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This work presents an original approach to model direct tunneling current through high-� dielectrics
including SiO2 interfacial oxide from electron inversion layers. Quantum confinement is taken into
account by means of an improved triangular well approximation including physically-based
analytical corrections of subband energy levels. An efficient way to compute tunnel transmission
probability is also proposed, taking into account the reflections on discontinuous dielectrics
interfaces. Finally, this model has been successfully validated by comparison to both numerical
simulations and experimental results. © 2009 American Vacuum Society.

�DOI: 10.1116/1.3043539�

I. INTRODUCTION

Ultrascaled complementary metal oxide semiconductor
�CMOS� technology, for 45 nm node and beyond, requires
the replacement of conventional SiO2 gate dielectrics by
high-� materials, to achieve the target in term of leakage
current through the gate.1 Recently, HfO2-based dielectrics
have been introduced in industry for a 45 nm product by
Intel Corp.2

In this context, simulation of direct tunneling current
through the gate insulator is needed for both process technol-
ogy optimization and parameter extraction from Ig-Vg mea-
surements. If the issue of tunneling current modeling in
high-� stacks �Fig. 1� has been extensively studied by means
of numerical solution of Schrödinger equation,3,4 the devel-
opment of physically based and accurate analytical models
still require improvements.

Accurate analytical model needs to account for quantum
confinement at the interface of carriers responsible for the
transport in dielectric �i.e., tunneling�. Such quantum calcu-
lation usually requires numerical solution of the coupled
Schrödinger and Poisson equations.5 Various analytical alter-
natives have been proposed in the literature.5 If these ap-
proaches correctly reproduced the total charge versus voltage
characteristics, they fail, however, to model accurately the
position of the first subband energy levels, leading in the
case of tunneling in high-� dielectrics, to erroneous current
prediction.

Moreover, tunneling current modeling usually also re-
quires the calculation of tunneling lifetime of confined carri-
ers. Several approaches have been proposed to model effi-
ciently these tunneling lifetimes in pure SiO2 dielectrics,6

beyond the conventional Wentzel-Kramers-Brillouin �WKB�
approximation, known to be quite inaccurate.7 The situation
is more complicated in the case of high-� stacks, as they
usually also includes a SiO2 interfacial layer. To our knowl-
edge, no satisfactory solution has been found so far to
achieve an analytical solution in multilayer dielectrics be-
yond the WKB approximation.

In this work, an original approach to compute electron
tunneling current from inversion layer through high-� stack
is proposed, improving the state of the art of analytical mod-
eling of both quantum confinement and tunneling through
multilayer dielectrics. Results have successfully been com-
pared to experimental data in HfO2 /SiO2 stacks.

II. MODEL DESCRIPTION

The current flowing from a confined gas of carriers in
close-to-equilibrium condition through a tunneling dielectric
is usually expressed as8

J = �
n

Qn

�n

, �1�

where J is the current density �A m−2�, Qn the charge density
contained in nth subband, and �n the tunneling lifetime.
While Qn is usually computed by solving Poisson and
Schrödinger �PS� equations, �n can be modeled using differ-a�Electronic mail: jean.coignus@minatec.inpg.fr
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ent methodologies such as Bardeen’s approach,9,10 resonant
transfer matrix,11 or transparency-based approach.12–18 In the
latter, the tunneling lifetime is computed as 1 /�n= fnTn,
where fn is the impact frequency and Tn the tunnel barrier
transparency. This technique has been chosen in this work,
as, contrary to the other ones, it offers the possibility of
analytical solution in the multilayer dielectrics case.

A. Modeling of quantum confinement

The modeling of quantum confinement at silicon-oxide
interface typically requires numerical self-consistent
Poisson–Schrödinger simulations.3,19 Analytical alternatives5

�such as the variational approach or triangular well approxi-
mation� are accurate enough to model only the charge lo-
cated in the ground state �the first unprimed subband�, which
is usually satisfactory for charge and C-V modeling. How-
ever, these approximations can lead to significant errors
when applied to tunneling current computation, where the
first primed subband, as shown later, also plays a significant
role. For this reason, the conventional triangular well ap-
proximation �TWA� has been improved to account for
several subbands, following the approach proposed by
Ferrier et al.

20

In the TWA model, the potential energy profile is sup-
posed to be given by V�x�=qFx, where F denotes a constant
field. In such potential, the energy levels E �referenced to the
silicon conduction band edge� and wave function � solution
of Schrödinger’s equation are given by

E0,i
L,T = � �2

2mL,T
�1/3

· �3�qF

2
· �i + 3

4�	2/3

, �2�

�i
L,T�x� = Ai��2mL,TqF

�2 �1/3

· �x −
Ei

L,T

qF
�	 , �3�

where Ai is the Airy function of the first kind.21 To achieve a
better comparison with PS results, and to compensate for the
nonlinearity of the real potential energy profile, the field F

used in Eqs. �2� and �3� is not taken equal to the surface field
Fs, but rather to

F =
Qdep + fQinv

�s

. �4�

Qdep and Qinv stands, respectively, for depletion and inver-
sion charge expressed as

Qdep = 
2qNa�sVs,

Qinv = q�
i

ni
L,T, �5�

where Vs is the band bending in the silicon substrate, Na the
p-silicon doping level, and ni

L,T the electron density on the ith
L ,T-subband.

The f parameter in Eq. �4� has been found to be equal to
0.5 for electron, F being in this case the effective field, i.e.,
the average transverse field seen by electrons in the inversion
layer. Using f =1 in Eq. �4� would have given the surface
effective field Fs. Note that F and Fs only coincide in weak
inversion regime, where Qdep� fQinv.

In strong inversion regime, Eq. �2� is inaccurate to model
properly the energy levels. To improve the TWA, different
fields Fi

L,T have been introduced for each subband, using a
set of parameters f i

L,T, instead of a single f .12,20 This modifi-
cation accounts for the fact that each different subbands see a
different average transverse field, as the centroid of charge
changes from a subband to another.

The set of parameter f i
L,T have been extracted from self-

consistent solution of Poisson–Schrödinger equations, and
are given by f0L=0.58, f0T=0.47, f1L=0.39, f1T=0.24, f2L

=0.28, and f2T=0.18. Detailed comparisons with Poisson–
Schrödinger equations have shown that these parameters do
not significantly depend on substrate doping �in a tested
range of 1023–5�1024 m−3� and oxide thickness.

In weak inversion regime, the nonlinearity of the potential
well has been taken into account using the perturbation
theory, as explained by Ferrier et al.

20 Energy levels are cor-
rected by a 	ENL shift,

	ENL,i
L,T =

qNa

�s

4

15
� �2

2mL,TqFi
L,T�2/3

· �3�

2
· �i + 3

4�	4/3

. �6�

Finally, the wave function penetration in the tunneling
dielectric has been also considered, leading to an additional
	EWFP correction factor, expressed by

	EWFP,i
L,T =

�moxFi
L,T

mi
L,T · 
2 · mox · �
ox − E0,i

L,T�
. �7�

Using these two corrections, the energy levels are given
by

FIG. 1. Illustration of the double-layer stack considered in this work: p-type
silicon substrate, SiO2–HfO2 gate oxides, and TiN metal gate.
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Ei
L,T = E0,i

L,T − 	ENL,i
L,T − 	EWFP,i

L,T . �8�

Finally, the electron density ni for each applied gate volt-
age is given by18,20

ni
L,T =

md
L,T

��2 k · Tln�1 + exp�EF − Ei
L,T�n�

kT
�	 . �9�

EF is the Fermi level position with respect to the silicon
conduction band,

EF = Vs − kT ln�Na

ni

� −
Eg

2
, �10�

where Eg denotes the silicon band gap and ni the intrinsic
silicon doping level.

For each applied voltage, self-consistency is achieved by
numerically finding the root solution of Eq. �9�, less time
consuming than standard Poisson–Schrödinger resolution.

Figures 2 and 3 show the very good agreement with self-
consistent resolution of both Poisson and Schrödinger equa-
tions: this approach allows us to model accurately not only
the total charge �Fig. 2�, but also the energy levels �Fig. 3�
and charge occupancy for all relevant subbands.

B. Modeling of tunneling current

As previously mentioned, the computation of tunneling
current typically requires the calculation of the transmission
probability through the gate insulator. In the case of high-�
stacks �Fig. 1�, as a SiO2 interfacial layer is usually present,
the transmission probability has to be computed through a
stack of two different dielectric layers. In absence of charges
trapped in the dielectrics, as all barriers have a triangular
shape, the exact transmission probability can be computed
using the Airy matrix formalism.17 Another numerical ap-
proach, called the transfer matrix approach,15 consists in ap-
proximating the real barrier by a succession of N constant
potential energy barriers. Compared to the previous method,
no special function �such as Airy function, requiring special
library code not available in standard compact model� is re-
quired to apply this technique. Nevertheless, a large number

of mesh points �typically larger than 20� is needed to ensure
a good accuracy.

The only analytical alternative to model transparency
through multitunnel barrier is to use the Wentzel–Kramers–
Brillouin approximation, leading, however, to significant er-
rors. To improve this method, it has been proposed by Reg-
ister and co-workers to introduce a pre-exponential
corrective term. This technique has been first discussed in the
single barrier case7 and then extended to the double barrier
case using an ad hoc correction and neglecting reflections on
SiO2 /HfO2 and HfO2/metal interfaces.13 Although empirical,
this procedure has been shown to significantly improve
WKB formula accuracy.

In this work, an effective-barrier-height method is pro-
posed, based on the approximation carried out by Simmons
when studying tunneling in metal-insulator-metal
structures.22 It consists in approximating the double triangu-
lar barrier by double squared barrier, with an effective barrier
height �eff, given by �eff=�0−V /2, where �0 is the real
barrier height, and V the considering oxide voltage drop.
This approximation leads to an analytical expression of the
tunnel transparency, without requiring the use of any special
function.

The different methods mentioned above �Airy, transfer
matrix, WKB with and without Register’s corrective term,
and this method� are compared first in the case of a single
tunnel barrier in Sec. II B 1 and then in the case of a double
layer barrier in Sec. II B 2.

1. Single-barrier transmission probability

Considering a squared barrier with an effective barrier
height �eff, the calculation of the transmission coefficient T

can be achieved by applying the standard procedure of
matching wave functions and probability currents at the dif-
ferent substrate-dielectric-gate interfaces, leading to the fol-
lowing formula:

FIG. 3. First energy levels E0, E0�, E1, and E1� in quantized inversion layer vs
surface potential computed with Poisson–Schrödinger solution, variational
method, triangular well approximation, and improved triangular well ap-
proximation �this model� �m=0.92m0 and m�=0.19m0�.

FIG. 2. Total charge versus surface potential computed with classical and
quantum approaches: Poisson–Schrödinger resolution, triangular well ap-
proximation, and this model. �Na=3�1023 m−3�
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T =
16vin�vox

* �2
vout

��vox
* − ivin� · �ivout − vox

* �exp�Koxtox� + �vox
* + ivin� · �ivout + vox

* �exp�− Koxtox��
2

, �11�

where tox is the barrier thickness, vin, vox
* , and vout the carrier

velocities in silicon substrate, squared barrier, and metal
gate, respectively, and Kox the wave vector into the dielectric.
Energy reference has been taken equal to the silicon conduc-
tion band. Assuming a parabolic band structure, carrier ve-
locities are given by

vin�E� =
 2E

mL,T
,

vox
* �E� =

�Kox

mox
=
 2

mox
�
eff − E� ,

vout�E� =
 2

m0
�E + Vox� . �12�

As mentioned in Sec. II A, tunneling current is mainly
composed of electrons emitted from the first lowest sub-
bands. As a consequence, in this low energy range, the prod-
uct Koxtox is usually greater than 1, and the factor
exp�−Koxtox� in Eq. �11� can be neglected compared to
exp�Koxtox�. Thus, in this case, Eq. �11� simply reduces to

T =
16vin�vox

* �2
vout

�vin
2 + �vox

* �2� · ��vox
* �2 + vout

2 �
exp�− 2Koxtox� . �13�

This formula is in good accordance with the result ob-
tained empirically by Register et al. in Ref. 7, except that the
exp�−Koxtox� term has not been replaced by its WKB equiva-
lent. The pre-exponential term in Eq. �11� stands for reflec-
tions at both silicon-dielectric and dielectric-gate interfaces
and has been rigorously derived without any other assump-
tions. As Eq. �13� as well as the Register corrective term are

no longer valid when Kox tends to 0, it may be convenient to
use Eq. �11� instead, especially when tunneling through rela-
tively thick dielectric by thermionic or Fowler–Nordheim
mechanisms is concerned.

Figure 4 shows the transmission probability through a thin
SiO2 layer versus incoming carriers energy level. SiO2 layer
parameters �effective tunneling mass, barrier height� have
been taken equal to their standard values.

In the low energy range, where direct tunneling usually
occurs, all methods show a good agreement with the exact
Airy formalism results, except the uncorrected WKB ap-
proximation, which exhibits an error of more than 100% in
the worst case �Fig. 5�. Correction of reflections at dielectric
interfaces allows decreasing the WKB error. As far as single
barriers are concerned, the effective potential approximation
proposed in this work and Register’s corrected WKB method
appear to be the best approaches to compute analytically the
transmission probability.

2. Double-barrier transmission probability

The previous techniques have been extended to the case
of tunneling through a double dielectric barrier. Using the
concept of effective barrier height, the transmission coeffi-
cient T of the double tunnel barrier can be analytically de-
rived, leading to

T =
vin

vout

4

�ch 2�A ch 1 − B sh 1� − sh 2�C ch 1 − D sh 1��2
,

�14�

where

A =
vin

vout
+ 1,

FIG. 4. Transmission coefficient of a single SiO2 layer versus incoming
carriers energy. Five methods are compared �uncorrected and corrected
WKB, Airy formalism, transfer matrix method, and this model�.

FIG. 5. Relative error of previously plotted methods versus Airy formalism
�exact�. Parameters are the same than Fig. 4.
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B =
i · vin

V1
* +

V1
*

i · vout

,

C =
i · vin

V2
* +

V2
*

i · vout

,

D =
V1

*

V2
*

+
vin · V2

*

vout · V1
*

,

ch 1 = cosh�K1t1� ,

ch 2 = cosh�K2t2� ,

sh 1 = sinh�K1t1� ,

sh 2 = sinh�K2t2� . �15�

V*, K, and t stand, respectively, for carriers velocities, wave
vectors, and thicknesses of dielectrics 1 �SiO2 interfacial ox-
ide� and 2 �high-��.

As in Sec. II B 1, Eq. �14� can be further simplified in the
case of low energy tunneling, as long as K1,2t1,2�1, i.e., E

�
eff1,2, leading to

T =
64vin�V1

*�2�V2
*�2

vout

�vin
2 + �V1

*�2���V1
*�2 + �V2

*�2���V2
*�2 + vout

2 �

�exp�− 2 · �K1t1 + K2t2�� , �16�

with

vin�E� =
�kin�E�

mL,T
=

1

mL,T
· 
2mL,TE ,

V1
*�E� =

�K1�E�

mSiO2

=
1

mSiO2

·
2mSiO2
��SiO2

−
VSiO2

2
− E� ,

V2
*�E� =

�K2�E�

mHigh-K

=
1

mHigh-K
·
2mHigh-K��High-K − VSiO2

−
VHigh-K

2
− E� ,

vout�E� =
�kout�E�

m0
=

1

m0
· 
2m0�E + VSiO2

+ VHigh-K� . �17�

Equation �16� can be interpreted in the same way as Eq.
�13� in the single barrier case. The pre-exponential factor
accounts for reflections at the Si /SiO2, SiO2/high-� and
high-�/gate potential discontinuities and is only valid when
the condition K1,2 · t1,2�1 is satisfied. This expression can be
considered as an extension of Register’s single-barrier cor-
rection factor applied to double square barriers.

Figures 6 and 7 show the transmission probability and
respective error versus Airy formalism for the whole

SiO2–HfO2 gate stack. SiO2 and HfO2 layers parameters
have been taken to their standard values, in accordance with
data extracted from the literature.3,23,24

The application of the standard WKB approximation leads
to strong discrepancy with the exact solution �more than
100% in the worst case�, even in the low energy range, par-
ticularly important to model direct tunneling. In the low en-
ergy range, the application of Register’s corrective term tak-
ing into account the discontinuity at the three interfaces, and
this method lead both to very good results compared to the
exact solution. At high energy, however, as previously ex-
plained, Register’s corrective term diverges, while these
techniques �Eq. �14�� still lead to acceptable results.

Moreover, it has been suggested by Li et al.
13 to apply

Register’s corrective term to the first discontinuity Si /SiO2

only, introducing artificial corrections to compensate the pre-
viously mentioned divergence at high energy. We found,
however, that it is necessary to consider the three disconti-
nuities to achieve a good accuracy at low energy range, and
that at high energy, Li’s model is less accurate that the results
obtained by Eq. �14�.

FIG. 6. Transmission probability vs SiO2–HfO2 double-layer stack as a
function of voltage drop in double-layer system. Five models have been
considered: transfer matrices, Airy formalism, square barrier approximation,
and WKB method �corrected and uncorrected�.

FIG. 7. Relative error of WKB �corrected and uncorrected�, square barrier
approximation and transfer matrices vs Airy matrices �exact� method. Pa-
rameters are the same as in Fig. 6.
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3. Impact frequency

Last element to model tunneling current in the transpar-
ency formalism, the impact frequency �standing for incom-
ing flux of carrier� is usually taken equal to the phenomeno-
logical equation7,18

fn
L,T =

2En
L,T

nh
. �18�

This formula is, in fact, correct when carriers are emitted
by a square well, which is not the case considered here, as
carriers are emitted by an inversion layer. Using the approxi-
mated variational approach to model quantum confinement
in the inversion layer, a similar formula can be derived, with
an additional 2 /3 factor.25

The impact frequency of a particle confined in a potential
well extending from 0 to xwell can be computed, using the
WKB approximation, by12,13

fn
L,T =

1

�0
xwell

2mL,T

�kn
L,T�x�

dx

. �19�

This formula has been found in excellent agreement with
more exact quantum results in Ref. 26.

In the framework of the triangular well approximation
�using Eq. �2��, and as demonstrated by Govoreanu et al.,12

Eq. �19� leads to

fn
L,T =

�qFn
L,T�2/3

2�2mL,T · �
3�

2
�n + 3

4��1/3 . �20�

However, as demonstrated in Sec. II A, the triangular well
approximation leads to an erroneous estimation of the differ-
ent energy levels. To account for the energy levels correc-
tions used in Sec. II A, Eq. �20� has been rewritten as a
function of the discrete energies levels, leading to

fn
L,T =

qFn
L,T

2
2mL,TEn
L,T

, �21�

where Fn and En includes the various improvements intro-
duced in Sec. II A.

The impact frequency of carriers located on first unprimed
and primed energy levels versus surface potential is plotted
on Fig. 8. While Eq. �18� leads to at least 10% errors, this
model and Govoreanu’s approach give similar results for the
first unprimed subband, where the impact of energy correc-
tive terms to the standard triangular well approximation is
negligible. For higher energies levels, however, the impact
frequency given by Eq. �21� appears to be more accurate.

III. RESULTS AND DISCUSSION

Model predictions of gate current Ig versus applied gate
voltage Vg have been compared with measurements in
polysilicon/TiN /HfO2 /SiO2/p-type silicon MOS transistors
in inversion regime. Silicon substrate is 100�-oriented and
doping level is roughly equal to Na=3�1023 m−3. A 8 Å
SiO2 interfacial layer has been thermally grown using rapid
thermal oxidation �RTO�. Different HfO2 layers, from

FIG. 8. Incoming carriers impact frequency versus surface potential for the
first unprimed and primed energy levels. Three methods are compared: the
empirical 2En /nh formula, and one derived from the uncorrected/corrected
triangular well approximation.

FIG. 9. Experimental and simulated gate current densities vs gate bias for
different SiO2–HfO2 gate stacks. �See the text for details�. Data can be fitted
using the variational approach with �HfO2

=2.15 eV barrier.

FIG. 10. Experimental and simulated gate current densities vs gate bias for
different SiO2–HfO2 gate stacks. Data can be fitted using this model, with
�HfO2

=2.3 eV barrier.
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2 to 4.5 nm, have been deposited using atomic layer deposi-
tion �ALD�, with a final 600 °C anneal. Finally, a 10 nm
chemical vapor deposition �CVD� TiN metal gate has been
processed.

This model has been compared to experiments using the
following procedure: equivalent oxide thickness �EOT�,
p-substrate doping level �Na�, and flatband voltage �VFB�
have been extracted from C-V measurements and the follow-
ing parameters: mSiO2

=0.5m0, mHfO2
=0.18m0, �HfO2

=20�0,
and �SiO2

=3.1 eV, have been assumed equal to their stan-
dard values.3 Finally, the high-� thickness tHfO2 and barrier
height �HfO2 have been extracted by fitting the I-V curves. In
the low-voltage range �typically 0–0.4 V�, direct tunneling
model fails to reproduce experiments. Accounting for trap-
ping mechanisms in Hf-based gate stacks �out of the scope of
this work� would allow to reliably fit the whole I-V curve.

The extracted value of �HfO2
has been found to depend

significantly on the model. As an example, experimental data
have been fitted using the variational approach �which only
account for one quantized level� and this model �which ac-
count for all the relevant subbands�. In consequence, even if
both model are able to nicely reproduce the experimental I-V

curve, a lower �HfO2
barrier has been found in the variational

approach case ��HfO2
=2.15 eV� �Fig. 9�,, than in this ap-

proach ��HfO2
=2.3 eV� �Fig. 10�. This result can be ex-

plained by the particular role of tunneling of carriers emitted
by the first primed subband. Indeed, contrary to the case of
tunneling in pure SiO2 �Fig. 11� where current is mainly
composed of carriers from the first unprimed subband,27 in
the case of SiO2 /HfO2 gate stacks, however, primed sub-
bands also contributes significantly to the total current �Fig.
12�. This fact justifies the use of a multisubband model and
explains the different extracted values of barrier height �HfO2
using this model or a less accurate single subband model.

Finally, prediction of gate leakage currents in HfO2 /SiO2

stacks using this model have been compared with ITRS
requirements1 �Fig. 13�. Using the parameters extracted on
experiments, 3 Å of SiO2 interfacial layer seems to be the
minimum thickness acceptable to fulfill HP ITRS require-
ments for 22 nm node.

IV. CONCLUSIONS

An original and efficient analytical model of gate leakage
current through HfO2 /SiO2 gate stacks has been presented,
as well as example of application, to model experimental
data, or estimate the evolution of gate leakage current along
scaling.

An accurate way to compute quantum confinement at sili-
con interface has been used, allowing a much faster reso-
lution than the exact self-consistent Poisson–Schrödinger
resolution. This method, physically based, allows to consider
multiple subbands and valleys. It has been shown that this
last point is of particular importance in the case of
SiO2 /HfO2 gate stacks, as, contrary to conventional SiO2

tunneling, not only the lowest subband contributes to the
total tunnel current.

Moreover, an original approach has been proposed to cal-
culate transmission probability across a double-layer system,
accounting for reflections at dielectric interfaces. This
method has been successfully validated by comparison with

FIG. 11. Contribution of each subband to tunneling current versus gate bias
in a pure SiO2 dielectric. In this case, tunnel current is mainly composed of
electrons from the first unprimed subband �mSiO2

=0.5m0, �SiO2
=3.1 eV,

VFB=−0.6 V, EOT=1.3 nm�.

FIG. 12. Contribution of each subband to tunneling current vs gate bias in a
SiO2 /HfO2 stack. Tunnel current is mainly composed of electrons from the
first primed subband. �mSiO2

=0.5m0, mHfO2
=0.18m0, �SiO2

=3.1 eV, �HfO2
=2.3 eV, VFB=−0.6 V, EOT=1.3 nm�.

FIG. 13. Theoretical gate leakage current vs EOT at Vg=0.9 V �Vg=0.9 V
being the ITRS specification for 32 nm high performance �HP� node�.
Single-layer stacks are compared �SiO2 or HfO2� to double-layer stacks with
a varying interfacial SiO2 oxide. ITRS specifications for HP and LP devices
are shown �65, 45, 32, and 22 nm nodes�. Material parameters used in this
plot are the same as in Fig. 10.
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more complex transfer matrix and Airy function formalisms.
Finally, this techniques has be found to be an attractive al-
ternative to Register’s corrective term method, leading to
similar accurate results in the low energy range, without di-
verging at high energy.
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