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Unipolar space-charge limited current through layers with a disparate
concentration of shallow traps: Experiment and model
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The influence of the spatial distribution of trap states on unipolar space-charge limited current
(SCLO is investigated experimentally and theoretically. Thin-layered films of the small molecule
organic semiconductor N ,/Ndi(1-naphty)-N,N’-diphenylbenzidind«-NPD) are vapor
deposited on indium tin oxide, with aluminum as the counter electrode. The small molecule
4,4 4'-tris-[N-(1-naphty)-N-(phenylaming]-triphenylamine(1-NaphDATA), 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
guantitatively 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 PhysidDOI: 10.1063/1.1840094

I. INTRODUCTION a model for unipolar SCLC through a system of homoge-

Space-charge limited curref§CLC) oceurs in insula- neous layers with different trapping pgrameters for §hallow
. g ._traps is presented. The model quantitatively describes the

tors or semiconductors when injected excess charge carriers

which build up a space charge screening the external eIeC,[ri%xpenmental data. It is also used to calculate the spatial dis-

field, dominate the electric current. Electronic states presenpbuuons. of the pharge—carner dens!ty and the electric-field
in the energy gap of the material will affect the SCLC. Thestrength in the differently doped devices.

influence of different densities and energy distributions of

such trap states on SCLC characteristics have been tholl- EXPERIMENT

oughly examined theoretically and experimentéTﬁ/How- i , , i
ever, the common approach that is applied to interpret ex- 1€ schematic cross section of the processed devices is
perimental results assumes a homogeneous Spatiaresented in Flg..l. The diodes c':on.S|st qf the_organlc semi-
distribution of traps. condpctor sandwiched between llnd'lum tin oxidieO) and'

A number of publications has also dealt with inhomoge-alum'n“m electrodes. The organic film had an overall th|CI_<-
neous spatial distributiorfs® However, among the majority "€SS of 210 nm for all samples. The hole transport material
of theoretical analyses, only few works correlate experimen-
tal data with a theoretical frameworR® There may exist Jognm _ 210nm 100 nm

two main reasons: On the one hand it is complicated to ex- didid
tract the spatial distribution of trap states in a certain device be—ie—s
from SCLC analysis: on the other hand it seems difficult to 0.0l
fabricate a device with a specified spatial trap distribution in R
order to study its effect on SCLC characteristics. Glass| ITO | o-NPD | Al
In the present paper the latter task is performed by vapor Ty @
deposition of thin-layered films of a small molecule organic % % %
semiconductor. In this approach a second small molecule can | - I —t X
be used as dopant in order to deliberately introduce well- 0 d, !
known shallow trap states. The realized organic films consist —t > X,
of three layers, one of which is homogeneously doped. The 0 d,
influence of the spatial position of the doped layer on the 4> X,
current-voltagdJ—V) characteristics is examined. 0 d,

In order to analytically describe the experimental results,
FIG. 1. Schematic of the investigated devices. The variables relate to the

theoretical modelé; is the trapping parametex, the spatial coordinate, and
dElectronic mail: fleissner@e-mat.tu-darmstadt.de d; the thickness of the respective layer.
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and 4.2 eV for aluminur All J-V characteristics enter the
SCLC regime and show approximately the same slope for
voltages above 1.5 V. Basic SCLC theb?)predicts a slope

of two in the double-logarithmicJ—V characteristics,

~—&— undoped a-NPD Y
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] , : ,

1 whereas a linear fit on the experimental data between 2 and
1

1

!

1

=~{=—doped layer at A

=D doped layer in center
—O—doped layer at ITO

4V 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 the-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.
FIG. 2. Current-voltage characteristics of the undoped and the three diffelSlopes of approximately two occur in the SCLC regime of
ently doped devices in double-logarithmic scale. The two straight lines withthe measured—V characteristics for an assumed built-in po-

a slope of two are guides to the eye. The SCLC behavior is observed f . _ . . . .
voltages above approximately 1.5 V. The voltage given here is the externc;qentlal of 1.4 V. This value is hlgh compared to the given

applied voltage corrected by the built-in potential of —0.6 V. difference of the work functions of the electrode materials,
but might be explained by interface dipoles. However, the

N, N’-di(1-naphty}- N, N'-diphenylbenzidind a-NPD) was actual value of the built-in potential is of no importance to
used as the matrix material. The energy levels for the higheépe following considerations and calculations, since only the
occupied molecular orbitAHOMO) and the lowest unoccu- current densities of the different devices will be compared

ied molecular orbital  (LUMO are 5.4 with each other.
gnd 2.3eV, respectively 4 4(, 4”-tris)-[N-(1-naphty}- In the SCLC regime the doped devices show a current

N-(phenylaming]-triphenylamine(1-NaphDATA was density that is orders of magnitude smaller compared to the

used as the doping material. It is known to create hole trapgndOped device. The regime at vpltages below 1V IS pre-
sumably controlled by charge carriers introduced by residual

in a-NPD with an energetic depth of approximately ' Lo . . S
0.5 eV1® Three devices were processed, in which a 70-nriMpurities in the material. Its interpretation is not the scope

: f this paper.
layer was doped with 1-NaphDATA. The doped layer was® ; L .
either located directly at the ITO electrodayer 1), in the Thet b?;]rlerl_af'v}g e;/ f(l)\lrpeéec_:trc;]r) |rr]1]ect|on fro(;n taluthml-
middle of thea-NPD film (layer 2, or directly at the alumi- Bum_ n Of Oe6 Vi ohal- L 'St. 'gf comly_)racge_ to the
num electroddlayer 3. Furthermore, a device with an un- armer ot 9.5 ev: for hole injection from into the
dopeda-NPD film of 210-nm thickness was prepared. HOMO. Furthermore,a-NPD is a hole transport material.

The devices were processed by vacuum sublimation 0lr:or these reasons, the current may be considered to be a

the organic molecules on an ITO-coated glass substraﬂénipc’lar hole current. This assumption is supported by the

(Merck). The 100-nm-thick ITO, serving as the transparentabsence of any electroluminescence for all examined volt-
anode, had previously been structured in a photolithographi@ge_sl_'h tial i ¢ the doped | . the |
process. The substrates were cleaned in a detergent solution, € spatial position of the doped fayer, 1.e., he layer

rinsed with distilled water, dried in Nland finally keptin an  W/th high trap density, has a significant effect on thev
L?haracterlstlcs, as shown in Fig. 2. This effect is substantial:

UV-generated ozone atmosphere for 15 min. The organi it £6V th t density of the devi ith
molecules were deposited in a vacuum chamber at a press Q" @ voltage o € current densily ot the device wi

of 10°° mbar. The deposition rate of the matrix material the doped layer adjacent to the hole injecting ITO electrode
2-NPD was 10 A/s. Doping with 3 vol% 1-NaphDATA in is approximately two orders of magnitude smaller than for
the respective layers was achieved by codeposition of th[ahe device with the doped layer at the hole collecting alumi-

dopant material at a rate of 0.3 A/s. Finally, 100-nm alumi-"u™m electrode. The current density of the device with the

num was deposited by thermal evaporation at a rate of 5 A/ oped layer in the middle of t_he_ organic film I'E.}S n _between
the other twoJ-V characteristics. It seems intuitive that

to form the cathode. The resulting diodes have an active are L
aps located at the injecting electrode lead to a stronger re-

of 10 mn?. For measurements the samples were transferreg i .
uction of the current density than those located at the

to a nitrogen atmosphere glove box without exposure to am- . . . .
bient air g P g P counter electrode, if one keeps in mind that in the case of

The J—V characteristics were measured at room tem_SCLC the vast majority of injected charge carriers is located

perature with a Hewlett—Packard parameter analy&? hear the injecting electrode’
4155A). Simultaneously, possible luminescence was detected
by means of photodiodes. IV. MODEL

Current Density (A/em?)
<%

0.1 1
Voltage (V)

For SCLC in diodes of various geometries with a uni-
form distribution of shallow traps either in the vicinity of the

Figure 2 displays the measured current—voltage chara@mitting or the counter electrode, respectively, a theoretical
teristics of the devices in double-logarithmic scale. Thestudy was presented by NicofeHowever, to reproduce the
shown voltage values are the externally applied voltages coexperimental situation, a model is necessary that comprises
rected by the built-in potential of —0.6 V. The built-in poten- at least three layers with different trapping parameters.
tial is assumed as the difference of the work functions of theTherefore, a general expression for SCLC in a system of
electrode materialf4.8 eV for ozone-treated ITQRef. 19 planar geometry withm layers with different trapping param-

lll. EXPERIMENTAL RESULTS
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eters is derived here. This derivation is presented in somplane of the respective previous layer, where the charge-
detail, since it yields analytical expressions for the chargeearrier density has a finite value. The boundary conditions
carrier density and the electric-field strength in dependencéor those layers are obtained from the continuity of the elec-
on the spatial coordinate. These equations will be employettic field, i.e., by matching the electric-field strength at the

to reveal the different spatial distributions of those quantitiesnterface between two layers?=F;_;(x_,=d;_,).

in the different devices. Integration of Eq.(4) over the entire layer thicknesh
The analytical treatment is based on the following as-yields the voltage drop over one single layer
sumptions: . 32
o ﬁis,u 2 ]d| 02 03
(@ unipolar SCLC, Vi(d;,j) = - 3 {[—9i880ﬂ +(F) -(F)3r. (5
(b) currents due to diffusion and thermally generated
charge carriers can be neglected, and The total voltage drop over the entire system of layers is the

(c) the traps are shallow, only the trap-controlled SCLCsum of the voltage drops over the individual layers. The
regime is accounted for, i.e., only voltages above thecurrent density is the same in all layers due to the continuity
ohmic/SCLC transport crossover and below the trap-of the electric current. Therefore, summation ovenglin-
filled limit are considered. troducing the respective boundary conditions Rﬁ and

solving forj finally yields thej—V dependence for the entire
In the trap-controlled SCLC the trapping paramefés  system

used to describe the ratio between the free charge-carrier

densityn;(x) and the total charge-carrier densit{x), j= _SSOMV_Z
8 @
ns(x) n¢(x)
= = =0 , 1
ni(X) +ne(x)  n(x) or n¥) = () @ n I d 32 /i-1 d 3127 | 2
i - k) hal
wheren,(x) denotes the trapped charge-carrier density. with a = .;1 gi[(gl ek) (gl 9|) ] . (6)

In the case of shallow traps considered here,(th&s)
Fermi level for the holes is energetically at leakiTbelow  To check the validity of Eq(6) two limiting cases are con-
the trap states so that their occupation can be described l®jdered. Setting) =6 corresponds to a homogeneous system
Boltzmann statistics. The trapping paramefiethen is only  with the trapping parametef and thicknessi=>d;. Under
controlled by the energetic distribution and density of trapsthese conditions, Ed6) reduces to the well-known formula
which are assumed to be homogeneously distributed withiffor trap-controlled SCLJ =(9/8)su6U?/d®. With n=1 and
each single layer. 61=0 Eqg. (6) should describe trap-controlled SCLC through
The dependence of space-charge limited current on volta system with just the thicknesd;. Indeed it yields]j
age and on the material parameters is derived from the ex—-(9/8)s,u0U2/d§ in this case.
pression for the drift current densify In the paper of Sworakowska spatially dependent trap
distribution function was introduced. The result given by Eq.

j =auni(x)F(x) = quen(x)F(x) 2 (6) may also be derived from this approach by defining ap-
and from Poisson’s law propriate step functions for the spatial trap distribution. By
JEX g solving the expression given by Sworakowski, including
—==—n(x), (3) double integration of the distribution function, E) is con-
Ix  ego firmed.

In the conducted experiment the number of layers3
and d;=d,=d3. Therefore, with the total thicknes$=3d;,
Eq. (6) can be written as

where Eqg.(1) has been introduced into E@2). q is the
charge of the charge carrieys.the charge-carrier mobility
the relative permittivity of the material, arfe the electric-
field strength. Whilew and e are considered to be identical 9 V2
for all layers, each layerr may have an individual thickness j=ie® with jo= gPek 3
d; and trapping paramete. The origin of the spatial coor-

dinatex; is at the beginning of each layeras can be seen in 1\32 1 1)\32 1\32
Fig. 1. and ®= 27[ 01<—> + 02<— + —) - 2( )

With the boundary-conditio’=F;(x;=0), substitution 1 b 6 61
of Eq. (2) in Eqg. (3) and integration yields 1 1 1)\32 1 1)\32]2
Re et "Mt |
2 jXi 0\2 3 U2 U1 o U1
Fi(x) = \/ ——— + (F%2. 4
i) beeon (F) (4) @

The charge carriers are injected into layer 1 from the elecHere, j, corresponds to SCLC through an undoped system
trode atx;=0. As in common SCLC theory, this contact is with thicknessd, and ®, depending only on thé, is the
assumed to be ohmic and therefore the charge-carrier densitgctor by whichj, is reduced when traps are introduced into
at x;=0 is infinite. In order to ensure a finite value for the the system. The doping of one specific layer can be modeled
current, this leads to the boundary—conditiéiﬁzo. For lay- by setting the respectivé =6 and the other twa@,=1. Set-
ersi>1, however, charge carriers are injected from the backting 6, to unity means that all injected charge carriers are free
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FIG. 3. Plots of® vs ¢ in double-logarithmic scale as given by Egs. FIG. 4. Ratio of the current valugsof the differently doped devices to the
(8)—«(10). The open symbols mark the respective valuesdothat were current valueg, of the undoped device. In the trap-controlled SCLC regime,
obtained experimentally from the three doped devices. It can be seen that th-, for voltages above approximately 1.5 Mj, settles to a certain level,
model within some tolerance correlates the experimentally determined thus yielding the factorb, by which the current is reduced by introducing
with the same value fop. The inset shows the plots @ vs ¢ in linear ~ the doped layer.
scale.

. . 5 ) the experimentalJ-V characteristics, i.e., the factor by
charge carriers as in the undoped mate aT.he rapping - yhich the current is decreased relatively to the undoped de-
parametewis the same for all doped devices, irrespective of e £ this the current valugsof the J-V characteristics
the_ position of the doped layer, becguse the energetic d|str5f the doped systems are normalized to the current valies
putlon and density of the traps are mdependent of the Iocat-)f the undoped system. The resulting plotsj b, vs V are

tion of t'he doped layer. For the three .d|fferent cases th%lepicted in Fig. 4. For voltages above approximately 1.5 V,
EXPressionsbiro, Peentey ANd Py are obtained as functions \yic, i the voltage regime in which SCLC is actually ob-
of 8, whereby the subscript denotes the position of the dOpegerved(see Fig. 2 the J/j, plots indeed settle to a certain

layer. level that yields the respective experimentally obtaided
~ 1 \12 1 \372 1 2\%2|2 Averaging the data between 2 and 4V yiel@s;o=7.5
Pro=|\275) ~\35) *T\3*3 , ®) X105, Dpenem4.3X 1074, andd, =3.2x 1072,

These values fod are marked in the corresponding
1)\372 1 1\32 1)\372 theoretically obtained plots @b vs 6 shown in Fig. 3. Since
Dcenter= [(5) + 9(594' 5) - 9(§> the basis of the model was the assumption thas only
dependent on the energetic distribution and density of traps,
.\ <i .\ 2)3’2_ (i . 1)3’2} 2 © it should have the same value for all three systems, regard-
30 3 30 3 ' less of where the doped layer is located in the device. In Fig.
3 it can be seen that the experimentally obtaidedalues
2312 1 2\32 2\32|-2 indeed are expressed by the analytic equations using similar
N [(5) + 9(59 + g) - 9(5) } (100 values forgin all three cases. With EqE3)—(10), the respec-
tive # values are calculated t0 b&15=0.5X10"% BOenter
Equations(8) and(10) conform to the results derived by =1.0x 1074, and 6, =1.3x 104, differing by a factor of 2.6.
Nicolet" for shallow traps in the vicinity of the emitting elec- These values average to X490 This is also in good
trode or the counter electrode, respectively. agreement with a value fatobtained from a device that was
Introducing Eq.(7) to Egs.(4) and (2) leads to expres- prepared in the same way as described above, but which was
sions for the electric-field strength and the charge-carrietloped homogeneously over the entire film thickn@esults
density in dependence on the spatial coordinatand the  not shown herk In this caseb=46 and a value of 10 was
voltageV. obtained.
V2D It is instructive to calculate the spatial distribution of the
Fix)=\/—— + (F)2, (11)  total charge-carrier density and the electric-field strength for
46,d the three differently doped devices from the theoretical
) model. These can be obtained from E@k2) and (11), uti-
OV Peeg (12) lizing the respectiveb given by Eqs.(8)—(10).
8’6 Fi(x) 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 with’2. In contrast, Fig.
5(a) shows that in all three devices the majority of charge
Figure 3 shows the plots db vs 6. The closer the doped carriers is located in the doped layer, irrespective of its po-
layer is located to the injecting ITO electrode, the smaller issition. Within all layers the charge-carrier density decreases
the factor®. This is in accordance with the experimental again withx *2. Due to the small trapping parameter &f
results shown in Fig. 2. The plots converge to unity for =10 effectively only the trapped charge carriers contribute
=1, since the influence of traps vanishes. to the total charge-carrier density in the doped layers. Thus,
A quantitative comparison between the theoretical andeven though only one third of each device is doped, the vast
experimental results can be achieved by calculadinffom  majority of injected charge carriers resides in the traps.

ni(x;) =

V. RESULTS AND DISCUSSION
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parameterd of the individual layers are known. Those can

16
5 A1o be determined by examining single layer devices with the
E "5 104, respective parameters.
S 1 77 1 : Furthermore, the application of the presented model is
2 %10121 — 1 not necessarily limited to systems comprising layers with
5§00 3 X 1 different trap densities? was defined in Eq(l) as the ratio
10" U A between trapped and total injected charge-carrier density. In
1 ' ; ! this approach, trapped charge carriers do not take part in the
6004 b) transport, while free charge carriers do so with the mobility
- ’g 500 ——doped lyeratL M. Ope could also assume all injected chargg_carriers Fo take
2 S 400 --- - doped layer at ITO ] part in the transport but with a reduced mobilfiy. In this
2 = 200 ] cased is dependent on the average time the charge carriers
B 5 2004 PRy it reside in traps. This would again introduéento Eg.(2) as
“‘% wol .o ] before, not via a reduced amount of free charge carriers, but
0 ’ ] via a reduced mobility, thus leaving the mathematical de-
o = o 210 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-
FIG. 5. Spatial distributions ofa) the charge-carrier density art) the  essarily have to be due to doping but, for example, can be

electric-field strength in the three differently doped devices. The plots aryye to different morphology degree of order, or due to |ayers
calculated from Eq98)—(12) of the theoretical model for a voltage of 3 V. . . - ’

The relative permittivity is set te=3 as typical for organic semiconductors, constituted of different materials.
the charge-carrier charge ¢p= +e for holes, and the trapping parameter in
the doped layers to the experimentally determined valué=afo. VI. CONCLUSIONS

Distance (nm)

SCLC measurements on films of organic semiconductors
The distribution of injected charge carriers within the with distinctive spatial distributions of shallow traps are pre-
devices is reflected by the spatial distribution of the electricsented. In the investigated devices one third of the organic
field strength, which changes considerably only in the refilm—either adjacent to the injecting electrode, in the center
spective doped layer. Figuréty shows that the highest field of the device, or adjacent to the counter electrode—exhibits
strength occurs in the device, in which the doped layer i€ homogeneous high trap density that was realized by dop-
located adjacent to the aluminum cathode, whereas the fiel9- Compared to an undoped device, dxe/ characteristics

strength is the smallest in the device with the doped layer a§how a strong decrease of the current density. They vary over

the hole injecting ITO anode. This can explain the dewauonsorOlers of magnitude among the three investigated devices,
. . whereby the current density decreases stronger, the closer the

of the normalized currents from a constant value at higher . T
?oped layer is located to the injecting electrode. Traps near

voltages that are observed in Fig. 4. Under the influence o e injecting electrode have the most pronounced effect on
an electric field, the effective depth of a trap can be reduce harge transport in SCLC

by the Poole—Frenkel effecsee, e.g., Kao and Hwafjg A ~ An analytical model for unipolar SCLC through a sys-
reduction of the trap depth leads to an increase of the ratigay of homogeneous layers with different trapping param-
between free and total charge carriers and therefore of theters for shallow traps is presented, which is also suitable for
trapping parametep. Thus, also the raticb between the |ayers with different mobilities in general. The proposed
current density of the doped and the undoped device is nahodel results in an analytical expression for fheV/ depen-
constant anymore but increases at higher voltages. This eflence of such a system. The model is able to reproduce the
fect should be most pronounced if the doped layer is adjacerxperimental results quantitatively.
to the Al electrode, since this device exhibits the highest field  The spatial distribution of the charge-carrier density and
strength in the doped region for a given voltage. This indeedhe electric-field strength is calculated from the model for the
app”es to the experimenta| data, as can be seen in F|g 4. three differently doped devices. It is found that the majority
From the comparison of theoretical and experimental reOf charge carriers resides in trap states, irrespective of the
sults it can be concluded that the analytical solution proposeB0sition of the doped layer within the device. The results for
above for a system comprising differently doped layers ithe electrlc-fl_eld strength gllow one to understand the experi-
valid and capable to describe such a system in the shalloftental data in more detail.
trap-controlled, unipolar SCLC regime. This could be useful
for the modeling of devices in which functional doped IayersACKNOWLEDGMENT
are introduced into a transport film, e.g., in order to balance  This work was supported by the Deutsche Forschungs-
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(OLED). The factor®, by which the current decreases, and
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