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ABSTRACT

For a biased trap-filled insulator, the current transport is governed by the physics of charge injection from the metallic electrode and also
the trap-limited space-charge conduction in the insulator. With a Schottky barrier at the interface of the metal-insulator junction, charge
tunneling injection from a metal into the trap-filled insulator is different from an Ohmic contact. At sufficiently large amount of charge injec-
tion at high voltages, the charge transport becomes the trap-limited space-charge conduction. In this paper, we develop a consistent model to
calculate the correct IV characteristics up to a breakdown field strength of 1 V/nm. Using this model, we analyze the transport characteristic
of three different metal-insulator junctions (ITO/PPV, Al/h-BN, and Al/ZrO2) and identify the conduction mechanisms over a wide range of
the applied voltage, insulator’s thickness, and properties of the traps. Our findings report the interplay between various transport mecha-
nisms, which is useful to characterize the correct current transport for novel insulators such as organic semiconductors, 2D insulators, and
metal-oxide electronics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0124748

Organic semiconductors and polymer electronics have recently
gained wide attention due to their distinctive properties such as flexi-
bility, light weight, low processing cost, and adjustable functional
properties for various applications.1–5 For example, organic light-
emitting diodes (OLEDs) are broadly used in high-end smartphones
and TV displays.6 Flexible sensors based on an organic field effect
transistor (OFET) also exhibit great potentials in many applications,7

including wearable electronics.8 Other applications include memory
devices,9,10 solar cells,11,12 and capacitors.13,14 A better understanding
of their current transport characteristic from low to high voltages is
important for many applications, especially for a trap-filled insulator
having a Schottky contact with a metallic electrode, which is relatively
less studied.

For a trap-free insulator with an Ohmic contact, the current
transport characteristic is usually described by Ohm’s law, when the
concentration of the injected carriers is less than the intrinsic carriers
at low voltages.15 At higher voltages, more charges are injected into
the insulator, where the space charge effect cannot be ignored with its
conduction of current density J described by the trap-free space-
charge-limited conduction (SCLC) or the Mott–Gurney (MG) law:16

JMG / V2=d3. Note the MG law is the solid-state counterpart to the
Child–Langmuir (CL) law for vacuum diodes:17,18 JCL / V3=2=d2.

Studies of SCLC can be found in recent review papers,19,20 including
the (for solids) two-dimensional (2D) planar MG law,21 quantum MG
law,22 cylindrical and spherical MG law,23 and modified MG law for
Dirac materials.24 For a trap-filled insulator, the transport is known as
the trap-limited conduction or the Mark–Helfrich (MH) law:25

JMH / Vlþ1=d2lþ1, where l ¼ Tc=T , T is the temperature, and Tc is
the characteristic temperature for the exponential distribution of the
traps. When all traps are filled up by the injected carriers, the MH law
will recover the MG law at very high voltages. For various applications
using various types of materials, the Schottky contact is unavoidable at
the metal–insulator interface, and the tunneling of electrons must be
included.26 For example, the tunneling injection (TI) of current den-
sity J under an electric field E ¼ V=d for the field emission process is
by the Fowler–Norheim (FN) model15

J ¼ e3E2

16p2�h/Bs2ðyÞ
exp � 4

ffiffiffiffiffiffiffiffi
2m�
p

/3=2
B tðyÞ

3e�hE

 !
; (1)

where e is the elementary charge, /B is the barrier height at the inter-
face of the metal-insulator junction,m� is the effective mass of carriers
inside the insulator, �h is the reduced Planck’s constant, and tðyÞ and
sðyÞ are the correction factors for the Schottky barrier. The above FN
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model is only valid for a planar field emitting diode, and it has also
been extended for emitters with different shapes.27,28 A schematic dia-
gram of the tunneling injection (TI) and its transition to the trap-
limited space-charge conduction (TLSCC) is shown in Fig. 1(a). These
mechanisms have been studied separately in prior works,29–32 but a
smooth transition for a trap-filled insulator remains unexplored unlike
the studies in the vacuum diode.33,34

In this paper, we will develop such a transition model to describe
the current–voltage (IV) characteristic for a trap-filled insulator with a
Schottky contact and with a thickness of d. The model is applicable
not only to organic semiconductor devices but also to other insulators
such as high-k dielectrics, 2D materials based insulators, and metal-
oxide materials. We specifically choose three different materials (based
on reported parameters as shown in Table I): Al/ZrO2 (high-k dielec-
tric), ITO/PPV (organic semiconductor), and Al/h-BN (2D insulator)
to report our calculations up to a breakdown field strength of 1V/nm.
Our findings suggest that Al/h-BN and Al/ZrO2 exhibit pure tunneling
injection in the range of 1–100V for a thickness d of 100nm–1lm,
while the ITO/PPV case shows the three-stage transition at thickness d
below 1lm.

In our model, we consider the velocity v of the injected carriers in
the insulator is under a biased voltage V, which is governed by the col-
lisional force balance equation47

m�
dv
dt
¼ e

dU
dx
� ev

l
; (2)

where l is the carrier mobility inside the insulator and U is the electric
potential to be solved by Poisson’s equation. Assuming that the intrin-
sic carriers are negligible compared to the injected carriers, Poisson’s
equation can be written as36

d2U
dx2
¼

qf þ qt

e0er
: (3)

Here, e0 and er are the free space and relative permittivity of the insula-
tor, respectively, qf and qt are the free carriers and trapped charge den-
sity, respectively, which are related by25

qt ¼ Hb
qf

e1�lNeff

� �1=l
; (4)

Neff is the effective density states of conduction or valence bands
(depending on the carrier type), andHb is the trap density.

The injected tunneling charge density from Eq. (1) can be also
expressed by J ¼ qf v, and a combination of Eqs. (3) and (4) yields

d2U
dx2
¼ 1

e0er

J
v
þHb

J
e1�lNeff v

� �1=l
" #

: (5)

FIG. 1. (a) Schematic diagram of the injection-limited conduction and space-charge-limited conduction. (b) and (c) The complete J–V characteristic curves of ITO/PPV, Al/h-
BN, and Al/ZrO2 with an insulator thickness of d¼ 100 nm and 1l m, respectively. l¼ 7 in all cases.

TABLE I. Electrical properties of different junctions and insulators.

Junction Transport carrier /B (eV) er m�=m0 l (cm2 V�1 s�1) Neff (cm
�3) Hb (cm

�3)

ITO/PPV Hole 0.335 236 1 1:5� 10�436 3� 101936 9� 101736

Al/h-BN Hole 2.2237 3.7638 0.5439 0.0140 2:1� 101941 1� 101342

Al/ZrO2 Electron 0.9243 2544 0.445 1243 6:3� 101846 1:6� 101846
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Differentiating Eq. (2) with respect to x to couple with Eq. (5), we have

m�

e
d2v
dt2
þ 1

l
dv
dt
¼ 1

e0er
J þ Hb

J
e1�lNeff

� �1=l

v1�1=l
" #

: (6)

The velocity profile, v(t) can be numerically solved from Eq. (6)
with the initial conditions of vð0Þ ¼ 0 and v0ð0Þ ¼ eE=m�. By integrat-
ing the velocity profile v(t), we obtain the position profile x(t) of the
carriers transiting across the insulator from xðt ¼ 0Þ ¼ 0 to
xðt ¼ TÞ ¼ d, where T is the transit time across the dielectric thickness
d. Further integrating Eq. (2) with respect to x and change variables to t
allows the bias voltage V to be obtained from the transit time T,

V ¼ m�

e
vðTÞ2

2
þ
ðT
0

vðtÞ2

l
dt: (7)

For a given set of material properties, the model is solved for J as a
function of V. Three asymptotic equations can be derived to describe
the different J–V characteristics in FN, MH, and MG regimes. The first
asymptotic equation is the modified FN law substituted with
E ¼ V=d,

JFN ¼
e3

16p2�h/Bs2ð yÞ
V
d

� �2

exp � 4
ffiffiffiffiffiffiffiffi
2m�
p

/3=2
B tðyÞ

3e�h
d
V

 !
: (8)

The second and third asymptotic equations are the MH law25 and the
MG law16

JMH ¼ e1�llNeff
2l þ 1
l þ 1

� �lþ1
l

l þ 1
e0er
Hb

� �l Vlþ1

d2lþ1
; (9)

and

JMG ¼
9
8
e0erl

V2

d3
: (10)

Figures 1(b) and 1(c) show the J–V characteristics of three differ-
ent metal/insulator junctions at room temperature for d¼ 100nm
(top) and 1lm (bottom). The material properties (based on reported
values) for our calculations are summarized in Table I. Here, we set
l¼ 7 in our calculations unless it is stated otherwise. The calculated
results are restricted to a breakdown field strength of 1V/nm, which

corresponds to V (volts)¼ 100 and 1000 for d (nm)¼ 100 and 1000.
For a d¼ 100nm poly(phenylene vinylene) (PPV) in contact with
indium-tin-oxide (ITO) with a barrier of 0.3 eV, Fig. 1(b) shows the
deviation from the FN law at around V¼ 3 V converging to the MH
law. When V is further increased to the “punch-through voltage”21 at
around 30 V, the MG law is recovered. In between the FN and MG
regimes, it is the transition regime of the tunneling injection to
trapped-limited space charge conduction (TI-TLSCC). Similar transi-
tion can also be calculated for other d, like d¼ 1 lm in Fig. 1(c).

For hexagonal boron nitride (h-BN) in contact with aluminum
(Al), it can be seen that the conductions (for both d¼ 100nm and
1 lm) follow the FN asymptotic equation without transition to MH or
MG regimes. This purely tunneling injection is due to a large barrier
(/B ¼ 2:22 eV) that is unable to produce sufficient space charge
effects. Note that the MH asymptotic equation is also absent due to
the low trap density in h-BN as compared to the effective density of
states, and h-BN can be treated as the “trap-free” material. The
same findings also occur for the last studied case: zirconium dioxide
(ZrO2) in contact with Al even with a reasonable small barrier of
/B ¼ 0:92 eV. The last two examples suggest that the transition to the
SCLC regime at high voltages is not necessary guaranteed. Using the
MH or MG law to analyze the J–V characteristic of such systems
might be erroneous, because the MG law [Eq. (10)] has the same scal-
ing of J / V2 to the FN law [Eq. (8)].

To study the effects of different trap distribution l, we show the
J–V characteristics of the ITO/PPV case at d¼ 100nm for three addi-
tional cases: trap-free, l¼ 3 and 5 in Figs. 2(a)–2(c). The trap-free sce-
nario can be modeled by setting Hb¼ 0. For the trap-free case, there is
a direct transition from the FN regime to the MG regime. For l¼ 3
and 5, we observe the same TI-TLSCC transition as compared to l¼ 7
in Fig. 1(b) but with different transition voltages. For example, the
transition regime is from V (volts)¼ 4.5 to 7 at l¼ 3 as compared to V
(volts)¼ 3 to 30 at l¼ 7.

In Figs. 3(a) and 3(b), contour plots of free charge density qf and
trapped charge density qt for ITO/PPV with d¼ 100nm and l¼ 7 are
presented. Both qf and qt increase with higher V and decrease as a
function of distance x away from the interface. In the TI-TLSCC tran-
sition regime (3 <V < 30 V), the qf is significantly lower than the qt

[see Fig. 3(c) for the ratio of qf =qf < 1], which indicates that only a
small fraction of the injected carriers are contributing to the current

FIG. 2. Complete J–V characteristic curves of ITO/PPV with d¼ 100 nm at different trap distributions: (a) Trap-free, (b) l¼ 3, and (c) l¼ 5.
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transport, while majority of the carriers are filling up the traps. At high
voltage (V¼ 30 V and above), most of the traps are completely filled
up (qt � Hb) by the injected carriers starting from the interface
region, and the free charge density qf gradually exceeds the trapped
charge density qt. At this high V regime, the PPV behaves like a “trap-
free” insulator, and further injected carriers are directly contributing
to the SCLC transport obeying the MG law.

To estimate the transition voltage Vt between different regimes,
we equate the respective two asymptotic equations from Eq. (8) to (10),
namely, JFN ¼ JMH, JMH ¼ JMG and JFN ¼ JMH. Figure 4 shows the cal-
culated Vt as a function of thickness d for the three materials (color
solid lines), which separate the three operating regimes of FN (red),
MH (yellow), and MG (blue) laws. Here, the black lines in the figures
are the breakdown electric field at 1V/nm (solid) and 0.5V/nm
(dashed). In Fig. 4(a) [ITO/PPV], we see that three different regimes
only co-existed at small d < 1000nm. As d increases, the required vol-
tages to reach MH and MG regimes also increase, which may exceed
the breakdown field (solid lines) that are not possible in experiments.
For Figs. 4(b) and 4(c), it is clear that both Al/h-BN and Al/ZrO2 are
expected to operate in the pure tunneling injection (or the FN law)
regime over the practical range of V and d. The complete absence of
MH and MG laws in these insulators provides a new regime that is

known as source-limited operation, which was also reported before for
free-space diode recently.33

In summary, a consistent model is developed to calculate the J–V
characteristic for a trap-filled insulator with the Schottky barrier. The
model is able to identify three different operating regimes: tunneling
injection (due to field emission or FN law), trap-limited conduction
(or MH law), and trap-free space charge current (or MG law). Using
this model, we analyze the transport characteristic of three different
metal-insulator junctions (ITO/PPV, Al/h-BN, and Al/ZrO2) and
identify their conduction mechanisms over a wide range of the applied
voltage, insulator’s thickness, and properties of traps. Our findings
have shown that the complete J–V characteristics are not trivial that
the consistent model should be used for accurate characterization so
useful microscopic parameters like trap properties and mobility of car-
riers can be extracted by fitting our model to experimental measure-
ments. Thus, the developed model presented here provides a more
consistent tool to the analysis of advance insulator-liked materials,
organic semiconductors, and metal oxide electronics.

In the model, the injected carriers from the metal cathode are
considered to be the only source for the current transport, and the
contribution of intrinsic carriers is neglected, which is valid only for
insulators or organic semiconductors. It is incapable to capture the

FIG. 3. Contour plots of the (a) free charge density qf and (b) trapped charge density qt in ITO/PPV with d¼ 100 nm. (c) The ratio of free charge density to trapped charge
density, qf=qt . l¼ 7 for all cases.

FIG. 4. Transition voltage Vt plotted as a function of the insulator thickness d (color solid lines) for (a) ITO/PPV, (b) Al/h-BN, and (c) Al/ZrO2. The responding regimes are FN
(red), MH (yellow), and MG (blue). The black lines in the figures are the breakdown electric field at 1 V/nm (solid) and 0.5 V/nm (dashed). l¼ 7 for all cases.
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physics for more conductive semiconductors, where the number of
intrinsic carriers dominates over the injected carriers. The effects of
the anode on the potential barrier and the current transport are also
not considered in this model. Several characteristics related to the
anode, for example, a dissimilar metal-insulator-metal (MIM) junction
and a reversed current, can be added in the future.48–50 The
thermal contribution to the charge injection (thermionic emission)
can also be included by using the thermionic-field emission model.51

The model also assumes the classical drift equation to be valid for the
range of d studied. For the insulator with much smaller thickness
(d � 100 nm), direct tunneling becomes more important, and
Simmon’s formula can be employed for the modeling.52,53 Finally, the
model can be extended for Dirac based electrodes governed by differ-
ent emission laws.54–59
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