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Abstract: In this paper, a three dimensional (3-D) analytical
model of surface potential has been derived for gate engineered
trapezoidal trigate Tunnd Field Effect Transistor (TFET). The
model has been obtained by assuming parabolic approximation of
the potential profile and solving 3-D Poisson equation using
appropriate boundary conditions. The device considered in this
work is silicon based TFET with gate composed of two materials
with different work functions. The low work-function material is
placed close to source and drain region while high work-function
material is placed in between them. Thiswill result in enhancing
the tunnedling in the source/channed interface region while
reducing theelectricfield in thedrain region. Trigate devices have
been found to enhance the device performance at nanoscale,
however, Trigate device fabricated by Intel have been found to
have trapezoidal shape rather than expected rectangular shape. In
this work, we have included the effect of different inclination
angles of sides on the device performance. The model has been
verified by comparing the results with the simulation results
obtained in ATLAS software.

Keywords. Tunnel FET; Dual material Gate; Trigate TFET,
Trapezoidal FET, Silicon-On-Insulator (SOI) Transistor.

I. INTRODUCTION

The semiconductor device scaling has enhanced the

transistor performance to an unprecedented level and
revolutionizing telecommunication devices, processing units
and biomedical electronics. However, the transistor at
nanoscale faces lot of problems ranging from fabrication
difficulty to performance degradation due to dominance of
non-ideal effects[1].

One of the main problem in nanoscale FET device is
energy efficiency as these devices dissipate more power in
active state and suffer from increased leakages due to
miniaturization. TFET with subthreshold swing less than 60
mV/dec and CMOS process compatible had been considered
as apromising device for various low power and low voltage
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applications [2]. Silicon based TFET suffers from low lon
due to poor tunneling probability of carriers from valence
band of P+ doped sourceinto the conduction band of intrinsic
channel region [3]. To overcome problems of low ion and
high ambipolar current in TFET, various devices have been
proposed incorporating narrow bandgap materials and
structural modifications [4]. Dual material trigate TFET has
been reported in [5] where the gate consists of two materials
with low work function material close to source and high
work function material towards drain.

In this work, the dual material work function is employed
in such amanner that low work function materialsarecloseto
source and drain ends of the channel and high work-function
materia is in between them. Further, due to trapezoidal
shape of trigate transistor, the width of the device varies from
Wtop to Whottom and this will affect the trigate device
performance [6]. In this work, we have included the
comparison of trapezoidal trigate device of different
inclination angles with rectangular trigate device. The Silicon
on Insulator (SOI) structural technigue has been included to
reduce bulk leakage current and other device parasitic [7] [8]
[9]. The structure of gate engineered trapezoidal trigate TFET
with various device parametersis presented in Section [1. The
analytical surface potential model derivation is presented in
Section 111 while results are presented in Section IV. The
paper is concluded in Section V.

Il. DEVICE STRUCTURE

As illustrated in Fig.1, gate engineered trapezoidal trigate
TFET consist of silicon buffer/substrate, buried oxide layer of
SiO; separating substrate and active channel region. The
hetero material gate and gate oxide surround the channel from
two lateral sidesin addition to top side as shown in Fig.1. The
gate is composed of two types of materials with work

functions @,,;, = 4.0eV, @, =44 eV and @,53 =

4.0 eV respectively.

The gate material M1 and M3 have been considered to be
having same work function in this paper unless otherwise
stated. The device channel region is divided into three regions
corresponding to material positions such that Ly:L,: L; =
1:1:1 L, L,and L; represent the region lengths
corresponding to hetero gate materials. In this structure, the
source region is doped with Na = 1x10%°cm3, drain region is
doped with Nd = 1x10%cm3 and the channel islightly doped
with Na= 1x10*5cm® while source/channel and drain/channel
junctions are considered abrupt.
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geometrical factor given by r = —kettom*Weop
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The potential in the channel follows parabolic
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Fig. 1.3-D schematic and x-y sectional view of Gate
engineered Trapezoidal trigate TFET.

The device parameters used in deriving the model and
simulation results are channel length, L=30 nm, thickness of
buried oxide layer, twox = 40nm, thickness of front gate
oxide(Si0Oy), tox = 1 nm, thickness of channel, ts = 10 nm.
Since the width of the device variesfrom top of the channel to

W1

the bottom as—=* to + % and — % to+ % on the z-axis,
we have considered the inclination of side gates of 0°, 5° and

10°in thiswork with Wi, = 10 nm
I11. ANALYTICAL MODEL DERIVATION

In the hetero-material gate, we assume each gate material
will control the corresponding channel region electrostatics.
M1 will control channel electrostatics of region 1, M2 will
control region 2 and M3 will be controlling region 3 of the
channel. The channel regions can be defined as

Channel region 1

(0sx<L,0<ys<ty-Y<z<2) @)

Channel region 2

(Lisx<L,0<ys<ty,-%<z<Y) )
Channel region 3
(Lysx<LO0<ys<ty,-%<z<2) €)

Wherew isthe equivalent device width and is calcul ated at
orthocenter of device [10] as
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approximation [11] and can be expressed as 2™ order
polynomial function written as

wk(x!ylz) = fOk(xly)Zz +51k(x,}’)2+52k(x,}0 (4)
Where k = 1,2,3 and represent three channel regions. The
coefficients of (4) can be found using following boundary
conditions [12]
1.491(0,y,2) = Vyip (5a)
2. l/JS (L, Y, Z) = Vbi,n + VDS (5b)
Vinand Viip arethe built-in potential at drain/channel and
source/channel  junctions respectively given by Vi, =

2 —
Ut ln(Nd,drain X Na,channel/ni) ’ Vbi,p =~V ln(Na,source/

Na,channel ) .
Due to continuity in the flux at the gate oxide and Si
channel boundary, we have

Ay (x,y.2) ,
3. 1/’kdxyz = Slox W (6) = V'gsi) (50)
y y=0,z=0 Esitox
ay;(x,y.z) ,
ST = (Vow —¥mc@)  (59)

Y=tsiz=0

Because of symmetry about the orthocenter (z=0) along
the z-direction, we have

lpk (x,y,_%)=¢k(x,y,+%) (56)

£,xaNdeg; are the dielectric constant of oxide and silicon
respectively. t,, tyo, are the thicknesses of gate oxide and
BOx layer respectively. Vi = Ves — Ve » Where Vegy
represents channel flatband voltage of region 1, region 2 and
region 3 under M1, M2 and M3 respectively. V', = Veup —
Vepp, Vsup 1S the substrate bias and Vi, 5, is the back channel
interface flatband voltage. g (x) andy,,, (x) represent the
surface potentials at front gate oxide-channel region
interfaces and BOXx layer-channel region interface.

Using above boundary conditions, the coefficients are
obtained as

£0e(6,3,2) = (27) (W () = £ (7)) (6)

Elk(x'yt Z) =0 (7)

The coefficient &, (x, z)can be derived by assuming the
parabolic potential profile in vertical direction for low Vgs
such that

&
S (0, y) = P (x) + gsiizx Wse () = V'6s1)y —
_tox , Chox _(145b thox _
[ L o G M O ®
tszi(1+2 Csi )

Chox

Where Cp,.., Cs; represent the buried oxide capacitance and
Si channel capacitance.
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The 3-D potential distribution function s, (x, y, z) for gate
engineered trapezoidal trigate TFET can be calculated by
solving three dimensional Poisson’s equation [13]

0% (x.y.2)
ay?

%P (x,y.2)
ox2

%Y (xy.2) _ qNc(xy.2)
9z2

©)

Esi

q is eectron charge, N.(x,y,2) = (Na_C +n(x, y,Z))

where N, . is channel doping concentration, n(x,y,z) is
mobile electron charge density.

Considering full depletion approximation for the channel
under zero bias condition such that N, . > n(x,y,z)and
Nc(x,y,z) = gN,.

On solving (4) and (9) using the coefficients derived in (6),
(7) and (8), we get

92 (x) Csi !
TVAD) — g (1) = B — 22 [w? + 4(y? + 2]V,
St
Csi
Cbox

c (10)
- falee )
Csi

+228 [tbox

tsi tox

_ 4+ z2))}

COX
+—+ 1] w?
Csi (

Csi
1+2 —) t2

Cbox st
Eox (
tox0
+ %> (w?

Csi

Csi
tsi6

Br = qNa,ch(Y_1 (
+ 4t3

!
tox

- (x*+y?)

C..
1+2 . = >yt52iV,GSk
box

tbox

!
Vgsk

N

, C
tsi<1+26

box
+ (tbox
tox

The genera form of surface potential distribution function
W (x)|x=12,3 iN gate engineered trapezoidal trigate TFET
can be obtained by solving the second-order differential
equation obtained in (10). Its solution is given as

é

)) (Wz‘gsi + Cox(W2 - 422)}’)

C
+—=+1

1) (et — wy)

W (x) = Ree™k + S, ek — gy, (11)

where g, = B, /a, and X, takes the value X; = x,X,
x—1L; andX; =x — (L; + L) in the channel region 1, 2
and 3 respectively. R and S, are arbitrary constants to be
determined by using the following boundary conditions;

1' ll)l (Ll! 010) = ll)Z (L]J 0!0) (12a)
2. P51 (Ly) = sz (L) (12b)
P51 (x,y,2) Y52 (x,y,2)
3 —— === 12¢
ox x=L1 ox X=L1 ( )
4' II)Z (Ll + LZ! 0,0) = 1p3 (Ll + L2, 0!0) (12d)
5.5 (Ly + L) = Ps3(Ly + L) (12¢)
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— P53 (x,y,2)

6 sz (x,y,2)
) ax

ox

(12f)

x=L1+L, x=L1+L,

Using the boundary conditions given in 12(a - f), the
coefficientsR,and S, are obtained as

Ry = {(Voin + Vs + 03) = (Vi — 01)e ™
+ (01 — ax)cosh(n(Ly + Ls))
+ (0, — g3)cosh(nL3) Hsinh? (nL3)} ™
S1 = (Voin —01) — 44
R, = Ae"™1 — (0, — 0,)/2
S; = Bie M — (0, — 0)/2
Ry = Aye"2 — (0, — 03) /2
S3 = Bye™"2 — (0, — 03) /2

V. RESULTSAND DISCUSSION

To verify the proposed analytical model, all the device
simulations have been performed using TCAD device
simulator ATLAS [14]. Device models like standard
band-to-band  tunneling, Lombardi (CVT) Modd,
Shockley-Read-Hall (SRH), band-gap narrowing and
concentration and field dependent mobility were used in the
simulation work.

Fig. 2 shows the variation of channel potentia as a
function of position aong the channel length from source to
drain for various values of Vgs. It can be observed that the
increase in Vgs shifts the potential upwards and creates more
band bending. Thiswill result in increase in tunneling current
at the source junction while also increasing the ambipolar
current occurring at the drain junction. In order to decrease
the unwanted ambipolar current and increase the tunneling
current, gate work function engineering techniques have been
incorporated in this work.

15

—a— VGs = 0.5V

—a— VGS = 0.4V VDs = 0.01

—e— VGs = 0.3V

Surface Potential (V)

10 15 20 25
Paosition along the channel Length

30

Fig. 2. Analytical and simulated surface potential
variation is plotted versus position along the channel
length for different gate voltage.
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Fig. 3.Analytical and simulated surface potential

variation is plotted versus position along the channel
length for different gate work-functions.
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1F —_—— 50
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Potential (V)
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Position along the channel Length

Fig. 4.Analytical and simulated surface potential
variation is plotted ver sus position along the channel
length for different deviceinclinations.
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15l —e— VDs = 0.01V

Fotential (V)

0 5 1.0 1.5 le 2.5 30
Position along the channel Length
Fig. 5.Analytical and simulated surface potential

variation is plotted versus position along the channel
length for different Drain-Sour ce Bias.

The gate has been composed of different work function
materials and the impact of these materials has been shownin
Fig. 3. In the first case, gate material M1 and M have been
considered of same work function material while M3 is
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considered of comparatively low work function material. In
the second case, M1 islow work function material, while M,
and M3 are of same material with comparatively higher wok
function. In the third case, M; and M3 are considered low
work function materials while M2 is high work function
materia. In the fourth case, M1, M, and M3 have been
considered as different work function materials. The higher
work function towards the source end reduces the band
bending and it will result in lower drive current of the device.
The higher work function towards the drain end will increase
ambipolar current due to increased band bending. The case
third and fourth represent optimum criteria to enhance drive
current and reduce ambipolar current. Fig. 4 shows the effect
of trapezoidal shape on the channel potential. It can be
observed from the given figure that the increase in the
inclination angles of the side gate will lower the band
banding and hence degrade the device performance. The case
of inclination = 0° represents the rectangular device and
shows maximum band bending. The effect of increase of Vds
on the device has been shown in Fig. 5., it can be seen that the
increase in Vds has negligible effect on the source/channe
tunneling junction.

3.5

—*— Ves = 0.5V

—8— Ves=0.4V

—*— Ves = 0.3V

VDs = 0.01V

= I
o ) o
T T

Electric Field (MV/cm)

05k

0 5 1-0 15 26 2‘5 30
Position along the channel Length
Fig. 6.Analytical and simulated surface potential

variation is plotted ver sus position along the channel
length for different values of Vgs.

—e— $m1 = Hm2 =4 4V, mi=4.0eV
—— hm1 =408V, dm2 = pm3=4 4V

* Gm1 = dmi= 4.0eV, dm2 =4 4V

—e 111 = 408V, G2 = 4.2V, dmi=3.8eV

Electric Field {MViem)

0 ] 10 15 20 25 30
Position alang the channel Length

Fig. 7.Analytical and simulated surface potential
variation is plotted versus position along the channel
length for different gate work-functions.
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Fig. 8.Analytical and simulated surface potential
variation is plotted versus position along the channel
length for different deviceinclinations.

The electric field variations in the channel region has been
shown in Fig. 6, Fig. 7 and Fig. 8. In the Fig. 6., the electric
variation for increasing values of Vgs has been shown while
the eectric field variation for different gate material work
functions has been shown in Fig.7. It can be observed that
with M1 composed of low work function materials while M»
andM3 composed of high work function material shows
higher electric field at the source/channel tunneling junction
whilereduced electric field at the drain/channel junction. The
electric field can further be reduced by placing lower
work-function gate material near the drain end to further
reduce the ambipolar current and other parasitic effects. In
Fig.8, the effect of inclination angle on the channel potential
has been shown. The increase in inclination angles result in
decrease in electric field near source/drain and channel
junctions. The will reduce the current drive of the device. The
use of gate work-function engineering can help to
compensate for the low drive as already discussed.

V. CONCLUSION

In this work, a 3-D surface potentidl model of gate
engineered trapezoidal trigate tunnel FET has been
developed by solving three-dimensional Poisson’s equation.
The model takes into account the non-ideal effects of device
geometry. The gate work-function engineering for the
structure  have  been  analyzed to  overcome
performance-degrading effects due to these non-ideal effects.
The analytical model results have been compared with the
simulation results obtained from ATLAS software. The close
agreement between the simulation and anaytica model
results verifies the derived model.
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