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Student: Hua-Gang Chang Advisor: Prof. Ming-Jer Chen
Department of Electronics Engineering and Institute of Electronics

National Chiao Tung University

Abstract

Because the high-K stacks could achieve the target in suppressing the gate leakage
current, conventional SiO, gate dielectrics is being gradually replaced by high-K
materials. Although electrical characteristics have been demonstrated for high-K
stacks, a physically based model of tunneling currents through high-K stacks has not
been thoroughly investigated.

In this thesis, an electron tunneling-model of high-K stacks will be constructed for
nMOSFETs. The mechanisms responsible-for the tunneling current will be introduced
step by step. First, we explain the operational principle in a simplified framework of
one oxide layer with poly gate. This principle comprises four key physical parameters:
the inversion layer charge density, the electron impact frequency on SiO,/Si interface,
the WKB transmission probability, and the reflection correction factor.

Then, the structure to treat the case of only one gate dielectric layer model is
augmented to that of a two-layer high-K stacks. The impact of the model parameters
on the electron tunneling is analyzed in detail. Excellent agreements between
simulated and measured tunneling currents are achieved. Importantly, the tunneling
parameters and energy band diagrams are obtained accordingly, leading to a better

understanding of the tunneling mechanism of electrons in high-K gate stacks.
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Chapter 1 Introduction
1.1 Origin

Ultrascaled metal oxide semiconductor (MOS) technology requires the replacement
of conventional SiO, gate dielectrics by high-K materials. The high-K gate stacks are
able to reduce the gate leakage current. Besides, in order to shrink MOSFET devices
into the deep-submicrometer regime, there are two factors taken into account: One is
the level of increasing channel dopants and the other is gate dielectric thickness
reduction. Both lead to a significant increase of the surface electric field, this
imposing high demands on the advanced technology and on the understanding of the
device physics involved. The combination of extremely thin gate dielectric material
and high channel doping level produces'a‘sufficiently large silicon electric field to
confine the mobile carriers.

The MOSFET gate oxide thickness is rapidly approaching the direct tunneling limit
that ultimately leads to intolerably.large standby power and impractical applications.
Thus, high-K stacks exhibit lower “gate’ tunneling current. Although electrical
characteristics have been demonstrated for high-K stacks, a physically based
modeling of tunnel current through high-K stacks has not been thoroughly
investigated. Accurate characterization and modeling of high-K stacks in the
tunneling regime is essential and crucial. The latter can provide more transparent
understandings since it is made up of four key physical parameters: the inversion
layer charge density, the electron impact frequency on interface, the WKB
transmission probability, and specially, the reflection correction factor.

1.2 Arrangement of this Thesis
First of all, this thesis is organized based on the following arrangement. Chapter 2

is the discussion of current separation and temperature effect. In Chapter 3, a
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physical model for electron direct tunneling current in poly-gate nMOSFETS with
ultrathin gate oxides is derived. This model comprises four key physical parameters:
the inversion layer charge density, the electron impact frequency on SiO,/Si
interface, the WKB transmission probability, and the reflection correction factor.

In Chapter 4, in order to build a model of the high-K stacks electron tunneling
current accounting for electron’s subbands in the quantized inversion layer explicitly,
a simplified method to calculate the subband energies will be introduced. In particular,
the proposed model points out that the calculated secondary subbands and beyond,
despite occupying few electrons, indeed contribute substantially to the direct
tunneling conduction due to lower effective barrier heights.

In addition, high-K dielectrics with equivalent oxide thickness but larger physical
thickness have been investigated ‘as a.replacement for SiO, one. An ultrathin
interfacial oxide layer is required and can be formed during the fabrication below the
high-K materials to improve interface quality-with Si. Thus, accurate characterization
and modeling of high-K gate stacks‘for:the-electron tunneling current is essential. The
model built in Chapter 2 will be augmented to incorporate the high-K stacks. The
process of parameter adjustment will be detailed in Chapter 5.

In Chapter 6, a physical model of tunneling currents through high-K gate stacks
will be described. The effect of the model parameters on the electron tunneling will be
analyzed in detail. Excellent agreements between simulated and measured tunneling
currents will be demonstrated for MOSFETs with high-K gate stacks. We will also
quote the literature value for comparison. The model is shown to enable in-depth
understanding of the tunneling mechanisms.

Finally, Chapter 7 is the dedicated to conclusion of the proposed electron tunneling

model as well as the potential application of the model.



Chapter 2 Experimental

Fig.1 shows the bias condition and gate leakage current separation, the gate leakage
current is composed of conductance electron tunneling current (Isp) and valence hole
current (lg). Fig.2 displays that the conductance electron tunneling current is
dominant the gate leakage current in high gate voltage. Therefore the gate leakage
current can be described by conductance electron direct tunneling model in inversion
region.

To determine the mechanisms responsible for gate current, the gate current are also
measured at 100°C, as shown in Fig. 3.Gate current measurement in high temperature
(100°C) was also done for determing,the'dominant physical mechanisms of the gate
current, as shown in Fig. 3. The:measured_gate current is insensitive with temperature
in inversion region. This indicates that the ‘direct'and F-N tunneling mechanisms
dominate the transmission process\of .gate-current/iry inversion region. Moreover, the
measured gate current change of T ='373K with respect to T = 300K versus gate
voltage of Fig. 3(a) is shown in Fig. 4.

The simulated gate current change of T = 373K with respect to T = 300K versus
gate voltage is also presented in Fig. 4 and then a good reproduction of experimental
data is done. This specific characteristic of temperauture effects on gate current over
the gate voltage can serve as the evidence that the physical mechanisms of the
mesured gate current are dominated by direct and F-N tunneling. The
trap-assist-tunneling is neglected in this study by the support of the temperature
characteristic of our mesured gate current. Hence, in this work, considering the direct
and F-N tunneling only in fitting gtae curent of the metal gate high-k deice is

reasonable.



Chapter 3 Physical Model of Direct Tunneling across Oxide

Dielectric

3.1 Critical Factors

First of all, we explain the fundamental principle of electron direct tunneling in a
n*poly-SiO,-p-substrate structure, and expand it to include the case of high-K stacks.
We employ quantum mechanical calculations for the inversion layer in p-type
substrate along with a modified WKB approximation for the transmission probability
across the gate oxide [1], [2].

The direct tunneling electron current from each subbands can be formulated in a

similar way. Electron current density contributed. by j -th subband for two or four

fold valleys with energy E to~E +dE canbe written as
dJ; ;(E)=qf;g(E)R(E)dE (3-1)

where
q is the elemental charge;
g(E) is the inversion layer charge density per unit area magnitude of energy E

associated with j -th subband;

f; is the impact frequency of electron’s wave packet on SiO,/Si interface; and

P.(E) is the transmission probability through SiO; layer.

Then we will make a physical description of the key parameters above.

3.2 Inversion Layer Charge

In order to calculate inversion-layer charge density g(E) we must turn to the



inversion charge increment,
E+dE
dNinv = IE gzDFe (E)dE = gZDFe (EﬁE (3'2)
where F,(E) indicates Fermi-Dirac distribution function of electrons and F,(E)

associated with conduction electrons is 1/(1+ exp((Ef - E)/kBT)). In addition, g,,

represents density of states per unit area over electron energy for 2DEG
(2-dimensional electron gas). The m, is the density of states effective mass

m
U0 = d (3'3)

- h?

From the variation of inversion-layer charge, g (E) could be obtained accordingly,

9(E)="4g"=90F:(E) (3-4)

3.3 Impact Frequency

The impact frequency f; can be expressed as,

a1
fj:{Zqu dz } :qg|F0><|

1
2

(3-5)

(2m,E ;)

z,i i,

0 Vsii(z) 2€Si
where z; is the classical turning point at the j-th subband edge and m,; means the

effective mass along <100> direction for two or four fold valleys. The field strength

of oxide is designated as F_, . Furthermore, v, (z) is the interface-normal velocity

of electron wave packet, which can be written as

. \/2(&,,- —av(2)

m (3-6)

z

Here E, ,is the quantized energy level of the j-th subband for two or four fold

valleys. A triangle-like electrostatic potential is a good approximation for V(z) [3].
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Thus, we are able to get quantized energy along z-direction or <100> direction in

reciprocal space by using Sommerfeld-Wilson’s quantization rule :

ij

2
1) B
_[ h2 j; 37Z-qgox|l:ox|(]_4j

2m, 2¢
(3-7)

3.4 Transmission Probability

Before we discuss the transmission probability through SiO, layer, the underlying
electrostatics must be made clear. The energy band diagram as shown in Fig. 5 is
constructed for the n*poly/SiO./p-substrate system. Under the inversion condition, it

is easy to write
|VG _VFB| = tox | I:ox| + ¢s + ¢poly (3'8)

where V, means gate voltage,” V., represents flat-band voltage, and ¢, and ¢,

are the surface potential near the SiO,/p-substrate and SiO,/poly gate, respectively. In

addition, once the surface potential are quantified, then we can get the quasi Fermi

level E, from the following formula

Ei =04 —¢s, (3-9)
where
{Eg —k;TIn (NVH
NA
By = . (3-10)

where ¢, is the potential difference between the quasi Fermi IeveI(Ef / q) and

conduction band (EC/q) in the charge neutrality range of p-substrate, and, k; is



the Boltzmann’s constant.

Finally, based on the citation [3], P(E) can be modeled by

R(E) =Tue (E)T:(E) (3-11)
where T, is the usual WKB tunneling probability valid for smooth varying

potential, and T, is a factor corrected for the reflections due to the potential

discontinuities:

Tucs (E) = exp(—ZJ:” K(Z)dZ)

'[; \/zmox (E-qv (z))dzH

3 3
4 2m0x ( azn - céth)
(3-12)

3qn|F,,|

—exp_—g
| A

=exp

where ¢, is the barrier height-for tunneling electrons with total energy E at anode
side (poly gate/SiO, interface), and:.g, .. is that at cathode side (SiO./p-substrate

interface). In this model, ¢, represents the SiO,/Si barrier height. The barrier height

for tunneling electrons can be described by

¢an =@ —q | I:ox|tox -E (3'13)

¢cath = ¢)ox - E (3-14)

The total energy E consists of the transversal and longitudinal energies:

hz(kf+kj) .
=-— ‘4 FE .

1]
2m, (3-15)

E

where m, is the in-plane effective mass, E ; is quantized energy in the

out-of-plane direction .



On the other hand, T, is a justified factor concerning wavefunction’s reflection
phenomenon occurring at SiO,/Si interfaces [4]. This correction factor has the
band-structure independent form. This relation is important in our model. T, is

obtained by considering reflections between the interfaces,

4Vsu (E) ) Vox (¢cath ) % 4VsiJ_ ( E+q |Fox | tox ) ' Vox (¢an )
Vszii ( E) + ij (¢cath) V;L ( E+q | I:ox |tox) + Vgx (¢an ) (3_16)

Te(B)=

where v, (E) and vy, (E+q|F,|t,) are the group velocities of the electron incident

and leaving the oxide. The group velocity of electrons with energy E along <100>
direction within the j-th subband at SiO./Si interface is independent of E  as shown
below

2E

id

VsiL(E) = Vsu(z = O) =
m; (3-17)

The aforementioned v (4.,,) “and “v (4, ) are-the magnitudes of the purely

imaginary group velocities of electrons at the cathode and anode side within the oxide.
Consequently, the imaginary group velocity which is dependent on E within oxide

can be described by

\Y; —l_d¢a”— %
ndk, \m, (3.18)

This factor is significant, because if the electrostatic potential V(x) changes acutely
with respect to position or the intensity of incident wave, it cannot be treated to be
equal to that of reflection wave. In our model, we adopt a parabolic dispersion

relation,
mk
2m

0X

b = O —E—0QV, (X) = (3-19)




Recalling (3-1), (3-4), (3-5), and (3-11), the tunneling current density contributed

by the j-th subband with energy E ranging from E ; to infinity can be expressed

‘Ji,j =I: d‘]i,j(E)
=[. df ,9(E)R(E)IE

=0f,0,o |, F.(E)R(E)dE
£, (3-20)

The above electron direct tunneling model is verified by comparing experimental
data from n*poly gate MOSFETs. The results are given in Fig. 6. It can be seen that
excellent agreements between the experimental and simulated results are achieved.
The drain currents versus gate voltage for n*poly gate/SiO,/p-substrate is shown in
Fig. 7, the threshold voltage V, is obtained by the maximum trans-conductance

method. In the calculation, the doping-cancentrations of poly gate and p-type substrate

used (N, and N_, ) are 1x10”° and 6x10" cm'>, respectively. The thickness of

poly sub
oxide t, is extracted by C-V fitting. These parameters are all known when apply the

model, except the effective mass m_, that is the only fitting parameter.



Chapter 4 Simplified Method to Calculate Subband Energy

In this chapter, we will introduce a simplified method to calculate the subband
energies. The simplified method is to estimate the inversion and depletion charge
densities. The band bending in depletion and inversion condition is also treated. In
this work, we use the assumption to facilitate the model: The quantum confinement
phenomenon of the MOS system can be treated in a triangular well approximation.
The characteristic parameters of P-substrate under the inversion situation comprise of

the followings:

Interfacial inversion charge N. ;

inv?

Depleted space charge N

depl ;
Semiconductor surface potential or surface band:bending 4, ;

Band bending due to the depletion charge™ gy ;

These parameters are interrelated by the following equation due to the law of

electrostatics:
Ninv + Ndepl = Q(¢s) (4_1)
Equation (4-1) states that the total charge per unit area Q below the MOS gate is

the sum of the inversion electron charge N, and the depletion charge N, :

_ qstQM _k_T

&si€o q

¢dep| = ¢s (4_2)

From (4-2), the surface potential ¢, is made up of the following components: the

second term of the right side of (4-2) stems from the influence of inversion charge

N, , the terminal term kT/q from the gradual transition of the space charge region
10



into the substrate, and the term ¢, due to the space charge N, .

Ndepl _ \/285i80¢(gpl ( Np ) (4-3)

The equivalent thickness of the quantum confined electron gas can be expressed as

Zom :ZZLJNLJ (Ei,i’EF )/Ninv (4-4)
ij
(4-4) reveals that the average of the subband widths z, ; is weighted with the

corresponding subband occupation factors N. ., then constituting the mean quantum

ij?
mechanical channel width Z, . In this case, the wave functions are given by Airy
functions, and therefore the mean subband width z, ; is

z,, = [|¥i. i(2)f 2dz = ZEiES)

3qgox on (4- 5)

The energy eigenvalues E;; canbe written-by

Z( 72 f[:znqgoxl:m( jO.ZS)}% (4-6)

2m, 2¢;

i
where F_ is the oxide electric field and the index i determines the value of the

normal mass m; for two or four fold valleys. In addition, N;; can be derived from

Fermi-Dirac statistics

o 4 E.-E .
N,; = |- D/(E)f(E)IE =% In| Lyexp| — 1
E B h KT
(4-7)
where D,(E) is the density of states of the subband for two-dimensional gas and
f(E) is the Fermi-Dirac occupation factor.

It can be confirmed that the lowest subband occupies most of all inversion electrons.

11



Although higher energy states share far less carriers, the other factor such as the
transmission probability can be much larger than the ground state due to effective
lower barrier heights for tunneling. Thus, the resulting tunneling current contains a
substantial component from the secondary subbands and beyond. Besides the electron
direct tunneling from the secondary subbands and beyond can be comparable to that
from first subbands. Consequently, we can not ignore the contribution of the

secondary and beyond to the electron tunneling current.

12



Chapter 5 Tunneling Model for High-K Gate Stacks

5.1 MOS Electrostatics
MOS electrostatics law is utilized to deal with the potential drops across the high-K
gate stacks. The flat-band voltage for the poly gate and metal gate case can be written

as

\/ = Pretal _| Py +3+£Iog (MJ ... for metal gate

q a g g N, (5-1)
Vg =E+£Iog(%J ... for poly gate

q q v (5'2)

where ¢, is the workfunction ofymetal,and ¢, means electron affinity of
p-substrate. Doping concentration of-p-substrate 1s-named N_,. E; (=1.12 eV) is
band gap energy of silicon. Because there is high doping concentration in poly-silicon,
the quasi-Fermi level approaches the conduction band edge for poly-silicon in energy

band diagram.

By Gauss’ law we can get V;,  (potential drop across high-K dielectric) easily,

2

Fn_ =1, Fhigh—K = FIL

high—K

= Fhigh—K Xthigh-k (5-3)

high—K
The thickness of interfacial layer (IL) or high-K layer can be estimated by C-V
method. Moreover, F, and F;,  mean the electric field of IL and high-K
dielectric, respectively. The potential drop on IL (V, ) is obtained by a self-consistent

calculation.

The band bending of substrate surface can be computed:

13



¢s :|VG _VFB|_tIL |FIL|_thigh—K ‘Fhigh—K‘_¢poly (5-4)
where thigth‘ high- K‘ and t, |F,| are the potential drop across the high-K dielectric

and interfacial layer, respectively. The n*-poly gate potential drop (4. ) can be

poly
expressed as

2
8||_ an

¢po|y = 2q SiN

poly

In the metal gate case, it is also simple for modulating ¢,. The formula is also

suitable for metal gate case when deleting ¢, .

5.2 WKB Probability for High-K: Stacks
The energy band diagram as shown=in Fig. 8 is canstructed for a two-layer high-K
stack system. To calculate the:tunneling probability; we have selected a modified

WKB method with B =TT,

s by where =T, 4 ~is the usual WKB tunneling

probability obtained for smooth varying potentials and T, is the correction factor

considering reflections from potential discontinuities. They can be treated as the most

important part of electron tunneling model. The transmission probability F,(E) not

only goes across the interfacial layer (IL), but also the high-K dielectric [5], [6].

Therefore, T, has two portions needed to be treated, one is with regard to

interfacial layer, and the other is on high-K dielectric:

Toe (E) = exp( 2" x dx)

_exp( ZI K,L dx+( ZI h| - dx)j (5-6)
3 3 3 3
4 2mIL (¢I2L,an _¢I2L,cath] 4 2|’nhigth {¢h2ighK,an _¢h2ighK,cath,]
=exp exp
3qh|F | 307 |Fign « |

14



The index IL corresponds to the interfacial layer. The index high-K applies to the
high-K dielectric. Now, this new equation can apply to high-K stacks, but it is still
problematic in some conditions. The band diagram essentially varies with the change
of the gate bias voltage. Consequently, Fig. 9 shows three different cases. Case 1 is
normal situation that have been discussed above. Comparing Fig. 9, if a subband
energy is lying between the two edges of high-K layer, namely case 2. When gate
voltage gets larger, the subband energy of electrons is even higher than high-K edge
which is located at interface of high-K dielectric and IL. In other words, the
classification can be represented in the form of the following equations:

E <dig-kan & E<Bighican - CBSEL
E2>dighcan & E<@ignican - CBSE2

E> ¢high—K,an & E> ¢high—K,cath .-y case-3 (5_7)
where, E means the total energy including:the transversal and longitudinal energies.

In case 2 and 3, they correspond-to the following WKB approximation methods:

3 3 3
4 2mIL (¢I2L,an - ¢I2L,cath j 4’\, 2mhigh—K [0 - ¢h2igh—K ,cath ]
T (E)=€xp exp . case 2
WK 39|F, | 30A|Fyign « |
3 3
4 2mIL (¢Ilz_,an - ¢I2L,cathJ
Touks (E) =exp 3qh|F | . case 3
IL
(5-8)

Further, the potential energy for each edge of two layers could be calculated with

the following equation,

¢|L,cath =9, —E
¢|L,an =g, —E-V,

Bhigh-k catr = DLan — (@lL ~ Phigh-x )

¢high—K,an = ¢|L,an _((PlL ~ Ghigh—x )_Vhigh—K (5-9)
15



In case 2, electrons pass through IL by direct tunneling, but with F-N tunneling for
high-K part. The behavior of electron F-N tunneling in high-K can appear in 1-V
characteristic. For example, Fig. 10 shows such a turning point when gate voltage
increases to 1.6 V. As the gate current increases and exceeds the turning point
different situation appears. Similarly, case 3 has only one kind of tunneling
mechanism. Because the electrons have higher energy in case 3, they can go through
IL by direct tunneling and surpass high-K layer immediately. The expression used for
case 3 is like the only dielectric layer as discussed in Chapter 3. In case 3, the gate

current increases with gate voltage.

5.3 Correction factor for High-K Stacks

In principle, there is a special 5T;~ which_is, in.connection with high-K dielectric.
But here, we only consider the reflection at“the SI/IL interface in our model. The
correction factor of interface reflection typically approaches unity for metal/high-K
dielectric interface and for the interface.of-high=K gate stacks. The correction factors
at the interface mentioned above can be neglected in our calculations. Therefore, T,

still maintains the original shape. The correcting T, for high-K stacks is as follows:

- 4VsiJ_ (E) Vi (¢IL,cath)

T.(E)=
ARG ETATN 510

16



Chapter 6 Application and Discussion

We calculate the first and second subbands. The electron tunneling current from
such two lowest subbands is almost the same as the actual tunneling current. Thus, for
the computation time saving, the first and second subbands are considered only in this
work. Although we have done many simplifications in the tunneling situation, the
results are reasonable relation to the experimental measurement.

The tunneling model is constructed using an accurate description of electron
quantization and a modified WKB method for tunneling through the barriers of
high-K stacks. But the high-K stacks electron tunneling current simulator has a
drawback: it could not simulate gatestunneling current correctly for the gate bias
below threshold voltage. Our simulated-model'is.based on direct tunneling mechanism;
unfortunately, the direct tunneling is'not dominant in-subthreshold region. Although
simulator can not work in subthreshold region, M/KB approximation would show
good agreements with the experiments‘once the gate bias is large enough. For this
reason, the following discussion will be focused on the range of gate bias larger than
the threshold voltage.

Finally, the new model for high-K stacks can be used to fit the results in literature
about high-K tunneling. In addition, we also measure the I-V and C-V characteristics
of devices with HfSION and HfO,, and experimental reproduction has been
consistently achieved.

The influence of each model parameters on the gate tunneling current has been

calculated as shown in Fig. 11-15. Here m,, and m are the effective mass for

high—K
interfacial layer and high-K, respectively. The band offsets of IL and high-K relative

to the conduction band of p-substrate are expressed as ¢, and @, « , respectively.
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Similarly, ¢, and &, _ mean the permittivity of IL and high-K, respectively.

From Fig. 11-15, ¢, determines the onset of case 2. The range that m,

can have a significant effect concentrates on case 1 and 2, where the tunneling current

is almost the same at high gate voltage. The influence of t can also be seen,

high—K

especially its ability to determine the rage of case 2. As for &, ., its influence is not

only on case 1 and 2 but also case 3, because &,  Will influence the electric field

of IL indirectly. The parameters about IL impact the tunneling significantly in all

cases. Finally, ¢, and N, can control the threshold voltage, which can help the

sub
calibration step in using our model. Briefly, In Fig. 11-15, different tunneling
parameters have been varied with our-simulater..The change of the tunneling current
is seen clearly. Each parameter-has different influences, and the results can help us fit
data efficiently.

Moreover, we test the model by fitting experimental results in some open literature
articles [4], [7]-[12]. This can verify the validity of the model for tunneling current
simulation; for example, an excellent agreement between our simulated and the
measured tunneling currents in the literature [7] has been obtained as shown in Fig. 16.
The tunneling parameters used are those published [7], except several parameters not
available such as doping concentrations.

We have also measured the gate tunneling current for two kinds of high-K stacks:
TaC/HfSION/IL and TiN/HfO,/IL. There is one thing needed to explain specially. IL
means interfacial layer, but it is not always formed by SiO,. In fact, the IL of our
device under test is SION and SiO, for HfSION and HfO,, respectively. The measured
capacitance versus gate voltage for two different gate stacks is exhibited in Fig. 17.

From C-V fitting method, the metal work function ¢, and p type substrate doping
18



concentration N_, can both be obtained. Meanwhile, the effective oxide thickness

sub
(EOT) can also be determined. These parameters which are obtained from C-V fitting
are the inputs to the gate tunneling current model. Moreover, from the drain currents
versus gate voltage shown in Fig. 18, we can obtain threshold voltage V, by the
maximum trans-conductance method. The gate current fitting results for
TaC/HfSION/IL and TiN/HfO,/IL are shown in Fig. 19. It can be seen that for two
level high-K stacks, the experimental gate current can be fitted well. The high-K
stacks tunneling simulator can apply to either metal gate or poly gate. The tunneling
parameters and energy band diagram can be established via the data fitting.

Furthermore, a better understanding of the gate tunneling mechanisms of electrons in

high-K stacks can therefore be captured clearly.
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Chapter 7 Conclusion

A physically based tunneling model is constructed using an accurate description of
the electron quantization in the confined inversion-layer. This model contains a
modified Wentzel-Kramers—Brillouin (WKB) method for tunneling through the
barrier, including the effects of an ultrathin interfacial layer. The physical model of
the electron tunneling through high-K stacks has been built up and experimental
reproduction has been consistently achieved.

Our electron tunneling model is applied to high-K stacks. This model is easy to
realize and computationally efficient. The data from the other tunneling models
published in the open literature is also,presented to confirm the accuracy of our model.
From the model, the effect of high-K=film will appear when the F-N tunneling begins
to dominate in high gate voltage. As the gate voltage goes higher, because of the
reduced barrier height of the high-K-film ~electrons will tunnel within the Fowler
Nordheim regime instead of the direct tunneling regime. So it is important to find a
high-K dielectric with a sufficient barrier height to reduce tunneling current in a wide
range of gate voltages.

This model has evidenced its potential applications in enabling in-depth
understanding of the different subbands in the confined inversion layer in affecting
electron tunneling conduction. The high-K stacks tunneling simulator can apply to
either metal gate or poly gate. The tunneling parameters and energy band diagram can
be established by the data fitting. We can therefore capture the underlying gate
tunneling mechanisms of electrons in high-K gate stacks.

But there are efforts needed to investigate for further, such the hole tunneling across

the high-K gate stacks. Even the temperature effect may be significant and must be

20



taken into account. In addition, the electron tunneling model which was built in this
thesis is focused on the inversion condition. Its extension to the accumulation may be

needed.
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Fig. 1. The gate leakage current is composed of conductance electron tunneling
current (Isp) and valence hole current (Ig).
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Fig. 3. Measured gate current versus gate voltage for T = 373K and T=300K of (a)
TaC/HfSION/IL gate stacks and (b) TiN/HfO,/IL gate stacks of NMOSFETS.
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Fig. 13. The influence of (a) t, and (b) t,, « on the calculated gate tunneling

current.

36



2
J, (Alem?)
6:0

10-21 [ 2 2 2 2 L 2 2 2 ]
-0.5 00 05 1.0 15 20 25 3.0 35 4.0

V, (V)
(@)

10‘21 [ Il Il Il Il Il Il Il Il h
-0.5 00 05 1.0 15 20 25 3.0 35 4.0

Ve (V)
(b)

Fig. 14. The influence of () ¢, and (b) &4, « On the calculated gate tunneling

current.

37



106: T T T T T T T T
10°F
10°k
10° k
< 10°F
g 10°F —&—N_, =5x10"cm’
3 1 0_125 ——N_, =1x10" cm®
o sk —A—N_, =3x10" cm”
- 10_185 —¥—N_, =1x10"cm®
1021 —4—N_, =5x10"cm”
-0.5 00 05 10 15 20 25 3.0 35 4.0
Vev)
(@)
106: T T T T T T T T
10°F
10°k
10° k
< 10°F
E 10'95 —&—o =426V
s 1 0-125 o =44eV
ﬂO 107° 1 —A—o =46eV
10-185 V0, =48V
07} I
10»24: . . . . . . . e
-0.5 00 05 10 15 20 25 3.0 35 4.0
Ve (V)

(b)

Fig. 15. The influence of (a) N,, and(b) ¢, on the calculated gate tunneling
current.

38



10" p=—r r v ' :
100 |_ L n Poly / HfO, I.S|02Ip-S| .|
¥ B Hou's Sim. Parameters in [7]
10 [t,=06nm ¢t =38nm 1
2 = =
10 |' Erighk 22 &.,Mm, = 0.5 m, '|
— 10° |' Ppgnsc =185V, 9, =345V —@— Hou's Exp. 1
= 10_4 My = 0.18 m, ? Parameters |_n [71
o . [ t, =06nm,t  =3.8nm ]
<< 10 = This model's Sims Parameters
- [ ]
o 1 0-6 | t,=06nm;,t . =3.8nm 1
= _ = 19 3
1 0-7 |_ Gro 0B 22¢, Nlmly =5x10" cm '|
1 0_8 m = 0.5 me,m. = 0.19 m,
e [ g = 1855 6,= 315V 1
o N, =3x10" cm® ]
10' '] '] '] Il ']
0.0 0.5 1.0 1.5 20 2.5

Ve (V)

Fig. 16. The fitting results by our model in comparison with the measured
tunneling current in the literature [7]. The tunneling parameters are the same as

those in [7].

39



20k TaC/HfSiON/IL/p-Si
—&— Experimental Data
w15}
= 1.5
Qo
=
I 1.0} s Schred fitting 1
G P = 448V
s N, =3x10" cm®
S 0.5 EOT = 1.4 nm
0.0 A
-1 0 1 2
Ve (V)
(a)
2.5 T T T
TiNleOZIILIp-Si
E 2.0F —@— Experimental Data 7
3 = Schred fitting
Q =
g:) 15k Prin 4.5 V1s B} o
E Nsub =4x10 " cm
g EOT=1.15nm
S 10} .
©
(&)
05} -
-1 0 1 2
vV, (V)
(b)

Fig. 17. The measured capacitance versus gate voltage for two different gate
stacks. And it is also shown the fitting lines.

40



8.0x107

7.0x10°}
6.0x10° } TaC / HFSION / IL / p-Si
5.0X‘|0-5 " Symbols: Exp.
g 4.0x10°[ V,_=0.025V
—23.0x10°F V, =0.6534V
2.0x10°} _
1.0x10° F L=1um
0.0}
-1.0x10° P S R —
-0.2 00 02 04 06 08 10 12 14 16
Ve (V)
(a)
2.0x10°
1.5x10°% b TiN / HfO, L / p-Si
— Symbols: Exp.
< )
= 1.0x10°f V,=0.025V
- V, =1.1687 V
5.0x107 f W=1pum
L=1um
0.0}

-02 0.0 0.2 04 06 08 1.0 1.2 14 16
Ve (V)

(b)

Fig. 18. The measured drain currents versus gate voltage for (a) TaC/HfSiON/IL
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