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A phenomenological model intended to provide a description of leakage behavior in metal–insulator–
metal (MIM) capacitor devices is presented. The model is able to predict both transient and steady state
leakage currents under constant voltage bias conditions (the J–t characteristics), as well as J–V charac-
teristics for a given voltage sweep schedule. The electronic transport processes currently implemented
in the model include trap assisted tunneling (TAT) of electrons from the electrode to defect or trap
states in the dielectric, modified Poole–Frenkel (MPF) emission of part of the trapped electrons to the
conduction band of the dielectric, and Schottky emission of Fermi level electrons directly from the
electrode to the conduction band of the dielectric. The model is able to predict many of the observed
features, including characteristic slopes in J–t and J–V plots, and dependences of the leakage current
on dielectric thickness, temperature and the Schottky barrier height.
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1 Introduction

High dielectric constant, or high K, materials are becoming important due to their potential applications
in embedded dynamic random access memory [1], complementary metal–oxide–semiconductor (CMOS)
transistors [1], and RF capacitors [2, 3]. One of the concerns with many such high K materials is unac-
ceptably high levels of leakage current. While innovative process enhancements aimed at improving the
quality of the dielectric and electrode-dielectric interfaces have resulted in reduced leakage current [4, 5],
the basic mechanisms underlying leakage under various experimental conditions are still unclear.

This paper addresses the leakage behavior of metal–insulator–metal (MIM) capacitor systems, with
the insulating layer typically composed of a few hundred to several hundred angstroms of high K
material. Important consequences of such thick dielectric films, in contrast to those due to �50 �A thin
films typically considered in CMOS devices, are: (i) Fowler–Nordheim or direct electrode to elec-
trode tunneling processes are relatively unimportant compared to processes related to the defect densi-
ties, (ii) time dependent or transient phenomena begin to play an important role, and (iii) defect
dynamics (e.g., defect creation and migration) become important on the time scales of interest. Owing
to these factors and additional complications that arise due to the large system sizes typical of MIM
capacitor devices, using accurate, state-of-the-art transport methods –– many of which have been de-
veloped with ultrathin dielectric layers or molecular systems in mind [6–11] –– may be inappropriate.
As a result, we have developed a phenomenological model that explicitly incorporates leakage current
mechanisms known to be important in thick dielectric films. Furthermore, the present model is flex-
ible enough to permit us to gradually build additional new physics into it as necessary.
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The following three main electronic processes are currently implemented in the model: (i) trap-
assisted tunneling (TAT) of electrons from the electrode to unoccupied defect or trap states in the
dielectric close to the electrode-dielectric interface, (ii) modified Poole–Frenkel (MPF) or internal
Schottky emission of the trapped electrons from the defect levels to the conduction band of the di-
electric, and (iii) Schottky or thermal-field emission of Fermi level electrons from the electrode di-
rectly to the conduction band of the dielectric. Process (i) by itself contributes to only the transient
current, process (ii) to both transient and steady state currents, and process (iii) to only the steady
state current. Our model can thus predict J–t curves under constant voltage bias conditions, and for a
given J–V measurement schedule (amount of time spent at each voltage step), J–V characteristics can
also be calculated. As will be seen, many observed features, including characteristic slopes in J–t and
J–V plots, and dependences of the leakage current on dielectric thickness and temperature, are pre-
dicted by the model.

Each of the three processes implemented in the model involve properties intrinsic to the system. For
instance, TAT is determined by the spatial and energetic distribution of trap states Nðx;EÞ, the offset
between the Fermi energy of the electrode and the conduction band of the dielectric, FS, and the
lower limit of the tunneling relaxation times, t0. The MPF process is determined by the mobility of
electrons in the dielectric, m, the optical part of the permittivity, Eopt, and Nðx;EÞ. Finally, the Schott-
ky emission is determined by Eopt and FS.

Among the effects ignored in our model are field enhancement due to the roughness of the elec-
trode-dielectric interface, trap-to-trap tunneling (TTT) of electrons from one electrode to another, and
electric field assisted trap migration and generation mechanisms. Of these, the latter two are important
in describing degradation and breakdown (soft and hard) phenomena.

This paper is organized as follows. The theory underlying our leakage current model is described in
detail in the next section. Results using the theory are then presented in Section 3; for a uniform
distribution of defect or trap states, calculated J–t and J–V characteristics are presented, followed by
a discussion of the implications of non-uniform trap state distributions. We then conclude with a brief
summary.

2 Derivation of leakage current expressions

The present model assumes that the total leakage current, jtotðtÞ, is given by:
jtotðtÞ ¼ jTATðtÞ þ jMPFðtÞ þ jS, where jTATðtÞ is the trap assisted tunneling current, jMPFðtÞ is the mod-
ified Poole–Frenkel (MPF) emission current, and jS is the Schottky emission current. Here, we derive
the expressions for jTATðtÞ and jMPFðtÞ. The present derivation is based on earlier treatments of transi-
ent currents arising due to trap-assisted tunneling alone [14, 15]. Modifications implemented here
include (i) inclusion of a modified Poole–Frenkel emission process, in which part of the electrons
trapped due to the TAT process are lost to thermal emission to the conduction band of the dielectric,
(ii) explicit time evolution of the leakage current that will help in easy inclusion of other processes,
and (iii) consideration of arbitrary trap density distribution functions.

2.1 Purely trap assisted tunneling (TAT)

Assuming TAT is the only process in operation, the net rate of change of trapped electronic charge in
the dielectric at each trap level is given by [14, 15]

@nðx;E; tÞ
@t

¼ @nðx;E; tÞ
@t

� �
metal!dielectric

� @nðx;E; tÞ
@t

� �
dielectric!metal

ð1Þ

¼ A½Nðx;EÞ � nðx;E; tÞ� � Bnðx;E; tÞ ; ð2Þ
where nðx;E; tÞ is the time dependent trapped electron density distribution, Nðx;EÞ is the trap distribu-
tion, and A and B are constants. nðx;E; tÞ and Nðx;EÞ are in units of per unit volume per unit energy,
and are the distribution functions in the presence of an electric field referenced to a common energy
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scale; these are expressed in terms of the field-free distribution functions, nff and Nff, as:
nðx;E; tÞ ¼ nff ðx;E þ qFx; tÞ and Nðx;EÞ ¼ Nff ðx;E þ qFxÞ, where x and E are respectively the spatial
location away from the electrode into the dielectric and the energy level of the trap measured down
from the conduction band edge of the dielectric at x ¼ 0, and q and F are the electronic charge and
electric field, respectively. The above partial differential equation can be solved to yield the general
solution

nðx;E; tÞ ¼ ANðx;EÞ
Aþ B

þ C e�ðAþBÞ t : ð3Þ

The constant A (also called the capture constant) is given by [14–16]

A ¼ f1=ðt0 e2K0xÞ ; ð4Þ
and the constants B and C are determined using boundary conditions [14, 15]:

nðx;E; 0Þ ¼ Nðx;EÞ f0ðx;EÞ ; ð5Þ
nðx;E;1Þ ¼ Nðx;EÞ f1ðEÞ ; ð6Þ

where f0 and f1 are the Fermi functions f0ðx;EÞ ¼ f1þ exp ððE þ qFx� EFÞ=kTÞg�1 and
f1ðEÞ ¼ f1þ exp ððE � EFÞ=kTÞg�1, t0 is the lower limit of tunneling relaxation times (related to the
electron capture cross section [16]), K0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2m jEj

p
=�h with m, �h, k, T and EF being, respectively, the

electronic mass, Planck’s constant, Boltzmann’s constant, temperature and Fermi energy of the metal
electrode. For the sake of brevity of expressions, the arguments of f0ðx;EÞ and f1ðEÞ will be omitted
henceforth.

Substitution of A, B and C in Eq. (3) results in [14, 15]

nðx;E; tÞ ¼ Nðx;EÞ f1 þ ðf0 � f1Þ e�t=t
� �

; ð7Þ

with t ¼ t0 e2K0x, and in a transient current density [15]

jonlyTATðtÞ ¼ q
ð1

x¼0

ð�qFx

E¼�1

@nðx;E; tÞ
@t

x
L
dE dx ð8Þ

¼ q
ð1

x¼0

ð�qFx

E¼�1

Nðx;EÞ ðf1 � f0Þ
e�t=t

t

x
L
dE dx ; ð9Þ

where jonlyTATðtÞ is the current density when TAT is the only operating process, and L is the thickness of
the dielectric. Note that in terms of the field free trap level distribution function, which incidentally is
the input quantity rather than Nðx;EÞ, jonlyTATðtÞ is given by

jonlyTATðtÞ ¼ q
ð1

x¼0

ð�qFx

E¼�1

Nff ðx;E þ qFxÞ ðf1 � f0Þ
e�t=t

t

x
L
dE dx : ð10Þ

2.2 Incorporation of MPF process

In the present work, it is assumed that a certain fraction of the trapped electrons are lost to Poole–
Frenkel emission (thermal emission of electrons from the trap states to the conduction band of the
dielectric [17, 18]). The Poole–Frenkel current density is given by a simple drift equation qmFq, where m
and q are the electronic mobility in the dielectric and carrier density (per unit area of the dielectric)
that participate in the Poole–Frenkel process, respectively. In standard treatments of this process, the
participating carrier density is written as q ¼ q0 exp ½�ðfPF �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qF=pEopt

p
Þ q=kT �, where q0 is the total
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available carrier density, fPF is the energy difference between the conduction band edge of the dielec-
tric and the trap level, and Eopt is the high frequency permittivity of the dielectric. In practice, fPF and
Kð¼ qmq0Þ in the Poole–Frenkel equation, jPF ¼ KF exp ½�ðfPF �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qF=pEopt

p
Þ q=kT �, are treated as

adjustable constants, and determined by fitting to experiments [18]. This procedure implicitly assumes
just one type of defect level (characterized by fPF). In our case, since we have a distribution of trap
states, we define a modified Poole–Frenkel current density as

jMPFðtÞ ¼ qmF
ð1

x¼0

ð�qFx

E¼�1

fMPFnðx;E; tÞ dE dx ; ð11Þ

with the Poole–Frenkel factor fMPF defined as

fMPF ¼ exp � q
kT

�E �
ffiffiffiffiffiffiffiffiffiffi
qF
pEopt

s !( )
: ð12Þ

The negative sign in front of E in the above expression is due to our convention of measuring energy
with respect to the conduction band minimum of the dielectric.

Thus, at any given time, the MPF process alters the trapped distribution of electrons, which in turn
alters the TAT process at subsequent times. In order to account for this, the solution outlined above
for the ‘TAT only’ case is discretized (by discretizing the time axis), and the trapped electron density
at each time step is multiplied by ð1� fMPFÞ, the fraction remaining after the MPF process for that
time step has occured:

nðx;E; t0 ¼ 0Þ ¼ Nðx;EÞ f0 ¼ n0ðx;E; t0 ¼ 0Þ ; ð13Þ

jTATðtiÞ ¼ q
ðL

x¼0

ð�qFx

E¼�1

Nðx;EÞ f1 � n0ðx;E; ti�1Þ½ � e
�ðti�ti�1Þ=t

t

x
L

dE dx ; ð14Þ

nðx;E; tiÞ ¼ Nðx;EÞ f1ð1� e�ðti�ti�1Þ=tÞ þ nðx;E; ti�1Þ e�ðti�ti�1Þ=t ; ð15Þ
n0ðx;E; tiÞ ¼ ð1� fMPFÞ nðx;E; tiÞ ; ð16Þ

with Nðx;EÞ ¼ Nff ðx;E þ qFxÞ. It can be seen that the above set of equations reduce to Eqs. (7) and
(9) when fMPF ¼ 0 (’TAT only’ case). Thus, Eqs. (11)–(16) determine the time dependent MPF and
TAT contributions to the total leakage current.

2.3 Schottky current density

Finally, the Schottky emission contribution to the total current density is given by [17–19]

jS ¼
qmk2

2p2�h3
T2 exp � q

kT
FS �

ffiffiffiffiffiffiffiffiffiffiffiffi
qF

4pEopt

s !( )
; ð17Þ

where FS is the offset between the conduction band minimum of the dielectric and the Fermi energy
of the electrode (FS ¼ �EF according to our convention of measuring all energies relative to the
conduction band minimum of the dielectric).

3 Results and discussion

3.1 Uniform distribution of trap states

We first consider the case of a uniform distribution of trap states in the dielectric: Nff ðx;EÞ ¼ N0.
Unless otherwise stated, the following parameter choices – which we believe are reasonable for metal
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Fig. 1 J–t plots at applied voltages of a)
5 V, b) 10 V, and c) 15 V, at T ¼ 350 K
and L ¼ 400 �A.



oxides like TaOx – were made: N0 ¼ 6:242� 1045/(m3 J) = 1.0/(nm3 eV), FS = 1.5 eV, Eopt = 4.0,
m = 0.1 m2/(V � sec), t0 ¼ 1:0� 10�8 sec.

3.1.1 J–t characteristics

In this section, we address the scaling of the leakage current with applied voltage, temperature, thick-
ness of the dielectric, and the barrier height.

Figure 1 shows a plot of the total leakage current as well as the three contributions to the total
current as a function of time, at applied voltages of 5 V, 10 V and 15 V, at a temperature (T) of 350 K
and for a dielectric thickness (L) of 400 �A. Several interesting features are apparent. Firstly, the
leakage current at short times is dominated by the TAT current. It is only at longer times (depending
on the applied voltage) that the MPF or the Schottky contributions take over. Secondly, the transient
nature of the MPF current is evident, which increases as the TAT current decreases, with the MPF
current ultimately reaching a steady state behavior. Thirdly, the slopes of the TAT contribution (and
that of the total current at short times) is very close to �1 in the log–log plot. This is consistent with
what is experimentally observed for numerous dielectrics, as well as for non-integrated TaOx MIM
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Fig. 2 J–t plots at temperatures of a)
300 K and b) 400 K, for V ¼ 10 V and
L ¼ 400 �A.



capacitors [3]. Finally, the J–t slope of the total current in the vicinity of the transition from TAT to
other processes is significantly different from �1. Thus, observed deviations of the J–t slope from �1
could be due to the measurement time coinciding with this transition (alternatively, such observed
deviations from a slope of �1 could be due to a non-uniform distribution of defects, discussed below).
It is also worth pointing out that a bulk dielectric relaxation process also exhibits transient behavior
that is similar in some respects to that of the TAT process [12, 13].

Next, we consider the impact of temperature on the J–t behavior. Figures 2a and b show plots of J–t
at 300 K and 400 K, respectively, for L = 400 �A and an applied voltage of 10 V; Fig. 1b shows the
corresponding plot for T = 350 K. The dependence of the TAT current on temperature is much weaker
than that of the other two contributions; as anticipated, the Schottky contribution has a stronger tem-
perature dependence than the MPF current. The weak temperature dependence of the TAT current is
because the temperature effects enter the TAT treatment only through the distortion of the Fermi
functions, which is a weak effect. The weak temperature dependence of the transient TAT current is
also consistent with short time J–t measurements of non-integrated TaOx MIM capacitors [3].
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Figure 3a shows the TAT current for various choices of dielectric thickness (L) but for a constant
applied field of 2.5 MV/cm and a temperature of 350 K. In contrast to the temperature dependence
seen above, the TAT current shows the largest dependence on dielectric thickness, whereas the Schott-
ky and MPF currents show no dependence on the dielectric thickness (not shown in figure). Figure 3b
shows the dielectric thickness dependence explicitly. The TAT current at 1 second is plotted against 1/L,
and the linear dependence seen is consistent with measurements of non-integrated TaOx MIM capaci-
tors [3].

We now attempt to assess the impact of the nature of the electrode on the leakage current. Electro-
des can display varying degrees of reactivity to the dielectric, and to first order, a high reactivity
electrode causes the blurring of the electrode–dielectric interface region resulting in smaller barrier
heights. The higher reactivity can also cause a higher density of defects at the interface, but since we
do not a priori know the extent of this effect, we attempt to model the reactivity by merely changing
the barrier height in our simulation while holding the defect or trap density a constant. Figures 4a and
b show J–t plots for barrier heights of 1.0 eV and 2.0 eV, respectively, for L = 400 �A, an applied
voltage of 10 V and T = 350 K; Fig. 1b shows the corresponding plot for a barrier height of 1.5 eV.
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Fig. 4 J–t plots for barrier heights of a)
1.0 eV and b) 2.0 eV, for V = 10 V,
T ¼ 350 K and L ¼ 400 �A.



Although small changes in the TAT current can be seen with changes in the barrier height, these
changes are far smaller than those seen with the Schottky and MPF currents. The reason being that
while the latter currents display exponential dependence on the barrier height, the TAT current for
more or less homogeneous distributions of defects displays a much weaker dependence (�1=FS) [14,
15]. Although it may be premature to conclude that the reactivity of the electrode has a minor effect
on the transient current (as the impact of the electrode type on the defect distribution has been
ignored in this analysis), we wish to point out that measurements on non-integrated TaOx and HfO2

MIM capacitors do indicate the weak dependence of the transient current on the electrode type [3].

3.1.2 J–V characteristics

J–V measurements involve taking current readings at predefined voltage steps, with the measurements
taking longer at lower voltages than at higher voltages (the smaller magnitude of the current at lower
voltages requires longer residence times for the measurement probes). As a result of this measurement
procedure, the J–t behavior is inevitably convolved with the J–V characteristics. In order to facilitate
a fair comparison with experiments, simulations were performed at 1 Volt steps, and the time spent at
each voltage step was assumed to be 30/V seconds, where V is the applied voltage in Volts. At each
voltage level, the initial electronic occupation of the trap level distribution is taken to be equal to the
final occupation state at the previous voltage level.

Figure 5 shows simulated J–V plots at different temperatures. Several important conclusions can be
drawn from these plots. First, the low voltage leakage current is dominated by the transient TAT
contribution, especially at lower temperatures, with the MPF current dominating at high voltages.
Second, the very prominent ‘knee’ feature characterized by a significant change of the J–V slope
observed experimentally is due to a transition from TAT to MPF, and not from Schottky to Poole–
Frenkel emission as is conventionally believed; the ‘knee’ can be seen at about 17.5 V and 12.5 V in
Fig. 5a and b, respectively. The Schottky to MPF transition occurs only at high temperatures (Fig. 5c),
and is characterized by a barely discernible change in slope.

3.2 Nonuniform distribution of trap states

We next consider the impact of non-uniform trap state distributions on the J–t characteristics. We
consider a trap distribution localized in space of the form Nff ðx;EÞ ¼ N0 exp ð�0:5ððx� x0Þ=xwÞ2Þ,
where x0 and xw are the distance from the electrode-dielectric interface and width of a gaussian spatial
distribution of trap levels, respectively. N0 and xw are chosen to be 6:242� 1048 and 1 �A, respectively,
so that Nff ðx;EÞ integrates to about 2.5 defect states per �A2 per eV over the entire dielectric thickness.
All other parameters were fixed at the values chosen in the previous section.

Figure 6 shows J–t plots of the TAT and the total leakage current for different choices of x0, the
location of the center of the gaussian distribution. An interesting feature of these plots is the flattening
of the total and TAT currents at short times. The farther the defect distribution is from the interface,
the longer it takes for the current to transition from the flat region. This aspect correlates with the
characteristic tunneling times being longer for larger tunneling distances. It is worth mentioning that
the short time J–t measurements on MIM capacitors do display a ‘roll-off’ and flattening similar to
that seen in Fig. 6 [20]. Also, as mentioned earlier, deviations from a log–log J–t slope of �1 could
arise because of non-uniform defect distributions.

The distribution of defect states that result in an observed J–t behavior can be simply determined
by the following procedure. Arbitrary trap level distributions can be expressed as a linear combination
of a number of basis functions (e.g., gaussians with varying heights and widths). The total current due
to such an arbitrary distribution will be the sum of the currents due to each individual basis function.
Thus, a least squares type fitting procedure can be used to determine the distribution of defect states
that give rise to rich features in J–t curves.
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Fig. 5 J–V plots at temperatures of a) 300 K,
b) 350 K and c) 400 K, for L ¼ 400 �A.



4 Summary

In summary, a model has been developed to describe the mechanisms underlying leakage currents in
MIM capacitor systems. The electronic transport processes currently incorporated in the model include
trap assisted tunneling (TAT), modified Poole–Frenkel (MPF) and Schottky emissions. The model is
currently able to predict many of the observed features including:

1. A J–t slope in a log–log plot close to �1 for more or less uniform defect level distributions in
the transient regime.

2. A weak temperature dependence, a 1/(dielectric thickness) dependence, and a weak dependence
on the barrier height of the transient leakage current for more or less uniform defect level distribu-
tions.

3. Low field leakage dominated by TAT currents (seen in J–V curves), with a transition from TAT
to MPF currents at higher fields.

4. Localized distributions of trap states result in a flat J–t response at short times, the lengths of
these flat regions being longer for trap states located farther from the electrode-dielectric interface.
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Fig. 6 J–t plots for a localized trap dis-
tribution, approximated by a gaussian with
width 1 �A and located at a distance of x0
from the electrode-dielectric interface at
T ¼ 350 K, V ¼ 10 V and L ¼ 400 �A:
a) total leakage current and b) TAT cur-
rent.



The model is currently unable to handle dielectric degradation and breakdown. More physics (e.g.,
generation and motion of defects, trap to trap tunneling, bulk dielectric effects, etc.) need to be incor-
porated in the model in order to provide a more complete and better description of MIM capacitor
leakage and reliability issues.
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