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Gate leakage current is an issue for the reliability of modern high-κ MOSFETs. Although various
physical models describing both direct tunneling and trap-assisted contribution of leakage current have
been presented in the literature, many of them treats traps in the dielectric as a continuum distribution in
energy and position, and trap-to-trap transport of electrons has so far been mostly neglected or not treated
three dimensionally. In this work, we present a mechanistic model for calculation of gate leakage current
in high-κ MOSFET multilayer stacks based on multiphonon trap-assisted tunneling theory, taking into
account the intrinsic three-dimensional (3D) discreteness of traps in the dielectric. Our model can to a
good approximation reproduce the experimental results at different dielectric thicknesses, gate voltages,
temperatures, and different gate materials. We find that in realistic devices, the 3D trap-to-trap transport
of electrons contributes a non-negligible part to the gate leakage current. This contribution is more pro-
nounced at low-voltage device operations, which is important for low-power applications. We calculate
the intrinsic fluctuation of gate leakage current due to positional and energetic disorder of traps in the
dielectric, and conclude that positional disorder is more important than energetic disorder for realistic
material parameters. The calculated gate leakage current depends sensitively on temperature, trap energy,
and trap density. We provide a computationally efficient 3D master equation approach that enables 3D
mechanistic simulation of 103 traps on the order of minutes on a standard desktop computer.

DOI: 10.1103/PhysRevApplied.13.024020

I. INTRODUCTION

MOSFETs gated with high dielectric constant (high-κ)
materials have become the mainstream technology for
transistors in integrated circuits. Compared with the
conventional SiO2 dielectric, high-κ dielectric materi-
als enable further scaling down of the equivalent oxide
thickness (EOT) while significantly suppressing the gate
leakage current due to direct tunneling of charge carri-
ers through the ultra-thin oxide layer. However, different
from high-quality thermally grown SiO2, deposited high-
κ dielectric materials usually suffer more from defects and
trap states, causing device reliability issues that have been
studied extensively [1–8]. One of the key reliability issues
is the gate leakage current, which directly hampers the
transistor performance. It is crucial to understand in depth
its physical mechanism for rational device optimization.

*guofu.zhou@m.scnu.edu.cn
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For high-κ devices, although direct tunneling has been sup-
pressed, the electrons can alternatively penetrate through
the dielectric layer via trap states. The trap-induced current
may actually be the dominant leakage mechanism.

Research on gate leakage current has already started
since the early 2000s. At first, physical models for direct
tunneling current through a single-layer dielectric were
proposed [9–13]. It was then realized that an interlayer of
ultra-thin SiO2 usually exists in between the Si substrate
and the deposited high-κ layer, composing a multilayer
gate stack. Physical models of multilayer tunneling based
on empirical analytical equations, WKB, or transfer matrix
methods were developed [14–20].

In addition to direct tunneling, trap-assisted transport
models through the gate dielectric were also proposed, in
the framework of analytical or semianalytical “compact
modeling” [21–27]. In these models, usually charge trans-
port between the gate or substrate and a single trap is first
considered. Then the model is extended (usually integrated
numerically) for a continuous spatial and energetic trap
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distribution [described as NT(xT, ET)] in the dielectric.
By tuning fitting parameters, experimental results can be
explained.

However, to our understanding, these models are not
adequate in describing the underlying physics in the sce-
nario due to the following reasons. (1) The process of a
charge carrier transferring in between two or more traps
is not taken into account; all charge carriers are assumed
to penetrate through the dielectric via at maximum one
trap state. As a rough estimate, considering a device with
a 7-nm channel length, a width:length (W:L) ratio of 10,
and a high-κ dielectric thickness of 4 nm, the trap den-
sity extracted from experiments is typically in the range
of 1018 − 5 × 1020 cm−3 [28–32]. Then the number of
traps in each transistor can vary from 2 to 1000. In the
high trap-density limit, it is very likely that charge carriers
can transfer between Si conduction channel and gate via
several traps, contributing significantly to the gate leak-
age current. (2) In the low trap-density limit, although
trap-to-trap conduction might not be relevant, the low
trap density can lead to significant fluctuations in leak-
age current among different transistors due to positional
and energetic disorder of traps in the intrinsically amor-
phous dielectric thin film [28,32–35]. (3) Percolation and
current filaments. It has been shown both experimentally
and theoretically in the oxide breakdown process that the
trap-induced current is highly nonuniform throughout the
dielectric layers [36–41]. (4) Random telegraph noise and
stochastic charge trapping, i.e., the transport of charge car-
riers associated with traps observed in experiments are
stochastic (like a Markov chain process) [42–45]. Due
to these reasons, a mechanistic physical model that takes
into account the intrinsic three-dimensional (3D) discrete-
ness of trap sites is in high demand for both scientific
community and semiconductor industry.

To our best knowledge, the first physical model that tries
to include these 3D features in the dielectric was proposed
by Larcher in 2003 [33]. In that model, a 3D spatial dis-
tribution of traps with transport and percolation through
multiple traps is taken into account. However, perhaps due
to numerical reasons, in that model the trap-assisted trans-
port is simplified to a quasi-1D percolation path rather than
calculating the full 3D percolation network.

In recent years, an advanced 3D mechanistic model-
ing based on kinetic Monte Carlo (KMC) simulation for
trap-assisted leakage current has been developed by Lugli
et al. [46–50]. This model not only well describes the
experimental current-voltage characteristics for various
dielectric materials at different temperatures, but also auto-
matically incorporates the mesoscopic physics described
above. We also note that the 3D KMC technique has been
applied to high-κ MOSFETs for device reliability studies
[51,52]. However, in this paper, instead of using KMC,
which relies on the statistics of a huge number of charge
carrier dynamics, we present a much more computationally

efficient algorithm—the 3D master equation approach,
making 3D mechanistic simulations of 103 traps possible
on the order of minutes on a standard desktop computer
[53–55]. While Lugli et al. mainly applied the model to
metal-insulator-metal (M -I -M ) capacitors, in this work,
we apply his basic ideas to investigation of leakage cur-
rent in MOSFETs, with charge injection into traps of the
dielectric from a semiconductor rather than a metal. The
physics of charge injection from a metal and from a semi-
conductor is fundamentally different, as shown in Sec. II.
Because there is abundant density of states (DOS) at the
Fermi level of a metal while the DOS is very limited at
the conduction- or valence-band edge of a semiconduc-
tor. This also leads to significantly different temperature
dependence of the direct tunneling current. While in M -
I -M capacitors the direct tunneling current is tempera-
ture insensitive, in MOSFETs the direct tunneling current
is very sensitive to temperature due to the state filling
of the conduction band with increasing temperature. We
also extend the model from a single-layer dielectric to a
realistic multilayer dielectric stack, because a SiO2 inter-
layer is usually inevitable between Si substrate and high-κ
material. Because the interlayer is very thin (<1 nm),
atomistic level simulation has shown that the conduction-
and valence-band energies do not change abruptly but
gradually. A Gaussian distribution of trap energy levels
is included in the model, which is extracted from bias
temperature instability (BTI) studies [28,32,56,57].

In addition to device-level models, many researchers
have already studied trap-assisted charge transport from
the material level using first-principles density-functional-
theory (DFT) calculations [5,49,58–70]. These atomisti-
cally resolved calculations are good at revealing the origin
of a trap by determining its energy levels, especially at dif-
ferent charged states, and its coupling to lattice vibrations
(phonons). The DFT calculations can also give the accu-
rate DOS at the Si conduction and valence band, gate, and
the dielectric, as well as the charge-transfer rates between
a trap and substrate or gate. However, these calculations
are very computationally expensive. Typical calculations
can only include one (or up to a few) trap(s) and are
very difficult to perform an entire device calculation. Ide-
ally, the charge-transfer rates and the trap-energy distri-
butions calculated from first-principles calculations could,
in principle, be combined with the mesoscopic 3D device
simulation presented in this work, together to achieve a
parameter-free predictive simulation of high-κ MOSFETs
from atom to device [71–73]. However, that is beyond the
scope of this paper. In this work, we focus on using the
mesoscopic 3D device simulation to investigate the leak-
age current mechanism. The traps in the dielectric (mostly
oxygen vacancies) are treated as points on which localized
charge carriers can reside. The charge-transfer rates are
modeled within the framework of an effective-mass-based
semiclassical theory.
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This paper is organized as follows. In Sec. II, we present
the main framework of the 3D mechanistic modeling of
gate leakage current of high-κ MOSFETs. More techni-
cal details of the model are presented in the Supplemental
Material [74]. In Sec. III, we use the model presented to
explain experimental data in the well-known literature, and
study in depth the physical mechanism of leakage current.
In Sec. IV, we conclude this paper and envision possible
next steps in future work.

II. MODEL

The device structure under study is shown in Fig. 1. In
this work, we take n-type MOSFETs as an example and
only consider the case that electrons transfer from Si sub-
strate to gate (under a positive gate voltage Vgate). p-type
MOSFETs or n-type MOSFETs under a negative gate bias
can, in principle, be studied following a similar approach.
HfO2 is taken as the example high-κ material. The band
diagrams at flat band are shown in Figs. 1(a) and 1(b). In
addition to the HfO2 layer and the SiO2 layer in between
Si and HfO2, two transition layers are also considered at
Si/SiO2 and SiO2/HfO2 interfaces. The conduction- and
valence-band energies are assumed to change linearly in
these transition regions [28,70]. Following Ref. [28], we
only consider traps in the Si/SiO2 transition layer and the
HfO2 layer. For the gate part, we consider two different
cases: (1) a heavily doped n-type poly-Si; (2) a Pt metal
gate. Due to the amorphous nature, the trap energies in the
dielectric are assumed to follow a Gaussian distribution
[28,32]. In Fig. 1(c), the 3D spatial distribution of traps
is shown. Most traps in the dielectric are from the HfO2
layer. All material and device parameters used in simula-
tion are shown in Table I, with values obtained from the
literature. For the two devices shown, the trap densities
and trap energies are different in simulation. The optimized

values are obtained by fitting experimental leakage cur-
rent data, which is discussed in detail in Sec. III. We note
that in the literature, there is no consensus on trap den-
sity and energy, depending significantly on the processing
condition, characterizing method, and methods of parame-
ter extraction. For (shallow) electron trap density in HfO2,
values from 1 × 1018 cm−3 to 2 × 1020 cm−3 have been
reported [28,41,75,76]. For (shallow) electron trap energy
in HfO2, values range from −0.85 to −2.2 eV with respect
to HfO2 conduction-band edge [28,34,41,70,75,77–79].
The values extracted from our model (given in Sec. III)
are well within the literature range.

The charge-transfer rates are modeled within an
effective-mass-based semiclassical approach. Following
the work of previous researchers [46,50,75,86,87], we con-
sider the following processes. (1) Charge transfer between
Si conduction channel and a trap in the dielectric. (2)
Charge transfer between gate and a trap in the dielectric.
(3) Charge transfer between two traps in the dielectric
layer. (4) Poole-Frenkel emission, i.e., charge transfer from
a trap to the conduction band of the dielectric.

Charge transfer from Si to a trap in the dielectric can
either be an elastic (coherent) [50,88] or an inelastic (inco-
herent) process [27,33,50,75,89]. For an elastic process,
the energy of an injecting electron in the Si conduction
band is equal to the trap energy. For an inelastic process,
the initial and final energies of the electron are different,
and the electron transfer is assisted by either absorbing
or emitting phonons. The inelastic process is described in
the framework of a multiphonon trap-assisted tunneling
model. The rates of charge-transfer processes ω are deter-
mined by the DOS g of Si conduction band, the Fermi-
Dirac distribution f , the tunneling transmission coefficient
T, and (for the inelastic process only) the electron-phonon
coupling strength Lm, given by Refs. [50,88,89]

ωinela
Si/gate→trap, j = c0, j

[−∞∑
m<0

gSi/gate(Em, j )f (Em, j , �Si/gate)T(Em, j , Lx, xT, j )Lm exp
(

m�ω0

kBT

)

+
+∞∑
m>0

gSi/gate(Em, j )f (Em, j , �Si/gate)T(Em, j , Lx, xT, j )Lm

]
, (1)

ωinela
trap→Si/gate, j = c0, j

{−∞∑
m<0

gSi/gate(Em, j )
[
1 − f (Em, j , �Si/gate)

]
T(Em, j , xT, j , Lx)Lm

+
+∞∑
m>0

gSi/gate(Em, j )
[
1 − f (Em, j , �Si/gate)

]
T(Em, j , xT, j , Lx)Lm exp

(
−m�ω0

kBT

)}
. (2)

ωela
Si/gate→trap, j =

(m∗
Si/gate

m∗
i

)2.5 8(ET, j − �Si/gate + �Si/gate)
1.5

3�
√

ED, j
f (ET, j , �Si/gate)T(ET, j , Lx, xT, j ), (3)
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(a) (b) (c)

FIG. 1. Schematic band diagrams of the Si/SiO2/HfO2/gate system under study at flat band, with a (a) poly-Si or (b) Pt gate.
Electron traps are located in the Si/SiO2 transition region and the HfO2 layer. (c) An example of 3D spatial distribution of traps in the
dielectric.

and

ωela
trap→Si/gate, j =

(m∗
Si/gate

m∗
i

)2.5 8(ET, j − �Si/gate + �Si/gate)
1.5

3�
√

ED, j

[
1 − f (ET, j , �Si/gate)

]
T(ET, j , xT, j , Lx). (4)

kB is the Boltzmann constant and T is temperature. Lx is
the total dielectric thickness and xT, j is the x coordinate of
trap j . m∗

i is the effective mass in the ith layer of dielectric

stack. m∗
Si/gate is the effective mass at Si/gate side. The pref-

actor c0, j is given by c0, j = [(4π)2r3
t, j /Eg,i](e2�F2

j /2m∗
i )

[87]. Eg,i is the band gap of the ith layer. Fj is the electric

TABLE I. List of parameters.

Parameter Value Remark

Si/SiO2 transition region width d1 0.4 nm Refs. [28,70]
SiO2/HfO2 transition region width d3 0.3 nm Refs. [28,70]
Si conduction band Ec,Si 0 Reference energya

Si valence band Ev,Si −1.1 eV Ref. [80]
SiO2 conduction band Ec,SiO2 3.1 eV Ref. [9]
SiO2 valence band Ev,SiO2 −5.9 eV Ref. [80]
HfO2 conduction band Ec,HfO2 1.5 eV Ref. [16]
HfO2 valence band Ev,HfO2 −4.3 eV Ref. [8]
Pt work function 1.0 eV Ref. [81]
Pt Fermi energy �Pt 9.74 eV Ref. [82]
Si substrate p-type doping concentration Nsub 1015 cm−3

Poly-Si gate n-type doping concentration Npoly 1020 cm−3 See footnoteb

Si intrinsic carrier concentration ni 1010 cm−3 Ref. [80]
Si dielectric constant εr,Si 11.9 Ref. [80]
SiO2 dielectric constant εr,SiO2 3.9 Ref. [8]
HfO2 dielectric constant εr,HfO2 25 Ref. [8]
SiO2 and HfO2 trap energy distribution width σT 0.05 eV fitting parameter
Si electron conductivity effective mass m∗

Si 0.3 m0
c Refs. [11,80]

SiO2 electron tunneling effective mass m∗
SiO2

0.5 m0 Refs. [9,16,83,84]
HfO2 electron tunneling effective mass m∗

HfO2
0.2 m0 Refs. [9,16,83]

Huang-Rhys factor S in dielectric 10 Ref. [50]
Phonon energy �ω0 in dielectric 0.04 eV Ref. [50]

aAll energy values are given at flat band.
bNsub and Npoly together leads to a flat band voltage VFB ≈ −0.77 V given in Ref. [85].
cm0 is the free electron mass.
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field at the trap j . �Si/gate is the Fermi level at Si/gate side.
Em, j = ET, j + m�ω0 is the trap energy ET, j plus (m > 0)
or minus (m < 0) the phonon energy associated with the
transition. m is the number of phonons involved in the
charge transfer. �ω0 = 40 meV is the assumed phonon
energy [50]. rt, j is the localization radius of the trapped
electron in the j th trap. ED, j is the trap energy with respect
to the conduction-band energy. �gate is the Fermi energy
of metal and is assumed to be zero for Si.

The charge-transfer rate from Si to a trap as a function
of the energy difference between final and initial states are
shown as solid curves in Fig. 2(a). For the elastic process,
the rate is only nonzero for 	E > 0, because there are no
states available in the Si band gap. For the inelastic pro-
cess, the rate is continuous in the whole 	E range due to
possible coupling to phonons. If both elastic and inelas-
tic processes are considered, the total charge-transfer rate
results in a discontinuity, leading to an unrealistic shape
of calculated current density-voltage curves. Due to this
reason, we only consider the inelastic process from Si to
a trap, similar to other previous models [27,75]. We note
that the physics of charge-transfer process from a semi-
conductor to a trap is different from the process from a
metal to a trap [50]. As shown as the dashed curves in
Fig. 2(a), because there are plenty of states available at
the Fermi level in metal, there is no discontinuity in the
charge-transfer rates as a function of 	E. In physics, the
discontinuity and the choices of inelastic and elastic pro-
cesses made by us and other researchers are due to the
limitation of an effective-mass-based model. In reality, the
band tail of Si prevents the discontinuity from occuring
[90]. A next-level charge-transfer rate model, such as the
DFT calculations, solves the problem due to effective-mass
approximation and will be incorporated in the future [70].

(a) (b)

FIG. 2. Charge-transfer rate from Si conduction channel to a
trap in the HfO2 layer. (a) Solid lines: rates of elastic and inelas-
tic processes as a function of the energy difference between the
electron trap and Si conduction-band edge. Dashed lines: rates of
elastic and inelastic processes from a metal to a trap in the dielec-
tric, with abundant DOS at the Fermi level. (b) Rates of elastic
and inelastic processes as a function of the distance between the
electron trap and Si/SiO2 interface.

In Fig. 2(b), it is shown that the distance dependence
of charge-transfer rate from Si to a trap is not simply an
exponential decay. That is because at a negative electric
field, the conduction band decreases with x. At a large dis-
tance, the wave function of the incoming electron might
be close to or even arrive at an unbound state. The tun-
neling transmission coefficient thus does not simply decay
with distance. The actual shape of the decay also depends
on the electric field in the dielectric. This nonexponential
decay with distance has also been confirmed recently in
more advanced atomistic level DFT calculations [70].

For charge transfer between a trap and metal gate, both
elastic and inelastic processes are included. For simplic-
ity, the DOS shape of Si and metal are both assumed to be
the free electron parabolic DOS. The transmission coeffi-
cient is approximated using the WKB method for charge
transfer between Si/gate and a trap. For a multilayer stack,
the transmission coefficient T is approximated as the prod-
uct of transmission through each individual layer. This
approximation is valid when T � 1 [14].

The charge transfer between two traps in the dielec-
tric layer is described using the Miller-Abrahams
formula [50,91],

ωa→b = ν0 exp
(

− rab

rD,a

) (
− rab

rD,b

)

×
{

e−(Eb−Ea)/(kBT), Eb − Ea > 0,
1, Eb − Ea � 0, (5)

where rD,a = �/
√

2m∗
i ED,a, rD,b = �/

√
2m∗

j ED,b, and rab =√
(zT,b − zT,a)2 + (yT,b − yT,a)2 + (xT,b − xT,a)2. The hop-

ping attempt frequency ν0 is assumed to be 1013 Hz
[50].

This formula assumes that the charge carrier is local-
ized and the transition is incoherent. The wave function of
the trapped electron is localized not only due the intrinsic
property of a trap (i.e., oxygen vacancy), but also due to
the Anderson localization effect caused by the randomness
of trap distribution in the dielectric [92].

Without further information, we assume the traps to be
randomly distributed in space and the trap number and
positions are fixed throughout the entire calculation. We
note that in time-dependent dielectric breakdown studies
the situation is more complex [41,93], however, we decide
not to include these advanced effects in this work.

In addition, the Poole-Frenkel emission is also included
in the model, during which the trapped electron can be
excited to the conduction band of the dielectric [46,50].
This process is usually negligible compared to the oth-
ers, except when the trap is very shallow (trap energy very
close to the conduction band).

The trap-assisted charge transport and associated leak-
age current density Jtrap are calculated by the 3D master
equation approach, originally developed for disordered
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organic semiconductor devices [53,54,94,95]. Instead of
calculating the dynamics of every electron in KMC, the
3D master equation approach calculates the property of
electron occupation probability of each trap, thus greatly
reducing computational cost while maintaining the full 3D
physics. The 3D master equation is written as

∑
j

[
ωij pi(1 − pj ) − ωjipj (1 − pi)

] = 0, (6)

where pi is the time-averaged electron occupancy of trap
i. ωij is the charge-transfer rate described in Eqs. (1)–(5).
The term 1 − pi avoids two electrons occupying the same
trap simultaneously. For Si and gate, they are specially

treated in the model so that they can always supply or drain
charge carriers in the dielectric [94,95].

The contribution of a charge-transfer process to Jtrap is
proportional to the charge-transfer rate, the probability that
an electron is available in the initial state, and the probabil-
ity that the final state is unoccupied by an electron, given
by

Jtrap = e
LxLyLz

∑
i, j

ωij pi(1 − pj )(xT, j − xT,i), (7)

where Ly and Lz are the lateral dimensions of the simu-
lation box. All the traps in the dielectric are taken into
account and the master equations of the system are solved

(a)

(b)

(c)

(e)

(d)

ga
te

ga
te

ga
te

gate

FIG. 3. Jgate for poly-Si-gated MOSFETs at Vgate = 1 V. The device structure is shown in Fig. 1(a). (a) Jgate as a function of EOT.
Filled circles (squares) are experimental data of SiO2-only devices from Ref. [9] ([8]). Open circles (squares) are experimental data of
SiO2/HfO2-stack-gated devices from Ref. [9] ([8]). Solid curve: calculated direct tunneling current density Jtun of SiO2-only devices.
Dashed curve: calculated Jtun of high-κ devices with a 0.65-nm-thick SiO2 layer. Dash-dotted curve: calculated Jtun of high-κ devices
with a 1-nm-thick SiO2 layer. Crosses: calculated total gate current density Jgate = Jtun + Jtrap of high-κ devices with a 0.65-nm-
thick SiO2 layer. (b) Calculated normalized contributions to Jgate. G, gate; DT, direct tunneling. (c) 2D (x-y) distribution of electron
occupation probability of traps. In this example, Si conduction channel is located at x = 0 and gate is located at x = 6.9 nm. (d) 2D
(y-z) distribution of Jgate. To better visualize the nonuniformity, an MOSFET with a ultra-large area (50 × 200 nm2) is shown as an
example. (e) Calculated variation of Jgate as a function of MOSFET size (proportional to the number of traps in each device). The
variation is due to positional and energetic disorder of traps.

024020-6



THREE-DIMENSIONAL MECHANISTIC MODELING... PHYS. REV. APPLIED 13, 024020 (2020)

under the constraint of the voltage drop across the dielec-
tric layer Vox. This is ensured by coupling the 3D master
equation to the 1D discrete Poisson equation

εr,i
Vi+1 − Vi

xT,i+1 − xT,i
− εr,i−1

Vi − Vi−1

xT,i − xT,i−1
= epi

ε0LyLz
, (8)

with the boundary conditions of the electrostatic potential
VSi = 0 and Vgate = Vox + (�gate − �Si)/e. These equa-
tions are solved using Newton’s iteration method with a
proper choice of Jacobian matrices [55]. Once the steady-
state solution is found, Jtrap is calculated by summing
up all charge-transfer processes in the x direction. The
source-drain voltage is assumed to be zero throughout this
paper.

The direct tunneling current density through the dielec-
tric Jtun is due to electrons tunneling from Si to gate. Holes
tunneling from gate to Si is negligible because of a much
higher tunneling barrier. The direct tunneling current is
calculated using the Tsu-Esaki equation [96],

Jtun = m∗
SiekBT

2π2�3

∫ +∞

Ec,Si

T(E)N (E) dE,

N (E) = ln

⎡
⎣ 1 + exp

(
�Si−E

kBT

)
1 + exp

(
�gate−E

kBT

)
⎤
⎦ ,

(9)

with the transmission coefficient calculated from the trans-
fer matrix (TM) method [19]. The TM method is more
accurate than WKB because it also includes the resonance
effect during the tunneling process. The total gate leak-
age current density is the sum of direct tunneling and
trap-assisted contributions Jgate = Jtun + Jtrap.

The image charge effect is also important because it low-
ers the tunneling barrier height of the SiO2 layer and thus
enhances tunneling current. This effect is included in the
model following Refs. [11,54,97].

Finally, we need to relate the voltage across the dielec-
tric stack Vox to the applied gate voltage Vgate. For the
two device examples studied in this work, they are both
close to channel inversion even at zero gate voltage. The
applied voltage mostly drops across the dielectric stack
for a metal gate. For a poly-Si gate, upon an applied gate
bias, the poly-Si gate becomes partly depleted. We include
the relation between Vgate and Vox following the model in
Ref. [13].

All technical details of the model are presented in the
Supplemental Material [74].

III. RESULTS AND DISCUSSION

The calculated and experimental results of Jgate for
poly-Si-gated MOSFETs are shown in Fig. 3 at various

(a)

(b)

(c)

gate

gate

gate

ga
te

ga
te

ga
te

FIG. 4. Jgate for a Pt-gated MOSFET. The device structure is
shown in Fig. 1(b). (a) Jgate − Vgate characteristics at high (673
K) and room (300 K) temperatures with EOT = 1.63 nm. Sym-
bols: experimental data from Ref. [81]. Solid curves: calculated
Jgate = Jtun + Jtrap. Dashed curves: calculated Jtun only. (b),(c)
Calculated normalized contributions to Jgate at 673 and 300 K,
respectively. G, gate; DT, direct tunneling.
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FIG. 5. Jgate − Vgate characteristics for a Pt-gated MOSFET at (a) various trap energies ET, (b) trap densities NT, and (c) trap energy
distribution widths σT. Inset of (c): variation of Jgate at Vgate = 1.1 V as a function of σT. (d)–(f) Calculated normalized contributions
to Jgate at different ET. (g)–(i) Calculated normalized contributions to Jgate at different NT. (j)–(l) Calculated normalized contributions
to Jgate at different σT. G, gate; DT, direct tunneling.

EOTs. Our model can excellently reproduce the experi-
mental results for the cases when direct tunneling is dom-
inant. When trap-assisted transport is dominant, in order
to fit the experimental data, the trap energies are taken

to be ETSiO2 = Ec,SiO2 − 2.52 eV and ETHfO2 = Ec,HfO2 −
0.92 eV; the trap density are taken to be NTSiO2 = 3 ×
1017 cm−3 and NTHfO2 = 1.1 × 1019 cm−3. The agree-
ment with experimental data is not perfect because the
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trap-assisted gate current is sensitive to trap energy level
and density (see discussions below), which is difficult to
control accurately when fabricating samples with different
thicknesses.

For SiO2-gated device, Jgate is always dominated by
direct tunneling. For a high-κ device, Jgate is dominated by
direct tunneling only at very small EOTs. At larger EOTs,
Jgate is dominated by trap-assisted transport. Jgate is very
sensitive to the SiO2 interlayer thickness. Most contribu-
tion to Jgate comes from the charge transfer between gate
and traps in HfO2. The charge transfer between two HfO2
traps starts to play a role at EOT > 2.2 nm for the case of
Vgate = 1 V shown in this figure.

The electron occupation probability of traps are always
much smaller than 1, meaning that the traps are unoccu-
pied most of the time. The minimum of the occupation
probability occurs near the middle of the dielectric and
the maximum occurs near the Si substrate from which
electrons are injected into the traps. We note that for p-
type HfO2-gated MOSFETs this might be totally different
because the hole trap energy there lies within the band gap
of Si [28,70]. The gate leakage is highly nonuniform, with
a distribution of “hot spots” through which electrons can
penetrate easily. Significant variation of Jgate is found in
calculation due to positional and energetic disorder of elec-
tron traps. When the number of traps in a single MOSFET
is less than 100, variation of Jgate increases rapidly with
decreasing device area. This leads to an intrinsic fluctua-
tion of leakage current as the device size scales down. This
effect is to some extent similar to the random dopant fluc-
tuation effect [98], which is also caused by atomistic level
randomness.

The calculated and experimental results of Jgate − Vgate
characteristics for a Pt-gated MOSFET are shown in Fig. 4
at high (673 K) and room (300 K) temperatures. The model
calculation can to a good approximation agree with exper-
imental results, provided that the trap energy and trap
density are both adjusted from those in the poly-Si-gated

devices by 0.4 eV downwards and 2.5 times larger. The
oscillation in the calculated Jtun is due to the transition of
tunneling barrier from a trapezoidal-like shape to triangu-
larlike shape (Fowler-Nordheim tunneling) [12]. Although
Jtun is much smaller than Jtrap at low and medium volt-
ages, Jtun has a much stronger voltage dependence and
dominates at high voltages. Jtun is also shown to have a
high sensitivity on temperature. This is fundamentally dif-
ferent from the temperature-insensitive tunneling process
with metal or metal-like electrodes [27]. Because for a
metal, there is plenty of DOS at the Fermi level, which con-
tributes mostly to Jtun; while for a semiconductor, the DOS
at the conduction-band edge is zero, and the electrons in
the conduction band for tunneling are filled by Fermi-Dirac
distribution strongly affected by temperature.

The contribution of charge transfer between two HfO2
traps to Jgate is significant at low voltages, and decreases
with Vgate. Because when the electric field in the dielectric
is lower, electrons can stay in the dielectric for a longer
time and are prone to visit more trap sites. This means
realistically that for low-power applications, it is crucial to
take into account trap-to-trap transport in order to correctly
describe the physics of gate leakage current.

While at low and medium Vgate, Jgate is dominated by
traps in HfO2; at high Vgate, Jgate is dominated by traps
in SiO2. This is because the SiO2 trap energy and thus
the energy barrier between Si conduction band and a SiO2
trap decreases with Vgate. This decrease continues until to
a point that the conduction path from Si to the gate via a
SiO2 trap opens up.

In order to understand the key parameters affecting Jgate,
we systematically vary the trap energy ET, trap density
NT, and trap energy distribution width σT, and study their
effect on Jgate in Figs. 5(a)–5(c). It is obvious that ET and
NT can sensitively affect Jgate. However, we observe that
σT has only a minor effect on Jgate. To better understand
this, we examine the variation of Jgate at different σT, and
found that the fluctuation of Jgate is almost unaffected by σT

(a) (b) (c)

gate gate gate

ga
te

ga
te

ga
te

FIG. 6. (a) Jgate − Vgate characteristics for a Pt-gated MOSFET at various electron-phonon coupling strength (Huang-Rhys factor S).
(b),(c) Calculated normalized contributions to Jgate at low (S = 5) and high (S = 15) electron-phonon coupling strengths, respectively.
G, gate; DT, direct tunneling.
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unless σT ≥ 0.2 eV. We thus conclude that for σT < 0.2 eV
the positional disorder rather than energetic disorder is the
main cause of the leakage current fluctuation. We also note
that σT values of 0.15–0.25 eV have been used for electron
traps in SiO2 and HfO2 in BTI studies [28,32].

These key parameters also strongly affect the detailed
mechanism of leakage current, as shown in Figs. 5(d)–5(l).
When ET is high, trap-assisted current is low, and direct
tunneling has a larger contribution to Jgate [Fig. 5(d)]. The
oscillation is consistent with Jtun shown in Fig. 4(a). When
ET is high, charge transfer from Si to a HfO2 trap close
by is energetically more unfavorable, however, the charge
transfer from Si to a HfO2 trap farther away is energetically
more favorable although the transfer distance is larger.
This is the reason for a higher contribution of Jgate from Si
to a HfO2 trap in Fig. 5(d). A significant difference between
Figs. 5(d)–5(f) and Fig. 4(b) is that the contribution from
SiO2 traps to gate no longer plays a role at high Vgate here.
Because SiO2 traps are very close to Si, Vgate has very lim-
ited control over the barrier height between a SiO2 trap
and Si conduction band. The conduction path via a SiO2
trap can only form when ET is low enough. We also note
that a peak is observed for the contribution between SiO2
traps and gate. We suspect this to be a phonon-assisted
transport mechanism, which is studied in more detail in
Fig. 6.

In Figs. 5(g)–5(i), the leakage current mechanism is
investigated as a function of NT. Even at a low trap density
NT = 0.01NT,ref (with NT,HfO2 = 5 × 1018 cm−3), the trap-
to-trap conduction is still not negligible at low voltages.
With increasing NT, the trap-to-trap conduction becomes
more important. In Figs. 5(j)–5(l), the leakage current
mechanism is investigated as a function of σT. σT seems
to mostly affect the contribution of transport between SiO2
traps and gate. Compared to the σT = 0 case, on the one
hand, it is more likely to find a low-energy SiO2 trap at
σT > 0, which opens up the conduction path even at low
Vgate; on the other hand, it is also more likely to find a
high-energy SiO2 trap at σT > 0, which lowers the con-
tribution of transport between SiO2 traps and gate at high
Vgate.

In Fig. 6, the Jgate − Vgate characteristics and leakage
current mechanism are investigated as a function of the
Huang-Rhys factor S representing the electron-phonon
coupling strength. In most of the voltage range shown, Jgate
decreases when S increases. The results here are consistent
with the results in Ref. [73] that the charge-transfer rate
decreases with S when a small number of phonons are cou-
pled to the process. We also observe that at a smaller S, the
contribution to Jgate from the charge transfer between SiO2
traps and gate increases at high Vgate and decreases at low
Vgate.

Until now we assume that the trap distribution in the
dielectric is spatially uniform. However, there has been
experimental evidence showing that the trap density in

(a)

(b)

ga
te

ga
te

gate

gate

FIG. 7. (a) Jgate − Vgate characteristics for a Pt-gated MOSFET
with a spatially uniform HfO2 trap distribution and with a HfO2
trap distribution that linearly increases with x. (b) Calculated nor-
malized contributions to Jgate for the HfO2 trap distribution that
linearly increases with x. G, gate; DT, direct tunneling.

HfO2 may increase with distance away from the Si/SiO2
layers [29,76]. In Fig. 7, the Jgate − Vgate characteristics and
leakage current mechanism are investigated with a HfO2
trap distribution that linearly increases with x, while the
total trap density is equal to the case of a uniform HfO2
trap distribution. Compared to the uniform trap distribution
case, the leakage current is significantly reduced for the
case with linearly increasing trap distribution. This indi-
cates that Jgate is limited by the first step of an electron
transferring from Si to a HfO2 trap. The decrease of Jgate is
due to the larger average distance and thus the lower elec-
tron transfer rate from Si to HfO2 traps. As the electron
transfer via HfO2 traps is suppressed, SiO2 traps play a sig-
nificantly larger role in the contribution to Jgate, as shown
in Fig. 7(b).
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IV. CONCLUSION AND OUTLOOK

We present a 3D mechanistic model of gate leakage
current in high-κ MOSFETs. Experimental data are repro-
duced to a good approximation. Physical mechanism of
leakage current is studied in detail. Different from other
models, we have quantitatively identified the contribution
of 3D trap-to-trap conduction to the leakage current. The
contribution is more important for low-voltage and low-
power applications. Our calculation shows the intrinsic
fluctuation in the gate leakage current due to positional
and energetic disorder of traps, and concludes that the
positional disorder is more important than the energetic
disorder. The leakage current is sensitively dependent on
temperature, trap energy, and trap density. We also provide
a computationally efficient 3D master equation approach
that can help to gain fruitful physical insight of the gate
leakage scenario without the need of expensive computing
power.

The next step of model development could be to link
the mesoscopic 3D device model presented in this work
to first-principles calculations. The semiclassical effective-
mass-based charge-transfer rates could be improved with
rates calculated from atomistic level DFT, following the
two-state and four-state nonradiative multiphonon theory
[59] or Marcus theory [70], or GW calculations [49]. A
more challenging task would be to accurately determine
the trap energy distribution in the dielectric from DFT. We
for the moment use in this model a random spatial distribu-
tion of traps, however, it is a valid question to ask whether
in reality the trap distribution is truly random. For example,
trap aggregation occurs if two traps are very close to each
other [99]. Moreover, the number and position of traps in
the model are assumed to be fixed, however, at a large leak-
age current stress, new oxygen vacancies may be formed
dynamically due to hot electron injection [51,52,100].
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