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ABSTRACT 
 
In this paper we discuss the physical mechanisms 

governing the charge transport inside hafnium based 
dielectric stack from a modeling perspective. We propose a 
detailed Monte-Carlo physical model, which describes the 
charge transport across high-k stacks through the 
multiphonon trap-assisted-tunneling theory. This model 
reproduces accurately the voltage and temperature 
dependencies of the leakage current across HfO2-based 
stacks. Starting from this physical description, we develop 
an analytical model for the TAT current across high-k 
stacks, which can be implemented into SPICE-like circuit 
simulators. Despite the simplifying approximations, this 
compact model reproduces accurately the measurements, 
thus representing an effective tool for the investigation of 
the TAT currents.  

 
Keywords: leakage current, trap-assisted-tunneling, high-k 
dielectrics, gate oxide, device modeling and simulation, 
SILC, compact modeling. 
 

1 INTRODUCTION 
 
In the last decade, high-k dielectrics have become a 

fundamental component of the nano-electronic device 
technologies. The high-k/metal gate technology has 
successfully enabled the scaling of the MOSFETs down to 
the 28-nm technology node [1], and nowadays gate 
dielectric stacks are comprised of a thin interfacial SiOx 
(x<2) layer and a HfO2 film. Furthermore, MIM capacitors 
with ZrO2 and HfO2 dielectric have been intensely 
investigated for their applications as storage devices in 
DRAM [2] and future non-volatile memory devices like 
RRAM [3], and other high-k materials (e.g. Al2O3, La2O3, 
…) have been proposed for engineering the stack of charge-
trapping memory devices [4]. 

The understanding of the physical mechanisms 
governing the charge transport in high-κ stacks is 
fundamental for the optimization of the nano-electronic 
device technology. This demands for physics-based models, 
which are required to understand the key factors governing 
the temperature-voltage dependence of the leakage current 
and its statistical distribution. In addition, compact models 
are also needed at circuit level to evaluate the static power 
consumption related to the gate current and the leakage 
currents flowing through MIM capacitors for memory 

applications (e.g. DRAM, RRAM, etc..), in order to enable 
designers to improve the robustness of circuit solutions 
versus such parasitic currents.  

In this scenario, the purpose of this paper is twofold. 
First, we present a physical-based Monte-Carlo model of 
the charge transport in hafnium-based stacks, which allows 
reproducing voltage and temperature dependencies of the 
leakage current along with its statistical distribution. 
Starting from this physical-based description we developed 
a compact model implementable into Spice-like circuit 
simulators under some simplifying assumptions, which 
allows reproducing quite accurately the experimental 
current. 

 
2 THE PHYSICAL MODEL 

 
The physical model of the charge transport in hafnium-

based stacks is based on the Trap-Assisted Tunneling 
(TAT) mechanism, which governs the leakage current in 
high-k dielectrics. The  theoretical equations of the model 
are described in Section 2.1. Model simulations are 
compared to leakage current measurements performed 
across SiOx/HfO2 and HfO2 stacks in Section 2.2. 

 
2.1 The theory  

The model describes the defect-assisted transport of 
both electrons and holes in polycrystalline hafnium through 
a multi-phonon trap-assisted tunneling model. The model 
accounts for the structural relaxation associated with the 
charge capture/emission processes, that are related to the 
electron-phonon coupling [5].  

Electrically active defects associated with oxygen 
vacancies are considered to be located preferentially at 
Grain Boundaries (GBs) [5].  The dominant role of GBs in 
the charge transport has been demonstrated by several 
independent studies, including scanning tunneling 
microscopy experiments [6]. 

The gate current accounts for both TAT and direct 
tunneling (DT) contributions. The hole and electron DT 
currents from the silicon are calculated through the semi-
classical approximation [7], while the electron DT current 
from the metal gate is computed through the Tsu-Esaki 
formula [8]. Tunneling probabilities are computed through 
the Wentzel-Kramer-Brillouin (WKB) method.  

The TAT current is calculated by summing up 
contributions of defects, whose position and energy are 
randomly generated through a Monte-Carlo technique. Such 
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defects can form multiple-trap percolation paths, which are 
automatically taken into account for the current calculation 
[9]. The electron and hole current flowing through a 
percolation path Ip depends on its slowest trap, and is 
calculated as 

 

( )je,jc,j
p max

q
=I

ττ +
 (1) 

 
q is the electron charge; c,j and e,j are the time 

constants associated to the capture and emission by and 
from the jth trap of the conductive path, respectively.  

The model considers electron and hole coupling to the 
dielectric optical phonons with 0 frequency [10]. The 
electron/hole tunneling into a trap is associated with the 
release of some energy E=m 0 to the lattice, m being 
the number of phonons involved, as illustrated in Fig. 1. 
Similarly, the emission of electrons and holes from a trap 
requires the absorption of the energy E=n 0 from the 
lattice, n being the number of phonons (typically equal to 
zero as the emission occurs from the ground state [5]). 

The capture and emission time constants are calculated 
by accounting for every phonon energy contributions 
(indexes m and n) [5, 9]: 

 
( ) ( ) ( )m,EPCEfEN= m,1jTm,jm,j-1j

m
m,j-1j

1
j,c −

− ⋅⋅τ  (2) 

( ) ( )[ ] ( )n,EPEmEf1EN= n,jTn,j
n

n,j1jn,j1j
1
j,e ⋅−⋅ ++

−τ  (3) 

 
E is either the conduction/valence band edge or the 

energy level of the jth trap; N and f are the density of states 
and the Fermi-Dirac occupation probability either at the 
cathode/anode or at the jth trap; PT is the tunneling 
probability; C and Em are the trap capture and emission 
rates that take into account the carrier-phonon interaction. 

 
( )mLc=C 0mj,

 (4) 

( ) −
kT

n
expnLc=Em 0

0nj,

ω  (5) 

 
c0 is a constant depending on the electric field and on 

the capture cross section of the trap; L is the multi-phonon 
transition probability, which models the carrier-phonon 
coupling [5]. 

The physics of the carrier-phonon coupling can be 
intuitively illustrated by using the configuration 
coordination diagram shown in Fig. 2, which depicts the 
total energy of the electronic and vibrational states of the 
system as a function of the generalized lattice coordinate Q. 
Q takes into account the displacement of the lattice atoms 
needed in order to accommodate the electron/hole charge in 
the lattice during a trapping event. 

Figure 1 shows the band diagram during the electron 
TAT process through a dielectric layer. The evolution of 
total energy of the system including the vibrational state 

one is depicted in Fig. 2 for the three phases of the defect 
assisted charge transfer process: (a) the defect in the initial 
charge state q, Dq, is empty, and the electron is at the 
cathode; (b) the tunneling electron is captured by the defect, 
and the consequent displacement of the lattice atoms is 
taken into account by changing the equilibrium 
configuration from Q(Dq) to Q(Dq-1); (c) the electron is 
emitted to the anode, and the original lattice configuration 
is restored. In the whole process, the total energy of the 
system reduces by the quantity (m-n) 0~m 0 (as n=0 
[5]), which is transferred from the carriers to the dielectric. 
The lattice rearrangement after a capture/emission event 
requires to surmount a thermal activation barrier 
Eact(capt)/Eact(em), see Fig.2, that sets the temperature 
dependence of the TAT charge transfer process. EREL=S 0 
is the relaxation energy associated with the atomic-scale 
structural rearrangement required to accommodate the 
carrier [11]. The Huang-Rhys factor, S, represents the 
number of phonons required for the lattice rearrangement. 

m 0

n 0

capture

emission

ET(Dq-1)

(a)

(a) initial

(b) defect

(c) final

 

Figure 1: Band diagram of the dielectric layer illustrating 
the capture and emission processes occurring during the 

electron trap-assisted tunneling. 
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Figure 2: Configuration coordination diagram depicting the 
full (i.e. electronic and vibrational) energy of the system in 

the three phases of the electron TAT process. 
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2.2 Simulation results 

The model described above has been used to simulate 
the leakage current measured across SiOx/HfO2 and HfO2 
stacks.  

Figure 3 shows the gate current densities (Jgate) 
simulated and measured over a wide temperature range (6K 
- 400K) on nMOSFET gate stack comprised of 1.1nm-thick 
SiOx interfacial layer (IL) and a 3nm HfO2. As shown, the 
agreement between measurements and simulations is very 
accurate over the whole temperature and voltage ranges. 

 The direct tunneling contribution is negligible, and the 
leakage current is dominated by the TAT process. Defects 
assisting the electron transport are located in both the IL 
and HfO2 layers, and they are typically associated with 
negatively charged oxygen vacancies and positively 
charged O vacancies in the SiOx and HfO2 layers, 
respectively [5]. The defect position is randomly generated 
according to the spatial density profile, which increases 
linearly in SiOx (when aproaching the SiOx/HfO2 interface) 
while it is uniform in the HfO2 layer. The thermal 
ionization energy of defects is also randomly generated by 
considering a uniform distritution in both SiOx (ET=2.3-
3.4eV) and HfO2 (ET=1.4-2.4eV) layers. The relaxation 
energy, which represents the energy required for the lattice 
rearrangements occurring at carrier capture/emission 
events, is a material property given by EREL= 0.36eV and  
EREL=1.19eV in SiOx and HfO2 layers, respectively. All the 
defect parameters considered in model simulations are 
consistent with the atomistic nature (i.e. oxygen deficiency 
inside the HfO2 network) of traps assisting electron/hole 
transport, calculated by ab-initio simulations [12-14]. 

A good agreement between measurements and 
simulations have been achieved also for pMOSFET gate 
stacks, where the charge transport is dominated by the hole 
TAT. 
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Figure 3: Gate current densities measured (symbols) and 
simulated (lines) on the nMOS 1.1nm/3nm IL/HfO2 stack at 

different temperatures. 

0.0 0.4 0.8 1.2 1.6 2.0

J TA
T

[A
/c

m
2 ]

VG[V]

25°C
50°C
75°C
100°C
125°C

100

10-4

10-8

10-6

10-2

TiN/HfO2(7nm)/TiN

 

Figure 4: Leakage current densities measured (symbols) 
and simulated (lines) on the MIM cap with a 7nm HfO2 

layer at different temperatures. 

 
Figure 4 shows the gate current densities simulated and 

measured on a MIM capacitors with TiN electrodes and 7 
nm-thick HfO2 layer at different temperature ranging from 
25°C to 125°C. Again, the agreement between 
measurements and simulations is very accurate. Also in this 
case, the dominant conduction mechanism is the electron 
TAT, which is simulated considering the same defect 
parameter adopted for the previous gate oxide case. 

The multi-phonon TAT model represents thus a 
powerful tool to investigate the physical mechanisms 
governing the charge transport in high-k stacks. However, 
the model relies on a Monte-Carlo defect parameter 
generator, and therefore it is neither practical nor immediate 
to use to calculate the current during both characterization 
experiments or circuit simulations. For this reason, a 
compact model is derived in the following section. 

 
3 THE COMPACT MODEL 

 
The leakage current simulations performed through the 

multiphonon TAT model allows reproducing the 
experimental current by taking into account the 
contributions of a relatively large number of defects 
randomly located at different positions and energy levels 
inside the dielectric layer. Thus, the development of a 
compact model for the TAT current across high-k stacks 
requires to investigate the dependence of the leakage 
current on the position and energy of traps. 

As shown in Fig. 5 for the case of a 5-nm thick HfO2 
MIM capacitor, the shape of the current density vs. voltage 
curves depends strongly on both the position xT and the 
energy ET of defects. Interestingly, a large number of 
defects with different  positions and energies are required to 
reproduce the shape of the total current, which fits 
accurately the experimental one. 

NSTI-Nanotech 2012, www.nsti.org, ISBN 978-1-4665-6275-2 Vol. 2, 2012 811



0 0.3 0.6 0.9 1.2 1.5

J LE
AK

[A
/c

m
2 ]

VG [V]

\

pure
tunneling

2Å

48Å

increasing trap
distance from the

metal cathode

101

10-1

10-5

10-9

10-7

10-3

\

total
current

 

0 0.3 0.6 0.9 1.2 1.5

J LE
AK

[A
/c

m
2 ]

VG [V]

\

pure
tunneling

1.6eV

2.6eV

increasing
trap energy

100

10-1

10-5

10-9

10-7

10-3

\

total
current

 

Figure 5: Leakage current density simulated on a 5nm-thick 
HfO2 layer at room temperature by varying (a) the trap 

position along the layer thickness while keeping constant 
the trap energy level at ET=2.1eV and (b) the energy level 
while keeping constant the trap position at xT= 2.5nm from 

the injecting TiN/HfO2 interface. 

Despite the trap capture and emission rates are 
calculated through compact formulas (2)-(3), the Monte-
Carlo approach adopted to account for the statistical 
distribution of defect properties is not suitable for the 
development of a TAT current compact model, thus 
requiring some simplifying assumptions. 

First, we neglected the trap-to-trap transitions among 
defects, that are assumed to be uniformly distributed within 
the dielectric. This assumption does not induce significant 
errors, as the probability of trap-to-trap transitions 
calculated using the multiphonon TAT model is typically 
very low, especially for unstressed stacks like the ones 
considered in this work. This allows calculating the total 
current by summing the independent contributions of 
cathode-trap-anode transitions calculated  through eq. (1). 
Furthermore, all the defects are assumed to have the same 
energy level. Under these assumptions, the formulas used to 
compute the capture and emission times can be strongly 

simplified. For simplicity, in the following we will consider 
only to the case of electrons when deriving the simplified 
formulas for τc,j and τe,j from eq. (2) and (3), respectively. 
 

−−⋅−

kT

E
exp

x
expNc= j,c

c

j,T
c0

1
j,c λ

τ        (6) 

−
−

−⋅−

kT

E
exp

xt
expNc= e

e

j,THK
c0

1
j,e λ

τ        (7) 

 
xT is the trap distance from the cathode; Nc is the density 

of states at the bottom of the conduction band – we 
neglected the small energy dependence of the density of 
states; the Fermi-Dirac occupation probability is assumed to 
be equal to one at the cathode and zero at the anode. The 
tunneling and capture/emission probabilities in eqs. (2) and 
(3) (i.e. PT and C/Em) have been replaced by two 
exponentials. The first one describes the tunneling 
probability through the potential barrier between the 
cathode and the trap, and the trap and the anode.  

 

( ) 1
2*

Bc qm22=
−

φλ                                      (8) 

( ) 1
2*

Te qm2E2=
−

λ                                      (9) 
 
λc and λe are the characteristic electron tunneling 

lengths calculated through the WKB method neglecting the 
electric field effect on the barrier. 

The second exponential models the probability of the 
lattice rearrangement required for accommodating 
(removing) the electron charge into (from) a given trap 
during a capture (emission) event. Ec,j and Ee are the 
associated thermal activation barriers [5], calculated as 
described in [5, 11] by considering that the emission occurs 
typically from the ground state of the trap [5]. 

 
( ) REL

2
jRELjc, E4EE=E Δ−                                  (10) 

4E=E RELe
                                                                    (11) 

 
ΔEj is the difference between the electron energy and 

the ground state of the trap 
 

BHKTGTj txVE=E ΦΔ −+                                              (12) 
 
φB is the height of the energy barrier at the metal 

cathode/oxide interface; tHK is the thickness of the high-k 
layer. The simplified τc,j and τe,j formulas allows calculating 
the current through eq. (1) as a function of the applied 
voltage VG and the trap characteristics (xT,j, ET, EREL). Since 
traps are usually considered to be uniformly distributed 
along the oxide thickness, and the TAT current depends 
significantly on the trap position, as shown in Fig. 5, further 
investigations are required to provide a compact formula for 
the leakage current. 
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Figure 6: Leakage current density simulated for a 5nm-
thick HfO2 layer as a function of the trap position 

(ET=2.1eV). Symbols and lines refer to calculations 
performed with (2), (3), and with (6), (7), respectively 

In this respect, it is useful to consider the plot in Fig. 6, 
which shows the TAT current density calculated through 
the multiphonon TAT model as a function of xT for 
different gate voltages. First, note that the analytical model 
reproduces accurately the current simulated with the full-
multiphonon TAT  model (see solid lines).  

Interestingly, simulation results show that the leakage 
current density JLEAK varies by orders of magnitude with the 
trap position,  exhibiting a bell-shaped trend associated with 
the TAT current component, which is superimposed on a 
constant term related to the direct tunneling. 

Figure 6 clearly shows that there is a critical xT value, 
which depends on VG, that maximizes the current. Since the 
current peak is exponentially higher than the rest of the 
current values on the JLEAK - xT curve, we can approximate 
the whole current (which is due to the contributions of the 
traps uniformly distributed along the oxide thickness) with 
the dominating peak component. This will allow to develop 
a compact model for the TAT current, provided to be able 
to derive a compact formula for the xT value maximizing 
JLEAK, which is defined as xTM. 

In order to calculate xTM, which will depend on VG, we 
observed that the maximum of the TAT current occurs for 
τc = τe. Thus, the trap position maximizing the TAT current 
can be calculated by solving the equation τc = τe, that after 
some mathematical manipulation exploiting the similarities 
in eqs. (6) and (7) results in a second order equation with 
one physical solution. 

 

( )
2

G

GHK
2

HK
TH

G

TH

2
G

GTM
qV

DVAt2t4
V

V
C

V

V
BA

Vx
λ

+−++
=     (13) 

 
 

0.0 0.3 0.6 0.9 1.2 1.5

J LE
AK

[A
/c

m
2 ]

VG [V]

25°C
50°C
75°C
100°c
compact model

102

101

10-1

10-5

10-3

TiN/HfO2(5nm)/TiN (a)

 

0.0 0.3 0.6 0.9 1.2 1.5

J LE
AK

[A
/c

m
2 ]

VG [V]

25°C
50°C
75°C
100°c
125°C
compact model

10-1

10-4

10-8

10-6

10-2
TiN/HfO2(7nm)/TiN (b)

 
Figure 7: Leakage current densities measured (symbols) 

and simulated using the TAT current compact model (lines) 
on MIM capacitors with (a) 5nm-thick and (b) 7nm-thick 

HfO2 layers at different temperatures. 
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By substituting xT in (6) and (7) with xTM calculated 

through (13)  allows deriving the final compact formula for 
calculating the TAT current as a function of VG. 
 

( ) ( )( ) cTREA
GTMc

G xNA
Vx2

q
=VI

τ
          (15) 

 
AREA is the device area; NT is the trap density; xc is the 

characteristic length of the oxide portion where the leakage 
current is maximum, which is calibrated through physical 
simulations. 

In order to test this capability of this compact model to 
reproduce the experimental data, we compared  simulations 
results to measured data. 
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Figure 7 shows the current density - voltage curves 
measured and simulated by using this compact model on 
two MIM capacitors, having TiN metal electrodes and 5-nm 
and 7-nm thick HfO2 layer. Despite the simplifying 
assumptions, the model reproduces with great accuracy the 
experimental data in the whole voltage and temperature 
range, thus proving that this simplified description can be 
effectively used to simulate the TAT current across high-k 
dielectric stacks. 

This compact model can be also extended to reproduce 
the current across the gate oxides of state-of-the art MOS 
transistors, typically comprised of a HfO2 layer stacked on 
top of a thin SiOx interfacial layer,  provided that the 
voltage drop across the single (i.e. SiOx or HfO2) layer is 
calculated and the effect of the other (i.e. HfO2 or SiOx) is 
properly taken into account in the calculation of the 
tunneling probability. 

 
4 CONCLUSIONS 

 
In this paper we discussed the physical mechanisms 

governing the charge transport inside HfO2-based dielectric 
stack from a modeling perspective. We proposed a detailed 
physical Monte-Carlo description modeling the charge 
transport across HfO2-stacks through the multiphonon trap-
assisted-tunneling theory. This model reproduces accurately 
the voltage and temperature dependencies of the leakage 
current across HfO2-based stacks in transistor gate oxides 
and MIM capacitors. Starting from this physical 
description, we developed an analytical model for the TAT 
current, which can be also implemented into SPICE-like 
circuit simulators. Despite the simplifying approximations, 
this compact model reproduces with great accuracy the 
current measured on MIM capacitors with HfO2 dielectric 
at different voltages and temperatures. This demonstrates 
that this compact model represents an effective tool to 
reproduce with minimum computational effort the TAT 
currents for investigating their effects at circuit and 
reliability levels.  
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