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In this paper the influences of the metal-gate and high-k/SiO2/Si stacked structure on the metal-oxide—

semiconductor field-effect transistor (MOSFET) are investigated. The flat-band voltage is revised by considering the

influences of stacked structure and metal-semiconductor work function fluctuation.

The two-dimensional Poisson’s

equation of potential distribution is presented. A threshold voltage analytical model for metal-gate/high-k/SiO2/Si

stacked MOSFETSs is developed by solving these Poisson’s equations using the boundary conditions. The model is

verified by a two-dimensional device simulator, which provides the basic design guidance for metal-gate/high-k/SiO2/Si

stacked MOSFETsS.

Keywords: metal-gate, high-k, work function, flat-band voltage, threshold voltage, metal-oxide—

semiconductor field-effect transistor
PACS: 73.40.Qv, 73.40.Ns, 73.30.4+y

1. Introduction

With the size of a MOSFET scaling down to
a sub-45 nm node, metal-gate/high-k technology
has been recognized as a key process of transistor
fabrication.l'!' Metal and high-k dielectrics have re-
placed poly-Si and SiOs as the gate materials. Com-
pared with the metal-oxide-semiconductor field-effect
transistor (MOSFE) fabricated by poly-gate/SiOs
technology, the high-k MOSFET has a small gate
leakage current with an increased physical thickness
of the gate dielectric.’l’ The metal-gate materials do
not react with high-k materials, and the sheet re-
sistance is reduced. There is no gate depletion ef-
fect in the poly-gate material.[] The metal-gate /high-
k technology has become a promising candidate for
the next generation MOSFETSs. In order to improve
the electrical properties of the metal-gate/high-k/Si
stacked MOSFETs, it is necessary to introduce a thin
interlayer of SiOy between the high-%£ dielectric and
silicon. 4!

The threshold voltage of a MOSFET with a
single high-k gate dielectric layer has been stud-
ied widely."=7) However, the threshold behaviour of
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the metal-gate/high-k/SiO2/Si stacked MOSFET is
The metal-gate and high-k/SiOq
stacked structure can cause a new threshold voltage
shift.
voltage fluctuation is the influence of charges at the
high-k/SiO2/Si interface and the metal work func-
In this
paper, considering the effect of the metal-gate/high-
k/thin-oxide stacked structure on the flat-band volt-

age, a model of channel potential is obtained by solv-

rarely involved.

The most direct expression of this threshold

tion fluctuation on the flat-band voltage.

ing the two-dimensional (2D) Poisson’s equation, and
the threshold voltage analytical model of a metal-
gate/high-k/SiO4/Si stacked MOSFET is developed.
The analytical model is verified by using the 2D device
simulator ISE-TCAD.

The rest of this paper is organized as follows. In
Section 2 the effect of the stacked metal-gate/high-
k/SiO5/Si structure on the MOSFET is studied. In
Section 3 the threshold voltage model of the metal-
gate/high-k/SiO5 /Si stacked MOSFET is derived. In
Section 4 the results of the threshold voltage model
obtained in Section 3 are discussed. Finally, the con-

clusion is presented in Section 5.
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2. A metal-gate/high-k/ultrathin-
Si0- /Si stacked MOSFET

The schematic structure of a metal-
gate/high-k/Si05/Si stacked n-channel metal-oxide—
semiconductor field-effect transistor (nMOSFET) and

the coordinates used in the solving process are shown

in Fig. 1.
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Fig. 1. Schematic structure of a metal-gate/high-

k/S102/8Si stacked nMOSFET.

A thin oxide layer, high-k dielectric material and
metal gate are deposited on the substrate, sequen-
tially. A three-layer sandwich structure is formed.
The W and L are gate/channel width and length, re-
spectively. The t; and t5 are the physical thickness
values of the oxide and high-k dielectric layer, respec-
tively. The z axis is in the lateral channel direction
and y axis is in the direction perpendicular to the

channel.

Table 1. Physical properties of different metal nitrides as metal gates.!

2.1. Fluctuation of the metal-gate work
function

The metal work function is defined as the min-
imum energy required for removing an electron from
the Fermi level of a metal material to the vacuum level
and making it a free electron. When the metal be-
comes the primary gate material in advanced CMOS
technology, there is a new source of random variation
due to the dependence of the work function on the
orientation of the metal grain.[® It has also become
another factor which causes threshold voltage fluctu-
ation.

From Fig. 1 we can see that the gate area is W x L
and it contains many metal grains for a given material.
The work function of each grain is a function of its ori-
entation, which is not controllable during the growth
period. Hence, the orientation of each grain is deter-
mined randomly.[! It is known that metal grains usu-
ally grow up to a few nanometers in size under temper-
atures normally used in integrated circuit fabrication.
Since the gate dimensions are in the order of a few
tens of nanometers, it is expected that the gate con-
tains a small number of grains. So the metal gate work
function should be modeled as a probabilistic distribu-
tion rather than a deterministic value.['9) Table 1[11]
shows the physical properties of some metal nitrides
of the metal gate. Where titanium nitride (TiN) and
tantalum nitride (TaN) are used for n-channel MOS
(NMOS) devices, tungsten nitride (WN), and molyb-
denum nitride (MoN) are used for p-channel MOS
(PMOS) devices.

11]

Materials Orientation Probability Work function/eV Grain size/nm

(100) 60% 4.6

TiN 4.3
(111) 40% 4.4
(100) 50% 4.0

TaN (200) 30% 4.15 7
(220) 20% 4.8
(111) 65% 4.5
(200) 15% 4.6

WN 10
(220) 15% 5.3
(311) 5% 4.2
(110) 60% 5.0

MoN 17
(112) 40% 4.4

According to the aforementioned results, we could conclude that the work function induced threshold

voltage fluctuation is affected by the gate area, grain size, and the gate material. Yu et al!'! proposed an

analytic formula to describe the effect of work function fluctuation on threshold voltage fluctuation,
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G
AVin = Avry T (1)

where G and A (A = W x L) are the grain size and the
gate area; Ay is a fitting coefficient depending on the
metal materials, the unit of Ay is mV; the values of
Ayt corresponding to TiN, TaN, WN, and MoN are
90, 283, 272, and 271, respectively. The fluctuation of
the threshold voltage induced by metal work function
fluctuation can be obtained by Eq. (1) when the gate
area is small or the grain size is big. Based on Eq. (1),
if the number of grains is big enough, the influence
of the metal work function fluctuation on the thresh-
old voltage can be ignored. According to the central
limit theorem, the distribution of the metal work func-
tion is of approximately Gaussian distribution for the
large number of grains (~ 10-100).1% The metal work
function can be modelled as a deterministic value as

follows:
N
Py = Z@Pu (2)
i=1

where @; and P; are used to identify the work function
values of grains with different orientations and their
corresponding probabilities.

Figure 2 shows the energy band diagram of a
metal-gate/high-k/SiO2/Si stacked structure under a
thermal equilibrium. The values of xy, X, and xox are
the electron affinity of high-k dielectric, Si substrate,
and oxide, respectively; V; is the electric potential dif-
ference across the gate dielectric at zero gate voltage.
The revised metal work function and electron affinity

of the Si substrate are presented as follows:

Pyp = Prt — X, (3)
X' = X — Xox- (4)

vacuum energy level

qVi _r--T @io

qd M {/ EC
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metal-gate - F,

SiO,

Fig. 2.
k/Si02/8i stacked structure under a thermal equilibrium.

Energy band diagram of the metal-gate/high-

As shown in the figure, the sums of the Fermi
energy level on both sides of the oxide are equal, i.e.,

E
9Py + qVi + qVon = gx' + f — qps0 + qpg.  (5)

Equation (5) can be written as

Voh+Eg+<pg)], (6)

Vz‘+<Pso——[¢§\4—<X/— %

where Vo, = Xn— Xox, and the work function difference
between the metal and the semiconductor is defined

as
/ / Eg
Pus = Py — X_%h+?q+¢g : (7)
with
kT = Na
pg = —In
q ni

being the Fermi potential, F, the silicon band gap,
and n; the intrinsic carrier concentration.

2.2. Effect of a high-k/SiO,/Si stacked
structure

For a practical MOS structure, there are a certain
quantity of fixed charges in the gate dielectric. The
energy band is bent in the semiconductor. To coun-
teract the bending, the applied gate voltage is defined
as the flat-band voltage Vj,,

Qox

thzgpMS*C )
oxX

(8)

where Qo is the charge quantity (cm~2) in the gate
insulator layer, Cyy is the gate oxide capacitance per
For a high-k/SiO2/Si stacked structure,
Qox is composed of four components, SiOy/high-k di-
electric bulk charges and charges at the SiO5/Si and
high-k/SiO2 interface. Based on Ref. [13], the four
components can be simplified. The SiOs and high-k

unit area.

bulk charges can be neglected since these bulk charge
contributions are much smaller than that of the inter-
face charges. So the flat-band voltage can be written
as

QEOT,  QuEOT o)
ox Eox

where @; is the fixed charge at the high-k/thin-oxide
interface, EOTy and FOT are the equivalent oxide

Vip = Pnis —

thickness values of the high-k layer and the total given
gate stacks, respectively, eox is the dielectric permit-
tivity of the SiOs, and Qs is the effective fixed charge
density at the oxide/Si substrate interface. All these
components can be calculated by the capacitance-
based method.[14~16]
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However, there is a negative flat band shift when
the equivalent oxide thickness is reduced to 2 nm.!7!
When the oxygen diffuses through the gate dielectric,
O exits in O?~ species and diffuses via an exchange
with the lattice oxygen in the high-k layer.['8! Some
0%~ form metal-O-Si bonds at the high-k/SiOs inter-
face, and the others are converted into Si=0 dipoles
at the SiO/Si interface. Si atoms have partial pos-
itive charges and O atoms are partially negatively
charged. These dipoles produce the electric field as
shown in Fig. 3, which causes a negative Vf, shift. If
the thickness of the SiO5 layer is larger than the O?~
diffusion length, fewer dipoles are converted at the
Si0g/Si interface and thus produce a smaller electric
field. Hence, a Vg, shift shows that it is closely related
to the thickness of the SiOq layer. The Vj, shift can
be calculated as follows:]

o ;v_( O oxygen atom
9 —
\+ o /
AN

@z
_k,E_Q_

dipoles @ silicon atom

@ metal atom

metal-gate high-k | SiO2 [Si substrate

Fig. 3. Diffusion of O into SiOg layer from the high-k
layer, forming dipoles with Si.

AV, = aexp (_t%>, (10)
g

where « and 3 are fitting parameters related to pro-
cess temperature, the values of o and S are 700 and
25, respectively, and 1 is the thickness of the inter-
face oxide layer. When ¢; decreases to a certain value,
AVy, begins to increase rapidly. Considering the effect
of dipoles, the flat-band voltage can be written as

Vi, = Vi + AVh,. (11)

3. Derivation of the threshold

voltage model

Neglecting the mobile carriers in the channel de-
pletion region, the 2D Poisson’s equation in the chan-
nel region can be written as

Po(x,y) | 0%p(x,y) _ qNa
0x? 8y2 Esi ’
0<z<L, 0<y<uya, (12)

where ¢(z,y) is the 2D potential distribution in the
channel, yq = +/4esipg/qNa is the width of the de-
pletion region in the substrate, N is the doping con-
centration of the substrate, and e, is the dielectric
permittivity of the substrate. Using a two-order poly-
nomial approximation, ¢(x,y) can be written as

o(x,y) = po(x) + 1 (x)y + @2(x)y®.  (13)

To solve the parabolic function, the boundary condi-
tions are shown as follows.

(i) At the SiO2/Si interface (y = 0), the 2D sur-
face potential distribution can be written as

p(x,0) = @o(x). (14)

(ii) The electric flux (displacement) at the
SiO2/Si interface (y = 0) is continuous, i.e.

do(z,y)
dy

 Eox 0(2,0) — Vs + Vg
e EOT ’

(15)
y=0
where EOT = t1 + EOTy, = t1 + ta€ox/€n; €ox and ey,
are the dielectric permittivity of SiO9 and the high-%
dielectric, respectively; Vs is the gate-to-source bias
voltage; Vi is the revised flat-band voltage.

(iii) At the depletion edge (y = y4), the boundary
conditions are shown as follows:

90(333 yd) = Vb57
de(@y)|  _, (16)
dy Y="Ya

where V},g is the substrate voltage, while the substrate
is grounded, i.e., ;s = 0.

The values of the coefficients ¢;(x) (i = 0, 1, 2)
in Eq. (13) can be determined using the boundary
condition Eqs. (14)—(16). Substituting Eq. (13) into
Eq. (12) and setting y = 0, the two-order differential
equation about ¢g(z) can be obtained as

32@0(96)
o2 Ppo(z) = Q, (17)
where
Eox gNa Eox ,
P=——7-, Q= - Ves — Vii,).
yaesi EOT’ @ Esi ydssiEOT( 8 )

The solution for Eq. (17) is a simple second-order
non-homogenous differential equation with constant
coefficients, and it can be written as

vo(z) = Aexp(Az) + Bexp(—Az) — D,  (18)

where A = VP, D = Q/P, A and B are the coeffi-
cients that can be determined by the following bound-
ary conditions:
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i) the surface potential at the source end is

©(0,0) = ¢0(0) = Vi,

ii) the surface potential at the drain end is

@(L,0) = po(L) = Vi + Vas, (20)
where ST NN
Vbi =—1In A2 D
q n;

is the built-in potential of the drain/source-substrate
junction, with Np being the doping concentration of
the source/drain regions and n; the intrinsic carrier
concentration; Vg is the drain-to-source bias voltage.

Based on Eq. (18), the minimum surface potential
(¢0,min) can be determined by dyg(z)/dz = 0. Set-
ting Yo min = 2¢g (e = (KT'/q) In(Na/n;)), the corre-
sponding gate voltage Vg is defined as the threshold
voltage Vin

gNAya EOT

ox

—b+ Vb% — 4dac (21)
2a ’

Vin = + Vi, —

where

a = sinh*(AL) — 2cosh(\L) + 2,
b = [2 — 2cosh(AL)](2Vh; + Vas) + 4 sinh®(AL),
¢ = [2 = 2cosh(AL)](Vi2 4 Vi, Vas)

+ 42 sinh*(AL) + V..

4. Results and discussion

According to the aforementioned analysis, we can
see that the revised flat-band voltage Vi is a key pa-
rameter of the threshold voltage. From Eq. (11), it
can be found that the revised flat-band voltage is com-
posed of two parts (Vi and AVy,). The former Vg, is
caused mainly by the metal work function and charges
in the gate insulator layers, and the latter AV, is in-
duced chiefly by dipoles at the SiO5/Si interface.

Figure 4 shows the dependence of revised flat-
band voltage Vi on the interface oxide thickness ¢;.
We keep the total equivalent oxide thickness FOT
constant (=2 nm), and increase the interface oxide
thickness ¢; from 0.1 nm to 1.9 nm (equivalent thick-
ness of the high-k layer FOTy, = EOT — t1). It can
be seen from the figure that the flat-band voltage shift
AVy, decreases as t1 increases, which is consistent with
the result of Eq. (10). With the increase of ¢;, the
number of oxygen ions diffusing through the oxide de-
creases. Fewer dipoles are converted at the SiOs/Si
interface, and a smaller electric field is obtained. How-
ever, with the increase of ¢1, V4, increases according to

Eq. (9). So the revised flat-band voltage Vi, decreases
at the beginning and then increases.

0.8
04F
>
Py
Q0
2o
g Vﬂ):V[b_A‘/[b +‘/be
el
% i —v— AVg,
& —04
E Vo
=
—0.81
—1.2= : : ]
0.1 1

Interface oxide thickness/nm

Fig. 4. Variations of the revised flat-band voltage VAD
with an interface oxide thickness t1. TiN and HfOs are
used as the gate material and high-k material, respectively.
Np =2x108 cm=3, Np =1x10%° cm—3, EOT = 2 nm,
L =45 nm, Vgs=1.0V.

Figure 5 shows the variations of the revised flat-
band voltage Vi with the total equivalent gate oxide
thickness EOT. The interface oxide thickness t; is
kept constant (=0.5 nm). Based on Eq. (10), the flat-
band voltage shift AV, is the same. The increase of
the total equivalent gate oxide thickness FOT means
the increase of equivalent high-k thickness FOT},, and
the Vi, decreases according to Eq. (9). So the revised
flat-band voltage V;, decreases with the value of EOT
increasing.

0.5
R e A e aa e ey
>
S~ ’
% OF +Vf'b
ﬁg o Ath
= —h— ‘/fb
=1
£ o5} Vi, = Va,— AVh,
R e
2
—1.0}

1 2
Equivalent gate oxide thickness/nm

Fig. 5. Variations of revised flat-band voltage Vf/b with
total equivalent gate oxide thickness FOT'. TiN and HfO»
are used as the gate material and high-k material, respec-
tively. Np = 2 x 10 cm™3, Np = 1 x 10?° cm~3,
t1 = 0.5 nm, L =45 nm, Vg =1.0 V.

In order to verify the proposed analytical thresh-
old voltage model, an nMOSFET with a metal-
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gate/high-k/SiOs stacked structure is used. The ana-
lytical results of the threshold voltage calculated from
the model are compared with the numerical results ob-
tained by the 2D device simulator ISE-TCAD. The re-
lationship of the key device parameters and the thresh-
old voltage is analysed.

Figure 6 shows the dependence of the threshold
voltage Vi on the substrate doping concentration Ny .
For the same device structure, doping profile and geo-
metrical dimensions are used in both analytical model
and 2D numerical simulations. Good agreement is
obtained between the prediction from the analytical
model and the 2D numerical simulation results. For
nMOSFETSs with a constant source/drain region dop-
ing concentration Np, the threshold voltage Vi, in-
creases with the increase of substrate doping concen-
tration Nap. When the acceptor impurity concentra-
tion in the channel region increases, the thickness of
the channel inversion layer decreases, and the source
to drain current gradually decreases. A larger gate

voltage is required to turn on the channel.

0.4} -

0.3}

0.2 f

—— this model
m  ISE simulation

Threshold voltage/V

0.1 L 1 L 1 L 1 L 1 L
2 4 6 8 10

3

Substrate doping concentration/10'® cm~

Fig. 6.
age Vin with substrate doping concentration Na. TiN

(colour online) Variation of the threshold volt-

and HfO2 are used as the gate material and high-k ma-
terial, respectively. Np =1 x 1020 em™—3, EOT = 1 nm,
EOTy, =t1 =0.5nm, L =45 nm, Vgg =1.0 V.

Figure 7 shows the dependence of the threshold
voltage Vi, on channel length L. For a given chan-
nel doping concentration, the threshold voltage Viy
increases with the increase of channel length due to
the reduction in influence of the source and drain
In other words, with the

channel length shrinking, the depletion layer widths

junction depletion layers.

of the source and drain region make an effective chan-
nel length decrease. The current from source to drain
increases, which leads to a lower threshold voltage. It
can be seen from the figure that the threshold volt-
age Vip, increases with gate length L increasing. The

results derived from the analytical model accord well
with the ISE-TCAD simulation results.

0.30
>
>~
O
P 0251
S
i<
>
el L
E 0.20
@ this model
S 0.15F m  ISE simulation
0.10
1

1 1 1
40 80 120 160 200

Channel length/nm

Fig. 7. Variation of the threshold voltage V4, with chan-
nel length L. TiN and HfO> are used as the gate material
and high-k material, respectively. Ny = 2 x 10 cm™3,
Np =1x10%° cm—3, EOT = 1 nm, EOT}, = t; = 0.5 nm,
Vigs =1.0 V.

Figure 8 shows the dependence of the threshold
voltage Vi, on the drain voltage Vys. Similarly to
the mechanism for the effect of channel length on the
threshold voltage, the threshold voltage V4, decreases
as the drain voltage Vs increases. When the channel
length and doping concentration are fixed, the width
of the drain junction depletion layer increases with the
drain-to-source bias voltage increasing. The effective
channel length decreases, and a lower threshold volt-
age is obtained. So the threshold voltage decreases
with increasing drain voltage. The results obtained
from the model agree well with the ISE-TCAD simu-

lation results.

0.30
>
S
& 0.28F
)
s
s
>
o
e
=
9 0.26f
ﬁ this model -
m  [SE simulation
0.24 L 1

0.1 1
Drain voltage/V

Fig. 8. Variation of the threshold voltage V;;, with the
drain-to-source bias voltage Vgs. TiN and HfO2 are used
as the gate material and high-k material, respectively.
Np =2x108 cm=3, Np =1x10%° cm—3, EOT = 1 nm,
EOTy, =t; = 0.5 nm, L =45 nm.
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5. Conclusion

In this paper, the metal-gate/high-k/SiO5/Si
stacked structure is presented. The influence of metal-
gate and high-k stacks on the flat-band voltage is in-
vestigated. The revised metal-semiconductor work
function and revised flat-band voltage are obtained.
The two-dimensional potential distribution Poisson’s
equation is developed and also solved using the bound-
ary conditions. A threshold voltage analytical model
for a metal-gate/high-k/SiO5/Si stacked MOSFET is
presented, which is consistent with the simulated re-
sults.
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