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Abstract Square gate all around MOSFET is a promising device structure at present era of continued scaling due to their
superior control over the short channel effects. However, it exhibits a undesirable effect known as corner effect which
degrades the device performance by increasing the off state leakage current. In this work a new technique to suppress the
corner effect has been proposed, modelled, simulated and its results have been compared with existing structure of square

gate allaround MOSFET.
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1. Introduction

The scaling of classical MOSFET is approaching its limit
due to the short channel effects. So to overcome this problem
mu ltiple gate M OSFETSs were introduced as areplacement of
classical single gate MOSFET. As the numbers of gate
increases multiple gate MOSFETs offer superior control
over the channel, which helps to reduce short channel effects
and leakage current[1]-[4]. According to the numbers of
gates multiple gate MOSFETs are of various types, like
Double gate MOSFET, Tri gate MOSFET, Gate all
around(GAA) MOSFET (Cylindrical and Square). Among
these multiple gate structures, Gate all around structure
offers superior control over the channel due to its
surrounding gate structure, which in turn reduces the short
channel effect effectively[5]-[6]. Besides, GAA MOSFETs
offer several advantages over single and other multiple gate
MOSFETs like higher current drivability, mobility
enhancement and so on. So due to these advantages, gate all
around MOSFETs are considered as the excellent candidates
for future CMOS integration.

Among the Gate all around structures, square gate all
around MOSFET has higher current drive capability
compared to cylindrical gate all around MOSFET. Despite
these advantages, square gate all around MOSFET exhibits a
very undesirable characteristic known as corner effect which
occurs due to the electrostatic coupling of two adjacent gates
at the corners. This effect degrades the device performance
by increasing the off state leakage current. The comer effect
can be minimized by rounding the corner regions [7]. But
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comer rounding is a delicate process. In this paper we
propose a new method to suppress the corner effect occurs in
square gate allaround MOSFET.

Section 2 of the paper describes the corner effect of square
gate all around MOSFET. Section 3 describes the newly
proposed method for suppression of comer effect. The
results of this newly proposed method has been discussed in
section 4. Finally the section 5 carries the conclusion of this

paper.

2. Corner Effect in Square GAA Mosfets

Square gate all around MOSFET is types of multigate
MOSFET where the gate warps around the four sides of the
silicon channel[8]. The square gate all around MOSFET and
its schematic description is shown in figure 1. The
cross-section of the silicon surface has a square shape with
width and height tg. A layer of silicon dioxide (SiO;) having
thickness tox, is warped around the silicon surface which acts
as an insulator between silicon surface and gate electrode.
Since the gate electrode has wrapped the device in all
directions, so at the corner regions as shown in figure 2 of the
device due to the electrostatic coupling of two adjacent gates,
charge sharing effect occurs that means at the comer region,
the depletion charge is shared by two gates[9]. This causes
reduction of threshold voltage at the corners. So the corners
are turned on prior to the other parts of the device. So,
premature inversions occur at the corners. This phenomenon
is known as corner effect [10]-[11].

The threshold voltage of a square gate all around
MOSFET is as follows

Vih 5@ = Oms + 205+ (| Qp |/ Cox_square) (1)

Since depletion charge has been shared by two adjacent
gates at the corners so at the corner regions depletion regions
charge density reaches maximum value, when the gate
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Figure 2. Square gate all asound MOSFET with comer regions
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Figure 1. (a) Square gate all around MOSFET (b) Cross-section of square

So at the corner region threshold voltage is reduced to
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Figure 3 shows the variation of threshold voltage at the
corners and other parts of a square gate all around MOSFET
using n' polysilicon gate.This results increase of drain
current at the corners. This corner current for linear region

Cox _Square

gate all aound MOSFET can be modelled as

For square GAA MOSFET oxide capacitance is given by

[12]
Wi Vps 2
ID_oomer (lin) = “COX_SQT[(VGS 7‘]th_comer)VDS - T ] (5)
W, = width of the channel at the corners= 8x Xy, (6)
For saturation region
w
IDfoomcr (sat) = HCOX7$Q2_L1(VGS 7\]th700mcr )2 @)
And current at other parts of the channel is
For linear region ,
w v
ID_surface (lin) = HCOXjQ TZ[(VGS - \/th_Square)VDS - %] (8)
For saturation region
w
ID_surtéu:e (sat) = McoxfsQ Z_E(VGS - Vth_Square )2 )
W2 =width ofthe channel at the other parts of the channel = ( 4x tsi )— W1 (10)

So the total drain current of a square gate all around MOSFET for linear region

2
w \' w
ID_total(lin) = MCOX_SquareTl[(VGS - \/th_comer)VDS - DZS ] +HCOX_Square TZ[(VGS - \]th_Square)VDS

For saturation region
Wi

_ 2 we 2
Ithotal(sal) = “COstquacm(VGS - Vthfcomcr ) +Mcoxfsqualrc Z(VGS - Vthquuarc )

% 2
()

(12)

Figure 4 shows the variation of current at comners and other parts of the channel. Since current at the corners more than

other parts of the channel so it degrades device performance.
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Figure 4. Variation of drain current at comers and other parts of the
channel

3. ANovel Technique for Suppression of
Corner Effect

The main reason behind the corner effect is charge sharing
at corners. To overcome this problem in this work a new
structure of square gate all around MOSFET has been
proposed. This is known as “ Square gate all around
MOSFET with lateral gate underlap”. In this structure
instead of applying the gate in all directions, four gates are
given to the four sides of the device with reduced gate width
i.e the width is reduced from both the ends of the gate in each
four sides of the device. Figure 5 shows the structure of a
square gate all around MOSFET with lateral gate underlap.
The width of the each gate is W and the thickness of the
silicon surface is ts;. The width ofthe underlap region on both
ends of each gate is W' .This structure can be better
explained with the aid of a parallel plate capacitor with
unequal plate area. Suppose the gate material is considered
as the upper plate and silicon surface is lower plate. Length
of'the upper plate is L and its width is W, while the width of
the lower plate is W+2w’ as shown in figure 6. Distance
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between two plates is tox and permittivity is €ox. So the
capacitance at the region where both plates are of equal
dimensions is

Zox (13)

tOX

Forunequalplate region there exists an additional width at
the lower plate w’ on each side. The electric field (E) of the
equal plate portion is uniform. But in unequal plate portion it
is not uniform. In both sides of the additional width, as the
width increases the electric field decreases as Ecos6,, Ecos,
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Figure 5. Square gate all around MOSFET with gate underlap
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Figure 6. Parallel plate capacitor with wnequal plate dimension

and so on and so as capacitance. This variation of electric
field is shown in figure 7. So the total electric field in
unequal plate portion is

E = Ecos0;+EcosO,+= X, Ecos6; (14)
Now, total capacitance of the unequal plate portion is
r_ Q1
== 15
- (15)
According to Gauss law,
| Q' |= $eo E'ds
= Sﬁs €,x EcosB;ds
=g, Ecos®; W L (16)
So, )
’ gox EcosBjw L
€= E tox ,
_ Eox cosBjw L (17)

tDX

Now for per unit area of the unequal parallel plate section
capacitance is
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€ox COS B

C= =2 (18)

Where 0; is the maximum range up to which electric field
can generate in unequal parallel plate section of the MOS and
it can calculate as

0; tan_l(;) (19)
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Figure 7. Variation of electric field in unequal parallel plate portion

The capacitance of the unequal parallel plate section of the
device is less than the capacitance of the equal parallel plate.
To minimize the corner effect up to highest possible level,
the capacitance of unequal parallel plate section is
considered as half of the capacitance of the equal parallel
plate portion. Mathematically,

C= % Cox (20)
€ox COS B 1 €ox
= —_—= = X -
tox 2 ,tox
=>cosf; = §:>tan'l tw_ =60°
=> 2 —173=> w = 1.73xtox 2n

So to minimize corner effect, underlaped region should be
1.73 times of the oxide thickness. Which means that the
amount of width which is removed from both the ends ofall
four gates in four sides of the device is equal to 1.73 times of
tox.

Since width of all the four gates are reduced, so when a
positive voltage is applied to all four gates a depletion region
will create at the beneath ofeach gate. But due to the fringing
electric field, a smaller depletion region will generate in gate
underlap region. So the depletion charge of this depletion
region is less than the depletion region generated beneath the
gate. Here it is assumed that the depletion charge of gate
underlap region is the half of the depletion charge of actual
depletion region. So,

Qb_uneﬂap: % Qo (22)

Since the it is contributed by both the sides, so overall
charge density becomes Qy only.

The threshold voltage at the non underlap gate region is

Vin = 210 + @+ L2 23)
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Where, Cox = iﬂ (F/cm2 )

In case of square gate all around MOSFET with gate
underlap structure, at the underlap region capacitance and
depletion charge is reduced to half of the capacitance and
depletion charge of non underlap region. The threshold
voltage at the unerlap region is

‘]th _underlap — 2|¢f| + ¢) +

J_Qh.|.

CJL
2

= 2+ D+ Ly, (24)

So threshold voltage at gate underlap region is same as
non underlap region. So in square gate all around MOSFET
with gate underlap structure, threshold voltage at corner
region remain same as the threshold voltage at other parts of
the device. This results in corner current and total current of
the device. The modified corner current is

For linear region

2
\'
ID _comer(undedap) — HC [(VGS \/thfunedap)VDS - B ](25)
For saturation reglon
ID _comer(undedap) — MC (VGS \/th_unerlap)z (26)

C =capacitance at gate underlap regions
Fromequation 20
C= - Cox
And from equation 24
\/thiunerlap = Vth
So the equation 25 can be written as
For linear region

Ip_comer(undedap) = H% Tl (Vs — Vin) Vps —
For saturation region
= HC% % (Vas— Van )?
The total current of the device at linear region

w Vpg 2
CTl[(VGS*Vth_undeﬂap)VDs* DZS 1+

(28)

ID_oomer(undedap)

ID_total(undeﬂap) =u

w2 Vbs §
rCox T 1(Vas = Vin) Vbs = —— | (29)
Cox W1 Vps :
=k, [(VGS Vin) Vbs - . 1+
2
v
uCox T[(VGS - Vi) Vps — DZS ] (30
And for saturation regions
w
Ip totd(undetap) = MC z_Ll[(VGs ~ Vih undertap) 2] +
w
_2[(VGS - V)4
c[,X w
. [(VGS — Vin) *I+ nCox LZ[(VGS - Vi)?*l (3D

So from equatlon 30 and 31 it is clear that the corner
current of a square gate all around MOSFET with gate
underlap structure is lower than the comer current of a
normal square gate MOSFET. So using gate underlap
technique corner current can be minimized. But
simultaneously it reduces the total current driving capability
of'the device.

4. Results and Discussion
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To minimize the corner effect a new structure of square
gate all around gate MOSFET has been discussed in section
3. In this structure four gates are given to the four sides of the
device with reduced gate width. The physics of this new
structure is similar to a parallel plate capacitor with unequal
plate dimensions. In parallel plate capacitor the capacitance
is uniform at the region where both plates are of equal
dimensions due. But electric field is not uniform in the
region where both the plates are of not equal dimensions. In
this region electric field is reduced which in turn reduces the
capacitance. Figure 8 shows the plot of variation of
capacitance in gate underlap region. The capacitance
decreases in gate underlap region and it becomes half at the
corner position.
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Figure 9. Variation of threshold voltage at comerpositions and other parts
of'the device with and without using gate underlap technique

Figure 9 shows the variation of threshold voltage with
doping concentration at corner regions and the other parts of
the device for a square gate all around MOSFET with and
without gate underlap. It is clearly shown that for a square
gate all around MOSFET without gate underalp the threshold
voltage atthe cornerregions is lower than the otherparts. But
for a square gate all around MOSFET with gate underlap,
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threshold voltage is equal at corner positions and other parts
which can be seen from figure 9.
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Figure 12. Reuduction of subthreshold leakage current with gate underlap

Figure 10 shows comer current- Vg plot for a square gate
all around MOSFET with and without gate underlap. Since
for a gate underlap structure threshold voltage is equal at
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comer positions and other parts, so current at corner regions
remain same as other parts of the device. So using gate
underlap structure corner current can be minimized, which is
clearly shown in figure 10.

Figure 11 shows total current- Vg, plot for asquare gate all
around MOSFET with and without using gate unerlap. Since
comner current is reduced using gate underlap (from figure
10), hence it reduces the total current of the device.

Figure 12 shows the variation of subthreshold leakage
current for a square gate all around MOSFET with and
without using gate underlap. From this figure it can be
observed that subthreshold leakage current is lower in case
of gate underlap structure.

5. Conclusions

This paper studies the comer effect of a square gate all
around MOSFET which occurs due to charge sharing e ffect
between two adjacent gates. This effect degrades the device
performance by increasing the current at corners leading to
premature inversion. To minimize this effect, in this papera
new structure of square gate all around MOSFET known as
“square gate all around MOSFET with gate underlap” has

been proposed and the same has been modeled and simulated.

Also this model has been compared with conventionalsquare
gate all around MOSFET. From this comparison it is clear
that the threshold voltage and hence the current at the corer
regions of this new structure is same as the threshold voltage
and current at other parts of the device. It also reduces the
subthreshold leakage current. But simultaneously this
structure reduces the total current of the device. Although
this structure reduces the total current driving capability of
the device still it protects the device from unwanted corner
effect.
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