in insulators? This question igble density of free carriers at the contacts. These simplifi-
also interesting in general because a better injection ofations, associated to the commonly used boundary condi-
charge carriers from the contacts is needed in order to obtaition that the electric field vanishes at the cathode interface,
larger current densities at low applied voltages, with the uldeads to an incorrect description of the space-charge profile
timate injection efficiency expected for an Ohmic contactnear the electrodes. Moreover, the charge injected by diffu-
between organic insulator and metal contact. High injectegion from the contacts can induce a high concentration of
charge carrier densities will be one of the requirements ofree carriers in the whole bulk of the insulating material even
any future electrically pumped organic laser, which is an-without any applied voltage. This effect can be significant in
other motivation to study the electrical properties of an insu-organic thin film devices where the active layer has thick-
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nesses of the order of 100 nm or l&é4n these systems the trapped carrier to the density of free-carrier. Without loss of
simplified theory cannot be valid, specially at low applied generality we assume that the injected charge carriers are
voltages. Here we show that the simple theory neglectinglectrons and that the insulator is free of carriers generated
diffusion is not a good approximation to treat the one-carrietby doping, although we do allow for the presence of energy
injection problem in thin insulators with a low concentration levels in its band gap that can act as trap centers. The
of traps. Because of the diffusion-induced filling of the trapcurrent-flow equation is

states, the use of the simple theory to interpret experimental

data can severely underestimate important parameters of the j=an(x) uE—qgD(dn/dx)=const, 1)
organic solid, such as the density of traps or the energeti

depth of the trap distribution. ﬁ/hereq is the unit chargen is the density of free charge

. . : .. carriers,u is the electron mobility, an# is the electric field.
The exact theory for the one-carrier SCLC including dif- In this work we assume that does not depend d&in order

fusion, even in the. case of a trap free. insulator, _is extre_mel¥0 focus on the effects of diffusion and trapping that we want
complex because it involves the solution of nonlinear d'ﬁer'to study.D is the electron diffusion constant which is related

ential _equatlons. Applrlgmmate analytical solutibité and to the carrier mobility byD = (KT/q) .
numerical treatment3!8 of the exact theory have been re- The G tion i

ported in the literature, but most of them have been proposed € ©auss equation 1S
to describe the charge carrier transport in inorganic cen dE

crystald®~1’ (for a review on numerical models of electrical L onx)+ > n(x), 2
transport in organic insulators see Ref. 19 and the references q dx [ '

cited therein. Moreover, the works reported up to now in the \yheree is the dielectric constant of the insulator ang is
literature did not study in detail an important phenomenon,q density of carriers trapped into thth trap level. The
that is present in_a system formed by an i_nsulator containingummaﬁon oveii accounts for the presence in the organic
traps and sandwiched between two Ohmic contacts: the fillyyaterial of traps with different trapping properties. For each
ing of the trapping states by diffusion of carriers from thetrap typei, the total available trap densily; ; , the density of

contacts and its consequences on the electrical properties BEcupied trap®, ;, and the free carrier densityare related
the device. Here we demonstrate that this process cannot lB?/ the detailed balance principlen, ;/dt=yn(N;;—n, )
Al 1 il Al

ignored because it determines different regimes of charge_lBint ., wherey, and 8; are parameters related to the cap-

carrier conduction. ture and emission rate of thi¢h set of traps, respectively.

. In the following we analyze t_he current induped b_y injec- Assuming steady state between emission and capture at ev-
tion of one type of charge carrier while including diffusion ery coordinatex one finds

and a possible limited density of states at the injection inter-
face. We present the mathematical formalism, as well as the N,
assumptions we used to simplify the numerical calculations. ngi(x)= m
We then apply this formalism to the simple case of one dis- el

crete trap level in the insulator, from which the most impor-whereN, ;= ,/7; has the units of a density and is charac-
tant features of the system and a description of the influencgyristic of a particular trap type. It decreases with the thermal
of diffusion and state filling is derived. Finally, we extend the activation energy of the trafp.e., its energetic “depth” in the
numerical calculations to the situation in which there is anhand gap

exponential trap distribution in the organic insulator. This is  To approximate the different kinds of trap levels that are
a better description, compared to the single trap case, #und in amorphous systems it is possible to consider a dis-
study the electrical properties of solids with a large degree ofribution of traps with different thermal excitation energies.
structural disorder. When presenting numerical results, Wen this case the quantities in E¢3) must be replaced with
will use a set of parameters typical of organic devices suchhe corresponding quantities belonging to a continuous varia-
as those using magnesium as metallic contacts and&is fion of thermal excitation energy. Specificalli, ; is re-
hydroxyquinoling (Algs) as active layer. We will show that placed byg(&), the density of localized states per unit of
the decreased influence of diffusion with increasing insulatognergy €=0 corresponds to the energy of the lowest unoc-
thickness produces a “detrapping transition” in the voltage-cupied conducting stat®, and N,; is replaced byNg(&)
thickness curve at constant current. In the detrapping regio&Nexp(—ElkT)E’. The total denéity of trapped electrons
the voltage depends strongly on the thickness due to thﬁt(x)=2int,i(x) in Eq. (2) is then calculated by replacing

rapidly varying concentration of empty trap states that limitine summation oveir with an integration
the charge mobility.

()

(=00 [ o T
ny(X)=n(x
Il. THEORY ! on(x) + Nexp — E/KT)
We consider the one-dimensional problem of an insulator _ dég(é)
sandwiched between two Ohmic metal contactg=a0 and ~ Jol+exd —(E—&)/KT]’ (4)

x=L. The one-carrier space-charge-limited current in
steady-state is defined by the current flow equation, thavhere&: is determined by the density of free electrons or
Gauss equation, and the equation that relates the density 6f(x)=kTIn[A7n(x)].
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Below we will describe both a single trap level described (a)
by Eq.(3) and a distribution of traps described by E4). for ] N 1100
the case when the trap densgy€) is an exponential func- \ \\ """"
tion of the excitation energy. & 1021} S ™. | 2

We assume that the interfaces between the contacts an & ‘\\ L . o096
the organic material are symmetric so that the density of free= ;j20| \\ ) 1 o \\ ! Z
electrons at the two device boundaries are equal. Equation = N e 90nm \\ i
(1), (2), and(3) [or (4), in case of a distribution of trapsire 1010| B NI [ e— o2
then solved numerically for a given value pfusing the B v Y R Y
boundary conditionsn(0)=n(L)=ny, wheren(0) is the /L XL
density of free electrons at the cathode interface @), and
n(L) the density of free electrons at the anode interface ( (b)
=L). ng, Ng;, and are assumed to be constants indepen- T L S 1.00
dent from the applied field or the current density. 1025K /1 I \\\ ]

It is useful to discuss the meaning of the boundary condi- ~ ‘\\ A | . 1 0.98 _
tion n(0)=n(L)=n,. If the density of states available for % 102}, yz AN I =
conduction in the insulator was much larger than the density = | - {r \\ : 096 =
of states in the metal, them, would necessarily correspond = qgaly, T N o

. : N IS N, 4 0.94
to the free-electron density in the metal. But in general, and AN I -—- s0omm N~ |
especially for organic insulators, one can expect that the den e O I - N 0.92
sity of conduction states in the insulator is much smaller than 0.0 0.4 08 00 0.4 0.8
the electron density in the metallic contact. In the absence o x/L x/L

any energy barrier at the metal insulator interface we can
assume that all conduction ste}tes th?t are energetlcal_ly acceho—n of filled traps ny(x)/N; at a constant current density
sible to the metal electrons will be filled in contact with the —102 Am-2 for different insulator thicknesse. In (2 n

metal. In this cas@, corresponds to the density of energeti- —102m 3 (low injection regime, while in (b) n(;:loze m,g
cally available conduction states in the insulator, and it is high injection regimg The dotted lines inb) are given byn,,

property of the _insulator itsglf, of its energy structure, a_nd 0f:2772660kT/q2L2. The other parameters used to plot this figure
its alignment with the Fermi energy in the metal. As will be 56 N=2x102m™3, w=10"m?Vv-is! =35 N,

shown below, the density of available conducting states can- 1018 ;=3 andj=10"% Am2

be probed by determining, from the current-voltage char-

acteristics at high applied voltages. Further, in Secblive With the help of Fig. 1 it is it is possible to define two
demonstrate that states exponentially distributed in energy iregimes of diffusion injection; the low injection regime,

the gap of the insulatdintroduced, e.g., by structural disor- whenn,<N; [Fig. 1(a)], and the high injection regime, when
den can be filled by diffusion of carriers from the contacts. If no>N, [Fig. 1(b)].

N=n,, all the states near the contacts are occupied, resulting In the low injection regime, the density profile of free
in the accumulation of a reservoir of injected carriers in theelectrons becomes spatially homogenéassuming a value
vicinities of the solid’s interfaces. We will show that this noy) when the thickness of the insulator becomes smaller than
reservoir can be naturally formed even without the presencg characteristic lengthg=[2eeokT/(g?ny)]1*? [Ref. 14
of a dipole layer between the metal and the organic solid tqtaking n,=10?> m~2, x,~30 nm). For thicker devices the
lower the energies of the molecules near the interfé?:es. free electron density is |arger near the contacts and it be-
comes asymmetric with increasing thickness. For thick insu-
lators the applied field is stronger near the exit contact and
Ill. RESULTS AND DISCUSSION diffusion is less important there. Note that neatL the
electron density has a very sharp increase to regcht the
contact, but that the width of this transition can become very
In this section we analyze the effect of electron diffusionsmall. A sharp gradient of density in the vicinities of the
from the contacts in the presence of one trap level in th@node and, consequently, a high diffusion current, is neces-
insulator[i=1 in Eq. (2)] with the same concentratioN, sary to counterweight the high drift current in this region so
=2x10?? m~2 but with different emission properties de- that, from Eq.(1), j remains small. The characteristic length
scribed byN,. Xg identifies the thickness at which the transition from a ho-
Figure 1 shows the spatial profiles of the free-charge carmogenous, diffusion-dominated electron density to a nonho-
rier density and the fraction of filled traps along an insulatormogenous electron density occurs in the low-injection re-
at a constant currenf € 102 A/m?). The curves are plotted gime. X, is associated to the distance that the carriers can
for three insulator thicknesses, and they are calculated fquenetrate within the insulator at zero bias until the dipole
two values of the boundary conditiomg0)=n(L)=ng at  electric field near the interfaces, created by the charges’ dis-
the interfaces: no=10°2m % in Fig. 1@ and n, placement, is strong enough to stop the diffusion process. It
=10 m~2 in Fig. 1(b). In both casedN,=10"8 m3. has the same mathematical definition as the classic Shottky

FIG. 1. Free-electron density(x) and the corresponding frac-

A. Single trap level
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barrier width in a metal/semiconductor contact at zero cur- (a)
rent, withn, replacing the semiconductor’s doping denétty, F ' '
and it also has a form similar to the Debye length. VirL= (QNy/ 2e60) L2 >
In the high injection regimex, is so small that the con- T
dition L<x, cannot be satisfied even for very thin devices.
In this regime, thin insulator thicknesses are characterized by
a spatial electron distribution that is practically symmetric
with respect to the plane where=L/2, but that never be-
comes spatially homogenous. The density profile of free
electrons becomes symmetric when the thickness of the in-
sulator becomes smaller than a characteristic lerigth
=(2m2eeok TIg?N) Y2  (taking N=2x107?m™3, L,
~70 nm). WhenL<L,, the minimum electron density 10'610 30 70 100 340 600
reached atx=L/2 can be well approximated by its zero-
current valuen;= Ny(L /L)%= 27 €ek T/q2L2.** Numeri-
cal values ofn,, are identified by dotted horizontal lines in
Fig. 1(b). It is important to note that under these circum-

100 -

102

V(V)

104
Fig. 2(b) |
V=(qj/ 2unee,kT)L3

L (nm)

stances the density of free carries in the middle of the insu- 101
lator does not depend an,, but only on the thicknedls and -
temperaturel of the insulatot-*?2 The free-electron density 10-1
minimum decreases with the square of the thickness until
n,~N; andL~L. The characteristic length., identifies ~ 103
the thickness at which the transition from a symmetric diffu- E
sion dominated electron density to an asymmetric electron ) 1051
density occurs in the high injection regime. Abadvg diffu- g
sion processes are increasingly less important. 107
From Fig. 1 one can also see that the traps are almost
completely filled for very thin devices in both regimes of 109
injection. The solid behaves like a trap-free insulator when
L<xXo or L<L. With increasing thickness, the occupation Ly T T T
fraction of the traps decreases and has a minimum in the
region near the exit contact. The charge transport becomes V(V)

then Ilmlt_ec_l k_)y the fllllng of these _empty trapﬁ_see Flgf FIG. 2. Electrical properties of an insulator with a single trap
2(a)]. But it is interesting to no_te _that in the trap—f_llled_ region jevel in the low-injection fiy= 1072 m~3, dashed curvesand the
at small thicknesses the resistivity of the device is deteryign-injection fi,=10%° m2, solid curves regimes.(a) Voltage vs
mined byng in the low-injection regime, and by, in the  thickness for a current densify=10"3 Am~2. The dotted curves
high-injection regime. As a consequence, the voltage reeorrespond to analytical approximations for small and large thick-
quired to drive a given current through the device has a comresses(b) Current density vs voltage for a thicknelss- 340 nm.
pletely different thickness dependence in the two cases. Apart from the thickness of the insulator, this figure shares the same
Figure 2 shows the calculated voltage-thickne¥sL)  Parameters as Fig. 1.

characteristics at constant current and the current-voltaggyely predicts the thickness dependence of the voltage. The

(1-V) characteristics for the high- and the low-injection re-yoitage varies with the third power of the thickness in the

gimes, corresponding to the two different boundary condijntervalx,<L<L,,.

tions forn, used in Fig. 1. These results demonstrate that there is a regime of charge
Let us first look at the low-thickness limits in Fig(@. In carrier injection in which the bulk density of free electrons

the low injection regimey, is high and the free charge pro- varies with the square of the solid’s thickness even in the

file becomes increasingly homogeneous with decreaking presence of trapping statésnd not only in a trap-free solid

For very thin devicesx,>L), the electron density along the as it was demonstrated bef&te It is also very interesting to

solid is almost constant and equalrng, so that the dashed observe that insulators with the same thicknesses and satis-

curve in Fig. 2b) tends to follow the simple linear behavior fying the relationx,<L <L have almost the same density

V=(j/lqune)L whenL—0 (dotted line in Fig. 2 But for  of free carries in the bulk, regardless of the valuesgf u,

very thin insulators in the high injection regime the thicknessor N; .

dependence of the voltage can be approximated\by As the thickness of the insulator increases, the density of

=(jlquny)L=(qj/2mueek T)L3, which is plotted as a filled traps in the bulk of the insulator decreagsse Fig. 1

dotted line in Fig. 20). Approximating the nonhomogenous Hence, forL>x, (low injection regime, or L>L,, (high

free carrier density by the value at its minimum leads to anjection regime, the voltage starts to increase rapidly with

slightly too high voltage at the same thickness, but accuthickness due to a “detrapping” transitigim opposition to
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the trap-filling process observed in th&/ curves induced  curves plotted in Fig. @) for different values ofN.. Deeper

by the decrease of electrons that have diffused into the bullkaps that capture electrons more efficiently and held them
of the insulator. This goes on until>x, (low injection re-  trapped for a longer time before thermal excitation are char-
gime) or L>L,, (high injection regimg when partial trap acterized by small values ™. and they give rise to much
filling is caused by the trap-density injected by the appliedlower currents at low voltages.

field, as in the conventional SCLC theory with a single trap

level>® Because of the current density that was chosen to B. Traps distributed exponentially in energy

plot Fig. 2a) the density of free carriers near the exit contact : N e :
never becomes high enough to fill all the traps, and the A practical approximation for the distribution of trap lev

curves in Fig. 23) describe the voltage at which the trap- els that is found in amorphous systems is to use a trap den-

T I . sity that increases exponentially for decreasing thermal exci-
filling transition occurs in a current-voltage measurement

; ) tation energies
For large thicknesses, the continuous and the dashed curves g

of Fig. 2@ tend then towards the same value and increase N,

with the square of the insulator’s thickness. However, this g(&)= Fexp(—&‘/kBTc), 5)
result is only qualitatively in accordance with the simple ¢

SCLC theory, which predicts that the trap-filling threshold where kg is Boltzmann’s constant and, is a temperature
voltage varies withVrr = (qNi/2€€,)L2.° There is a quan-  that characterizes the energetic depth of the trap distribution.
titative discrepancy between the diffusion included and thesych a distribution has been often used in the past to model
diffusion neglectedvr_ even for relatively thick devices. dispersive charge transp@ft.2° It constitutes a useful repre-
For example, taking the parameters of Fih)zand applying  sentation for many different trap levels all smeared out in
the above relation, the TFL threshold voltage is approxi-energy?

mately 6 V, whereas the rise of the current in the curves of Applying Eq. (5) and assuming a broad distribution so

Fig. 2(b) occurs at around 3 and 4 V, dependingrgn that T,>T, we can simplify Eq(4) and write
Figure Zb) shows thd -V characteristics predicted for an

insulator thickness beyond the detrapping transition of Fig. N n(x) (¢ E(T-T,

2(a), so that the traps are almost empty at low voltages and a n(x)~ k_Tc Tfo deex;{ - E( T.T ”

trap-filling transition is observed. At low voltages the zero

current density profile of the free electrons injected by diffu- ¢

sion is not affected by the applied field and an Ohmic regime + KT, )¢ dEeXF{ - ﬁ} (6)

(jcV) is observet!® even in the absence of intrinsic eooF ¢

charge carriers in the insulator. This result implies that avhich can be integrated to give

relatively small resistivity can be observed even in a highly

pure thin insulator once it is sandwiched between two Ohmic n(x)

contacts. Ne(X) = NIL 1 ( N
At higher voltage there is a smooth transition from the

Ohms law regime to a steep current increase caused by tragherel =T¢/T.

filling. For high values of, (solid curves, thel-V charac- Below, we present the numerical solution of E€, (2),

teristics at high voltages is controlled by the space-charge ignd (7), and we discuss the corresponding current-voltage

the bulk of the material and is given by the Mott-Gurney law, characteristics. It will be useful to compare our numerical

with the current increasing as the square of the voltage. Bg€sults to the Mark-Helfrich equation

cause of the boundary conditions which do not allow the

charge carrier density to grow past thg maximum set by

the boundary conditions this behavior is not expected to go

on at even higher voltages. When the injected carrier density

in the vicinity of the exit contact starts becoming comparableThis expression can be derived when diffusion effects are

to ng, the carrier density in the insulator saturatesg@tand  neglected and by assuming(x)>n(x) in Eq.(2). That is, it

the |-V characteristics must undergo a transition to a lineais valid when the majority of injected carriers are trapped. It

regime given byj o= uneqV/L. This high-voltage linear re- predicts an [+ 1)-power law variation of the current with

gime is seen in Fig. ®) for the dashed curves corresponding the applied voltage and is commonly used to explain the

to a smallny. There the linear regime is reached immediatelycurrent-voltage characteristics measured in a number of or-

after the trap-filling transition and the Mott-Gurney law ganic and inorganic solids.

never becomes visible. The observation of an Ohmic regime The zero-bias Fermi energy profiles along the insulator

at high voltages can be used to determimgin systems with an exponential distribution of traps and flor 10 are

where the charge carrier injection at the metal/solid interfacshown in Fig. 8a) for two values of the total trap densily; .

is limited by the poor density of available conducting statedn Fig. 3(b) we also plot the fraction of localized states per

in the organic material compared to the density of free elecunit of energyg(€) XkT./N,. Because of the high concen-

trons in the metal. tration of free carriers at the metallic contacts a great fraction
The influence of traps with different trapping cross sec-of the localized states are filled in the vicinities of the elec-

tions and thermal excitation energies can be seen in theodes(in fact, for the high injection regime, all trapping

W1 n(x)
-1 N

: )

(1+1) \y(1+1)
L@+

eepl

= N gh
= Ned™ O D

®

21+1
[+1
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FIG. 3. Distribution of trap filling in an insulator at zero bias in 8 [ S T R A Y |
the low injection regimerfo=10?> m™~3, dashed curvésand in the 102 107 100 10!
high-injection regime f,=10?> m~3, solid curve$ (a) Energy of V(V)

the occupied traps with the lowest thermal excitation energy inside
a 340 nm thick insulatofsame thickness as in Fig(a}] for two
values of the total trap density,=5x10°x2 m 2 and N,=10?

x4 m 3. (b) Plot of the thermal excitation energy vs the corre-
sponding trap density. The filled region and tBevalues marked
with & highlight the fraction of filled states at=L/2. Other pa-
rameters used to calculate this figure aN=10"m=3, u
=10 "' m?Vv~1s7? 1=10, ande=3.5.

Mark-Heltrich —3». .5
100l

states are filled near the interfage¥he fraction of filled 310'2‘ V=(j/qune)L
states decreases with increasing distance from the contacts, >

but for the insulator with a low concentration of traps, this
fraction remains considerably high even in the bk x 104E-.
=L/2, the filled fraction ofg(&) XkT./N; is around 10%

With increasingN, the variation of the degree of trap filling . . . Fig, 4(@)

near the interfaces becomes sharper and the maximum value P A A

of the Fermi energ¥r higher. In this situation the density of 10 44 100 340 1000
filled states decreases dramatically with increasing distance L(nm)

from the electrodes so that almost all states in the bulk are ) ) o o
empty. These states will be filled only when the external FIG. 4. Electrical properties of a solid with an exponential dis-
electric field is applied tribution of traps in the low injection regimeng=10"m 3,
. : e ) 1025 -3
Figure 4a) shows thel-V characteristics of an insulator 92shed curvesand in the high-injection regimeng 10°°m”>,

; Wit = 2 -3

for different values of the characteristic temperatiige The solid curves for a low total trap density with =5 10% m @

parametersi, andL are the same as for Fig. 3 aN|=5 Current-voltage characteristick-Y) of a device with two different
0 . =

z . . trap distributions characterized bly=T./T=6 and |=10. (b)

2 3 c

X102 m . As |r) thg ca_se of a single trap level, the/ Voltage-thickness\(-L) characteristics at constant current density
curve follows a diffusion induced Ohms law at low voItages(j =10"% Am~2) and forl = 10. All other parameters are the same

up to the rising of the current due to trap filling. But in g for Fig. 3.

contrast to the single level case, the rising of the current is

less abrupt and can be approximated by a power law in thiow” (lower ) than it really is. This effect can lead to sig-
high voltage range. nificant errors in the determination @t using Eq.(8).

It is very important to note that this is only in qualitative  Finally, in the “trap-filled” region at higher voltages the
accord with the prediction of E@8) because the value of the situation is again similar to what is observed for a single trap
exponent is significantly lower than the value predicted bylevel. Thel-V characteristics approaches the Mott-Gurney
Eq. (8). As an example, taking the curve calculated Tor  law whenng is high, or follows an Ohms law determined by
=1800 K (1=6) in Fig. 4a), the slope obtained from a the density of electrons available at the injecting confgct
power-law fitting of the trap filling region is 3.93. But E®) =qngV/L whenng is small.
predicts a slope of 7 in this region. This discrepancy is due to The V-L characteristics at a constant current for the de-
the filling of the levels with higher thermal excitation energy vice in Fig. 4a) is shown in Fig. 4b). The parameters are the
(“deep levels”), without any applied bias, with carriers in- same as for the curve witi.=3000 K ( =10) in Fig. 4a),
jected by diffusion from the contactsee Fig. 3 Hence, with a current densityj=10 3 A/m?. The characteristic
when thel-V characteristic is fitted using the conventional length for the low-injection regime igg~10 nm. The cor-
SCLC theorywhich considers that the trap filling processesresponding length for the high-injection regime Is,
starts only when the external electric field is appli¢dhle  ~44 nm. Analytical voltage-thickness approximations are
distribution of discrete states will appear to be more “shal-again represented by dotted lines. For small thicknesses, the
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ages. Under these circumstances the experimental observa-
tion of the diffusion induced Ohms law regime is limited by
the resolution of the measurement apparatus. This result can
explain why the diffusion-induced regime was observed only
in organic devices fabricated and operated under ultrapure
UHV conditions? which avoids the formation of injection
barriers at the contacts and the presence of a high concentra-
tion of impurity-related trap levels in the organic layer. One
] can also see in Fig.(8 that the power-law behavior in the
slope = 6, 7y f,.f"g_gg ] trap-filling region extends over a wider range of valued/of
/ ] compared to the insulator with low density of traps. The
[ increase in the concentration of the trapping states decreases
L T T the fraction of traps filled with carriers injected by diffusion
V(V) from the contacts. The slopes in Flianapproach then the
values predicted by E@8), but are still lower than the values
T T determined by this expression. Similar results were obtained
L(b) Mark-Helfrich ] ] from numerical simulations of organic electroluminescent
devices with a high concentration of traps and including
101} 1 diffusion?® In Ref. 26, however, the lower values of the
] power factor obtained from the numerical simulation com-
—_ 7, pared to the analytical formula are related to the transport
>10 / T and recombination mechanisms of the double-carrier injec-
> | / | tion. Here we demonstrate that a similar effect also occurs in
/ a single carrier device.
10-3f - Fig.5@) Figure 8b) shows thev-L characteristics for the simula-
‘ tion in Fig. 5a). The value ofl and the current density level
| J; ] are again the same as for Fig. 3. In this situatigp=10 nm,
105 L L and only the detrapping process is visible even in the high
10 L(1r?|21) 340 1000 injection regime. At thicknesses above 200 nm the trap-
limited transport is dominant and both numerical curves in
FIG. 5. Electrical properties of a solid with an exponential dis- Fig. 4b) have the same value. They tend to follow a power-
tribution of traps for a high total trap density,=10**m™3. (8  law behavior similar to the one determined by E§), but
Current-voltage characteristicéb) Voltage-thickness characteris- again with a slightly lower voltage than the value obtained
tics. The definition of dashed and solid curves and all other paramusing the analytical theory.
eters are the same as in the caption of Fig. 4.

10-3

10-12|

J(A/m2)

V-L curve follows the same general features of the single V. CONCLUSIONS
trap case. In the high injection regime, however, the region

where the voltage increase with the third power of the thick- & showed that diffusion effects cannot be neglected in
ness is less apparent than in Figa)2 This is due to the modeling the electrical transport of thin organic solids with

higher value ofN, and the lower value ofi, used to calcu- trapping center_s._AppIication of .the con'ventional the_ory of
late the solid curve in Fig.(®), compared to the values used SPace-charge-limited current to fit experimental data in such
in Fig. 2(a). The interval betweer, andL, is then smaller, Systems can lead to incorrect determination of material
and the slope of the solid curve decreases at small thickParameters.

nesses, wherk approaches, (X, is about 1 nm whem, We analyzed several effects that have been ignored in the
=10 m~3 compared to 0.3 nm whem,=10?° m~3). literature until now.
For thick devices so thdt>x, (dashes curyeor L>L, (1) The space-charge limited current is modified by diffu-

(solid curve the transport properties are dominated by thesion when the insulator thickness is below 100 nm.
filling of the traps in the distribution and there is a conver- (2) The density of free charge carriers at the injecting
gence of the curves calculated assuming different injectiolectrodes ify), compared to the density of traps in the in-
regimes. In this limit both curves tend to follow théL sulator (\N;), determines two different regimes of diffusion
dependence predicted by the Mark-Helfrich equation. Howinjection. Whemy=<N,, low-injection regime, the density of
ever, the numerical values of are lower than the values electrons in very thin solids is almost homogeneous and
obtained by Eq(8), because the analytical expression wasgiven by no. However, whenny>N,, a high-injection re-
derived assuming that the majority of the injected charge igime is established. Under this condition there is a range of
trapped. values of the insulator thicknegswhere the density of free

In Fig. 5@ we repeat the numerical calculations per-electrons in the insulator is independent frog
formed in Fig. 4 but assuming a higher density of tréfs (3) A critical thickness can be identified below which dif-
=10 m™3. The increase of the trap density decreases corfusion efficiently leads to trap filling, and the solid behaves
siderably the magnitude of the current at low applied volt-as a trap-free insulator.
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(4) The applied voltage as a function of the thickness ofmination of N, using the threshold trap-filling voltage in the
the insulator, plotted over a long range of thicknesses, reeurrent-voltage curve.
veals the presence of a diffusion-induced “detrapping transi- The last two points are also relevant to current investiga-
tion” in the bulk of the insulator. tions on organic devices. There, the simple theory on space-

(5) The Mark-Helfrich equation is not valid for thinner charge limited current and the Mark-Helfrich equation are
insulators with a low concentration of traps because of theyidely applied to fit current-voltage characteristics. This can
filling by diffusion of part of the trapping states in the expo- |ead to an underestimated density of traps, in the case of one
nential distribution. discrete trap level, or a too low characteristic thermal exci-

(6) The accumulation of charges near the metal/insulatotation energy of the trap distribution, in the case of an expo-
interface can be a natural consequence of the diffusion fromential distribution of traps. In addition, charge accumulation
Ohmic contacts and of the limited density of available con-has been observed near the interfaces of organic devices but
ducting states in the organic insulator. was frequently attributed to the formation of a dipole layer

These effects are relevant for different aspects of experipetween the organic insulator and the metal electrode. Our
mental research on insulator-based devices, such as orgamigrk provides an alternative explanation.

light emitting diodes. As an example, it can be noted that a
measurement of the “detrapping transition” in the voltage-
thickness curve at a constant current, mentioned in gdjnt
and the consequent determination of the critical length, could
be used as a technique to estimate the density of traps in the M.K. would like to thank CNPq and the Nonlinear Optics
solid. This technique would be more precise than the detertaboratory, ETH Zurich, for financial support.
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