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Modeling the low-voltage regime of organic diodes: Origin of the ideality

factor
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LPICM, Ecole Polytechnique, CNRS, 91128 Palaiseau, France

(Received 22 July 2011; accepted 6 October 2011; published online 14 November 2011)

This paper investigates the physics of single-layer organic diodes in the low-voltage regime. A
simple analytical model is developed to describe the current-voltage characteristics of the device. At
variance with what is often reported in the literature, the operating mechanism of the organic diode is
closer to that of the p-n junction than that of the conventional Schottky diode. The influence of an
exponential distribution of traps is also analyzed. Alongside a drastic reduction of the current at
above-diffusion-potential regime, traps introduce a substantial ideality factor in the low-voltage
current. Two-dimensional physically based simulations are carried out in order to ascertain the
validity of our model. By including trap effects, device simulation could fairly fit the experimental
data of the organic diodes made of vacuum-evaporated pentacene. © 2011 American Institute of

Physics. [doi:10.1063/1.3660221]

. INTRODUCTION

With the rapid development of organic electronic devi-
ces, such as organic light-emitting diodes (OLEDs)'* and or-
ganic photovoltaic cells (OPVs),>™ a specific model for
organic diodes becomes a key feature for interpretation and
prediction of the device operation. Up to now, most of the
diode models were directed toward OLEDs® and thus
focused on the high-voltage regime (at least few volts). This
is due to the fact that the emission starts at the onset voltage
that is well above the diffusion (i.e., built-in) potential V. At
this regime, the current is mainly controlled by bulk proper-
ties of the semiconducting layer. By contrast, a different sit-
uation prevails in OPVs, in which the open-circuit voltage
roughly corresponds to the built-in voltage, so that the opera-
tion voltage is below V,.” At this low-voltage regime, cur-
rent generally follows an exponential behavior that strongly
reminds the conventional metal-semiconductor (Schottky)
contact. This is the reason that the Schottky diode model is
often invoked to explain the behavior of organic diodes.®
However, this model is based on the presence of a “depletion
region” that extends over a small part of the whole thickness
of the (inorganic) semiconductor, which, in fact, makes its
application to organic solids questionable.

Imperfection of the Schottky model for “organic” diodes
is expectable when general device and material configuration
are taken into consideration. First, the thickness of an or-
ganic layer is usually much lower (typically 100 nm) than
that of a Si wafer (~0.7 mm). Next, organic semiconductors
are, in general, unintentionally doped so that free carrier
density is extremely low (typically less than 10'* cm~3).
From these two arguments, the expected depletion width is
actually higher than the film thickness in most cases. As a
consequence, the energy diagram of the organic diode should
be described by the metal-insulator-metal (MIM) representa-
tion” without any “partial” depletion region. Evidence for
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such a statement was recently reported by our group through
impedance analysis on pentacene-based diodes.'®

Another important limitation in organic semiconductors
is the presence of traps, with the exception of highly pure,
defect-free organic crystals. Energetic distribution of traps is
most often described as an exponential or Gaussian density
of states (DOS) near the transport band edges.''™"* The pri-
mary effect of this DOS is to substantially decrease the cur-
rent under forward bias.

In a historical point of view, the model presented here is
largely based on the work developed during the early days of
solid-state electronics. At that period, semiconductors were
treated as highly resistive materials, in which charge carriers
mainly arise from the injection at the contact electrode'*'®
(hence, the appellation of “dielectric diode”). An archetypal
work is that by Wright,'” which deals with one-dimensional
one-carrier current in a plane parallel structure with one
ohmic (injecting) contact and one blocking contact. On the
basis of a resolution of coupled Poisson’s and drift-diffusion
equations, it was shown that, at low forward bias, current
predominantly occurs by carrier diffusion and exponentially
increases with the applied voltage, while, at higher forward
voltage, the predominant mechanism is carrier drift and cur-
rent follows a space-charge-limited power law. Due to the
blocking electrode, reverse current is negligibly small and
high rectification ratio could be achieved.

In the present work, we propose a simple analytical
model that accounts for the current flow at low voltage in an
organic diode composed of a single organic layer sand-
wiched between two conductors with different work func-
tions. It is shown that the resulting current fairly compares to
the calculated current by a physically based device simula-
tion using drift-diffusion equations and finite-element inte-
gration. In addition to a significant reduction of the current
above the built-in potential, it is found that an exponential
distribution of traps leads to an emergence of the ideality
factor in the exponential regime (low-voltage regime).
With the trap effects included in the simulation, we could

© 2011 American Institute of Physics
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successfully fit the experimental data measured on vacuum-
evaporated pentacene diodes.

Il. ANALYTICAL MODEL

The model diode consists of an organic layer inserted
between a high work function (hereafter designated as the
anode) and a low work function (the cathode) electrode, with
the following assumptions: (1) in the absence of electrodes,
there are no free carriers inside the semiconductor (the or-
ganic semiconductor is fully depleted and behaves as a pure
dielectric); (2) only one type of carrier (electrons or holes)
are injected from both electrodes. In the remainder of the
paper, we will assume that these charge carriers are holes
(hole-only conduction), keeping in mind that the extension
to the electron-only or even bipolar system is straightforward
(in the latter instance, it suffices to sum up the electron and
hole currents).

Because of the first assumption, it is expected that there
is no band bending upon contacting the semiconductor to the
electrodes. The energy diagram of the metal-insulator-metal
(MIM) diode is illustrated in Fig. 1. This figure also qualita-
tively depicts the operation regimes of the diode.

It is worth clarifying here that the mobility can be con-
sidered as constant in the diode configuration without carrier
density dependence on it. This assumption is supported by
the comparison of the carrier-density-dependent mobility in
diodes and transistors.'” This work indicates that, because
the carrier concentration in diodes is much lower, the mobil-
ity is low and practically constant, whereas the mobility in
transistors is substantially higher and more dependent on the
carrier density.

A. ldeal case: Semiconductor without traps

1. Diode at thermal equilibrium

In this first part, we justify the energy diagram adopted
in Fig. 1. We start from the one dimensional Poisson’s
Eq. (1) and drift-diffusion Eq. (2).

dF _ gp(x) )
dx e
. dp
J=gqpuF — qDa' (2)
&
& o e
0
qVa LuMO
¢ Voll F=0
qVa =
HOMO
V.<0 V,=0 Vo=V;
Equilibrium Flat bands
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Here, F is the strength of the electric field, x the spatial coor-
dinate in the direction perpendicular to the electrodes (x = 0
at the anode), ¢ the elementary charge, p the density of holes,
¢ the permittivity of the semiconductor, j the current density,
u the hole mobility, and D their diffusion coefficient.

A generalized relation between the diffusion coefficient
and the mobility can be found in the seminal textbook by
Ashcroft and Mermin.?® Its low carrier density limit reduces
to Einstein relation D/ = kT /q, where k is Boltzmann con-
stant and T the absolute temperature. Several recent papers
discussed the validity of this relation in the case of organic
semiconductors.?' " In general, it was found that a deviation
from Einstein relation occurs with increased disorder (as
measured by the variance of a Gaussian density of states)
and charge carrier concentration. Here, we will assume that
the semiconductor is partially ordered (or polycrystalline)
and the carrier concentration is low enough (undoped or
unintentionally doped semiconductor). Under such circum-
stances, the Einstein relation can be safely adopted. How-
ever, we recognize that further investigation on this
assumption would deserve additional work in the future.

From the Einstein relation and Eq. (1), Eq. (2) becomes

, dF kT d*F

At equilibrium (no voltage applied), j = 0, leading to the dif-
ferential equation

dF kT d*F
F— =0

- = 4
el 4)
which can be integrated once,
q )2 2 g dF
— | F———= 5
(ZkT AT dx  ©7 ©)

where g is an integration constant.
In the Boltzmann approximation, Eq. (6) defines a rela-
tionship between the density of holes and the potential,

p = poe /M (6)

where py = Nye £/¥T is the density of holes at x = 0. Here,

N, is the effective density of states at the valence band edge
and E, the (anode) barrier height at the -electrode-
semiconductor interface.

FIG. 1. Energy diagram of an MIM
MO diode. V, is the diffusion (or built-in)

W potential, which amounts to the differ-
L — [cathode ence between the work function of the

F anode and that of the cathode. V, is

anode - the potential applied to the anode, with
\—\04 the cathode being connected to ground.

From left to right: reverse-biased, ther-

mal-equilibrium, flat-band, and forward-

Va>Vy biased condition. The arrows symbolize

the various regimes of the diode. From
left to right: reverse bias, injection-

< Reverse bias | |Injection Iimi@ |

limited forward bias, and bulk-limited
forward bias regime.

Bulk limited >
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Equation (5) was first resolved by Mott and Gurney for
a semi-infinite semiconductor,'® then by Skinner** for a
semiconductor of finite thickness. The general solution
writes

2kT
F(x):—Tgcothg(erxl), (7
2ekT I's gxXo } 2
= = - s 8
P(x) ¢*> sinh? g(x + x1) po Llnh g(x +x1) ®)

where x; is an integration constant and xy the Debye length

2ekT
Xo = 5 - (9)
q-Po

Writing that p(0) = po leads to

arg sinh gxg
1=

(10)
8
Substitution of Eq. (10) in Egs. (7) and (8) gives
2kT
F(x) = ——— gcoth(gx + arg sinh gxo), (1)
q
8Xo ?
= . 12
P() =po Linh(gx + arg sinh gxg) (12)
The potential is obtained by integrating the electric field
i 2kT . sinh inh
V() = _J F(x)dx = 2T | sin (gx + arg sinh gxo) (13)
0 q 8Xo

Here, we assumed that V= 0 at the anode. The integration
constant g can now be estimated by introducing the potential
at the cathode, V(d) = V,, where d is the thickness of the
semiconductor and V, the diffusion (or built-in) potential
that equals the difference between the work functions of the
anode and the cathode. At this stage, the calculation can no
longer be performed by analysis and a numerical computa-
tion is used.

Figure 2 shows the calculated potential profiles of an or-
ganic diode with the following physical parameters: thick-
ness of the semiconductor: 200 nm; anode work function:
4.8 eV; cathode work function: 4.2 eV; and ionization poten-
tial of the semiconductor: 4.9, 5.0, and 5.1 eV (to compare
different injection barrier heights). In all cases, we assume
that the LUMO level is sufficiently close to the vacuum
level, so that no significant electron injection takes place.

From Fig. 2, we can say that the MIM model is com-
pletely valid as long as the anode barrier height is higher
than about 0.2 eV. For smaller barrier heights, a slight band
bending develops near the anode that tends to reduce the
electric field in the bulk of the semiconductor. Note that the
band bending appears at the “injecting” electrode, which is
at variance with the Schottky model, where the band bending
takes place near the “blocking electrode”. We also note that,
because of various interfacial effects discussed in detail else-
where,” realistic metal-organic semiconductor junctions

J. Appl. Phys. 110, 093722 (2011)
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FIG. 2. Calculated potential profiles in a 200-nm-thick MIM diode with
three values for the anode hole barrier: 0.1, 0.2, and 0.3 eV. The respective
cathode barriers are 0.7, 0.8, and 0.9 eV.

present an injection barrier in excess of ~ 0.3 eV, so that the
MIM model could be applicable in most cases.

2. Current-voltage model for the low-voltage regime

The exact analytical resolution of the general drift-
diffusion Eq. (3) with finite current has been developed by
Skinner*® and Wright.'” The solution involves Bessel func-
tions, and even its asymptotic development does not lead to
easy-to-handle analytical expressions. Instead, we develop
here a simplified model directly inspired by the model of
Shockley for the pn junction. One of the clearest physical
descriptions of the concept can be found in the textbook of
Ashcroft and Mermin.?° At this point, it is worth mentioning
that our model differs from that of the pn junction in that we
only consider one kind of charge carrier; here, holes.

The basic idea is that the total current density j is the dif-
ference between two components: one originating from holes
injected at the anode, j,,, and one from holes injected at the
cathode, j..;. As expected from Eq. (6) and Fig. 2, the den-
sity of holes at the anode is considerably higher than that at
the cathode. However, Fig. 1 shows that, as long as the volt-
age applied to the anode (V,) is lower than the diffusion
potential, the electric field points against the hole current
from the anode, so that only holes with high thermal energy
can contribute to the anode current. Hence, the anode current
is proportional to e=9(Va—Va)/KT o oaVa/KT

In contrast, at the cathode, the direction of the electric
field favors the drift of (small number of) injected carriers.
Thus, the cathode current is given by the elementary charge
times the density of holes at the cathode, p;, times their mo-
bility, u, times the electric field,

. V _Va
Jeath = qp1it—2 - (14)

At zero applied voltage, the total current is zero, so that
jan(va = O) :jcath<va = O) (15)

Taking into account the voltage dependence of the anode
current, we can write
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. . V
Jan :]an(va = O)eqva/kT = qplﬂgdqua/kT_ (16)

Combining Egs. (14) and (16) and the definition of p;, we
finally get

v,
j=ls (eqva/“—l + v_d)’ (17)
. \%  pcath
Js= quj‘Nue ERT, (18)

Note that Eq. (17) differs from that of the pn junction by the
third factor in the brackets at the right hand side that explains
slight voltage dependence of the reverse current. At this
stage, it is worth pointing out that the current is controlled by
the electrode with the lowest hole injection (namely, the
cathode). This operation mechanism reminds that of the pn
junction, in which the current is controlled by minority
carriers. At applied voltages higher than a few kT/q,
Eq. (17) simplifies to

j=Jse™ (19)

B. Effect of traps in the semiconductor
1. Defining a band edge in the presence of traps

Before analyzing the effect of traps on the diode, let us
first recall how a band edge can be defined in a disordered
semiconductor and how a distinction can be made between
“valence” (or “conduction”) and “trap” states. A first useful
concept is the mobility edge (ME)?"*® that was first devel-
oped for amorphous inorganic semiconductors. The ME sep-
arates extended from localized states. The existence of the
former arises from the similarity of the short range configu-
ration in the amorphous solid to its crystalline analogy.
Transport in localized states occurs through hopping and is
expected to be negligible in comparison with that in the
extended states; hence, we see an abrupt increase in mobility
at the ME. Only charge carriers that are thermally activated
to states above the ME contribute to charge transport. This
constitutes the base of the well-documented multiple trap-
ping and release (MTR) model.

However, the presence of extended states is unlikely in
disordered organic semiconductors. Instead, the valence and
conduction bands are described in terms of a Gaussian distri-
bution of localized states. In such a case, the transport energy
(TE) is a more relevant concept.”’ TE is a particular
temperature-dependent energy level within the band tail that
was first coined by Grunewald and Thomas®° from a numeri-
cal analysis of the equilibrium hopping conductivity. As
shown later by Monroe,?" an electron starting from an upper
energy level of the distribution makes a series of hops down-
ward in energy until it reaches some particular energy (TE),
at which the relaxation process changes drastically. Near and
below this TE, the transport resembles the MTR process,
with the ME replaced by the TE. Accordingly, we will con-
sider the TE as the band edge in the following discussions.

J. Appl. Phys. 110, 093722 (2011)

2. Diode with traps at thermal equilibrium

The presence of a distribution of traps in organic semi-
conductors is now well documented.'''?*? The most appro-
priate model for small molecules is the exponential DOS,

_ N ey,

N(E) = kTCe , (20)
where E, is the energy of the valence band edge, N; the total
density of traps, and T, a characteristic temperature con-
nected to the width of the distribution. The density of trapped
holes is estimated by integrating this DOS times the Fermi-
Dirac distribution (for holes) over the available energy
range,

o N(E)E
pi(Ep) = J,x | 1+ o E-ErrqV)/iT"

2y

Here, Er is the Fermi energy at equilibrium. Because T, > T
in general, the DOS in Eq. (20) is slowly varying function
with energy compared to the Fermi function, so that the latter
can be approximated to a step function, thus yielding the fol-
lowing relation between the density of trapped holes and the
potential:

P = poe” Ve (22)

where py = N,e 5/*¢ is the value of p, at x = 0. From Egs.
(6) and (22), the ratio between free and trapped holes is

given by

T./T

p_ (P i (23)
N, \MV

The potential profile can now be calculated by replacing p
by p + p, in Poisson’s equation in Eq. (1). However, gener-
ally p,>>p, so that a valid Poisson’s equation can be simply
obtained by replacing p by p; in Eq. (1). On the other hand,
the drift-diffusion equation must be left unchanged because
only “free” carriers can participate in the charge transport.
Making use of Egs. (1) and (23), Eq. (3) becomes, after sev-
eral manipulations,

l -1 2

e dF dF  kT.d°F
j = gNyu| — | [ — F—————, 24
/= M(‘IN) (dx) < dx q dxz) &9

where [ = T,./T. At equilibrium, Eq. (24) reduces to Eq. (4),
with T, instead of T. Accordingly, the solution for V(x) is
obtained by changing T to T, and py to py. Figure 3 com-
pares the potential profile of a diode without and with traps
with the parameters listed in Table 1. Here, the trap density
and characteristic temperature are representative values close
to the experimentally extracted trap parameters in Sec. IV B.
Note that these values differ from those deduced in a recent
study from pentacene-based organic field-effect transistors.*>
The difference can mainly arise from the direction of current
flow; the current flows across the film in a diode, whereas it
flows along the film in a transistor. It could also come from
the already mentioned very different charge carrier density
involved in both devices.
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FIG. 3. Calculated potential profiles in an MIM diode without and with
a distribution of traps. The parameters used for the calculation are listed in
Table I.

The effect of the distribution of traps is globally identi-
cal to the lowering of injection barrier from the anode. Physi-
cally, traps provide available states that can be filled by
injected carriers from the anode. These trapped (or fixed)
carriers give rise to a screening effect that bends the band. In
turn, the band bending can be viewed as a reduction of
potential difference between the anode and the cathode. This
point will be discussed in more detail in Sec. III B with simu-
lated voltage-dependent band structures.

3. Bulk-limited current with exponential trap
distribution

As indicated in Fig. 1, when the forward voltage exceeds
the built-in voltage, the current is no longer limited by
charge injection but limited by the bulk property of the semi-
conductor. This is because the direction of electric field now
favors the drift contribution of injected carriers at the
“anode”. If the semiconductor does not contain any traps
(corresponding to the arguments in Sec. II A), the bulk cur-
rent follows the well-known Mott-Gurney relation (space-
charge limited current (SCLC)) and the current is a quadratic
function of voltage.'**?

When the bulk current is affected by exponentially dis-
tributed traps, one can refer to the classical model of Mark
and Helfrich,* which predicts the current-voltage relation of
the form

TABLE I. Parameters used for the analytical calculations.

Parameter Value
Effective density of states N, (cm™?) 10%
Ionization potential /P (eV) 5.1
Anode work function W} (eV) 4.8
Cathode work function W;'f’h eV) 4.2
Temperature (K) 300
Dielectric constant 3.6
Total trap density N; (cm™?) 2x10"
Characteristic temperature 7, (K) 1200

J. Appl. Phys. 110, 093722 (2011)

e 1\ 20+ 1\ (v, — vy
= gNout [ — . @5
I “u(qN,l+1) (z+1) 42T (25)

The foremost feature of Eq. (25) is that it predicts a power
law shape in the current-voltage curve. Traditionally, the
current is plotted in log-log coordinates, and the slope of the
straight line (/ + 1) is used as a direct access to the character-
istic temperature (7.) of the trap distribution.

As a final remark of this section on the trap studies in or-
ganic diodes, we emphasize that, up to this time, there was
no dedicated study for the trap effect on the “low-voltage
regime”. Based on the trap-induced band bending effect
modeled in this section, and by making use of the device
simulation with the experimental application of Mark-
Helfrich law, we will prove in Secs. III and IV that traps
result in a significant ideality factor (decreased slope in the
exponential current) at a low-voltage regime.

lll. NUMERICAL SIMULATION

In this section, we present several results of a physically
based two-dimensional simulation as a validation and exten-
sion tool of the analytical model. They will provide comple-
mentary data to the model, as the simulation gives exact
numerical solutions for the system that cannot be analytically
estimated (especially, calculation out of thermal equilibrium
condition). We used the ATLAS simulator by SILVACO™
for the organic diode simulation. This finite-element simula-
tion solves a set of coupled Poisson’s, continuity, and drift-
diffusion equations and produces self-consistent solutions
within a user-defined two-dimensional structure. We defined
a metal-semiconductor-metal structure with 200 nm of pen-
tacene (predefined material model in ATLAS) as an organic
semiconductor.

A. Validity of the model

In Fig. 4, the simulated current-voltage (j — V) curve is
drawn together with that of the low-voltage analytical model
developed in Sec. II A. The parameters for both curves are
those listed in Table I, with hole mobility of pentacene as
0.15 cm?/V - 5.>® The simulated curve displays three distinct
regimes introduced in Fig. 1: reverse, injection-limited, and

10 —™a™aA 71—
. model
N’g 10 ———- simulation (without traps)
(&S]
< 10
2
‘@
S 10
©
g 10°
E
[&]
1010 ——
10-12 I L L 1 L L L L 1 I L L L 1 L L L 1 E
-1.0 0.5 0.0 0.5 1.0
voltage (V)

FIG. 4. Comparison between the simulated and analytical j — V curves.
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FIG. 5. Simulated j — V curves with various doping concentrations in penta-
cene. This result points out that the assumption of zero doping is applicable
as long as the dopant density lies below the injected carrier density at the
anode.

bulk-limited. Under reverse-bias (V, < 0), both curves
show slightly increasing reverse-current, as predicted by
our model. In the injection-limited forward-bias regime
(0 <V, <V, (main focus of this study), the analytical
curve fairly matches the simulation, apart from small devia-
tion as approaching the bulk regime. The third regime (bulk-
limited forward-bias regime) is not traced by the low-voltage
model. The simulation indicates that, in this regime, the
current is no longer exponential with voltage; rather, it starts
following a power-law dependence (SCLC prevails here).

All that has been developed until this point is strongly
based on the primary assumption that the organic semicon-
ductor is strictly undoped, so that only injected charges
govern the current flow in the diode. In order to solidify this
hypothesis, a series of simulations with increasing doping
concentration has been conducted. Figure 5 shows the for-
ward j — V characteristics from zero to the heavily doped
case. Obviously, doping up to 10" cm ™ does not influence
the current, because the injected carriers are more abundant
than those generated by dopants. It is only when the doping
concentration becomes higher than 10'® cm ™ that the cur-
rent significantly raises, owing to additional free carriers.
Accordingly, the organic semiconductor can be safely
described as undoped in realistic cases, even though small
amounts of unintentional dopants could exist in fabricated
devices.

B. Trap-induced ideality factor

Figure 6 presents the simulated potential profiles with
an exponential distribution of traps. With the parameters
listed in Table I, the simulated potential profile at thermal
equilibrium (V, = 0) matches well that calculated by the
model (see Fig. 3); band bending occurs at the injecting
interface due to the trapped (fixed) charges. Then, the simu-
lation also allows us to monitor the variation of the profiles
as varying applied V,, which is, in fact, a key element to
understand the trap-induced ideality factor.

The influence of traps on the j — V characteristics of the
organic diode is shown in Fig. 7 and can be discussed as fol-

J. Appl. Phys. 110, 093722 (2011)

potential (V)

0 50 100 150 200
distance (nm)

FIG. 6. Effect of an exponential trap distribution on the potential profile as
estimated by simulation with the same parameters as for the analytical
model in Fig. 3.

lows: First, there is no significant change in the reverse-bias
regime, because the reverse current is dominated by the drift
contribution of the free carriers injected at the cathode. Next,
in the injection-limited regime (from 0 V to roughly 0.5 V),
we clearly observe a decrease of the slope, which can be
interpreted in terms of an ideality factor n. Third, the bulk-
limited current (above 0.5 V) is considerably lowered, as
predicted by Mark-Helfrich’s model in Eq. (25). The origin
of the trap-induced ideality factor can be elucidated from the
potential profiles in Fig. 6. The effect of traps on the poten-
tial profile can be viewed as a reduction of the injection bar-
rier at the anode. If we define the reduction as AV (AV > 0),
the current is no longer proportional to ¢?”«/¥T | but rather to
e?Va=AV)/KT " Generally, AV depends on the applied voltage
(as shown in Fig. 6). A first order development of AV with
V, leads to AV ~ oV, and

j = jsed T (26)

0 ——————
~ 102 : —— without traps
Ng _ ———- with traps, 7,=1000 K
2 104 o with traps, T,=1200 K
2z (N=2x10" cm?) =
o 3
S 3
o g

1010 E -

o) A

1.0 05 0.0 05 1.0

voltage (V)

FIG. 7. Effect of an exponential distribution of traps on the j — V character-
istics of an organic diode. The traps result in a deviation of the forward cur-
rent at low biases from the exponential growth, which can be interpreted in
terms of an ideality factor. Ideality factor becomes higher with increasing
T..
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where n=1/(1 —a) is the ideality factor. However, it
should be noted that Eq. (26) looks oversimplified when the
current is strongly limited by traps. In that case, the current
is not perfectly linear with V, in the semi-log plot (see
T.=1200 K curve in Fig. 7). In other words, a first order
approximation is less reliable in such a situation.

There were many experimental reports showing consid-
erable ideality factor in organic diodes. Haldi er al.,”” for
instance, studied single-layer diodes with various organic
semiconductors and measured ideality factors ranged from
1.6 to 4.3. No clear physical explanation, however, has been
put forward yet. We believe that our result is the first and
most relevant description for the origin of the ideality factor
in organic diodes.

IV. EXPERIMENTAL PROOF

This section deals with an experimental analysis on the
pentacene-based organic diode, which supports the explana-
tion for the trap-induced ideality factor in Secs. II B and
III B. If an organic diode with single crystalline semiconduc-
tor or low-defect material is under investigation, the ideality
factor could be close to unity and show trap-free behavior
(Secs. IT A and IIT A). Evaporated pentacene film is known
for its polycrystalline phase, and grain (or domain) bounda-
ries mainly contain trapping sites.'>® It is thus expected that
pentacene diode could be a useful test device concerning trap
effects. We could extract actual trap parameters (N, and T)
by applying Eq. (25) to the bulk-regime current of our device.
Incorporating this exact information on traps, the simulation
could reproduce the measured j —V curve at low-voltage
regime with satisfying precision for the ideality factor.

A. Fabrication: Pentacene diode

Pentacene-based organic diodes were fabricated with
metal /semiconductor/metal structure. Au (anode), penta-
cene (organic semiconductor), and Al (cathode) were subse-
quently evaporated on a cleaned glass substrate. All
evaporation processes were done under a vacuum pressure of
about 2 x 107 mbar, with the substrate kept at room tem-
perature. The evaporation rate of pentacene was 0.1 nm/sec
with a final thickness of 200 nm. j — V measurements were
carried out using a semiconductor characterization system
(Keithley 4200) in dark under nitrogen atmosphere. The
devices are transferred into the measurement system right
after the fabrication process without exposure to the ambient
air. This experimental setup minimizes contamination
or degradation by chemical reaction with ambient gas
molecules.

B. Bulk-limited current: Evidence for traps

Figure 8 shows the measured bulk-limited current in
log-log scale. The reasonable linearity of the measured curve
ascertains a power-law relationship between current and
voltage. The estimated slope of the curve is 5.4, and it means
that the current is strongly limited by traps.** This value can
be directly converted to / =4.4 and T, = 1320 K. The
total density of traps N, was then obtained by optimizing

J. Appl. Phys. 110, 093722 (2011)
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FIG. 8. j —V data in the bulk-limited regime (2 to 8 V) plotted in log-log
scale together with the best-fit simulation and the prediction of Mark-
Helfrich’s model (trap-limited SCLC).

the measured data to the simulation, resulting in
N, = 1.3 x 10" cm™>. The curve calculated with the Mark-
Helfrich model [Eq. (25)] with extracted N, and T, is plotted
in Fig. 8 as well. Note that, because we inserted V,—V,
(instead of V,) as the voltage term in Eq. (25) to correct for
the asymmetric electrodes, the curve is not perfectly linear,
but slightly bends downward when approaching V.

C. Low-voltage regime: Ideality factor

The measured low-voltage regime current is shown in
Fig. 9. It also exhibits three-regime behavior with increasing
reverse-current and exponential injection-current. A linear
regression gives an approximate ideality factor n of 2.1
in the pentacene diode. With fixed trap parameters
(N, =13 %108 cm™3 and T, = 1320 K), we could fit the
low-voltage regime curve to extract injection barrier heights;
it should be kept in mind that the current in this regime
strongly (exponentially) depends on the cathode barrier as
predicted by our model [Eqgs. (17) and (18)]. Assuming an

10‘4 E ' T T T T T T T T T T T T T T r T r . 3

—~ 105 L measurement ]
o~ 3 . A . :
£ F ———- simulation (with traps) E
2 | ]
3 10 3 Al i
2 i ]
‘3 2L pentacene 200 nm ]
S 107 3 // n=2.1 E
2 i Au ]
S 108 L [ glass substrate ]
5 T E
© | o = n
109 ]

1010 T T

-1.0 05 0.0 0.5 1.0
voltage (V)

FIG. 9. Measured j—V curve of a pentacene diode. The inset shows
the structure on a glass substrate. The Au bottom electrode serves as the
injecting contact (anode), and the Al top electrode is the blocking contact
(cathode). The active area of the device is 4 x 10™* cm>. The best simulation
is also shown.
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ionization potential /P of pentacene as 5.2 eV, the work
functions of the Au anode and Al cathode were extracted to
be 4.9 and 4.38 eV, respectively. They correspond to the an-
ode barrier of 0.3 eV and the cathode barrier of 0.82 eV.
Figure 9 shows a nice agreement between the optimized sim-
ulation and the experimental data; we can successfully
account for the emergence of the ideality factor by bulk traps
in the organic semiconductor. In addition, the simulated
Jj — V curve also shows the same ideality factor of ~2.1.

V. CONCLUSION

In the present work, we revisit the physics of the single-
layer organic diode. We introduce a new simple analytical
model for the low-voltage regime of the diode, an area of
great interest for organic photovoltaic cells. We show that
the current at applied voltage lower than the diffusion poten-
tial results from the balance between the charge carriers
injected from both electrodes, a mechanism that strongly
reminds that of the pn junction. Such a description is at var-
iance with the most often invoked picture of the conventional
Schottky diode, in which the current is governed by the inter-
face between the semiconductor and the blocking electrode.
The effect of traps is to reduce the overall current of the
diode, and they also induce a substantial ideality factor. We
provide two-dimensional physically based finite element
simulation in order to validate the model. The current-
voltage characteristics given by the analytical model are in
good agreement with the simulation results. Another appeal-
ing aspect of our model is that it provides a physical meaning
to basic parameters, such as the saturation current, which
could be utilized within the frame of organic circuit compact
modeling. We are currently working on the extension of the
present model to the case of heterojunction organic photo-
voltaic cells.
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