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The influence of the spatial distribution of trap states on unipolar space-charge limited current
sSCLCd is investigated experimentally and theoretically. Thin-layered films of the small molecule
organic semiconductor N,N8-dis1-naphtyld-N,N8-diphenylbenzidinesa-NPDd are vapor
deposited on indium tin oxide, with aluminum as the counter electrode. The small molecule
4,48 ,49-tris-fN-s1-naphtyld-N-sphenylaminodg-triphenylamines1-NaphDATAd, which creates
well-known shallow traps for holes, is used as dopant. The realized organic films consist of three
layers, one of which is homogeneously doped. The influence of the spatial position of the doped
layer on the current–voltage characteristics of the diodes is examined. Compared to an undoped
device, the current density is strongly decreased and varies over orders of magnitude for the
different spatial positions of the doped layer. It is shown that traps near the injecting electrode have
the most pronounced effect on SCLC. A model for unipolar SCLC through a system of
homogeneous layers with different trapping parameters for shallow traps is presented. The model
quantitatively describes the experimental data and is used to calculate the spatial distributions of the
charge-carrier density and the electric-field strength in the differently doped devices.
© 2005 American Institute of Physics. fDOI: 10.1063/1.1840094g

I. INTRODUCTION

Space-charge limited currentsSCLCd occurs in insula-
tors or semiconductors when injected excess charge carriers,
which build up a space charge screening the external electric
field, dominate the electric current. Electronic states present
in the energy gap of the material will affect the SCLC. The
influence of different densities and energy distributions of
such trap states on SCLC characteristics have been thor-
oughly examined theoretically and experimentally.1–3 How-
ever, the common approach that is applied to interpret ex-
perimental results assumes a homogeneous spatial
distribution of traps.

A number of publications has also dealt with inhomoge-
neous spatial distributions.4–8 However, among the majority
of theoretical analyses, only few works correlate experimen-
tal data with a theoretical framework.9,10 There may exist
two main reasons: On the one hand it is complicated to ex-
tract the spatial distribution of trap states in a certain device
from SCLC analysis,11 on the other hand it seems difficult to
fabricate a device with a specified spatial trap distribution in
order to study its effect on SCLC characteristics.

In the present paper the latter task is performed by vapor
deposition of thin-layered films of a small molecule organic
semiconductor. In this approach a second small molecule can
be used as dopant in order to deliberately introduce well-
known shallow trap states. The realized organic films consist
of three layers, one of which is homogeneously doped. The
influence of the spatial position of the doped layer on the
current–voltagesJ–Vd characteristics is examined.

In order to analytically describe the experimental results,

a model for unipolar SCLC through a system of homoge-
neous layers with different trapping parameters for shallow
traps is presented. The model quantitatively describes the
experimental data. It is also used to calculate the spatial dis-
tributions of the charge-carrier density and the electric-field
strength in the differently doped devices.

II. EXPERIMENT

The schematic cross section of the processed devices is
presented in Fig. 1. The diodes consist of the organic semi-
conductor sandwiched between indium tin oxidesITOd and
aluminum electrodes. The organic film had an overall thick-
ness of 210 nm for all samples. The hole transport material
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FIG. 1. Schematic of the investigated devices. The variables relate to the
theoretical model.ui is the trapping parameter,xi the spatial coordinate, and
di the thickness of the respective layer.

JOURNAL OF APPLIED PHYSICS97, 043701s2005d

0021-8979/2005/97~4!/043701/6/$22.50 © 2005 American Institute of Physics97, 043701-1

Downloaded 01 Feb 2005 to 130.83.203.21. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.1840094


N,N8-dis1-naphtyld -N,N8-diphenylbenzidinesa-NPDd was
used as the matrix material. The energy levels for the highest
occupied molecular orbitalsHOMOd and the lowest unoccu-
pied molecular orbital sLUMOd are 5.4
and 2.3 eV, respectively.12 4,48 ,49-tris-fN-s1-naphtyld-
N-sphenylaminodg-triphenylamines1-NaphDATAd was
used as the doping material. It is known to create hole traps
in a-NPD with an energetic depth of approximately
0.5 eV.13 Three devices were processed, in which a 70-nm
layer was doped with 1-NaphDATA. The doped layer was
either located directly at the ITO electrodeslayer 1d, in the
middle of thea-NPD film slayer 2d, or directly at the alumi-
num electrodeslayer 3d. Furthermore, a device with an un-
dopeda-NPD film of 210-nm thickness was prepared.

The devices were processed by vacuum sublimation of
the organic molecules on an ITO-coated glass substrate
sMerckd. The 100-nm-thick ITO, serving as the transparent
anode, had previously been structured in a photolithographic
process. The substrates were cleaned in a detergent solution,
rinsed with distilled water, dried in N2, and finally kept in an
UV-generated ozone atmosphere for 15 min. The organic
molecules were deposited in a vacuum chamber at a pressure
of 10−6 mbar. The deposition rate of the matrix material
a-NPD was 10 Å/s. Doping with 3 vol% 1-NaphDATA in
the respective layers was achieved by codeposition of the
dopant material at a rate of 0.3 Å/s. Finally, 100-nm alumi-
num was deposited by thermal evaporation at a rate of 5 Å/s
to form the cathode. The resulting diodes have an active area
of 10 mm2. For measurements the samples were transferred
to a nitrogen atmosphere glove box without exposure to am-
bient air.

The J–V characteristics were measured at room tem-
perature with a Hewlett–Packard parameter analyzersHP
4155Ad. Simultaneously, possible luminescence was detected
by means of photodiodes.

III. EXPERIMENTAL RESULTS

Figure 2 displays the measured current–voltage charac-
teristics of the devices in double-logarithmic scale. The
shown voltage values are the externally applied voltages cor-
rected by the built-in potential of −0.6 V. The built-in poten-
tial is assumed as the difference of the work functions of the
electrode materialsf4.8 eV for ozone-treated ITOsRef. 14d

and 4.2 eV for aluminumg. All J–V characteristics enter the
SCLC regime and show approximately the same slope for
voltages above 1.5 V. Basic SCLC theory1,2 predicts a slope
of two in the double-logarithmicJ–V characteristics,
whereas a linear fit on the experimental data between 2 and
4 V yields slopes between 2.8 and 3.1. This discrepancy
might be explained by uncertainties in the value of the
built-in potential. The slopes of theJ–V characteristics in the
SCLC regime vary substantially when the assumed value for
the built-in potential is changed by some tens of a volt.
Slopes of approximately two occur in the SCLC regime of
the measuredJ–V characteristics for an assumed built-in po-
tential of −1.4 V. This value is high compared to the given
difference of the work functions of the electrode materials,
but might be explained by interface dipoles. However, the
actual value of the built-in potential is of no importance to
the following considerations and calculations, since only the
current densities of the different devices will be compared
with each other.

In the SCLC regime the doped devices show a current
density that is orders of magnitude smaller compared to the
undoped device. The regime at voltages below 1 V is pre-
sumably controlled by charge carriers introduced by residual
impurities in the material. Its interpretation is not the scope
of this paper.

The barrier of 1.9 eV for electron injection from alumi-
num into the LUMO of a-NPD is high compared to the
barrier of 0.6 eV for hole injection from ITO into the
HOMO. Furthermore,a-NPD is a hole transport material.
For these reasons, the current may be considered to be a
unipolar hole current. This assumption is supported by the
absence of any electroluminescence for all examined volt-
ages.

The spatial position of the doped layer, i.e., the layer
with high trap density, has a significant effect on theJ–V
characteristics, as shown in Fig. 2. This effect is substantial:
For a voltage of 6 V the current density of the device with
the doped layer adjacent to the hole injecting ITO electrode
is approximately two orders of magnitude smaller than for
the device with the doped layer at the hole collecting alumi-
num electrode. The current density of the device with the
doped layer in the middle of the organic film lies in between
the other twoJ–V characteristics. It seems intuitive that
traps located at the injecting electrode lead to a stronger re-
duction of the current density than those located at the
counter electrode, if one keeps in mind that in the case of
SCLC the vast majority of injected charge carriers is located
near the injecting electrode.1,2

IV. MODEL

For SCLC in diodes of various geometries with a uni-
form distribution of shallow traps either in the vicinity of the
emitting or the counter electrode, respectively, a theoretical
study was presented by Nicolet.4 However, to reproduce the
experimental situation, a model is necessary that comprises
at least three layers with different trapping parameters.
Therefore, a general expression for SCLC in a system of
planar geometry withn layers with different trapping param-

FIG. 2. Current–voltage characteristics of the undoped and the three differ-
ently doped devices in double-logarithmic scale. The two straight lines with
a slope of two are guides to the eye. The SCLC behavior is observed for
voltages above approximately 1.5 V. The voltage given here is the external
applied voltage corrected by the built-in potential of −0.6 V.
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eters is derived here. This derivation is presented in some
detail, since it yields analytical expressions for the charge-
carrier density and the electric-field strength in dependence
on the spatial coordinate. These equations will be employed
to reveal the different spatial distributions of those quantities
in the different devices.

The analytical treatment is based on the following as-
sumptions:

sad unipolar SCLC,
sbd currents due to diffusion and thermally generated

charge carriers can be neglected, and
scd the traps are shallow, only the trap-controlled SCLC

regime is accounted for, i.e., only voltages above the
ohmic/SCLC transport crossover and below the trap-
filled limit are considered.

In the trap-controlled SCLC the trapping parameteru is
used to describe the ratio between the free charge-carrier
densitynfsxd and the total charge-carrier densitynsxd,

u =
nfsxd

nfsxd + ntsxd
=

nfsxd
nsxd

or nfsxd = unsxd, s1d

wherentsxd denotes the trapped charge-carrier density.
In the case of shallow traps considered here, thesquasid

Fermi level for the holes is energetically at least 2kT below
the trap states so that their occupation can be described by
Boltzmann statistics. The trapping parameteru then is only
controlled by the energetic distribution and density of traps,
which are assumed to be homogeneously distributed within
each single layer.

The dependence of space-charge limited current on volt-
age and on the material parameters is derived from the ex-
pression for the drift current densityj

j = qmnfsxdFsxd = qmunsxdFsxd s2d

and from Poisson’s law

] Fsxd
] x

=
q

««0
nsxd, s3d

where Eq.s1d has been introduced into Eq.s2d. q is the
charge of the charge carriers,m the charge-carrier mobility,«
the relative permittivity of the material, andF the electric-
field strength. Whilem and« are considered to be identical
for all layers, each layeri may have an individual thickness
di and trapping parameterui. The origin of the spatial coor-
dinatexi is at the beginning of each layeri, as can be seen in
Fig. 1.

With the boundary-conditionFi
0=Fisxi =0d, substitution

of Eq. s2d in Eq. s3d and integration yields

Fisxid =Î 2 jxi

ui««0m
+ sFi

0d2. s4d

The charge carriers are injected into layer 1 from the elec-
trode atx1=0. As in common SCLC theory, this contact is
assumed to be ohmic and therefore the charge-carrier density
at x1=0 is infinite. In order to ensure a finite value for the
current, this leads to the boundary-conditionF1

0=0. For lay-
ersi .1, however, charge carriers are injected from the back-

plane of the respective previous layer, where the charge-
carrier density has a finite value. The boundary conditions
for those layers are obtained from the continuity of the elec-
tric field, i.e., by matching the electric-field strength at the
interface between two layers:Fi

0=Fi−1sxi−1=di−1d.
Integration of Eq.s4d over the entire layer thicknessdi

yields the voltage drop over one single layer

Visdi, jd = −
ui«m

3j
HF 2 jdi

ui««0m
+ sFi

0d2G3/2

− sFi
0d3J . s5d

The total voltage drop over the entire system of layers is the
sum of the voltage drops over the individual layers. The
current density is the same in all layers due to the continuity
of the electric current. Therefore, summation over allVi, in-
troducing the respective boundary conditions forFi

0, and
solving for j finally yields thej –V dependence for the entire
system

j =
9

8
««0m

V2

a

with a =Ho
i=1

n

uiFSo
k=1

l
dk

uk
D3/2

− So
l=1

i−1
di

ul
D3/2GJ2

. s6d

To check the validity of Eq.s6d two limiting cases are con-
sidered. Settingui =u corresponds to a homogeneous system
with the trapping parameteru and thicknessd=odi. Under
these conditions, Eq.s6d reduces to the well-known formula
for trap-controlled SCLCj =s9/8d«muU2/d3. With n=1 and
u1=u Eq. s6d should describe trap-controlled SCLC through
a system with just the thicknessd1. Indeed it yields j
=s9/8d«muU2/d1

3 in this case.
In the paper of Sworakowski5 a spatially dependent trap

distribution function was introduced. The result given by Eq.
s6d may also be derived from this approach by defining ap-
propriate step functions for the spatial trap distribution. By
solving the expression given by Sworakowski, including
double integration of the distribution function, Eq.s6d is con-
firmed.

In the conducted experiment the number of layersn=3
and d1=d2=d3. Therefore, with the total thicknessd=3d1,
Eq. s6d can be written as

j = j0F with j0 =
9

8
««0m

V2

d3

and F = 27Fu1S 1

u1
D3/2

+ u2S 1

u2
+

1

u1
D3/2

− u2S 1

u1
D3/2

+ u3S 1

u3
+

1

u2
+

1

u1
D3/2

− u3S 1

u2
+

1

u1
D3/2G−2

.

s7d

Here, j0 corresponds to SCLC through an undoped system
with thicknessd, and F, depending only on theui, is the
factor by whichj0 is reduced when traps are introduced into
the system. The doping of one specific layer can be modeled
by setting the respectiveui =u and the other twoui =1. Set-
ting ui to unity means that all injected charge carriers are free
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charge carriers as in the undoped material.15 The trapping
parameteru is the same for all doped devices, irrespective of
the position of the doped layer, because the energetic distri-
bution and density of the traps are independent of the loca-
tion of the doped layer. For the three different cases the
expressionsFITO, Fcenter, andFAl are obtained as functions
of u, whereby the subscript denotes the position of the doped
layer.

FITO = FS 1

27u
D1/2

− S 1

3u
D3/2

+ S 1

3u
+

2

3
D3/2G−2

, s8d

Fcenter= FS1

3
D3/2

+ uS 1

3u
+

1

3
D3/2

− uS1

3
D3/2

+ S 1

3u
+

2

3
D3/2

− S 1

3u
+

1

3
D3/2G−2

, s9d

FAl = FS2

3
D3/2

+ uS 1

3u
+

2

3
D3/2

− uS2

3
D3/2G−2

. s10d

Equationss8d ands10d conform to the results derived by
Nicolet4 for shallow traps in the vicinity of the emitting elec-
trode or the counter electrode, respectively.

Introducing Eq.s7d to Eqs.s4d and s2d leads to expres-
sions for the electric-field strength and the charge-carrier
density in dependence on the spatial coordinatexi and the
voltageV.

Fisxid =Î9xiV
2F

4uid
3 + sFi

0d2, s11d

nisxid =
9V2F««0

8d3quiFisxid
. s12d

V. RESULTS AND DISCUSSION

Figure 3 shows the plots ofF vs u. The closer the doped
layer is located to the injecting ITO electrode, the smaller is
the factorF. This is in accordance with the experimental
results shown in Fig. 2. The plots converge to unity foru
=1, since the influence of traps vanishes.

A quantitative comparison between the theoretical and
experimental results can be achieved by calculatingF from

the experimentalJ–V characteristics, i.e., the factor by
which the current is decreased relatively to the undoped de-
vice. For this the current valuesj of the J–V characteristics
of the doped systems are normalized to the current valuesj0
of the undoped system. The resulting plots ofj / j0 vs V are
depicted in Fig. 4. For voltages above approximately 1.5 V,
which is the voltage regime in which SCLC is actually ob-
servedssee Fig. 2d, the J/ j0 plots indeed settle to a certain
level that yields the respective experimentally obtainedF.
Averaging the data between 2 and 4 V yieldsFITO=7.5
310−5, Fcenter=4.3310−4, andFAl =3.2310−3.

These values forF are marked in the corresponding
theoretically obtained plots ofF vs u shown in Fig. 3. Since
the basis of the model was the assumption thatu is only
dependent on the energetic distribution and density of traps,
it should have the same value for all three systems, regard-
less of where the doped layer is located in the device. In Fig.
3 it can be seen that the experimentally obtainedF values
indeed are expressed by the analytic equations using similar
values foru in all three cases. With Eqs.s8d–s10d, the respec-
tive u values are calculated to beuITO=0.5310−4, ucenter

=1.0310−4, anduAl =1.3310−4, differing by a factor of 2.6.
These values average to 0.9310−4. This is also in good
agreement with a value foru obtained from a device that was
prepared in the same way as described above, but which was
doped homogeneously over the entire film thicknesssresults
not shown hered. In this caseF=u and a value of 10−4 was
obtained.

It is instructive to calculate the spatial distribution of the
total charge-carrier density and the electric-field strength for
the three differently doped devices from the theoretical
model. These can be obtained from Eqs.s12d and s11d, uti-
lizing the respectiveF given by Eqs.s8d–s10d.

In the case of SCLC through a homogeneous film, the
majority of charge carriers is located at the injecting elec-
trode and their density decreases withx−1/2. In contrast, Fig.
5sad shows that in all three devices the majority of charge
carriers is located in the doped layer, irrespective of its po-
sition. Within all layers the charge-carrier density decreases
again withx−1/2. Due to the small trapping parameter ofu
=10−4, effectively only the trapped charge carriers contribute
to the total charge-carrier density in the doped layers. Thus,
even though only one third of each device is doped, the vast
majority of injected charge carriers resides in the traps.

FIG. 3. Plots ofF vs u in double-logarithmic scale as given by Eqs.
s8d–s10d. The open symbols mark the respective values forF that were
obtained experimentally from the three doped devices. It can be seen that the
model within some tolerance correlates the experimentally determinedF
with the same value foru. The inset shows the plots ofF vs u in linear
scale.

FIG. 4. Ratio of the current valuesj of the differently doped devices to the
current valuesj0 of the undoped device. In the trap-controlled SCLC regime,
i.e., for voltages above approximately 1.5 V,j / j0 settles to a certain level,
thus yielding the factorF, by which the current is reduced by introducing
the doped layer.
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The distribution of injected charge carriers within the
devices is reflected by the spatial distribution of the electric-
field strength, which changes considerably only in the re-
spective doped layer. Figure 5sbd shows that the highest field
strength occurs in the device, in which the doped layer is
located adjacent to the aluminum cathode, whereas the field
strength is the smallest in the device with the doped layer at
the hole injecting ITO anode. This can explain the deviations
of the normalized currents from a constant value at higher
voltages that are observed in Fig. 4. Under the influence of
an electric field, the effective depth of a trap can be reduced
by the Poole–Frenkel effectssee, e.g., Kao and Hwang2d. A
reduction of the trap depth leads to an increase of the ratio
between free and total charge carriers and therefore of the
trapping parameteru. Thus, also the ratioF between the
current density of the doped and the undoped device is not
constant anymore but increases at higher voltages. This ef-
fect should be most pronounced if the doped layer is adjacent
to the Al electrode, since this device exhibits the highest field
strength in the doped region for a given voltage. This indeed
applies to the experimental data, as can be seen in Fig. 4.

From the comparison of theoretical and experimental re-
sults it can be concluded that the analytical solution proposed
above for a system comprising differently doped layers is
valid and capable to describe such a system in the shallow
trap-controlled, unipolar SCLC regime. This could be useful
for the modeling of devices in which functional doped layers
are introduced into a transport film, e.g., in order to balance
electron and hole transport in an organic light-emitting diode
sOLEDd. The factorF, by which the current decreases, and
the spatial distributions of charge-carrier density and
electric-field strength can be calculated analytically for any
system with homogeneously doped layers, once the trapping

parametersu of the individual layers are known. Those can
be determined by examining single layer devices with the
respective parameters.

Furthermore, the application of the presented model is
not necessarily limited to systems comprising layers with
different trap densities.u was defined in Eq.s1d as the ratio
between trapped and total injected charge-carrier density. In
this approach, trapped charge carriers do not take part in the
transport, while free charge carriers do so with the mobility
m. One could also assume all injected charge carriers to take
part in the transport but with a reduced mobilityum. In this
caseu is dependent on the average time the charge carriers
reside in traps. This would again introduceu into Eq. s2d as
before, not via a reduced amount of free charge carriers, but
via a reduced mobility, thus leaving the mathematical de-
scription of the system and the derivation unchanged. This
illustrates that the model can be used for any system of lay-
ers with different mobility. Different mobilities do not nec-
essarily have to be due to doping but, for example, can be
due to different morphology, degree of order, or due to layers
constituted of different materials.

VI. CONCLUSIONS

SCLC measurements on films of organic semiconductors
with distinctive spatial distributions of shallow traps are pre-
sented. In the investigated devices one third of the organic
film—either adjacent to the injecting electrode, in the center
of the device, or adjacent to the counter electrode—exhibits
a homogeneous high trap density that was realized by dop-
ing. Compared to an undoped device, theJ–V characteristics
show a strong decrease of the current density. They vary over
orders of magnitude among the three investigated devices,
whereby the current density decreases stronger, the closer the
doped layer is located to the injecting electrode. Traps near
the injecting electrode have the most pronounced effect on
charge transport in SCLC.

An analytical model for unipolar SCLC through a sys-
tem of homogeneous layers with different trapping param-
eters for shallow traps is presented, which is also suitable for
layers with different mobilities in general. The proposed
model results in an analytical expression for theJ–V depen-
dence of such a system. The model is able to reproduce the
experimental results quantitatively.

The spatial distribution of the charge-carrier density and
the electric-field strength is calculated from the model for the
three differently doped devices. It is found that the majority
of charge carriers resides in trap states, irrespective of the
position of the doped layer within the device. The results for
the electric-field strength allow one to understand the experi-
mental data in more detail.
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