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Impacts of effective oxide thickness on a symmetric double-gate MOSFET with 9-nm gate length are studied, using
full quantum simulation. The simulations are based on a self-consistent solution of the two-dimensional (2D) Poisson
equation and the Schrodinger equation within the non-equilibrium Green’s function formalism. Oxide thickness and gate
dielectric are investigated in terms of drain current, on-off current ratio, off current, sub-threshold swing, drain induced
barrier lowering, transconductance, drain conductance, and voltage. Simulation results illustrate that we can improve the
device performance by proper selection of the effective oxide thickness.
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1. Introduction

In order to scale complementary metal-oxide semicon-
ductor (CMOS) devices to nano-scale dimensions while main-
taining good control of the short-channel effects and good sub-
threshold behavior, not only the physical length and width,
but also the gate oxide thickness of metal-oxide semiconduc-
tor field-effect transistor (MOSFET) devices must be reduced
in approximate proportions.!!! The continued scaling of SiO
gate oxide is becoming very challenging since a large direct
tunneling current flows between the gate electrode and the sil-
icon substrate, which increases standby power consumption
and diminishes device performance.[z“” Therefore, it has be-
come necessary to use high-k gate dielectrics in order to meet
the stringent requirements on gate leakage current and equiva-
lent oxide thickness (EOT).~"1 However, use of a high-k gate
material (ZrO,, 8! Al,03,P1 HfO,,[19 etc.) with a fixed equiv-
alent oxide thickness (EOT) causes an increase in the dielec-
tric thickness, resulting in increased fringing fields from the
gate to the source/drain regions or Fringing Induced Barrier
Lowering (FIBL)!'"'? and compromised short-channel per-
formance. Of course there are many ways to reduce the FIBL
effect and improve the device performance.!3:14]

In this paper we study an ultra-thin body DG MOSFET
with different effective oxide thicknesses (EOT') by considera-
tion of variable oxide thickness (75x) at fixed dielectric permit-
tivity (k), and variable k at fixed Tox. The simulation is based
on a self-consistent solution of the 2D Poisson equation and
the Schrodinger equation, within the non-equilibrium Green’s
function (NEGF) formalism. The effects of EOT on device
performance are investigated, namely drain current, on-off
current ratio, off current, sub-threshold swing, drain-induced
barrier lowering, transconductance, drain conductance, and
voltage gain.
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2. Device structure

Figure 1 is a schematic diagram of the symmetric DG
MOSFETSs and the corresponding coordinates, where the x
axis is along the channel (transport direction), the z axis is
along the quantum confinement direction and the y-dimension
is treated as infinite. However, quantum confinement in the
z direction introduces subbands, and for an ultra thin body,
only a few subbands are occupied. A short-channel length
(Lg = 9 nm), ultra-thin channel, moderate body doping and
highly doped source/drain (S/D) contact have been considered.
We use abrupt junctions and no S/D doping gradient, to pro-
vide a clear answer to the effects of the source/drain capacitor.
The parameters of EOT: oxide thickness (7,x) and gate dielec-
tric permittivity (k), are variable. The structural parameters of
the devices are presented in Table 1.

Table 1. Parameters for the DG MOSFET structure used in simulation.

Device parameters Value

Channel thickness: Tcp/nm 3
Channel doping concentration: Ny, /cm™3 1x 10"
Gate length: Lg/nm 9
Source/drain length: Lgp /nm 7.5
Source/drain doping concentration: Nsp/cm™3 2 x 10%°
Power supply voltage: Vpp/V 0.6
Gate work function: ®/eV 4.370
Ambient temperature: 7 /K 300

l Lsp Lg I Lsp—

dielectric
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Fig. 1. An ultra-thin body DG MOSFET structure.
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3. Simulation approach

The 2D ballistic transport equation in the MOSFET chan-
nel region was solved by a mode space approach,!> which
splits the problem into two one-dimensional (1D) problems.
In the quantum confinement direction (the z direction), the
Schrodinger equation was solved to generate the subbands. In
the transport direction (the x direction), the non-equilibrium
Green’s function approach which is equivalent to solving the
Schrodinger equation with the open boundary condition, was
used to describe the ballistic quantum transport.

In the vertical direction (z direction in Fig. 1), the
Schrodinger equation was solved for each x-position indepen-

trostatic potential.[!6-18]

For the subband i, with a planewave eigenenergy Ej;, we
write the retarded Green function relevant to the 1D transport
as

G(E) = [EI-H[E;(x),Ex,] — Zs — Zp] '
= [Ed — H[E;(x)] — Zs — £p] ', )
where Xg and Xp are the self-energies of the source and drain,
respectively, £y = E — Ej; is the longitudinal energy, and / is

the identity matrix. H is the Hamiltonian of the mode space

approach that is obtained as

dentl he i-th subband profile, E;(x), and th HIE\ () + By 0 0 0
ently to generate the i-th subband profile, E;(x), and the cor- 0 " HIE (x
+E. ] --- 0
responding wave function, y;(x,z): [E2(x) k_,]
) H= 0 ce 0
h 82 . .
—5 5 Vi) —aV (%) ¥ (x2) = Ex)yi (v,2), (D 0 H[Ei(x) +Ej;] 0
m; dz 0 0 0
where m] is the effective mass along the z direction, g is the 3)
electron charge, 7 is Planck’s constant, and V (x,z) is the elec—‘ where
2t—El~(1)+Ekj —t - 0 0
—t 2t — E,(Z) +Ekj ------ 0
H[El'(x) +Ekj] = 0 e e 0 )
0 e e e —t
0 0 cee 2[—Ei(Nx)+Ekj

is the Hamiltonian for subband i, with a planewave eigenen-
ergy Ekj. The subband index, i, runs over all subbands, but
in real calculations, including the lowest few subbands, it pro-
vides the desired accuracy. The coupling term within each
subband is indicated by

h2

= —
* 427
2mta

(%)
where m} is the electron effective mass in the x direction, and
a is the finite difference lattice constant. As can be seen from
Eq. (2), the transport is assumed here to be completely bal-
listic. The spectral density functions due to the source/drain
contacts can be obtained as:[!°]

As =GIG" and Ap = GIHGT, (6)

where I3 = i(Zs — XJ) and I = i(Zp — Z). The source-
related spectral function is filled up according to the Fermi
energy in the source contact, while the drain-related spectral
function is filled up according to the Fermi energy in the drain
contact and diagonal entries of spectral functions, representing
the local density-of-states at each node.!'®! In the longitudinal
direction, the non-equilibrium Green’s function (NEGF) ap-
proach was used to describe the ballistic, quantum transport.
The 2D electron density is:

nmp (x) = Z{/-:o dE[F,]/z ([Js —E)DSi (E,x)

i

+F_i 5 (p — E) Dp; (E, x)] }, @)

‘Where F_y s, is the Fermi integral of order —1/2, 091 g (up) is

the source/drain Fermi level, and Ds; (E,x) (Dp; (E,x)) is the
local density of states (LDOS) of the i-th subband contributed
by the source (drain), which is calculated based on Green’s
function formalism. The 2D electron density, nop (x), is then
weighted by the eigenfunction at the position x, y; (x,z), to get
the 3D electron density:

n3p (x,2) = mop (x) [y (x,2)]*. (®)

A 2D Poisson equation was then solved for the silicon
channel and gate oxide to update the electrostatic potential.
(A nonlinear Poisson equation was solved to improve the
outer loop convergence.?’!) The iteration between the quan-
tum transport equation and the Poisson equation was repeated
until self-consistency was achieved. Finally we can calculate
the source—drain current: 6]

o0
Isp = ZiIOi/ [Foi)p(us—E)—F_i ) (ip — E)]
x Tspi (E) dE, C))

=

where [o; is a constant with the dimension of current, F_;/,
is the Fermi-Dirac integral of order —1/2, Ug /p is the
source/drain Fermi level, i indexes the subbands and Tgp; is
the transmission coefficient from the source to drain for the
i-th subband at energy E

i

T (E) = trace(I3(E)G(E)IH(E)G' (E)). (10)
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4. Results and discussion

The equivalent oxide thickness (EOT) is defined as!?!]

EOT = ﬂthigh—k, (11
khigh-x

where kpigh-x and tyigh.x are the dielectric constant of high-k
material and physical thickness of high-k dielectric film, re-
spectively, and 3.9 is the dielectric constant of silicon oxide.
According to the above equation, for investigation of EOT,
we need to study the properties and impacts of khjgnx and
thigh-x on the performance of DG-MOSFETSs. According to the
end of the international technology roadmap for semiconduc-
tors (ITRS) 2012,1221 the I;r (Vgs = 0 V and Vpg = 0.6 V)
is equal to 0.1 pA/um and EOT = 0.5 nm. To produce
EOT = 0.5 nm, we use knighx = 15 and thighk = 1.93 nm,
and to produce Iogr = 0.1 A /pum, we use the gate work func-
tion, ¢ = 4.370 eV. This value of the gate work function is a
fixed parameter in all overdrives in this article. Moreover, for
study of short channel MOSFTEs, it is necessary to apply the
2D electrostatics and the capacitor model for 2D electrostatics.
The MOSFET’s gate electrode induces a charge in the channel
of the transistor, but the source and drain electrodes can also
induce charge.

gate

(a)

source
drain

Va

Cp

Ow
||

U

) | |

w O | |

Fig. 2. Illustration of the capacitor model of 2D electrostatics, (a) the
conduction band profile under high gate and drain bias with the inver-
sion layer charge at the top of the barrier identified, (b) a three-capacitor
model that describes the control of the potential at the top of the barrier.

As sketched in Fig. 2(a), our interest is in the potential and
charge at the top of the barrier. The three-capacitor model of
Fig. 2(b) describes the modulation of the potential and charge
at the top of the barrier by the three terminals. This simple
model provides an alternative, and very physical, picture of
2D MOSFET electrostatics. In the three-capacitor model, the

charge (Q) and potential (U) at the top of the barrier are related
by

Cg Cp Cs (0]
U= (=Sve+ 2vy+ Sve) + =
(CT 6 Cr D Cr S) Cr’
Cr =Cg+Cp +Cs, (12)

where Cg, Cp, Cs, and Cr are the gate capacitor, drain capaci-
tor, source capacitor, and total capacitor, respectively. The gate
capacitance is the series combination of the oxide capacitance
and the semiconductor capacitance, also in ultra-thin MOS-
FET Cg ~ C,y for above threshold operation.!'8! The quan-
tum capacitance is not shown explicitly but is implicit in the
treatment of band filling and is included naturally through the
treatment of self-consistent gate electrostatics. In this work,
we first investigate the effect of oxide thickness, and then the
impact of high-k gate dielectric is studied.

4.1. Oxide thickness

In this section, the oxide thickness and EOT are varied
while the high-k gate dielectric permittivity is fixed at 15. Fig-
ure 3 shows the drain current versus drain voltage for different
oxide thicknesses and different EOT, at Vg = 0.6 V. It is clear
that for a small oxide thickness (less than 2 nm) the drain cur-
rent is saturated at high drain voltage, while for a large oxide
thickness (larger than 2 nm) the drain current is increased with
increasing drain voltage. Because a smaller Tox gives a higher
oxide capacitor (Cox) and a higher Cg, which ultimately lead to
an increase in the ratio of the gate capacitance (Cg) to total ca-
pacitance (Ct). Therefore, the control of the gate on the chan-
nel is increased, the device acts like a long channel transistor
and the drain current is saturated at high drain voltage. While,
for larger T,y values, the Cg is decreased, the ratio of the drain
capacitance (Cp) to total capacitance (Cr) is increased and the
control of the drain on the channel is increased. So the de-
vice acts like a short channel transistor and the drain current is
increased with increasing drain voltage.
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Fig. 3. (color online) Drain current versus drain voltage for different
oxide thicknesses and different EOT, at Vg = 0.6 V.
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Figure 4 shows the drain current versus gate voltage for
different oxide thicknesses and different EOT's, at Vp = 0.6 V.
It is readily apparent that by incrementing 7,x and EOT, the
threshold voltage is decreased. Moreover, at lower gate volt-
age, due to the low threshold voltage and high off current, by
increasing the Tox and EOT, the current is increased. While
at higher gate voltage, due to an increase of both accumulated
charge and Cyy, by decreasing 75« the current is increased.

It is worth noting that, from Figs. 5-7, we have two hor-
izontal axes, and the lower axis shows the oxide thickness
(Tox = 0.5 nm—5 nm) and the upper axis shows the effective
oxide thickness (EOT = 0.13 nm—1.30 nm).

7 .=0.5 nm, EOT=0.13 nm
n - nm, EOT=0.26 nm
6 nm, EOT=0.52 nm

®
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o

Gate voltage/V

Fig. 4. (color online) Drain current versus gate voltage for different
oxide thicknesses and different EOT, at Vp = 0.6 V.
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Fig. 5. (a) Off current and (b) on—off current ratio versus oxide thick-
ness (lower axis) and EOT (upper axis).

When we use a fixed gate work function in MOSFETs,
due to varying the off-current, the on-current to off-current
ratio (Ion/Ioff) becomes a more important parameter than the
on-state current (Vp = 0.6 V and Vg = 0.6 V). The off-current
Vb =0.6V,Vg=0V) and I,/ versus Tox and EOT are
shown in Fig. 5(a) and Fig. 5(b), respectively. At off-state
Vo =0V, Vp =0.6 V), with increasing Tyx and EOT, the Cyy
and Cg are decreased, the control of the gate on the channel
is decreased and Cp/Cr is increased, so the source-to-drain
tunneling current is increased, which leads to increased off-
current. Also, as can be seen from Fig. 5(b), with increasing
T,x and EOT, due to the increase of the off-current, the Io, /Lo
is decreased. In addition, the on—off current ratio, in its max-
imum value, is almost 172,244 times its minimum value, al-
though the minimum 744 is 0.5 nm and the maximum Ty is
5 nm. Therefore, the oxide thickness has an important impact
on the performance of DG MOSFEs that must be considered.
It is important that we are not considering the series resistance
and scattering processing in our simulation. Therefore, the
drain current in our DG MOSFET is certainly greater than the
experimental data of a respective device.

For a well-designed MOSFET, the subthreshold swing
(S) is less than 80 mV/decade, and the drain-induced barrier-
lowering (DIBL) is less than 100 mV/V.[!8] The effective ox-
ide capacitance (Cox) is a key component in determining the
short channel effects, since it directly influences how well the
channel conductance is controlled by the gate voltage. Thus,
it affects the subthreshold swing and DIBL. The subthreshold
swing and DIBL are increased with increasing Tox and EOT,
as is shown in Fig. 6. With increasing T,x and EOT, the Cox
and Cg are decreased, the control of the gate on the channel
is decreased, so the leakage current, source-to-drain tunnel-
ing current, and off-current are increased, which lead to an
increase of the subthreshold swing. Also, the barrier height
for channel carriers at the edge of the source is reduced, due to
the influence of the drain electric field upon the application of
drain voltage. This increases the number of carriers injected
into the channel from the source, leading to increased drain
off-current and shows drain-induced barrier-lowering for de-
vices with increasing Tox and EOT, and it increases the DIBL
effect. For our nominal device (Table 1) and according to
Fig. 6, we can use a Tox only up to 2 nm, greater values of Tox
give an S parameter bigger than 80 mV/dec and a DIBL big-
ger than 100 mV/V, which are not suitable for a well-designed
MOSFET.

The dependence of transconductance (gp,), drain conduc-
tance (gq), and voltage gain (gm/gq) upon oxide thickness
at on-state, Vp = Vg = 0.6 V, are shown in Fig. 7(a), 7(b),
and 7(c), respectively. The minimum value of Ty is the best

value for transconductance, drain conductance and voltage
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gain. Transconductance is the ratio of the drain current varia-
tion to the gate voltage variation. Therefore in the on-state, ac-
cording to Fig. 4, with increasing Ty, this gradient decreases
and gn, decreases (Fig. 7(a)). Drain conductance is the ratio
of the drain current variation to the drain voltage variation.
According to Fig. 3, in the on-state, increasing T,y increases
both this gradient and g4 (Fig. 7(b)). Also the voltage gain

decreases with increasing Tox (Fig. 7(c)).
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Fig. 6. (color online) Subthreshold swing and DIBL versus oxide thickness
(lower axis) and EOT (upper axis).
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Fig. 7. (a) Transconductance, gn,, (b) drain conductance, g4, and (c) volt-
age gain, gm/gq versus oxide thickness (lower axis) and EOT (upper axis),
atVp=Vg=0.6V.

4.2. Oxide dielectric permittivity

In this section, the oxide dielectric permittivity (k) and
EOT are varied while the oxide thickness is fixed at 2 nm. Fig-
ure 8 shows the drain current versus drain voltage for different
dielectric permittivity values and different EOT, at Vg =0.6 V.
It is clear that at high drain voltage, for higher k gate, the drain
current is saturated, while for lower &, the drain current is in-
creased with an increase of the drain voltage. For higher %,
the Cox and Cg are increased, the ratio of the gate capacitance
(Cg) to total capacitance (Cr) is increased and the control of
the gate on the channel is increased, so the drain current is sat-
urated at high drain voltage. For lower k (higher EOT), the Cg
is decreased, the ratio of the drain capacitance (Cp) to total ca-
pacitance (Cr) is increased and the control of the drain on the
channel is increased. So the device acts like a short channel
transistor and the drain current increases with increasing drain
voltage. Moreover, by incrementing k, due to an increase of
the oxide capacitor, the drain current is increased.
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Fig. 8. (color online) Drain current versus drain voltage for different
gate dielectric permittivities and different EOT's, at Vg = 0.6 V.

Figure 9 shows the drain current versus gate voltage for
different dielectric (k) and EOT, at Vp = 0.6 V. It is evident
from Fig. 9 that by increasing k and decreasing EOT, the
threshold voltage is increased. At lower gate voltage, due to
high threshold voltage and low off current, by increasing k
and decreasing EOT, the drain current is decreased. While at
higher gate voltage, due to an increase of accumulated charges,
Cox and Cg, the drain current is increased with an increment
of k.

Note that, from Fig. 10 to Fig. 12, we have two horizon-
tal axes: the lower axis shows the gate dielectric permittivity
(k = 3.9 nm-50 nm), and the upper axis shows the effective
oxide thickness (EOT = 0.156 nm-2 nm), and its direction is
opposite that of the lower axis. The off-current and Iy, /Iog
versus k and EOT are shown in Figs. 10(a) and 10(b), respec-
tively. With increasing k and decreasing EOT, Cox and Cg
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increase and Cp/Cr decreases. So the source-to-drain tunnel-
ing current is decreased, which leads to decreased off-current
and increased I, /Log. In addition, the on-off current ratio at
its maximum value is almost 37871 times its minimum value.

8
_ —a— k=39, EOT=2 nm
I —— k=10, EOT=0.78 nm
g —— k=20, EOT=0.39 nm
“ 6 —— k=30, EOT=0.26 nm
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T T T
0 0.1 02 03 04 05 06 0.7
Gate voltage/V

Fig. 9. (color online) Drain current versus gate voltage for different gate
dielectric permittivities and different EOT's, at Vp = 0.6 V.
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Fig. 10. (a) Off current and (b) on—off current ratio versus gate dielectric
permittivity (lower axis) and EOT (upper axis).

Figure 11 illustrates the subthreshold swing and DIBL
versus gate dielectric permittivity and EOT. It is readily ap-
parent that the subthreshold swing and DIBL decrease with
increasing k and decreasing EOT, as already discussed with
regard to Fig. 6. For a well-designed MOSFET and accord-
ing to Table 1, we can use a gate dielectric permittivity only

above 15. The dependence of gm, g4, and gm/gq versus k and
EOT at on-state, are shown in Fig. 12(a), 12(b), and 12(c), re-
spectively. As discussed with regard to Fig. 7, at on-state, with
increasing k, gp, is increased, gq decreases and the voltage gain
increases, as shown in Fig. 12.
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o
3 =5
N 210 1 —a—DIBL L 400
= —~
= 180 1 2z
1)
k= L300 E
E 150 A =
= 200 @
°} . B —
7‘1:1 120 A
2
g 90 L 100
a N

60 - "

T T T T T O
0 10 20 30 40 50
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Fig. 11. (color online) Subthreshold swing and DIBL versus gate di-
electric permittivity (lower axis) and EOT (upper axis).
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Fig. 12. (a) Transconductance, gn, (b) drain conductance, g4, and (c)
voltage gain, gm/gq versus gate dielectric permittivity (lower axis) and
EOT (upper axis), at Vp = V5 =0.6 V.

5. Conclusion

A self-consistent solution of the NEGF and Poisson equa-
tions has been used in order to investigate the impacts of oxide
thickness and gate dielectric permittivity on the ultra-thin dou-
ble gate MOSFETs. For our conceptual device, it is found
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that the output characteristics are more sensitive to the ox-

ide thickness than to the gate dielectric permittivity. In this

way, we could also find proper oxide thickness and gate dielec-

tric permittivity parameters for improving the performance of
nanoscale double gate MOSFETs.
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