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Abstract: Temperature characteristics are important for the performance of organic thin film devices. On the basis of the

hopping theory of Miller-Abrahams,an analytical model of charge transport for bilayer organic devices under the organic-

organic interface limited current conduction is developed. The dependence of current, field,and carrier distribution in bi-

layer organic devices with the structure of “injection electrode/Layer | /Layer [ /collection electrode” on temperature are

numerically analyzed. We conclude that,for a given applied voltage, when temperature is raised,the voltage of Layer | will

increase,and the field will be higher. Meanwhile, the voltage of Layer [| will decrease, the field will become weaker ac-

cordingly,and the current of the device will increase.
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1 Introduction

The temperature characteristics of organic bilay-
er devices is of great importance for the understand-
ing of organic thin film devices (OTFDs) ,like organic
light-emitting devices''™* and organic photodetec-
tors"* % . Current conduction in single layer OTFDs
can be generally divided into two cases, namely the
injection limited conduction and the bulk limited con-
duction. There are two limiting factors for current
conduction in single layer devices. For single layer
OTFDs with high injection energy barrier, high mob-
ility, and small thickness, the current conduction is
usually injection limited. The current is determined
mainly by the injection barrier and the electric field,
while the transport property (mobility, trap, thick-
ness,and so on) of the organic have only a minor
effect on the current density. For single layer OTFDs
with lower carrier injection barrier,low mobility,and
large thickness, the current conduction is bulk limit-
ed. The current is determined by the transport proper-
ty of the organic bulk, while the injection barrier has
only a minor effect on the current density.

For bilayer OTFDs, besides the metal-organic
contact and the organic bulks, there is an additional
limiting factor,namely the organic-organic interface.

Article ID: 0253-4177(2008)06-1075-06

Bilayer OTFDs therefore have three current conduc-
ting states: the injection-limited, the bulk-limited, and
the organic-organic (OO) interface limited current
conduction. When the injection barrier is high,the or-
ganic layers are thin and their conductivities are high,
and the energy barrier at the organic-organic inter-
face is low,then the current conduction of the device
is injection limited. When the organic layers are thick
and high resistive,and the energy barrier at the met-
al-organic contact and at the organic-organic inter-
face are low, then the current conduction of the de-
vice is bulk limited. When the energy barrier at the
OO interface is high,the injection barrier at the met-
al-organic contact is low, and two organic layers are
thin and conductive, then the current conduction in
the bilayer device will be mainly limited by the energy
barrier at the OO interface. We denote this kind of
current conduction in bilayer devices as organic-
organic interface limited (OOIL) conduction.

Although there are many research works con-
cerning the modelling of multilayer organic de-
vices” """ ,few reports about the temperature charac-
teristics of distribution of current, field, and charges
in bilayer devices have been seen. In this paper,we re-
port the temperature characteristics at the distribution
of electric field and carrier concentration in bilayer
devices at OOIL current conduction.
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2 Numerical model

2.1 Charge transport across an organic-organic inter-
face

Although tremendous research work has been
done on carrier injection at metal-organic (MO) in-

[12~16]

terfaces" and on electronic structure of OO inter-

faces! 72"

, investigations on the carrier transport
across OO interfaces are still very limited. Arkihipov
et al ."""'have proposed an analytical model for carrier
transport across the interface between two disordered
organic semiconductors. Although the Schottky barri-
er,electric field,and hopping parameters of Layer [[
(Fig. 1) are included in that model, the electric field
in Layer | and the carrier density in both layers are
not included. Thus,the model is unsuitable for practi-
cal device modelling.

The basis for a traditional approach to the analy-
sis of charge carrier kinetics in disordered hopping
systems is the Miller-Abrahams expression'*” that de-
termines the carrier jump rate from a starting trans-
port site to a target transport site. We apply the
Miller-Abrahams formalism to the hopping of elec-
trons across the OO interface under the influence of
an electric field. The hopping rate from a starting site
located at x,; in Layer [ to a target site located at x,
in Layer[[ is:

V1 (11 - Ig) — uolexp[* 2}/1 (1‘2 - 1‘1) -

oy

E,(x;) —E, (x)) +|E;(x,) — E; (x1) ] }
2ky T
where vy is the attempt-to-jump frequency,y; the in-
verse localization radius of Layer [ , kg the Boltz-
mann constant,and T the temperature. The zero point
of the coordinate x is located at the OO interface,so
that x, is always smaller than or equal to zero,and x,
greater than or equal to zero. In the vicinity of the in-

terface,the potential energy E, (x,) and E,(x,) can
be expressed as (Fig. 1)
E (x,) =— Ey — gFox, (2)
E,(x,) :_ELz_C]Fozxz"'A (3
Here, E,, and Fy are the LUMO energy of Layer [ ,
and the electric field near the OO interface on Layer
I side,respectively. E,, and Fy, are the LUMO ener-
gy and corresponding electric field of Layer [I , re-
spectively. g is elementary charge,and A is the energy
offset or the vacuum-level shift of Layer [[ in respect
to the vacuum level of Layer [ caused by the inter-
face dipole™* .

Let n; be the electron concentration in the vicin-
ity of x, in Layer | and a, the mean distance of the
nearest transport sites (DNTS) to the OO interface in
Layer | ,then the jump-rate density from Layer [ in-
to the i-th transport site located at position a, + (i —
1) b, in Layer |l is:

v, = J {:1 vilx), —>a, + (i — Db, ]n (x))dx, (4)
where d; is tlhe thickness of Layer [ . a, and b, are
the mean DNTS and mean distance of transport sites
in Layer [| . Substituting Eqgs. (1) ~ (3) into Eq. (4),
we obtain:

ZymnkaT
II/ L= 2 X
1i qu
Fo, . ¢+ A
- - , + (i — ,) + =2
exp 2)/[(1 F01>(a“ (i — Dby aFo, M

Yig,i 4}/1 kBT _ -~
XJ eXp[<7qu 1)y1 | v, |]dy1 (5

Yio.i

with

¢ = Eiy — Ep (6)

Vio.i —
p+A—-qFyla,+(i—-Db,]-gF,la,+(mya—1b,]

2ky T
7

¢+ A-qFyla, + (i —1Db,] - gFya,
Viri = 2ky T

(8)
my = d‘b;l‘“ﬂ (9

The total jump-rate density from Layer [ into Layer
T is then:

’”51’1
v, = E vy (10)
i=1
Similarly, the jump-rate density from Layer [I
Layer [ is:

into

M2 ™

m, -1
v, = ZW:H

i=1
— 2vp N2 kg T %
qFoz

_ Fo . $+A
2)/2[(1 + F02>(a1 FG Db M

(1D

1I/QZI

exp
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The current density across the OO interface is then
Joo = q(lp‘j _Wz) (16)

2.2 Numerical model for OOIL current conduction in
bilayer organic devices

At OOIL current conduction,charges will be ac-
cumulated in Layer [ due to the block of the energy
barrier at the OO interface. Thus, both the drift and
diffusion motion of the carrier should be considered.
While in Layer [ ,charges injected from Layer [ will
be transported to the collecting electrode due the high
conductivity of this layer. That is,the charge accumu-
lation in Layer [[ is weak,so that the diffusion com-
ponent of the current can be neglected. The trap den-
sity in organic materials with high conductibility,such
as Layer ][ ,is usually low and can be ignored.

There exist traps in most organic thin films due
to structural disorder and impurities. The energy dis-
tribution due to structural disorder can be described
by a Gaussian function, which can be approximated by
an exponential function in the energy range con-
cerned. We consider a bilayer single-carrier organic
thin film device composed of a layer with exponen-
tially distributed traps (Layer [ ) and another which
is trap free (Layer [[ ). The electric field F,. total
clectron density n; and current density j,; at position
x, in Layer [ are associated through the following
equations (Fig. 1) ;

dF, qn.

= - 17
dx €€
n, = ng + ngy (18)
. d
Jo1 — q/llnlel - qu dnx“ (19)
D, = /% (Einstein relation) (20)

Here.ey and ¢, are the permittivity of a vacuum and
the relative dielectric constant of Layer [ respective-
ly;nn,n,y and n, are the free electron, trapped elec-
tron, and total electron concentrations, respectively.
p1 1s electron mobility and D, the electron diffusion

100nm, d, =100nm,p =10 *em*/(V * 8), 1, =10 7 cm®/(V +
$) ez =25v0 =10"s™ ', =2,a:=1,a,=1,A=0,9=0.5eV.
coefficient; kg and T are the Boltzmann constant and
ambient temperature, respectively. The zero point of
coordinate x is located at the OO interface.

The density of free electrons in Layer [ , ng . is
related to the total electron concentration through the

following equation™®* .

ngyp = N()] — n{] (21)

where [, is the relative trap depth of exponentially
8~10.25,26]

distributed traps-
density.
From electric field F;,the voltage drop in Layer

,and H, is the total trap

1 , U, can be calculated:

0
U, =J F, (o) dx (22)
-d

As no accumulation of charges occurs in Layer
Il .the carry density and electric field are uniformly
distributed over the entire layer. The current density
juz scarry density n,,and electric field F, in Layer [[
can be described by the following equation:

Jw = qu2n: F, (23)
U,
F, = Fp, = 24
2 02 4 (24)
From current continuity,we obtain:
Jor = Joo = Jwe = ] (25)
U=1U +U, (26)

Equations (5)~(26) were solved for the distribution
of the field and carrier concentration, using standard
numerical methods.

3 Results and discussion

Figure 2 shows the dependence of current density
on the temperature under different voltages. The cur-
rent increases gradually as the temperature increases.
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Fig.3 Distribution of the electric field and carrier concentra-

tion for different temperatures (a) Distribution of carrier con-

centration; (b) Electric field distribution The parameters used
are Hy =5 X107 em ™, 1, =6,d, =100nm, d, = 100nm, p; =
107 em?®/(V * 8) s, =107 %em®/(V * 8) ye = 2,0 = 10Ms7 1, 9,

=2.a,=1.a,=1,A=0.9=0.5eV.

According to Eq. (1), when the temperature increa-
ses,the hopping rate becomes greater, that is,carriers
can transport across the OO interface more easily as
the temperature increases.

Figure 3 shows the distribution of electron con-
centration and electric field at different temperatures
for an operation voltage of 5V. Figure 3 (a) shows
that the electron concentration increases as the tem-
perature increases, and the electron concentration
near the OO interface on Layer | side increases slow-
ly,while the electron concentration near the OO in-
terface on Layer [[ side increases rapidly. When the
temperature is high,according to Eq. (1) ,carriers can
transport across the OO interface more easily. So
more carriers can transport across the barrier into
Layer [ when the electron concentration is high in
Layer | , which results in a more rapid increase of
carrier concentration in Layer[[ .

When the total voltage of the device is held con-
stant, the ratio of mean electron concentration in
Layer | to the electron concentration in Layer [[ be-
comes smaller as the temperature increases. On the
other hand, the ratio of the resistance of Layer [ to
Layer [[ increases, changing the distribution of the
voltage in Layer [ and Layer [ : the voltage of Layer

% R %29 %
0.04
* 10V
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0.03 - o o
° ®
N
S °
Q
5 0.02F L4
=
m [ ]
0.01 | ?
I I
100 200 300
Temperature/K

Fig.4 Measured dependence of luminescence efficiency on the
temperature of the device “Al/Alg; /TPD/ITO” from Ref.[27]

| increases, and that of Layer [[ decreases. So, when
the temperature increases, the electric field in Layer
I increases, while the field in Layer [[ decreases.
(Fig. 3(b))

Saha et al.’s study-*” on the organic light-emit-
ting devices (OLEDs) with a structure of Al/ tris-(8-
hydroxy) quinoline aluminum(Algq;)/ N,N’-diphenyl-
N, N’ bis (3-methylphenyl)- [ 1-1’-biphenyl ]-4-4’-di-
amine ( TPD)/ITO concluded that the luminescence
efficiency decreases as the device temperature increa-

[27]

ses (Fig. 4), which can be explained by this model.
The LUMO and HOMO energy of Alqg; are 3.3 and
6. 0eV,respectively™®’ . The LUMO and HOMO ener-
gy of TPD are 2.4 and 5. 5eV, respectively'®’ . Thus,
under normal work conditions (ITO as anode, Al as
cathode) , the electron transport barrier at Alq;/TPD
interface is large (0.9eV),so the electrons injected
from the Al electrode accumulate near the OO inter-
face on the Alq; side,as in Layer [ in this model. The
majority of holes injected from the ITO electrode into
the TPD layer transport across the OO interface into
the Alq; layer, and recombine radiatively with elec-
trons there. A small number of eclectrons transport
across the OO interface and recombine with holes in
the TPD layer nonradiatively,so there is no electron
accumulation in the TPD layer,as in Layer [[ in our
model. So, the conduction of electron current in this
device can be considered as OOIL conduction due to
the thin Alq; layer and the large electron transport
barrier at the OO interface. According to Fig. 2,for a
given voltage, the ratio of the electron current from
Algq; to TPD to the total current becomes greater
when the temperature increases. As the temperature
increases,the nonradiative recombination in TPD in-
creases, which leads to a decrease in luminescence ef-
ficiency.
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4 Conclusion

Based on the Miller-Abrahams theory,a numeri-
cal model for charge transport at OO interfaces is es-
tablished. The dependences of current density, distri-
bution of field,and electron concentration on temper-
ature under OOIL current conduction are analysed.
The results show that: (1) the higher the temperature
of the device,the larger the current, (2) carrier con-
centrations in Layer [ and Layer [[ increase with
temperature,and carrier concentration in Layer [ in-
creases more rapidly than in Layer, and (3) the
change of temperature influences the distribution of
voltage in Layer | and Layer [[ . For a given voltage,
when the temperature increases, the voltage and the
electric field of Layer I increase, while the voltage
and the electric field of Layer ][ decrease.
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