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Abstract: New boundary conditions and a 2D potential distribution along the channel of a high-k gate-dielectric

MOSFET including both the gate dielectric material region and the depletion region,are given. Based on this dis-

tribution,a 2D threshold-voltage model with the fringing-field and short-channel effects is developed for a high-k

gate-dielectric MOSFET. The model agrees well with experimental data and a quasi 2D model, and is even more

accurate than the quasi 2D model at higher drain voltages. Factors affecting the threshold behavior of the high-k

gate-dielectric MOSFET are discussed in detail.
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1 Introduction

The increasing need for smaller and more
powerful microprocessors has created the impetus
to reduce feature size"" . It is well known that the
channel length, gate-oxide thickness, and deple-
tion width must be simultancously shrunk to main-
tain proper device characteristics®. However, a
thinner gate oxide introduces an exponential in-
crease of the gate leakage current. To decrease the
gate leakage current and standby power, high-
dielectric-constant (high-k) materials have been
explored to replace the conventional SiO, with
gate dielectric”® . Recently, the effects of high-k
gate dielectric on the electrical characteristics of
deep sub-micrometer MOSFETs have been widely
investigated and discussed™~"'. The use of high-k
gate material results in a dielectric thickness com-
parable to the device gate length, thus increasing
fringing ficlds from the gate to the source/drain
regions and compromising short-channel perform-
ance™ . Indeed, the threshold voltage for high-k
gate-diclectric MOSFETs is severely affected by
the fringing-field effect and short-channel effect
(SCE) ,which make the classical threshold-voltage
model of MOSFETs not applicable. Therefore,an
accurate threshold-voltage model for high-k gate-
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diclectric MOSFETs must be developed. Liu
et al ." gave a quasi 2D threshold-voltage model
by assuming constant boundary conditions. When
the drain voltage ( V) is small, the quasi 2D
model can be used to calculate the threshold volt-
age of a device. But a larger error occurs for lar-
ger V. Moreover,the threshold voltage of high-k
gate-dielectric MOSFETs is closely linked to Vi
and the fringing fields. Therefore, this work con-
centrates on the development of a threshold-volt-
age model to include the effects of fringing fields
and Vg by revising the boundary conditions. Sur-
face potential distribution along the channel of
the MOSFET is obtained by using the variation
method,and the effects of high-k gate dielectrics
on the threshold voltage are discussed in detail
over a wide range of dielectric constants.

2 Model description

The structure of an nMOSFET is shown in
Fig.1. For simplicity, it is assumed that the accu-
mulation effect in the overlay regions of the gate
and source/drain is negligible for small V, around
the threshold voltage and for high doping concen-
tration of the source/drain region (above 10"
cm™?). Thus, the 2D Poisson equation is solved
only in the channel region and gate dielectric re-
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Fig.1 Schematic diagram of nMOSFET structure

gion above the channel. By neglecting mobile-car-
rier charge in the channel depletion region,the 2D
Poisson equation and boundary conditions can be
written as

0,
) 0 x < T, 0<y< L
Polx,y) | dPolx,y) _ { SVSs

dx? dy* qu\;dcp,
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where N, is the doping concentration of the sub-
strate,e and k are the dielectric constants of Si
and the gate dielectric,respectively, V, is the gate
voltage, Vy, is the flat-band voltage, g, (x) and
g4(x) are the boundary potentials at the source
and drain, respectively, x, is the width of the de-
pletion region in the substrate,and T, and L are
the thicknesses of the gate dielectric and channel
length, respectively. To consider the effects of
fringing fields on the threshold voltage, ¢ (x, y)
can be considered as a sum of three potentials by
setting different boundary conditions as
e(x,y) = Vix,y) + Ui (x,y) + U, (x,y)
€))
where V(x,y) is the potential distribution with-
out considering the fringing fields from the
source/drain ends,and U, (x,y) and U,(x,y) are

Tox 5 Toerxj 5
J kg;(x)dx+j sgf(x)dx+j
0

l — TOX
1 =

the potential distributions caused by the fringing
fields of the source and drain, respectively. The
boundary conditions for V (x,y), U, (x,y),and
U,(x,y) can be respectively written as

0,
P V(x,y) | PVCx,y) :J 0<x<Tu,0<y<L
Jdx* dy* qNaep /€
1 To<x<<d.0<y<L
V0,y) = V, = Vg
Volx,y) leca =0

Vix,00 =0
Vix,L) =0
IVIx,y) IVIx,y)
" Jdx x=Tg a dx x=Ty
9
I*U, (x,y) +(72U1(x,y) _ 0
dx? ay’
Uy (x,0) = g.(x0) (10
U (x,L) =0
and
OZUZ()‘c,y) +92U2(x,y) ~ 9
dx? dy*
Uy (x.0) = 0 (b
U,(x. L) = gq(x)

Thus, the effects of the fringing fields from
the source/drain ends on the potential distribution
are considered in Egs. (10) and (11), respective-
ly. By using the variation method™~'" to solve the
Poisson equation (9),the solution has the form

) B sinh[(L - y)/1]
V@,y) = Vol = Volx) ==t

sinh(y/ 1)
sinh(L /D)

where V,(x) is the 1D solution for long-channel
MOSFETs,and [ is a characteristic length ([ =
[(BkT o /6+ A+exy)/(Co +5C4/6)]V*,Cy=¢/ x4
A=2(To/x)+ 4/ (To/x)?).

The solution to Eq. (10) can be found using
the same variation method.

Vo () 12

L-y
L
sinh (L)

L
Here [, is the characteristic length for U, (x,y),

sinh( )

U (x,y) = g.(x) (13)

and it is defined as

T  +x.+x 5
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where g, (x) is the boundary condition of the
source end. Figure 2 shows the different compo-
nents of capacitance. Here C, is the oxide capaci-
tance, C is the silicon body capacitance, C,, is the
gate to S/D overlap capacitance, and C, and Cj
are the outer and inner fringe capacitances re-
spectively. The distribution of g,(x) (0<Tx<TT,)
in the gate dielectric is mainly determined by C,,.
C,, decreases linearly with scaling'*', resulting in
the linear distribution of g, (x)(0<<x<T,).The
layer between the source and the substrate is the
depletion region. Thus, g,(x) can be written as
(Vg - Vfb) _ Vbi

(Vy = Vi) — T.. .
0 x < T
g (x) =< Vi, To << x << Ty + x
Vhi[l—x_(T°X+xj)Jz,
X ds
Tox + x; << x << Tox + x4 + X5
(15)

where x4 is the depletion width of the source/
substrate junction, x;is the junction depth of the

T T _+x. T
j kg3<x>dx+f legﬁ(x)derJ
0 T

l — ox
, =

source/drain region.and V,; is the built-in poten-
tial of the source/substrate and drain/substrate
junctions. It can be seen from Eqgs. (14) and (15)
that [, is a function of the potential at the source
end, gate voltage,thickness and dielectric constant
of the gate dielectric, reflecting the effects of
fringing fields from the source on the threshold
voltage.

Fig.2 Schematic of the different capacitance compo-
nents

Equation (11) for U, (x, y) can be solved
similarly, and a characteristic

length [, can be defined as

corresponding

‘0X+x].+xdd 2
Egd(.x)dx
Tox+X1

(16)
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Jdx
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(Vy + vdh>[1 -
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where x4 is the depletion width of the drain/sub-
strate junction. Finally,the solution to Eq. (1) can
be found by Eq. (8)

sinh[ (L = v/1]

SD(va) = V()(X) - V()(x>

sinh(L /1)
sinh(y/ 1) sinh[ (L — y)/1,]
Vol Shc/D T8 “sinnL/ny
sinh(y/1,)
8() GnCL 1)) (18)

Equation (18) is the 2D potential distribution
from source to drain,including the gate dielectric
region after considering the effects of fringing
fields from the source/drain ends. Based on

2¢l’ - gs(Tox)

Tox
Tox < X < Tox + xj (17)
X — <T0x + Xj)

sinh[ (L — y) /1]

x, 0 x< T,

2
:|a Tox+xj<x<Tox+xdd+xj

Eq. (18) ,the location y, of the minimum surface
potential (ggma) in the channel can be deter-

mined by dg(x,y)

=0,and is found to be
dy x=T

yo — L_ Lln gd(Tox)/ZZ - V()(Tox)/l

2 I e T/ — Vo Too T Y

Substituting Eq. (19) into Eq. (18) to get ¢y min
ko Tln Niep

1s the Fer-

and setting @ min = 28 ($; =

mi potential of the substrate), the corresponding
V, is defined as the threshold voltage V:

sinh(y,/1,)

Cox + 2Cd X

sinh(L/1,)

ga(To) =
sinh(L/[,) (20)

Va = —F

sinh[ (L — yo) /1] sinh(y,/D

1 -

sinh(L /1)

sinh(L /D)
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The threshold-voltage roll-off can be presented as

AV = Vi = Vi @D
where Vy, is the classical threshold voltage of a
long-channel MOSFET, and C, = «/T. is the
gate-oxide capacitance per unit area.

3 Results and discussion

From Eq. (20),it can be seen that the thresh-
old voltage is related to [, and I,,which depend
on the values of g,(x),g4(x), V4, V,,and k.i.ec.
the effects of the fringing fields and SCE are in-
cluded in the proposed threshold-voltage model.
As a result,the simulated threshold voltages agree
well with the experimental V, extracted with dif-
ferent methods for a MOSFET with SiO, as the

gate dielectric''®

,as shown in Fig. 3, confirming
the validity of the model.

0.34

—m— This model

~#- Quasi-2D model
~B= Viy(P)

=0 ¥, (NIMID)
K=3.9 e e

0.32F

0.30F ° D i

Threshold voltage/V

2 1 L 1 " 1 L 1
0.28 60 70 80 90

Gate length/nm

Fig.3 Comparison between the simulated and experi-
mental threshold voltages

For small channel lengths (e. g. 60nm), the
simulated result is closer to the experimental data
than that of the quasi-2D model. In Fig.3, V1 (P)
and Vg (NIMID) represent the threshold volta-
ges extracted by Tikhonov’s regularization theo-
ryll
transconductance change method,and the normal-
ized mutual integral difference method"'", which

, which can suppress the instability of the

is sensitive to channel length variation. Further-
more, a comparison between the model and the
quasi 2D model”®’ is made for high-k gate dielec-
tric MOSFETs, as shown in Fig.4.

For small V, good agreement between the
two models can be obtained. However, for larger
Vase.g. Vo =1V,a larger difference between the
two models occurs for larger k values,e.g. k>40,
which is caused by the different boundary condi-
tions of the two models. The boundary conditions

-50

-100

-150

200+ ——This model
L Data from Ref.[9]
-250F L=100nm
- 7I,=1.5nm

1 1 1 1 1 1 1 1 1 1
'3000 20 40 60 80 100

Threshold voltage roll-off/mV

Fig.4
tric constant

Threshold voltage roll-off versus gate dielec-

in Ref.[ 9] are constant values from the classical
theory:p(x,0) = Viand ¢(x,L) = V,(V,and V,
are the potentials of the source and drain, respec-
tively). On the other hand, the boundary condi-
tions in Egs. (15) and (17) are functions of V,,
V,s,and k,with corresponding ¢(x,y) composed
of three potentials as shown in Eq. (8). As a re-
sult,larger k results in a higher fringing field, giv-
ing rise to a reduction of V. Therefore, the
threshold-voltage model presented by Eq. (20) is
more accurate than that in Ref.[9] over a wide
range of k and V.

Figure 5 depicts the surface-potential distri-
bution along the channel calculated by Eq. (18) at
different V4 and k for a given gate-dielectric
thickness and V,. Obviously, the larger k value,

—V,=1V

2
Z b ve02v =25
£ T, =2nm
§ 1.5 [=80nm
(=}
o
° L
Q
<
2 10r

1

1 1 1 I 1 I 1 1

0 20 40 60 80
Channel position/nm

Fig.5

and Vg

ends of the channel,respectively.

Surface-potential distribution for different «

x =0nm and 80nm are the source and drain

the higher potential in the channel, which is main-
ly due to influences of U, (x,y) and U,(x.y),
shown in Fig.6,indicating the enhanced fringing-
field effects for increased k values. When Vg in-
creases, the surface potential is almost constant
near the source but is greatly increased near the
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drain,indicating a combined effect of the fringing
fields and SCE (the larger V,the more serious
SCE and the higher fringing field) , which gives a
lower threshold voltage. Therefore, the influence
of the fringing fields associated with the Vg4 and
k values on the threshold voltage must be consid-
ered for high-k gate-dielectric MOSFETs.

2.4

- N
o o

e o
(= )

Surface potential/V
o
T T T T T T T T T T T 71

1
0 20 40 60 80
Channel position/nm

Fig.6 Distribution of surface potential U; (x,y) and
U,(x,y) for different k values

Figure 7 shows the effects of the gate dielec-
tric constant k and channel length L on the
threshold-voltage roll-off. As k increases, the
threshold voltage begins to decrease at larger
channel lengths, due to the enhanced fringing-
field effects. In other words,the smaller the chan-
nel length,the larger is the influence of the fring-
ing fields on the threshold voltage, and thus the
weaker is the control of the gate voltage over the
channel potential, especially for larger k values.
As shown in Fig. 7, when the channel is long e-
nough, e. g. L > 200nm, and the effect of the
fringing fields on the threshold voltage can be ig-
nored even for k=30. Therefore,the fringing-field

0

-100

—a—k=3.9
-o— k=30
—a— k=80

-200

-300
T,.=1.5nm

ox

V4 =50mV

ds

Threshold voltage roll-off/mV

-400

T A e A | 1 T TR T T N B

100 1000
Gate length/nm

Fig. 7
on channel length with different gate dielectric con-

Dependence of the threshold voltage roll-off

stants

effects are important for accurately calculating
the threshold voltage of a small MOSFET with
high-k material as the gate dielectric.

Figure 8 shows the variation of the threshold-
voltage roll-off with V. For a given k value of
the gate dielectric,the threshold voltage decreases
as V increases because the drain voltage can low-
er the surface potential barrier near the source.
The higher the dielectric constant, the larger is

—a—k=3.9
—o— k=25
—a— k=80
L=100nm
T, =2nm

Threshold voltage roll-off/mV

10 15 20 25

Fig. 8
on Vi

Dependence of the threshold voltage roll-off

the effect of V4 on the threshold voltage, mean-
ing that even a small V4 (e.g. V4 =0.5V) can
lead to a large threshold-voltage reduction
(|AV 4] >300mV for k =80).due to greatly en-
hanced fringing-field effects at the drain end as
mentioned above. In fact, the threshold voltage is
strongly affected by the characteristic lengths ([,
and [,),which are closely related to the k value,
as shown in Eqgs. (20),(14),and (16). The chan-
ges of the characteristic lengths with the k value
are shown in Fig. 9. When «>>25, influence of k
on the characteristic lengths becomes stronger, re-
sulting in higher surface potential through the
fringing-field effects. Therefore, the gate dielec-
tric material for future-generation MOSFETs

.:;
S
T

- -0
.-/,

w
W
T

[98)
=
I

Characteristic length/nm

25
- V=1V
20 V=0V
L T,.=2nm
15k L=80nm
1 1 1 1 1 1 1 1 1
0 20 40 60 80

Fig. 9
function of k

Changes of the characteristic lengths as a
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needs to be carefully selected according to the re-
quirements of gate leakage current and V roll-
off (using the high-k gate dielectric material with
a suitable k value so that not only the gate leak-
age current can effectively be suppressed, but the
V. roll-off can also be minimized)., in order to
suppress the fringing-field effects,especially when
the effective oxide thickness is only a few nanom-
eters.

In summary,when a high-k material replaces
SiO, as gate dielectric, the fringing-field effect
and SCE are severely enhanced. Consequently,
these effects are the dominant factors in causing
the threshold-voltage roll-off of deep sub-microm-
eter MOSFETs.

4 Summary

The 2D Poisson equation describing both the
gate-diclectric region and the depletion region is
solved by expressing the surface potential as a sum
of three potentials to include the influences of the
fringing-field effect and SCE on the threshold
voltage. As a result,an accurate threshold-voltage
model for high-k gate-dielectric MOSFETs is de-
veloped. To get the threshold voltage of a high k
MOSFET, new boundary conditions from the de-
pletion region to the gate dielectric material are
proposed. Accordingly, the three potentials are
solved in both regions. By means of this model,
the effects of the fringing field and SCE on the
threshold voltage are discussed in detail over a
wide range of dielectric constants and V. As
compared with MOSFETs with SiO, as the gate
dielectric, the fringing-field effect and SCE in the
high-k gate-dielectric counterpart are greatly en-
hanced. The simulated threshold voltage roll-off
using the model exhibits good agreement with ex-
perimental data and other models. with even bet-
ter accuracy than the quasi 2D model™*’ for higher
drain voltages, indicating that the model can be
used to accurately describe the threshold behavior
of deep sub-micrometer MOSFETs with high-k

material as gate dielectric. This analytical model is
suitable for device design and circuit simulation.
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