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In the present work, a two-dimensional (2D) analytical framework of triple material symmetrical gate stack (TMGS)
DG-MOSFET is presented in order to subdue the short channel effects. A lightly doped channel along with triple material
gate having different work functions and symmetrical gate stack structure, showcases substantial betterment in quashing
short channel effects to a good extent. The device functioning amends in terms of improved exemption to threshold voltage
roll-off, thereby suppressing the short channel effects. The encroachments of respective device arguments on the thresh-
old voltage of the proposed structure are examined in detail. The significant outcomes are compared with the numerical
simulation data obtained by using 2D ATLAS™ device simulator to affirm and formalize the proposed device structure.
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1. Introduction

During the last five decades since the invention of the
MOSFETs, we have seen rapid and stiff advancement in the
evolution of integrated circuit engineering.!'=31 The principal
driving force behind this tremendous development has been
the downscaling of the dimensions of the MOSFET.**! The
greater the downscale of MOSFET, the higher its packing
density becomes, the faster its operation and the lower its
power dissipation is.[! The perennial downscaling slipstream
of MOSFETs has steered eminent execution and low power
functioning as prescribed by ITRS, however some newfan-
gled effects in the device performance have also arisen.[*!
In particular, a gathering of undesirable sources of difficul-
ties springs up, which are jointly called short channel ef-
fects (SCEs) that hinder further advancement in transistor
downscaling.!®! In order to sustain the rate of advancement
in device performance with uninterrupted downscaling, alter-
ations to device design and fabrication are the essential re-
quirements. In connection to this, a number of new extended
device structures already have been reported in the literature
to handle the severe challenges associated with SCEs as well
as device efficiency.[”~!3! One of the predominant anticipated
solutions in the nanoscale regime to inhibit these SCEs is DG-
MOSFET.!'%! However to cope with the device downscaling
and quashing the SCEs, there arises the need to allow some rel-
atively thicker gate oxide along with high-k effectuation to ex-
ert the electrostatic integrity of the DG MOSFET device.!”-1%]
Due to this progression, DG-MOSFET is anticipated to be fur-
ther investigated to subdue the SCEs.

A multimaterial-based gate structure is anticipated to pro-

fCorresponding author. E-mail: shtri@mnnit.ac.in
© 2016 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/25/10/108503

vide further improvement in the performance of DG MOSFET
since it may create a step potential profile to screen the effect
of the drain on the channel.['>!3] Another possible solution to
suppress SCEs is by using gate stack. If aforementioned so-
lutions are combined in order to improve the performance of
DG MOSFET then it may prove to be an effective option over
the existing technology. There exist several reports that estab-
lish the superiority of the performance of TM DG MOSFET
and gate stack structures.!'>1>! Razavi and Oroujil'?! pro-
posed TM-DG MOSFET structure and through numerical sim-
ulation results they showed that SCEs such as drain-induced
barrier lowering (DIBL) and hot carrier effect are reduced
significantly in comparison with conventional DG MOSFET.
They also demonstrated that TM-DG MOSFET leads simul-
taneously to the enhancement of transconductance and the re-
duction of drain conductance which itself leads to higher DC
gain than the classical DG MOSFET. Pradhan er al.!'3] re-
ported a simulation-based study for the performance differ-
ences among six dissimilar gate stacked device structures by
utilizing gate and channel engineering. They also considered
the gate stack TM DG MOSFET for the simulation purpose
and established that TM DG MOSFET with gate stack struc-
tures improves DIBL significantly. Alamgir et al.!'*) investi-
gated the performance of DG-MOSFET with high-k stack on
both the top and bottom gates using numerical simulation re-
sults. They observed that higher drain current in the low and
high drain voltage regions, as well as lower threshold volt-
age and improved subthreshold swing can be yielded by con-
sidering their proposed structure. Jin et al.!'! presented an
analytical-model-based study for surface potential, threshold
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voltage, subthreshold current and subthreshold swing of sym-
metrical gate stack dual gate strained silicon MOSFETs. They
showed that the high-k region on the oxide layer exhibits re-
duced SCE.

Therefore, based on the literature it can be concluded that
pertaining to the scaling down of the device thickness, triple
material gate stack structure is anticipated to be a more effec-
tive option over existing DG MOSFET device. To the best of
my knowledge, so far in the literature analytical modeling and
simulation-based study of TM DG MOSFET with gate stack
have not been done. Hence in the present paper, combining the
advantages of high-k gate stack and triple material structure,
a new compact analytical model for triple material symmet-
rical gate stack (TMGS)-DG MOSFET is presented. In this
proposed device structure, the front and back gate electrode
each comprising three materials with different work functions
and symmetrical high-k gate stack are considered for devel-
oping the compact analytical model and numerical simulation.
Moreover, the channel of the simulated model is adopted to be
lightly doped in order to increase the mobility of the charge
carriers and stave off the problem of threshold voltage vari-
ation due to random fluctuation of dopant atoms. The result
analysis is based on the solution of two dimensional (2D) Pois-
son’s equation with the appropriate limit specifications em-
ploying 2D ATLAS™ device simulation tool.!'”!

2. Device structure

The schematic device structure of TMGS-DG MOSFET
used for analysis and simulation is shown in Fig. 1, where
L (L=L|+ L+ L3), t, tox, and #; are gate length, channel
thickness, thickness of gate oxide and thickness of material
with large dielectric constant, respectively. The x and y axes
of the schematic structure are considered to be along the chan-
nel length and channel thickness, respectively.
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Fig. 1. Schematic diagram of TMGS DG MOSFET, where L (L =L, + L, +
L3), t, tox, and #; are gate length, thickness of silicon channel, thickness of
gate oxide, and thickness of high dielectric constant material, respectively.

The gate electrode of the DG MOSFET is considered to
be made up of three materials having different work functions

Om1> Om2, and @3 (such that ¢,1 > @0 > ¢p3) and deposited
over the respective lengths L, Ly, and L3 on the gate oxide
layer. The gate material placed at the source end with the
highest work-function i.e., ¢,,; forms a control gate, the mid-
dle material with intermediate work-function value ¢,,» forms
a first screen gate, and the remaining material with the lowest
work function ¢,,3 placed at the drain side of the gate forms
a second screen gate. In the present work tungsten disilicide
(WSiz, ¢m1 =438 CV), Hf0,27Ta0_58N04]5 (¢m2 =4.6 GV), and
Hfy 40Tag.46No.14 (9,3 = 4.4 eV) are used as the materials for
control gate, first and second screen gates, respectively. The
gate terminal of the TMGS-DG MOSFET device is made by
tying together control and screen gates in order to feed the de-
vice with the same gate voltage V. In the proposed structure,
high-k gate stack is used in order to combat the SCEs therefore
in place of 7x effective gate oxide thickness (fofr) is used. fef

can be given as!!"]
Etox + Eoxli
foff = ————, )]
€
where #; is the high dielectric material thickness and & is di-

electric constant of the high-k material.

3. Model derivation
3.1. 2D potential modeling

The 2D Poisson’s equation for potential distribution in the

lightly doped channel region can be given as!!”]

82¢n (x,y) + a2¢n (x7y> _ qN,
ox2 8y2 Esi ’

where n = 1, 2, and 3 correspond to the regions under metal

n=123, (2

M, My, and M3, respectively. ¢, (x,y) is the electrostatic po-
tential in the channel region, g is the electronic charge on elec-
tron, N, is the acceptor concentration of channel, and & is the
permittivity of silicon.

The Poisson’s equation can be solved using the following
boundary conditions.

(i) Electric
oxide/substrate-Si layer interface of top and bottom gate are

fluxes (displacement) at the gate-

continuous therefore boundary conditions for the front and

back surface can be expressed, respectively, as!!”!

P (x,y) _ €ox [¢Sn(x)_vgs +Vfbn] 3)
Iy o Esileff ’

a¢n (x,y) _ Eox [¢Sn (X) - Vgs + Vfbn] @)
ay y=tg; Esileff ’

where ¢ (x) are the surface potentials related to channel re-
gions I, I, and III, respectively, Vg is the gate-to-source volt-
age, Vy,, is the flat band voltages corresponding to regions I,
I1, and III, and can be given as

E N,
Vfbn:¢mn_ |:XSi+g+VT1n <a>:| . (5)
2q n;
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Here, ¢, are the work functions of the gate material in regions
I, 11, and III of the top and bottom gate respectively, ;i is the
electron affinity of the silicon material, Eg is the silicon en-
ergy band gap, Vr is the thermal voltage, and »; is the intrinsic
carrier concentration.

(ii) The potential distribution must be a continuous func-
tion for the entire channel region, therefore boundary condi-
tions for interfacing regions (Regions I-II and Regions II-III)
can be as given as follows: ]

¢1 (L1,0) = ¢2 (L1,0), (6)
01 (L1,tsi) = 92 (L1, tsi) s (7)
¢ (L1 +L,0) = ¢3 (L1 + L2,0), ®)
02 (L1 + Lo, tsi) = 3 (L1 + Lo, 1) - )

(iii) The electric flux at channel region interfaces (Re-
gions I-II and Regions II-III) will also be continuous. Thus,
boundary conditions for electric flux at these interfaces can
also be given as

91 (x,y) _ 9% (x,y)
x|, - ox =Ly ’ (10
a¢2 (xvy) _ a¢3 (x7y) (11)
dx x=L1+L, dx x=L1+L,

(iv) The potentials at the source-channel and channel-

drain interface can be written as!’]

01 (0,0) = ¢s1 (0) = V4y;, (12)
¢3 (L,0) = ¢5 (L1 + L2 + L3,0)
=@s3 (L1 +Lr+L3) = Vo; + Vs, (13)

where Vs is the drain-to-source voltage and V4,; is the built-in
potential of the source—channel and channel—-drain junctions

N,N,
Vb,' = |:VT1I1< azds>:| y
n

where Nys represent the drain and source doping concentra-

given as

(14)

tions respectively.
The potential distribution in the channel is assumed to be

parabolic third order polynomial and can be expressed as!!®!

0 (x,) = 05 (X) + cu1 (X) Y+ 2 (%), (15)

where ¢, and c,» each are an arbitrary function of x. The
Poisson’s equation is solved separately under the three metal

gates by using the boundary conditions from Egs. (3)-(13), to
obtain the coefficients @s, (x), cq1 (x), and ¢ (x) of Eq. (15)
and the values obtained can be written as

£
Cat (x) = —— [96i (%) = Vs + Vi) , (16)
Esileff
Eox
= — i -V Vi . 17
cn2 (x) Esilefflsi [(PSI (X) £ * fbn] {17

Now, substituting y = f; /2 into Eq. (15) and utilizing Egs. (16)
and (17), we can obtain ¢s, (x) as

o Asiterr
4gsiteff =+ Eoxtsi

Eoxlsi
48siteff

Osn (x> (Vgs - Vfbn) )
(18)
where @c,, (x) is the mid channel potential of the device given

by

X | ¢cn (x> +

Pcn (x) =0, (an)|y:zSi/2 . 19)

The characteristic length associated with mid channel poten-
tial of the channel is significant in determining SCEs of the
DG MOSFET.!"? Therefore, characteristic length can be de-
termined by solving Poisson’s equation in the middle of the

silicon channel.!'”! Now, following this argument Eq. (2) can

be solved at the center of the silicon channel as, 20!
82¢Ci (x> ¢Ci (x) o N, Vgs — Vivi 20
P L A

where A is the characteristic length associated with the center

channel potential given as!!”!

tsi (A&t Eoxlsi
A= \/ i ( Slgegoj oxls) @1
The generalized solution of Eq. (20) can be written as!!”!
X —x\ B
Ocn (x) =A,exp (I) + B exp (l) Y (22)
where A = /o, 1 =1/y/a and
Bi= [qON, — & (Vs — Vini) | - (23)

T o

The coefficients A,,’s and B,,’s of the generalized solution
Eq. (22) corresponding to the channel regions I, II, and III can
be obtained by solving Eq. (20) in conjunction with the bound-
ary conditions of Eqs. (6)—(13) and can be given by

_ 1 . Bs (v . B N
A= 2sinh 1 (L1 + Lo + L)) [Vbl-l—Vds-i- o (Vb1+ - ) exp[—n (L1 + L+ L3)]
+ ([31%“[32) cosh[n (Ly + L3)] + WCOSI’I(T]Z@)] , (24)
1
B = pe (Vb + B1 — @A), (25)

108503-3



Chin. Phys. B Vol. 25, No. 10 (2016) 108503

_ 2aexp(nly) — (B~ )

Ay oy , (26)
2otexp (—nL;) (Vbi +b —Al) —(B1—B)

B, = S ; 27)

4y = 2aexp(n (Lo + L)l - (gla_ B2)exp[nLa] — (B — B3) 7 28)
2 (Vo + B — A1) @exp (=1 (Li+ L)) — (B — Ba) exp (~nL2) — (B — )

B; = . (29)

20

Now using Egs. (15), (18), (22), and Egs. (24)—(29), the 2D channel potentials for the three regions of the channel can be obtained
as

ﬁn Eoxlsi Eoxlsi -
,y) = |Aye B, exp(— 0 RS (e 1
0n(59) = [Anexp(12) + Brexp () B 00 (g )| 1y ot
Eox Eox 2 Eox Eox 2
x |14 - - Vos — Vion ) ¥ + Vs — Vion) ¥~ (30)
[ Eilett  Esilefflsi Esiteff( e ") Esilefflsi ( £ ”)
\
where n =1,2,3. be evaluated by solving equation
dge (x) _o
3.2. Threshold voltage modeling dx -
X=Xmin
Under threshold condition, the channel under the con- and given as,
trol gate will not conduct until channels under both the screen Xinin = & In <Bl> . (31)
2 A

gates are turned on. The conduction from source to drain will
take place only when all the three gates are turned on. This
suggests that threshold voltage of the device under considera-
tion will systematically be governed by control gate region of
length L; with highest work function ¢,,;. The effect of drain-
to-source voltage on the subthreshold behavior of the device
can be monitored by position and value of minimum channel

potential. The position of minimum channel potential xi, can

Eoxlsi

Now, minimum value of channel potential ¢¢;(x) =
Oc1 (Xmin) = OC1min, 1.€., minimum channel potential can be
obtained by using Eq. (22), and equation (31) can be written
as

1
bctmin = — | (2V/AIBI +Ves —Vior ) &3~ A%aNs| . (32)
S1

Now, the virtual cathode potential ¢y (y) can be given as[?!]

9l
Ove (y): [1+ Eoxlsi :| |:¢Clmin+ (Vgs_Vfbl):| [1+

A€gilefr degiter

The inversion charge density (Qi,y) depends exponen-

Now the inversion carrier
22]

tially on the surface potential.
charge sheet density at ¢y, () can be given as!

Q=i [ exp (e () . (34)

In order to obtain the analytical expression of Qj,, we may use
the property of undoped DG MOSFET that the effective con-

a

y—= y
Esileff Esileftlsi

A€gilefr A2gN,
va i Exp <kT |: £ 1 <4£Siteff+ Eoxlsi e Ei

A (Vgs _Vfbl)y2-

Vos — Vi +
( £ fbl)y Esileftlsi
(33)

€ox 2} €
Esileff

‘duction path is located at y = #;/4 from the silicon surface.
Thus, Qi can be approximated as

Isi
Qi =i [ exp <q¢vc1 )| > dy. ()
0 kT y:%

Now using the value of @y (y) from Eq. (33), in Eq. (35), Qiny
can be given as

380xtsi ) ] )
+— . 36
16&tefr %6)

Now assuming Qj, = Qry under threshold condition Eq. (36)?>?3 becomes

48siteff

Vra — Vi1 + () (2\ /A"B —
4esiteff + Eoxlsi 1l

A2qNo\ (|, 3ewts \ _ KT, (Om a7
& 16&giterr q nitsi )’
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where
A} =A; (Vg =Vrn) and B} =B (Vgs = Vi) .
To obtain the threshold voltage of long channel device,
the limiting condition of L — oo in Eq. (37) yields

16esiteff + 3£0xtsi )*2qNa
4 (4£siteff + goxtsi) &

+KT1n<QTH). (38)

q nifsi

VraL = Vi1 +

Now using Eq. (37), equation (38) can be solved to obtain
short channel threshold voltage of the device under consid-

eration as follows:

16&gte; -+ 3€oxtsi A2gNy
4 (A&itefr + Eoxlsi)  Esi

+ 4gsiteff 2 /A/B/ _ 2'ijva
4€gitefr + Eoxtsi 1 &

S1

y <1+3“) (39)

16€itefr

Vra = VraL —

4. Results and discussion

In this section, we present some theoretical results ob-
tained by the proposed model that is validated by comparing
the theoretical results with the numerical simulation data ob-
tained by using the ATLAS™ device simulator. The drift-
diffusion model has been used for carrier transport, and clas-
sical Fermi-Dirac statistics model is used for the numerical
simulation.?* To integrate the effect of high electric field in
the device channel, the field dependent mobility model has
been implemented in the ATLAS™ simulation.[?>>%! Further,
the ratio of lengths of regions I, II, and III is taken to be
Li:Ly:Lz:1:1:1 for all the computations. The p-type
substrate concentration is taken to be uniformly doped with a
doping concentration of N, = 1 x 10'® cm™3 in all the three
regions under different gate metal contacts. The source and
drain regions are both assumed to be heavily doped with dop-
ing concentration of Ng/p = 1 X 10%° cm™3. The dielectric
constant value of high-k material is taken to be 20. The typical
values of fg, fox, and #; are taken to be 20 nm, 2 nm, and 4 nm
respectively.

Figure 2 shows the variations of surface potential of
TMGS-DG MOSFET along the gate length for different val-
ues of drain-to-source voltage (V). It can be clearly seen
from the figure that the area under the control gate is effec-
tively screened from the variations in Vg, thereby giving rise
to negligible DIBL effect in the device due to the presence of
the two screening gates. Further, it may also be observed from

the figure that the position of minimum channel potential lies

under the control gate, which justifies the assumption that we
have made for modeling the threshold voltage. The variations
of threshold voltage with gate length for different values of
Vgs are plotted in Fig. 3. It can be seen from the figure that
for longer gate length devices, threshold voltage varies little
with the drain bias compared with the corresponding shift of

threshold voltage for shorter gate length devices.

1.4
N, =1X10"cm™, ¢t =2 nm model
t, =20 nm, t, =4 nm ATLAS
1.2} V,=0V, L=120 nm
< L;:L;L,=1:1:1
= V=1V
+
g 0.8
It
o
o
g
s 0.4
-
=]
wn
O .
V,=01V
—0.4

0 20 40 60 80 100 120

Position along gate length z/nm

Fig. 2. Variations of channel potential with position along the channel length
for different values of drain-to-source voltage (Vys).
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V,=01V, L:L:L,=1:1:1
0.25
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Fig. 3. Variations of threshold voltage with gate length (L) for different
values of drain-to-source voltage (Vgs).

Figure 4 demonstrates the variations of threshold voltage
with gate length for different values of silicon thickness (¢5;). It
is noteworthy here that for the lower values of 7, the roll-off
in the threshold voltage is relatively low in comparison with
that for the higher channel thickness. It may be due to the im-
provement in the gate electrostatics on the channel with the
decrease in .

Figure 5 shows the variations of the threshold voltage
with channel lengths for different values of gate-oxide thick-
ness (fox). It can be observed from the figure that the device
with lower 7,x shows better suppression of SCEs.
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Fig. 4. Variations of threshold voltage with gate length (L) for different
values of silicon film thickness ;.
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Fig. 5. Variations of threshold voltage with gate length (L) for different
values of gate-oxide thickness (fox).
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Fig. 6. Variations of threshold voltage with the gate length (L) for different
values of stack layer thickness (#).

Figure 6 shows the variations of threshold voltage with
channel length (L) for different values of stack layer thick-
ness (fx). The threshold voltage roll-off is higher for large

value of #;. It may further be noted that if we compare Fig. 5
with Fig. 6, then it may be observed that the effect of 7, over-
sees the effect of 7, on the threshold voltage variation. Even
the threshold voltage roll-off is improved in the case of larger
value of #; therefore in the case of TMGS-DG MOSFET gate
stack oxide acts as a controlling gate oxide.
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V=01V
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Fig. 7. Variations of threshold voltage with gate length (L) for different stack
materials HfO,, Al O3, and SiO;.

Figure 7 shows the effects of change of high-k stack ma-
terial on the threshold voltage of the device with different gate
lengths. Three different dielectric materials are considered i.e.,
HfO,, Al,0O3, and SiO, with largest value of dielectric con-
stant for HfO, and least value for SiO,. It can be observed
from the figure that for the material with high dielectric con-
stant threshold voltage, the roll-off is considerably reduced. It
may be due to the fact that increasing dielectric constant of the
stack material can lead to a decrease in the effective gate ox-
ide thickness . (Eq. (1)), which may result in an efficient sup-
pression of SCEs. This implies that the improved gate control-
lability can be achieved by using material with high dielectric
constant to establish the suitability of TMGS-DG MOSFET
over conventional DG MOSFET.

5. Conclusions

In the present paper, channel potential and threshold volt-
age of DG-MOSFET is modeled analytically. A detailed study
to see the effects of gate stack on the threshold voltage of
TMGS DG-MOSFET and other important parameters is per-
formed in detail. The model results are found to be well
matched with the ATLAS numerical simulation results for dif-
ferent values of drain bias, silicon film thickness, gate-oxide

thickness, stack layer thickness and stack materials.

References

[11 Wong H 2012 Nano-CMOS Gate Dielectric Engineering (New York:
CRC Press) pp. 1-6

108503-6



Chin. Phys. B Vol. 25, No.

10 (2016) 108503

(2]
[3]
[4]
[3]

(6]
(7]

(8]
[9]
[10]

[11]

[12]

[13]

Maiti CK and Maiti TK 2013 Strain-Engineered MOSFETs (New York:
CRC Press) pp. 1-7

Ishimaru, V 2008 Solid-State Electron. 52 1266

International Technology Roadmap for semiconductors 2007

Agrawal B 1994 Ph. D. Dissertation, Rensselare polytech. Inst. Troy,
New York

Chaudhry A and Kumar M J 2004 /EEE Transactions 4 99

Chenming Hu 1996 International Conference on Electron Devices
Meeting (IEDM 96), pp. 319-322

Goel K, Saxena M, Gupta M and Gupta RS 2006 /EEE Trans. Electron
Dev. 53 1623

Razavi P and Orouji A A D 2008 Electronics Conference 11th Interna-
tional Biennial Baltic 83 6

Chaves F A, Jimenez D, Ruiz F J, Godoy A and Sufi¢ J 2012 /[EEE
Trans. Electron Dev. 59 2589

Abdi M A, Djeffal F, Meguellati M and Arar D 2009 16th IEEE In-
ternational Conference on Electronics, Circuits, and Systems Proceed-
ings, December 13, 2009 pp. 892-895

Razavi P and Orouji A A 2008 International Conference on Advances
in Electronics and Micro-electronics (ENICS’08) pp. 11-14

Pradhan K P, Mohapatra S K, Agarwal P K, Sahu P K, Behera D K and
Mishra J 2013 Microelectronics and Solid State Electronics 2 1

[14]

[15]
[16]
(17]

[18]
[19]
[20]
[21]
[22]
[23]
[24]

[25]
[26]

108503-7

Alamgir M I, Gulib A U, Ahmed K M and Farzana E 2012 Interna-
tional Journal of Technology Enhancements and Emerging Engineer-
ing Research 196

LiJ, Liu H X, Li B, Gao L and Yuan B 2010 Chin. Phys. 19 107301
Solomon P M, et al. 2003 IEEE Circuits and Devices Magazine 19 48
Dao-Ming K, Qi L, Jun-Ning C, Shan G and Lei L 2006 8th Inter-
national Conference on Solid State on Integrated Cirvuit Technology
(ICSICT 06), October 23-26, Shanghai, China

Young K K 1989 IEEE Trans. Electron Dev. 36 399

Oh S H, Monroe D and Hergenrother J M 2000 /[EEE Electron Dev.
Lett. 21 445

Diagne B, Prégaldiny F, Lallement C, Sallese ] M and Krummenacher
F 2008 Solid-State Electron. 52 99

Chen Q, Agrawal B and Meindl J D 2002 IEEE Trans. Electron Dev.
49 1086

Tsormpatzoglou A, Dimitriadis C A, Clerc R, Pananakakis G and
Ghibaudo G 2008 [EEE Trans. Electron Dev. 55 2512

El Hamid H A, Ifiiguez B and Guitart J R 2007 /IEEE Trans. Anal. Elec-
tron Dev. 54 572

Lundstrom M 1997 IEEE Electron Dev. Lett. 18 361

Jankovic N D and Armstrong G A 2004 Microelectron. J. 35 647
Dubey S, Tiwari P K and Jit S 2010 J. Appl. Phys. 108 034518


http://dx.doi.org/10.1016/j.sse.2008.04.034
http://dx.doi.org/10.1109/TED.2006.876272
http://dx.doi.org/10.1109/TED.2006.876272
http://dx.doi.org/10.1109/TED.2012.2206597
http://dx.doi.org/10.1109/TED.2012.2206597
http://dx.doi.org/10.1088/1674-1056/19/10/107301
http://dx.doi.org/10.1109/MCD.2003.1175108
http://dx.doi.org/10.1109/16.19942
http://dx.doi.org/10.1109/55.863106
http://dx.doi.org/10.1109/55.863106
http://dx.doi.org/10.1016/j.sse.2007.06.020
http://dx.doi.org/10.1109/TED.2002.1003757
http://dx.doi.org/10.1109/TED.2002.1003757
http://dx.doi.org/10.1109/TED.2008.927394
http://dx.doi.org/10.1109/TED.2006.890595
http://dx.doi.org/10.1109/TED.2006.890595
http://dx.doi.org/10.1109/55.596937
http://dx.doi.org/10.1016/j.mejo.2004.04.007
http://dx.doi.org/10.1063/1.3460796

	1. Introduction
	2. Device structure
	3. Model derivation
	3.1. 2D potential modeling
	3.2. Threshold voltage modeling

	4. Results and discussion
	5. Conclusions
	References

