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Abstract

High-K stacks can suppress the gate leakage current while a FInFET structure has
benefits of improving the short channel effects. Gate tunneling current model has
been established based on WKB approximation. In this thesis, an electron tunneling
model through high-K stacks will be constructed for double-gate devices, especially
n-type FINFET. The electron subband energy-should be modified for the change of the
structure from single gate to multiple-gates.. This model established for double gate
structure is also valid for different body thicknesses through different fitting factors
used. A linear relation is obtained between body thickness and the subband fitting
factor. Once the body thickness is known, the fitting factors can be determined
accordingly.

Material parameters of the experimental devices can be accurately determined by a
new fitting of dIn(lg)/dVg-Vg in combination with the conventional Cg-Vg and Ig-Vg
fittings. A gradual transition layer between high-K layer and interfacial layer can
improve the fitting quality at high gate voltages owing to the large difference of
permittivity between high-K dielectric and interfacial layer. With these modifications

incorporated, good agreements with measured gate tunneling current can be achieved.



The new model can also lead us to a better understanding of the gate tunneling

mechanism in FinFET.
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Chapter 1

Introduction

1.1 Background

Scaling of device is one of the main targets in IC fabrication technology. From
conventional SiO, gate oxide MOSFET (metal-oxide-semiconductor field-effect
transistor) to high-K material gate dielectrics MOSFET, high-K devices are able to
reduce the gate leakage current. With the progressive scaling into 22nm and beyond,
short-channel effects (SCE) become a big issue. In order to suppress SCE, increasing
channel doping is one of the methods adopted in conventional planar devices. But
poor carrier mobility due to high channel doping-is‘the weakness [1]. To overcome
the problem, several multiple gate structures have been proposed. Tri-gate device also
known as FINFET has been considered as potential candidate for 20 nm gate length. In
a FInFET, the gate drapes across the fin, giving the FINFET multiple gates compared
to the single gate of the planar transistor. So, the control of the gates on the channel in
a FinFET is stronger than in a conventional MOSFET as the gate voltage is applied
from several sides and not just from the top. One important feature of multiple gate
devices is that they do not need heavy channel doping to suppress short-channel
effects.

The MOSFET gate oxide thickness is rapidly approaching the direct tunneling
limit that ultimately leads to intolerably large standby power and impractical
applications. On the other hand, although high-K stacks exhibit lower gate tunneling
current, short-channel effect is more and more serious while pushing planar device
into nanometer region. The key feature of FInFET is the strong gate control of the

channel region suppressing effectively the short-channel effects. Since the FInFET



requires ultra-thin gate dielectrics, gate tunneling current is an important factor in
these devices, because it is related to the limitation of gate oxide scaling. So far, there
was no accurate model of FInFET gate tunneling current. Thus, the study in this

direction is necessary and important.

1.2 Arrangement of This Thesis

First of all, building tunneling current model for n-type FIinFET is the main
purpose of this thesis. The direct tunneling physical model for oxide dielectric is
introduced in the first part of Chapter 2. This part includes four key parameters: the
inversion layer charge density, the electron impact frequency on interface, the WKB
transmission probability, and the reflection correction factor, as will be explained one
by one. Because the gate material of experimental FINFET device usually contains
high-K dielectric, modifying.the'model originally for conventional gate oxide SiO; is
essential. Modified WKB transmission -probability and reflection correction factor
both are introduced in the second part of Chapter.2: In order to calculate the electron
tunneling probability through the high-K ‘stacks, the electron subband energy is
necessary to determine. In the third part of Chapter 2, we employ a simple method to
calculate subband energy.

Building the gate current model for FInFET is introduced in Chapter 3. It is divided
into three parts. First, because of the device structure change from planar to multiple
gate, full depletion situation needs to be considered in the double gate model.
Depletion charge density calculation is introduced in the first part. Next, the devices
of two gates induce confinement to the electrons while the body thickness is scaling
down. So the structure confinement makes a significant difference in calculated
subband energy between planar and multiple gate devices, which will be introduced in

the second part. Lastly, in addition to conventional 1g-Vg and Cg-Vg fittings,



dinlg/dVg-Vg fitting is important for high-K stacks devices. We can find that it might
make an erroneous fitting result if the dInlg/dVg fitting is not performed.

After the model is constructed, the experimental results about n-type FInFET are
shown in Chapter 4. By fitting experimental data, we can extract the process and
material parameters of the device. In the beginning, the gate current calculated by
analytical model deviates from experimental one. Modified tunneling models are
introduced by adding transition layer between the high-K dielectric and interfacial
layer. Linear transition layer and parabolic transition layer are the two models adopted
in this study. We can also prove that these models are valid for simulating the gate
current. The dinlg/dVg fitting is also done to help determine accurately the gate
material parameters related to high-K dielectric..By all fittings and modifications, the
analytical model for tunneling current remains valid, especially above threshold of

operation. Finally, the conclusion of this thesis‘is drawn in Chapter 5.



Chapter 2
Physical Model for Planar FET

First, the principle of gate electron direct tunneling in an n*poly/SiO./p-substrate
structure will be explained. Then, by substituting high-K for SiO; as gate dielectric

material, a physical model of electron tunneling across high-K stacks is formed.

2.1 Tunneling Current Model for Oxide Dielectric

The basic band diagram of n*poly/SiO.,/p-substrate is shown in Fig. 1. Quantum
mechanical calculation for the inversion layer in substrate and modified
Wentzel-Kramers-Brillouin (WKB) approximation for the transmission probability
across SiO2 layer are employed in this model [2],[3]. The direct tunneling electron
current model is made up of four key parameters: the inversion layer charge density,
the electron impact frequency_on. interface, the ' WKB' transmission probability, and

specially, the reflection correction factor.

Jg = qNijfiTwksTr (2-1)
where
Jg is the electron tunneling current;
q is the elemental charge;
Ni; is the inversion layer charge per unit area with jth subband in the ith valley;
f; is the electron impact frequency on SiO,/Si interface;

Twks is the WKB transmission probability;

TR is the reflection correction factor



A. Inversion Layer Charge (Nij)
Using the density of states for a two-dimensional electron gas (2DEG) and
Fermi-Dirac statics, the inversion layer charge density of each energy subband can be

derived as

N;; = (kBT) gimg; In [1 + exp (EF E”)] (2-2)

kgT
where g; is the degeneracy of the ith valley; mgy; is the density of states electron
effective mass in the ith valley and E;j is the energy level of the jth subband in the ith

valley.

B. Electron Impact Frequency (fj)

The electron impact frequency can be described as[4]

= [2f) e ]_1 (2-3)

where z; epresents the classical turning point in silicon for electrons in each subband
and vg;, the interface-normal group velocity component of electron wave packet,
which can be expressed as

Z(Eij—qV(x))

mz‘i

vsi (x) = (2-4)
m,; is the longitudinal or transverse effective mass in two or four fold valleys and V(x)
is the potential well which can be approximated as a triangle-like electrostatic
potential:

V(x) =

EoxFoxx (2_ 5)

€si

Substituting (2-4) and (2-5) into (2-3), then we can obtain the impact frequency

f}, — [2 ij 1 d.X']— — q50x|Fox| (2 my; l]) (2_6)

0 wvgiy (%) 2¢g;




C. WKB Transmission Probability (Twks)

To calculate the tunneling probability across the oxide barrier in Fig. 2, a modified
WKB approximation is used. The modified WKB approximation includes Twxg and
Tr [3].[4]. The former is the usual WKB tunneling probability, effective for smooth
potential barriers; the latter is a correction factor for reflections from potential
discontinuities. Both are combined in form:

T = TwkpTr (2-7)
Twks = exp(—Z fotox Kk(x) dx) (2-8)

k(x) is the magnitude of the carriers imaginary wave vector within the bandgap

between the oxide layer

K(X) — \/szX[E;l;qV(x)] (2_9)

Then substituting (2-9) into (2-8) yields

tox |2Mmox[E=qV(x)]

Twkp = exp {_2

3 3
4 2m0x<¢én_¢gath>
3qh|Foxl

= exp (2-10)

Gearn @Nd ¢, represent the magnitude of the electron (tunneling from the jth
subband in the ith valley) energy with reference to oxide conduction band in the
channel and in the gate, respectively. They are calculated by

qbcath = qPox — Eij (2-11)
and

qPan = qPox = Eij — qFoxtox (2-12)
where ¢,, Is the Si-SiO, conduction band discontinuity.

The total energy is composed of transverse and longitudinal energies

h2(k2 413
th

E = (2-13)



In this equation, m; means the transverse effective mass and E;j is the energy in

longitudinal direction.

D. Reflection Correction Factor (Tr)
Reflection factor is related to the type of material the wave penetrates. There are
two interfaces in n"poly-SiO,-p-substrate structure, Si/SiO, and SiO,/n*poly. So the

reflection correction factor is

T = TgriTg2
— 4vgi1 (E) X Vox(Pcatn) 4vgsi 1 (E+q|Foxltox) X Vox(Pan) (2_14)
Vg'iJ_(E)"'Vgx((l’cath) Vg'iJ_(E"‘q |Fox|tox)+véx(Pan)

where Tr; and Tr; are the reflection factors at the interface of Si/SiO, and SiO,/n"poly,
respectively. vg;, (E) is the group velocity of electrons incident at the silicon-oxide

interface

2E;;

vsil(B) = (2-15)

Z

Vorx (Dcacn) 1S the magnitude of the purely imaginary group velocity of electron at

the cathode side of SiO»:

v (¢ ) _ l ddcatn __ hZK(ZJx
ox cath) — -
h dKgy 2Mgy

(2-16)
On the other hand, vg;, (E + q|F,.|t,x) means the group velocity of electrons

leaving the oxide-polygate interface and v,,(¢,,) is the magnitude of the purely

imaginary group velocity of electron at the anode side of SiOs.

According to electron tunneling current model in (2-1), four important key
parameters have been introduced one by one, (2-2), (2-6), (2-10) and (2-14). As
electron tunneling is closely related to its subband energy, Ej, it will be introduced in

detail latter.



2.2 Modified Tunneling Current Model for High-K Gate Stacks

For highly scaled devices, thinner oxide induces a larger gate leakage current. In
order to maintain device performance in the scaling direction, use of high permittivity
is one of the solutions. In addition to dielectric layer change, poly gate is replaced by
metal gate and thereby the poly depletion can be eliminated. The band diagram of
metal gate/high-K/IL/p-substrate is shown in Fig. 3. Similarly, WKB approximation is

employed to build the tunneling current model, along with some parameters modified.

A. Modified WKB Transmission Probability for High-K Stacks (Twks)
To calculate the tunneling probability in high-K case, electron not only goes
through the interfacial layer (IL) but also the high-K dielectric layer [4]. Consequently,

Twks has two parts in terms of.interfacial layer and high-K dielectric:

Tk = €xp [(—2 fot'L K (x) dx) + (—2 fttl':igh_’{ic(x) dx)] (2-17)
The above equation can apply to high-K stacks, but it‘is just one of the several cases.
The band diagram changes with varying gate bias voltage, meaning that lower
tunneling barrier height corresponds to higher gate voltage. Three cases are shown in
Fig. 4. ;1 cqen 1S denoted as the barrier height for tunneling electrons with reference
to oxide conduction band at IL/p-substrate interface and ¢;; 4, is the barrier height
at high-K/IL interface in interfacial layer. ¢pign-k.catn aNd Gpigh-k,an are also the
barrier heights with the former at high-K/IL interface in high-K dielectric and the

latter at metal-gate/high-K interface. They are calculated by

qPiLcatn = 9P — Eij (2-18)
qbiLan = Qb1 — Eij — qFiLty, (2-19)
qPhigh-k.cath = qPrigh-x — Eij — qFLtyL (2-20)

qPnigh-k,an = 4Prigh-x — Eij — QFit, — qFnigh-kthigh-k (2-21)



By Gauss’ law we can get Vhign.x (potential drop across high-K dielectric) easily,

F, =& (2-22)

Frigh-x = Thigh X _ p, Sl (2-23)

IL
thigh-K €high-K

The three tunneling cases can be classified by defining the underlying conditions:
Case 1 --- ¢pcath > 0, Pr.an > 0, Prign-k,catn > 0 and Gpigh—g,an > 0
Case 2 - ¢ypcath > 0, Prran > 0, Prigh-k,cath > 0 and Gpigh-k,an < 0
Case 3 --- dircath > 0, P an > 0, Prigh-k.catn < 0 and Gpigh—k,an < 0

Substituting the three cases into (2-17), the three conditions of tunneling probability

are
Case 1 ---
3
4y 2Tnll‘(d)lLan ¢1Lcath zmhlgh K ¢hlgh K,an d)hlgh Kcath)
T =ex
WKB p 3qh|FLl 3qh|Fhigh—k]|

Case 2 ---

3 3 3
4\/ 2my, <¢IZL,an - ¢12L,cath> 4 thigh—K <0 - ¢i€igh—K,cath>

exp
3qh|Fy| 3qh|Frignh—k|

Twkg = exp

Case 3 ---

3 3
2 _42
4,/2myp, (d)uﬂan ¢IL,cath>

3qh|Fyl

Twkp = exp

(2-24)

B. Modified Reflection Correction Factor for High-K Stacks (Tr)
According to the reflection correction factor for SiO,, Tr needs to be considered at

three interfaces. The correction factor of interface reflection typically approaches



unity for metal/high-K dielectric interface and for the interface of high-K gate stacks,
so we only consider the reflection at the Si/IL interface in our model. Therefore, the

correcting Tg for high-K stacks is as follows:

4vgi) (E) x v (@11 catn)
Vg'u_ (E)+V12L(¢IL,cath)

Tp = (2-25)

2.3 Subband Energy Calculation

In this part, the method of calculating the electron subband energy will be
introduced. We employ a simplified method to calculate the quantum mechanical
effect in the inversion layer of a p-type Si substrate. Four physical values are
estimated in this method; they are the charge densities in depletion and inversion, the
depletion region band bending,andthe nversion layer band bending. Those

characteristic parameters of ~p-type substrate under -the inversion conditions are

denoted
Ngep is the depleted-space charge;
Ninw is the interfacial inversion.charge;
oy is the semiconductor surface potential or surface band bending;

Daep is the band bending due to the depletion charge.

One assumption needs to be used to while simplifying the subband energy model:
the quantum confinement phenomenon of the MOS structure can be treated in a
triangular well approximation, so the potential at the semiconductor surface layer
follows a linear variation. This approximation has been shown to describe the electron
behavior adequately as validated by self-consistent Schrodinger and Poisson

equations solving.

The gate voltage induces surface band bending; the inversion charge and depletion

10



charge each are related to corresponding surface band bending. The total charge per
unit area (Q) below the MOS gate is the sum of the inversion electron charge(N;,,,,)
and the depletion charge(Ng.,). The total charge from the law of electrostatics is

Niny + Ngep = Q(¢bs) (2-26)

First, the surface potential is essential for calculating the total charge.

qNsZgm kT
¢dep = ¢s — —I = (2-27)

€si€o q

The second term of the right side of (2-27) stems from the influence of inversion

charge Nj,,; the third term %T from the gradual transition of the space charge region

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

2¢€g N
Ndep — \/ €si€oPdepNsub (2-28)

q
Zgm 1N (2-27) is the average equivalent widths of the quantum confined electron gas,

as described by
ZijNij
J Niny

Zgm = i (2-29)
z;; is weighted with the corresponding.subband occupation factor Nj, thus
constituting the mean quantum mechanical channel width Zz,,. In this case, the wave

functions are given by Airy functions. So the mean subband width z;; is calculated

by
_ 2 _ 2Ejjesi
Zij = _”‘IUU(Z)l zdz = m (2-30)
The energy eigenvalues E;; can be expressed as
1 2
. 1\73%
72 \3 |3mqeoxFox(i—) |3
E;j = (2m-)3[ OZ:’_C( 4)] (2-31)
i Si

where m; is the normal mass for two fold valley or four fold valley, Fo is the oxide
electric field and the index j is the subband number. Nj;, the remaining parameter in

(2-29), can be derived from Fermi-Dirac statistics:

11



mh2 kT

Ny = [, DiE)F(E)AE = "%in |1+ exp (=21))] (2-32)

where D;(E) is the density of states of the subband for two dimentional gas and f(E) is

the Fermi-Dirac occupation factor.

12



Chapter 3
Physical Model for FInFET

In this chapter, multiple gate devices are introduced, including gate tunneling

current and electron energy in double gate and FINFET devices. Fig. 5 reveals that the
width of FIinFET is insignificant compared to the whole gate length (Win + 2HEin), We

can regard FinFET as double gate structure.

There are some changes to the tunneling model because of the different physical
structural change from planar to double gate. The equations of depletion charge
density and subband energy have to be modified since the Si body part is affected by

both the front and back gate.

3.1 Depletion Charge Density Calculation

It is a significant improvement.in the double-gate structure that the substrate is
controlled by two gates (front gate and back gate). Owing to its capability of
sensitively influencing the channel, to suppress the short channel effects, the body
doping can be decreased. While body thickness is reduced, full depletion in the body
happens under the small gate voltage condition. So the task to calculate depletion

charge density needs to be considered in two distinct situations:

2e5i€0PdepNsub Nsublbod 2¢e5i€0PdepNsub
Case 1 - If\/ loqep su < suzoy :Ndep — quep su

2e5i€0PdepNsub Nsublbod Nsublhbod
Case 2 --- If\/ . qep = > Suzoy = Ngep =—Su20y

Case 1 is the condition that the channel works in depletion region. In this case, the
depletion charge density is calculated by the aforementioned equation (2-28). Case 2

is the condition that the device works in inversion region. In this case, the charges

13



attributed by the doping concentration are totally depleted. Therefore, the depletion
charge density is equal to half of the body doping charge density. It is not the total
charge density because one gate just controls half of the charge in the channel. As
long as the body doping is large enough, full depletion is going to happen later due to

large gate voltage needed.

3.2 Subband Energy Calculation for FinFET

In double gate devices, gate leakage current and subthreshold leakage both are
affected by the quantization of electron energy. Owing to small body thickness,
structure confinement needs to be considered in calculating electron energy. Surface
band bending changes the electric field-in"the . substrate, so field confinement is
another factor [5],[6]. The energy.level associated with the jth subband of the ith

valley (longitudinal or transverse) is given by

1 -\ ]
E; = (hz )3 [3nq€oxFox(1 4)] 0 j? (2mh)?

2
Zmi ZSSi 8mltbody

(4-1)

The first term in (4-1) is field confinement factor and the second is structure
confinement one. 7 is a fitting factor (theoretically = 2/3), m; is the electron effective
mass at ith valley and tyoqy is the thickness of body between front gate dielectric and
back gate dielectric.

From Fig. 6, it can be observed that, due to the absence of the bulk charge in the
double gate device, the surface electric field is negligible below threshold. Therefore,
in the double gate device, the electron quantization occurs principally due to the
structural confinement below threshold. However, above threshold, an increase in
gate voltage increases the electric field (due to higher inversion charge) which also
increases the subband energies [7].

The analytical models for E;; closely follow the numerical simulations by Schred
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(Fig. 7). Evidence to validate the analytical model is given in Fig. 8, which shows that
the gate current density values obtained from the numerical simulation and the
analytical model are equal. Fig. 9 shows the subband energy in varying body doping
concentration, effective oxide thickness and metal work function. We can find that no
matter how the characteristics of the device change, the subband energies from
analytical model and numerical simulation are nearly identical to each other, valid in
the same fitting factors. Only the altered body thickness can change fitting factors.
We obtain the four subband fitting factors of 0.6715, 0.682, 0.67, and 0.68 for 10nm
thody (Fig. 10). These fitting factors all approach 2/3 as mentioned in [3],[5],[6].

The subband energy for body thicknesses from 10nm to 50nm all are closely
comparable between analytical model and numerical simulation (Fig. 10). Fitting
factor versus body thickness.is plotted in Fig. 11. The fitting factors symbols for
different oxide thicknesess represent the best fitting situations in Fig. 10. We can find
that the fitting factor decreases as oxide thickness increases. It can be observed from
Fig. 11 that data points are distinguished into.-two parts, with the first subband
below second subband. All of the fitting factors lead to a linear relationship. Now, we
have two sets of fitting factors, best fitting factors and linear fitting factors. The
former is shown in Fig. 11 by discrete points and the latter by solid linear lines. Then,
by using the fitting factors from the linear relation, the resulting subband energy does
match the simulated value (Fig. 12). In order to testify the validity of the linear fitting
factors, gate current from best factors and linear factors is shown in Fig. 13. The gate
current curves in best and linear factors are almost equal as shown in Fig. 13(a) for
body thicknesses of 10 and 30 nm. The gate current values for body thickness of
20nm, 40nm and 50nm are not shown explicitly but very small gate current change
calculated with linear fitting with respect to the best fitting as shown in Fig. 13(b)

versus body thickness. Hence, a compact model for double gate structure is
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established by means of the linear equation of fitting factors shown in Fig. 11.

3.3 Parameters in FINFET Gate Tunneling Current Model

Transmission probability calculation is the most important part in this physical
model. According to (2-24), my,, Mpign—k, PiL.an PiL.cathr Prigh—k,an» Prigh-k,catn
and Fy, Fnign-x are essential for resolving this equation. How to find the tunneling
effective masses in interfacial layer (m;,) and high-K layer (mp;gp—x) will be
explained later. In order to obtain ¢, gn, G11caths Prigh-kan ANA Prigh—k cath, PiL
and ¢pign-x are the two parameters used in the equations from (2-18) to (2-21). The
electric field in interfacial layer (F;,) and high-K dielectric (Fp;gn—x) are defined
in (2-22) and (2-23).

According to [8],[9], a method of extracting gate material parameters has been
proposed, as long as gate “current is dominated by direct tunneling or
Fowler-Nordheim tunneling (F-N tunneling) from the plot of dinlg/dVg versus Vg
(Fig. 14). The transition of direct tunneling and.F-N tunneling across high-K has a
peak of dInlg/dVg, and as a consequence, the position of the peak over can provide a
direct estimate of metal work function and high-K electron affinity. From Fig. 14(b)
and Fig. 14(c), ¢nign—x determines the peak position; my; 4, determines the peak
height. So, adjusting ¢p;4n—x can shift the fitting curve of dinlg/dVg versus Vg until
the position of the peak is the same as the experimental value. Then, adjusting
Mpign-x Can change the height of dinlg/dvg peak until it approaches the
experimental value. The parameters related to high-K are determined from the above
method. Then, band offset with respect to silicon and the tunneling effective mass in
interfacial layer, ¢,, and m;;, can be extracted by fitting gate current versus gate
voltage. Higher ¢,; decreases the gate current because the electric barrier height can

significantly determine the tunneling probability. Larger ¢, means that carriers
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need more energy to tunnel across the interfacial layer, leading to gate tunneling
current drop. Higher m;; also decreases the gate current because the electric
effective mass can significantly affect the tunneling probability as shown in equation
(2-24). The differential value of the band offset between the anode side and cathode
side is negative. It means that the higher the effective mass is, the less likely the
tunneling occurs. We can therefore extract the relevant HKMG material parameters
by combining conventional Cg-Vg and Ig-Vg curve fittings with the new

dinlg/dVg-Vg curve fitting.
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Chapter 4
Metal-Gate/High-K FInFET: Experiment and Fitting

The experimental devices were n-type FInNFET with metal-gate/high-K/IL system,
as schematically depicted in Fig. 3 in terms of energy band diagram in flat-band
condition. Because of the small ratio of top gate width to total fin width, we can
regard the FInFET structure as double gate structure, as shown in Fig. 5.

The electron tunneling current from inversion layer was measured with source,
drain and bulk tied to ground. The measured terminal current is shown in Fig. 15(a).
The case of Vd = 0.05V is shown in Fig. 15(b). The following process parameters
were obtained by Cg-Vg fitting using the Schrédinger-Poisson equation solver Schred

[10], as depicted in Fig. 16. The results are that the metal work function @,, is 4.6eV,
the EOT is 0.8nm, and the p-type substrate doping concentration Ny, is 1x10' cm™.

Then, we took the permittivity of HfO, bases high-K'(ex) as the literature value of 22
g0 [11] and to meet EOT (0.8nm), the permittivity of IL (g) is determined to be 6.6 .
Corresponding band offsets of IL (¢;.) to silicon conduction and valence band are
therefore 2.44 eV [12].

The gate current was measured with source, drain, and bulk tied to the ground. The
measured result has been depicted in Fig. 15(a) versus Vg. In the gate current fitting,
the actual electron tunneling current is close to the electron tunneling current from the
first and second subband. For the purpose of saving the computation time, we just
calculate the first and second subband in this work. Many simplifications are
employed in our tunneling simulation, but the results are reasonable as compared with
experimental results as depicted in Fig. 17. The tunneling model is constructed by

using a simplified treatment of electron subband energy quantization and a modified

18



WKB approximation of electron transmission probability through the high-K stacks.

From the fitting result in Fig. 17, the simulation by our model is not correct for the
gate bias below threshold voltage. The reason for this failure can be attributed to the
fact that the gate current is not dominated by direct tunneling in threshold region but
our tunneling current model is limited to pure tunneling. Another drawback is that a
serious deviation occurs at high gate voltage. This is due to the very large difference
of permittivity between high-K dielectric (22 &) and IL (6.6 g). Thus, a gradual
transition (intermixing) layer between high-K dielectric and IL needs to be considered
in the calculation. The tunneling effective masses of transition layer can be assumed
to be linear or parabolic type, as schematically plotted in Fig. 18. The current fitting
results are shown in Fig. 19. We find that fitting quality can be improved with the
transition layer included, especially for the parabolic. one. Although the simulator
cannot work in subthreshold.region, WKB approximation still show good agreements
with the experimental curve'gven when the gate bias is.large enough. The following
discussion focuses on the range of.the current closely falling the range of gate bias
larger than the threshold voltage.

Now, all the model parameters are known, except ¢p;gn—x, m;, and mp;gp_g. I
order to find the parameters related to high-K dielectric, dinlg/dVvg fitting is used
again. As mentioned in Chapter 3.3, ¢pign-x and mp;gp—x dominate the position of
the peak and the height of the peak in the dinlg/dVg versus Vg, respectively. ¢pign-x

is adjusted first until the position of the dInlg/dVVg peak approaches the experimental

data (~1.5V). Next, mp;gn_x is changed until the height of the dinlg/dVg peak

closely meets the experimental data (~7V™Y). The fitting result is shown in Fig. 20

and the extracted results are ¢pign—x = 1.07 eV and mp;gp_x = 0.02m,.

Next, we determine the parameters related to interfacial layer (IL) by the Ig-Vg
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fitting. The experimental and fitting gate current without transition layer are plotted in
Fig. 17 and Fig. 19 with linear and parabolic transition layer. In the Ig-Vg fitting, the
gate current does not change by adjusting the value of ¢pigp—x OF mMp;gp_k in case
3 (only direct tunneling through the IL). No matter how the=high-K dielectric

parameters change, gate tunneling current is not affected at high gate voltage.
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Chapter 5

Conclusion

FIinFET gate current model has been established by modifying the gate current
model for metal-gate/high-K device. Because of the small ratio between top width and
the whole width, double gate tunneling current model can be applied to FinFET. A
compact model for the structure that is similar to double gate devices has been
established.

As the width of FInFET is insignificant compared to the whole gate length, the
fitting factor of electron subband energy has regularity in the region of body thickness
between 10nm and 50nm. When. the body thickness.is fixed in double gate structure,
the fitting factor does not need to adjust. The model can straightforwardly yield the
correct subband energy. For the case of varying body thickness, we can obtain a
reasonable fitting factor from. the' linear relationship. Conventionally, 1g-Vg and
Cg-Vg curve fittings are used to ‘extract: the parameters. Because of the apparent
deviation of gate current fitting at high voltage, transition layer between the high-K
dielectric and the interfacial layer is incorporated. Linear and parabolic-type transition
layer are adopted in the model. By taking into account the transition layer, the gate
tunneling current fitting and dinlg/dVg fitting can be significantly improved. It is
found that parabolic transition layer can produce a better agreement with experiment
than linear transition layer.

A peak of dInlg/dVg indicates a transition of direct tunneling and F-N tunneling
across a high-K part, and as a consequence, the position of the dinlg/dVg peak over
Vg can provide a direct estimate of the parameters in high-K. To accurately extract

the material and process parameters in the metal-gate high-K dielectrics, we have
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systematically constructed a new fitting scheme over the dinlg/dVg versus Vg curve,
along with the combination of Cg-Vg and Ig-Vg fittings. In addition, we have
demonstrated that the conventional method without the dinlg/dVg fitting might lead
to erroneous results, Thus, the dInlg/dVg fitting should be taken into account in the

assessment of the metal-gate high-K material parameters in FINFET devices.
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n* Poly Gate P-type Substrate

Fig. 1  Schematic of energy band diagram of the n* poly-gate/SiO,/p-Si system.
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Fig. 2 Tunneling probability illustration.
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Schematic of energy band diagram of the metal-gate/high-K/IL/p-Si system.
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Fig. 4  Schematic description of three cases. (a)Case 1: direct tunneling through the
two layers. (b)Case 2: F-N tunneling through the high-K stacks. (c)Case 3: direct
tunneling through the IL
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Fig. 7-1  The analytically calculated (lines) subband energy versus gate voltage and
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Fig. 12-1  The case of subband energy (linear relationship) for different body
thicknesses. (8)thoay=10nM; (0)toedy=20nM; (C)thoay = 30NM; (d)tpoay = 40NM; (€)tpody =
50nm.
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Fig.12-2  The case of subband energy (linear relationship) for different body
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Fig. 13  (a) Comparison of Ig(linear factors) with Ig(best factors) for tpogy=10nm
and tyegy=30nm. (b) Gate current change by linear and best factors.
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Fig. 15  The measured terminal current versus gate voltage for nFIinFET. (a)
terminal current with source, drain and bulk tied to ground and (b) terminal current at
Vd=0.05V.
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Fig. 17 Comparison of experimental (symbols) electron gate current with

calculated (lines) results. Fitting parameters are ¢k = 1.07 eV, my = 0.02 m,, m_ =
1.22m,, tx=1.2nm, and t;, =1 nm.

44



Linear Transition

Layers
_“_) 1L
/ q]
High-K y A
Stacks A7
Ec
--------- EF
Ey
Metal Gate P-type Substrate
thig|h-}'( tmi)( tIL
(a)
Parabolic Transition
Layers
— L
High-K
Stacks
Ec
--------- EF
Ey
Metal Gate P-type Substrate

thig|h-}'( tmi)( tIL

(b)

Fig. 18  Schematic of the energy band diagram for (a) a linear gradual transition
layer and (b) a parabolic gradual transition layer.
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Fig. 19 Comparison of experimental (symbols) electron gate current with
calculated (lines) results in the presence of a transition layer. (a) Linear gradual
transition layer, ox = 1.07 eV, my, = 0.02 my, my. = 0.8 m,, tx = 0.3nm , tyix = 1.31 nm,
and t,_ = 0.6 nm. (b) Parabolic gradual transition layer, ox= 1.07 eV, mg = 0.02 m,,
my. = 1.39 mo, tx = 0.4 nm, thix = 1 nm, and t,_ = 0.59 nm.
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Fig. 20  Comparison of experimental (symbols) dinly/dVq versus Vg with calculated
(lines) results in the presence of a transition layer. The fitting parameters are: (1)for no
transition layer, mg = 0.02 mo, m;. = 1.22 mo, tx = 1.2 nm, and t,. = 1 nm; (II) for
linear transition layer, my = 0.02 mg, m;. = 0.8 my, tx = 0.3 nm, tyix = 1.31 nm, and t,_
= 0.6 nm; (I11) for linear transition layer, my = 0.02 mg, m;_. = 1.39 my, tx = 0.4 nm,
tmix =1 nm, and t;_ = 0.59 nm
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