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Chapter 5

Effects of Elevated Source/Drain and Side Spacer Dielectric on
the Drivability Performance of Non-Abrupt Ultra Shallow
Junction Gate Underlap GAA MOSFETs

5.1 Introduction

We have observed in Chapter-4 that the combined effects of drain/source elevation height
engineering and graded S/D-channel junction engineering can be explored for improving
drivability performance of the ultra shallow junction (USJ) gate-underlap DG MOSFETS.
The objective of the present chapter is to investigate whether the improvement in the
drivability performance of the USJ gate-underlap DG MOSFETSs studied in Chapter-4
can be achieved in the Gate-All-Around (GAA) MOSFETSs. It is already discussed in
Chapter-1 that GAA MOSFET is one of the promising non-classical MOS transistor
structures with better control over the SCEs than other multiple gate MOS structures
(Chen & Tan 2014). Further, the circular GAA MOS structure is normally preferred over
the quadruple GAA MOS structure due to its reduced SCEs owing to reduced corner
effects (Song et al. 2006). In view of the above, the present chapter has been devoted to
report an ATLAS™ TCAD based simulation study for investigating the effects of S/D
elevation height and dielectric spacer dielectric on the drivability performance of the non-
planer USJ gate-underlap GAA MOSFET in the similar manner as considered for the DG

MOSFET in Chapter-4. We have restricted our study for investigating the effects of
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elevation S/D height and four different side spacer dielectrics namely Air (relative

dielectric constant (g, =1)), SiO; (g, =3.9), SisN, (¢, =7.5)and HfO, (¢, =20)on 1,

r

I and I /1, ratio the circular GAA MOSFETs under consideration. The layout of

this chapter can be given as follows.

In Sec. 5.2, the details of device structure and models used for TCAD simulation have

been discussed. Section 5.3 presents some TCAD results and discussions related to |,

I and 1 . /1 ratio. Finally, the major observations have been summarized in Sec.5.4.

5.2 Device Structure and Simulation Details

The schematic of the cylindrical gate ultra-shallow junction gate-underlap elevated
source/drain MOSFETSs structure used for simulation in the ATLAS™ 3D TCAD

simulator is shown in Fig 5.1(a). To approximate the USJ (i.e. non-abrupt S/D-channel
junction), the Gaussian doping profile N_,(x)= N, exp(-x*/2c?) with N, =10*cm™
as the peak doping concentration and o, as the straggle parameter (Nandi et al. 2013)
has been used in the S/D region as considered Chapter-4. Symbolic notations L (18 nm),
W,, (20 nm), W, (25 nm), L, (10nm), t, (7 nm), o, and t_ (1 nm)are the gate length,

Underlap channel length, side spacer thickness, source/drain thickness, silicon channel
diameter, doping lateral straggle and gate oxide thickness of the device respectively. Fig
5.1(b) shows the S/D Gaussian doping profile variation with different lateral straggle o
in the proposed device structure. It is important to note that the elevated source/drain

electrodes are formed over the uniformly doped source (i.e. the region between
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Fig 5.1 (a): Schematic view of the underlap elevated source/drain GAA MOSFET with

following device parameters: source/drain width, Wy, =25nm, gate-underlap length,
L, =10nm, gate length,L, =18nm, gate side spacer length, Wy, = 20nm, gate oxide

thickness, t

! tox

=1nm, and channel thickness, t; =7nm; (b): Dimensions of various

channel regions used for simulation along with the lateral doping profile in the

source/drain extension region for different values of straggle parameter o .

x=-(Wy +Wg, — L, )and x=0) and drain (i.e. the region between x =L, + 2L, and
x=L, +Ls +W +W,,) with a doping concentration of 1 x 10%°cm~3 as considered in

the conventional MOS devices for S/D contacts with low parasitic source and drain
resistances. Two Gaussian doped regions are introduced in the underlap gate regions I
and 111 with the peak doping (1 x 102°cm~3) of the Gaussian profile placed at x =0 and

x =L +2L, at the source and drain sides respectively as shown in Fig 5.1(a). The
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objective of introduction of such Gaussian doped regions at the ends of the uniformly
doped source and drain regions in underlap- gate regions is to convert the abrupt source-
channel and drain-channel junctions into the ultra-shallow graded junctions by reducing
their junction depths. Since a doping concentration beyond 2.7 x 10*°cm™3 can make Si
into a degenerated material (Nandi et al. 2013), two degenerate Gaussian doped regions
with concentration greater than or equal to 2.7 x 10%cm™3 will exist in the vicinity of

x=0 and x =L, +2L, inthe underlap gate region which effectively extend the source

and drain regions towards the gate and reduce the effective channel length of the device.
Thus, the proposed structure provides additional flexibility in terms of the source/drain
elevation height, spacer dielectric constant and Gaussian doping profile parameters for
controlling the drivability characteristics of the device while maintaining low parasitic
source and drain resistances same as those of the conventional MOS devices. The
standard drift-diffusion (DD) model together with the fermi model (classical Fermi-Dirac
statistics of the carrier distribution), srh model (Schottky-Read-Hall recombination), aug
model (Auger recombination) and quantum model (quantum mechanical effects) have
been used in the ATLAS simulator for simulating the proposed device structure. The

tungsten (work functione,, = 4.7 eV ) has been used as the gate material.

5.3 Results and Discussion
Variation of 1, and | as a function of source/drain elevation hg, (0.0 nm — 30.5 nm)

for different side spacer dielectric materials, Air, SiO,, SisN4and HfO, has been shown in
Fig 5.2(a), Fig 5.2(b), Fig 5.2(c) and Fig 5.2(d) respectively. The rare phenomenon of
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Fig 5.2: Drain current variations as a function of elevation height hg, :[Left] On current
versus hg, plot for Vo =1.0 Vand V =1.0V; [Right] Off current versus hg, plot for
Vs =1.0 Vand V =0.0V for the four side spacer dielectrics namely Air (a), SiO; (b),
SizN4 (c) and HfO,(d).

increase in 1, (Vs =1.0 Vand Vs =1.0 V) and decrease in I, (Vg =0.0V and
V,s =1.0V) with solo increase in hg, is observed in the proposed structure for all the
above mentioned side spacer materials. The increase in hg, , decreases overall
source/drain resistance which results in increase of |, . As this effect is dependent on on-
state current ( I,, ) magnitude thus more dominant in the on-state of the device.
Simultaneously, in subthreshold region the increase in the hg, lowers the electric field at

drain channel interface which leads to decrease of band to band tunneling in the device
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Fig 5.3(a): Drivability characteristics for SiO, spacer dielectric: I, /1 , ratio versus the
lateral straggle o, of the drain/source Gaussian doping profile for different h, values
and (b): Variation of I, /I ratio as a function of o _for different side spacer dielectric

materials but with a fixed value of hg, =2.15nm .
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Fig 5.4: Variation of | /1 , ratio as a function of the drain/source elevation height h;

for different side spacer dielectrics under study.

which in turn lowers the I (Zhang et al. 2003). As the magnitude of side spacer

dielectric constant is increased, the gate originated electric field confinement increases
towards the underlap channel region. This strengthens the coupling between gate and

channel in the strong inversion region resulting in enhancement of I, . While in

subthreshold region, major gate originated electric field is captured in the high-k side
spacers than in overlap gate oxide. Thus, the weak gate control (due to subthreshold

region) in the overlap channel region further reduces and results in decrease of I .Fig
5.3(a) illustrates plot of 1, /1, ratio versus o, (for different hy, values from
(6.0 nm — 30.5 nm) in the step size of 6 nm) with SiO, as side spacer dielectric. Fig
5.3(b) demonstrates 1, /1 ratio versuso, for fixed hy, = 21.5 nm and different spacers

(Air, SiO,, SisN4 and HfO,). Fig 5.3(a) and Fig 5.3(b) reflects a common information

98



Chapter 5: Effects of Elevated Source/Drain and Side Spacer Dielectric on the Drivability
Performance of Non-Abrupt Ultra Shallow Junction Gate Underlap GAA MOSFETs

Table 5.1: (GAA)Percentage change in [ ,/T 5 value at different hep wrt I,p/Togr valueat b

I:[mﬂaf JL‘-:: - I:[cu'. Jf[af :I|r_ﬂ=

(her =hsp =0nm). [%(I /I ;)= x100]
I:[w.f’l[afjh-_m

b (nm) % (LaTle) 2t op =1nm o (Lol 2t op =4nm ¥ (LeLg) atop =7Tom

A [ 80, [ SN, [HD, [Ar [ S0, [SeN. [H. [Ax [ S0, [ SuN. | HO
33 0806/ 1384] 2243/ 335 08310 16037 22512 3333 2/0.95 28098 3977 /838
6.5 12207 26528 33817 3782 12513 26817 38998 3773 33639 46148 6853 15050
93 141.81 32480 48943 7323 14522 32863 49292 7516 39727 36418 8663 20284
125 15200 33843 53060 8709 15571 36285 53544 8605 41861 62446 9795 23784
155 15748 37671 38606 0494 16122 38158 50181 0470 43049 630350 10481 25085
185 160.60 38738 60820 10027 16444 39272 61434 0990 43772 68130 10919 27427
215 16260 39434 62253 10402 16645 39970 62908 10364 44241 69561 11213 28407
245 16390 399.09 63250 10669 16780 40448 63917 10633 44563 70548 11418 29101
215 16480 40244 639.60 10872 16875 40784 64642 10832 44794 71239 11567 29613
30.3 16546 40483 64400 11027 16948 41031 63191 10979 44965 71787 1168.0 3000.0

that, the increase in lateral straggle (o, )deteriorates the I, /I, ratio. On the other hand,
with increase in hg, and the value of side spacer dielectric constant; the 1, /I ratio

increases, which reflects the benefit of using elevated source/drain (with high-k side
spacer material) over non abrupt structures. Table 5.1 shows percentage variation in

I, /1 ratio with respect to non- elevated structure, for Air, SiO;, SisN4 and HfO, as
side spacer at different values of o and h, .Consistent increase in percentage |, /1 4
ratio is observed in the Table 5.1. with increase in hg,,o andeg of side spacer. Best
improvement is observed with the HfO, (~3000 % at o, =7nm & hg, =30.5 nm )

which is much higher than best percentage improvement by other side spacers Air (~449

%), SiO; (~717 %) & SizsN4 (~1068 %). And magnitude wise maximum value of 1 /1
ratio is also with HfO, (~1.7 x 10°at o, =1nm &hg, =30.5 nm ) which is again much
higher than other side spacers Air (~3.7 x 10°), SiO, (~3.7 x 10°) & SigN, (~1.05 x 10°)

. The drain current( 1, ) versus gate voltage (V) [Left] and Transconductance (g,,)
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Fig 5.5(a): Variations of drain current and transconductance with respect to the gate to

source voltage for different hg, values but for the fixed spacer dielectric SiO, and

straggle parameter o, =4nm ; (b): Variations of drain current and output conductance
due to the drain to source voltage for different hg, values but for the fixed spacer

dielectric SiO, and straggle parameter o, =4nm

100



Chapter 5: Effects of Elevated Source/Drain and Side Spacer Dielectric on the Drivability
Performance of Non-Abrupt Ultra Shallow Junction Gate Underlap GAA MOSFETs

T T T T T T T T T T — v T S0
—s— Air (a)
409 o 5iy 3
—a— SiN, P~
s e [
2301 hp=21.5mm / | &
= 130
E 20 g
= =
; 20 E
B g
2 104 £
10 10 =
04 T T T T T T ]
0.0 0.2 0.4 0.6 0.8 1.0 12 14
Gate to Source Voltage, Vs (V)
20 T T T T T T T T T 65
T
e ® EEEES A _
195 =
17g
€151I =
= . L, 145 =
S 1 £
Z {35 3
£ 101 ettt es 35 g
= 1 2
T 125 ¢
g ——ttatnas 1 =
8 54 . E
b - ...%.].r -
hsp=21.5nm — Si0y 15 S
—a— SN,
s 15
0+ = ‘0

00 02 04 06 08 10 12 14
Drain to Source Voltage, Vps (V)

Fig 5.6(a): Plots of drain current and transconductance as functions of the gate to source
voltage for the four different side spacer dielectric materials namely Air, SiO, SisN4 and

HfO, and h, = 21.5nm; (b): Variations of the drain current and output conductance due

to the drain to source voltage for the four dielectric spacer materials Air, SiO,, SisN4 and
HfO, with a fixed hgy, =21.5nm.
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versus Vg [Right] have been shown in Fig 5.5(a) whereas Fig 5.5(b) shows the drain
current( 1) versus drain voltage (V) [Left] and output conductance g, [Right] versus
the Vs characteristics for a fixed value of o, =4nm ,SiO;, as spacer dielectric and
different values of h, . In both the Figures a consistent increase in the magnitudes of I
, g,and g, with the increase in the h, has been observed. Fig 5.6 (a) shows 1., versus.
Vs [Left] and g, versus V [Right] graphs while the I, versus V¢ [Left] and g,
versus V [Right] characteristics have been shown in Fig 5.6 (b) for fixed values of
o,.=4nm and hg, =21.5nm but for different spacer dielectrics under study.
Consistent increase in the magnitudes of I, g,, and g, with the increase in spacer

dielectric permittivity e, (Air — HfO,) is observed.

5.4 Conclusion

A detailed TCAD based simulation study for investigating the effects of S/D elevation

height (hg,) and four different dielectric spacers (namely Air, SiO; SizN4 and HfO, in

the gate and S/D regions) on the drivability, transconductance and output conductance of

USJ GAA MOSFET have been reported in this chapter. It is observed that the 1, /1 4
ratio of the device can be significantly improved by increasing h¢, and permittivity of the
spacer dielectric material. While the |1 is reduced with increased hg, by the band-to-
band tunneling for lower permittivity spacer dielectrics Air and SiO,, | it is noted to be

increased significantly for higher permittivity spacer dielectrics SisN4 and HfO, due to
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the dominance of the GIDL phenomena over the band-to-band tunneling. Among the four

spacer dielectrics under study, increase in |, and decrease in |, is only observed for
the entire increased values of h, in case of SiO, spacer dielectric confirms that band-to-
band tunneling is the dominant phenomena for all values of h,. However, both the I,
and 1, /1 ratio are improved by using higher permittivity spacer dielectrics. Further,
while 1 is increased with the straggle parameter o of the Gaussian profile in the
source/drain region, the overall I, /I ratio is decreased with increasedo, . Moreover,
the transconductance and output conductance characteristics are also improved with the
increased value of hg, for different spacer dielectric materials. In brief, the elevation
height of the source/drain regions, permittivity of the side spacer dielectric and o, can

be explored as additional parameters for optimizing the drivability as well as other
performance parameters of the sub-20nm non-abrupt GAA MOSFETSs structure under

consideration.
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