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Abstract

Nano-sheets are the revolutionary change to overcome the limitations of FInFET. In this paper,
the temperature dependence of 10 nm junctionless (JL) nano-sheet FET performance on DC,
analog and RF characteristics are investigated for the first time using extended source/drain
and with high-k gate stack. The detailed DC performance analysis like transfer characteristics
(Ip-Vas), output characteristics (Ip- Vps), DIBL, SS and Ion/Iorr ratio are evaluated from 200
K to 350 K. We also analyzed the temperature effect on the ON-OFF performance metric (Q),
dynamic power, and power consumption. Furthermore, to understand the device performance
on various process parameters like doping, and work function variations are presented at 300
K. The proposed device exhibits good Ion/Iorr switching behaviour with /orr reaching less than
nA for all temperatures. The cut-off frequency (f;) is determined to be in the THz range and the
ON-OFF performance metric (Q) ranges between 1.5 to 2.2 pS-dec/mV at Lg of 10 nm.
Furthermore, the scaling effect of nano-sheet at various gate lengths (Lg =5 nm, 8 nm, 10 nm,
14 nm, and 20 nm) are also presented. From simulation analysis we notice that analog/RF
performance parameters of a JL nano-sheet FET are less sensitive to temperature variations. At
extremely scaled Lg the nano-sheet FET exhibits lower power consumption and dynamic
power and comparatively decreases with increase in temperature. The proposed nano-sheet
FET demonstrates as a strong potential contender for low-power and high-frequency

applications at nano-regime.

Keywords: Nano-sheet, Temperature, analog/RF, High-K Metal Gate, Dynamic Power, Power

Consumption.



1. Introduction

Due to a wide range of applications in electronic fields like military, automobiles, nuclear
sector, satellite communications, space, infrared detectors, and terrestrial systems which are
highly temperature dependent [1-3]. In most of the aforementioned applications, the basic
building blocks are transistors, logic gates, static RAM cells, and operational amplifiers. The
miniaturization of the device is the primary driving force for CMOS transistors to reach more
density and high performance for IC applications. But on the other side deep scaling invites
adverse short channel effects (SCEs) and severe second order effects which are diminishing
the technological outreach. In order to counter these SCEs metal oxide semiconductor field
effect transistor (MOSFET) with more than one gate is a viable option for future nano

transistors.

One such device is FINFET in which short channel effects (SCEs) have been reduced by
wrapping the channel from three sides. But in the contrary, the FinFETs are facing several
challenges in terms of device performance, layout, patterning, and effective cost to continue
scaling [4-6]. Since all pitches are decreasing, taller, thinner, and tighter fin structures are
required for optimum performance and process. However, for sub-10 nm technology nodes
more robust structure that can control the channel from all directions is highly essential in order
to control the channel to avoid SCEs. The gate-all-around structures like GAA nanowire, GAA
nanoplate and nano-sheet are the suitable candidates that can replace FinFET at sub-10 nm
regime [7]. But the limiting factors of GAA nanowire transistor is lower drive current due to

lower effective channel widths.

To continue scaling and to have high performance devices nano-sheet transistors are suggested.
Since nano-sheet FET is not limited by fin pitch, fin quantization and have optimum effective

width. The nano-sheet also offers a larger channel area by vertically stacking the channels in



the same metal gate area. The stacked nano-sheets get 30% more effective width compared to
FinFETs within the same footprint [8,9]. For nano-scale devices it is very difficult to
manufacture sharp junctions and have fabrication difficulties. To counter these manufacturing
difficulties, Junctionless structures are formed through uniform doping throughout the silicon
fin [10-12]. This uniform doping behaves like a resistor whose resistivity can be controlled by
gate bias. To enhance the performance of 3D nano-sheet, high-k gate stack is used by reducing
the oxide thickness. Although the oxide thickness is less the high-k dielectric enhances the gate
controllability. The metal gate electrode is placed for the gate stack over polysilicon which

induces phonon scattering and fermi level pinning [13].

In this paper the simulation of nano-stack FET is carried out by high-k gate stack to have good
electrostatic gate control and the whole device is isolated with Si0; along with spacer to reduce
the series resistance effect due to underlap formation. The result analysis of section-1I presents
DC simulation characteristics of 10-nm nano-sheet FET. The section-III presents the analog/RF
performance and power characteristics of JL nano-sheet FET with temperature variation. The

section-IV presents the gate length (Lg) variation and process variation effects at 300 K.
2. Device Structure and Simulation Setup

The device structure is generated through cogenda visual TCAD simulator [14]. The 3D and
2D view of nano-sheet FET is depicted in Fig.1(a, ¢ and d). The nano-sheet FET with gate
length (Lg) = 10 nm, each fin width (Fw) = 10 nm, and fin height (Hsn) = 10 nm (with total fin
height (Hsi: 3 x 10 = 30 nm) is generated. The device with a uniform doping concentration of

1 x 10" cm™ is maintained to avoid junction formation at nano-regime.

The gate stack with SiO2 of 0.5 nm and HfO> of 1.28 nm to get equivalent oxide thickness
(EOT) of 0.75 nm is considered to have good electrostatic integrity [15]. The metal gate work

function of 4.8 eV is fixed for all the device simulations in order to have individual threshold



voltages (Vin). An optimized spacer distance of 15 nm is maintained between source and drain

potential terminals to have good subthreshold behaviour.
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Fig. 1. (a)The 3D schematic view of n-channel SOI nano Sheet with isolation oxide and Spacer
dielectric (b) Calibration with experimental data [16] (c) 3D View of SOI FinFET without
spacer dielectric and outer isolation oxide (d) 2D cross sectional view of n-channel SOI

FinFET.

An increase in series resistance with spacer distance can be reduced by adopting a spacer

dielectric which enhances both ON current and reduces drain influence on the channel. Initially
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uniform doping concentration of 1x10"”cm™, and Lg are set tol0 nm respectively for

temperature variations.

The physical models used in the simulation are Fermi Dirac statistics to account for heavily
doped JL nano-sheet FET. To account for generation and recombination phenomena SRH
recombination model is activated. To account for various scattering phenomena like surface
roughness, and acoustic phonons Lombardi mobility model is incorporated. The bandgap
narrowing model is involved due to the higher doping of JL nano-sheet FET. The quantum
density gradient model for quantum correction effect is also included. The geometrical
parameters and materials used for device simulation are depicted in Table I. The TCAD device
physics is welly calibrated with experimental results used for demonstration of nano-sheet FET.
The threshold voltage (Vi) is extracted at 100 nA x (Wet/Lc), where Wegr is the effective device

width [Werr =n x (2 x Hsn+ Wsi)].

Table 1. Parameter Description.

Parameter SOI n-FinFET
Gate Length (Lg) = Fin width (Ws;) = Fin height (Hsn). 10 nm

Gate oxide thickness (tox) - SiO2 0.5 nm

Gate high-k dielectric oxide thickness — HfO» 1.28 nm

EOT (Equivalent Oxide Thickness) 0.75 nm
Spacer dielectric Si02
Source/drain Length (L) 20 nm

Length of source/drain spacer Ls= Lp 15 nm
Source/channel/drain doping 1x10"

Gate work function 4.8 eV




III. Simulation Results and Discussion with Temperature Variations.

The device log transfer characteristics of nano-sheet FET with various temperature variations
are shown in Fig. 1. With an increase in temperature the leakage current increases i.e., the OFF-
state leakage current increases. This increase in OFF current (lorr) with the rise in temperature
is due to diffusion current and SRH recombination’s which are dependent factors of
temperature. The intrinsic carrier concentration (n;) is a dependent factor of temperature and

the expression for n; is given as [17].

n; = exp (-Eg/2kT) (1)
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Fig. 2. (a) Transfer (Ip-Vgs) (b) Output characteristics of nano-sheet FET with variation of

temperature.

Here ‘k’ is the boltzmann constant and ‘T is the absolute temperature. At Vgs = 0.6 V the
temperature variation is almost negligible i.e., the temperature coefficient (TC) is zero. The
leakage current increases with a rise in temperature due to reduced V. From Fig. 4b it is
noticed that the DIBL effect is more at 350 K and eventually decreases when the device
temperature reaches 200 K. As shown in Table. II, the OFF current (lorr) decreases with a

decrease in temperature, and the ON current (/on) will be in constant comparatively due to flat



band voltage i.e., zero vertical electric field [18]. The lon/Iorr ratio is higher for 200 K and is

least for 350 K. The variation in Ion/IoFr ratio is due to a change in OFF current (Jorr) only.

Fig. 3a shows the potential distribution of JL. nano-sheet FET in ON state (Vos=1.5V, Vps=
0.9 V). The potential distribution is more towards the drain and is minimal towards the channel
and source side which reduces SCEs. Fig. 3b and 3¢ shows the conduction and valence band
energy contour distributions. Both of them have high energy at source and energy falls in the

channel and drain sides due to band bending.
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Fig. 3. The (a) Potential distribution (b) Conduction band energy (C) Valence band energy of

nano-sheet FET at 300 K with Vps=0.9 V and Vgs=1.5 V i.e., ON state.

The drain induced barrier lowering (DIBL) and subthreshold swing (SS) evaluates the device
efficiency towards subthreshold performance. The threshold voltage is extracted at 100 nA x
Wesi/Letr, where Wegr is the effective width and Lesr is the effective gate length. The DIBL and

SS are given by the following expressions [19, 20].

| Vth1=Vinz)
DIBL (mV/V) = | )
-1
SS (mV/dec) = [% 3)
GS

where Vi1 and Vpsi is the voltage taken at supply voltage of 0.04 V and Vi and Vps: is the

voltage taken at supply voltage of 0.9 V.
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Fig. 4. The nano-sheet FET subthreshold characteristics (a) Threshold voltage (Vi) and
subthreshold swing (SS) (b) Drain induced barrier lowering (DIBL) with variation of

temperature.



From Fig. 4a. reduction in threshold voltage (Vi) leads to the increment of subthreshold swing

(SS). With an increase in temperature the drain current increases due to decrease of Vi with

the rise in temperature. The SS value increases with a rise in temperature.

Table II. Electrical characteristics of nano-sheet FET.

Temperat | Ve 0.9 | V@ DIBL SS Ion/Iorr
Ion(A) Iopr(A)
ureinK |V 0.04V (mV/dec) Ratio
200 0.39 0.43 46.5 48 8.65 x107 1.78 x105 | 4.85x10'°
250 0.35 0.41 58.13 66.7 8.51 x10° 1.81 x103 | 4.70x108
300 0.31 0.37 69.76 76 8.54 x10° | 4.38 x10'? | 1.94x107
350 0.28 0.35 81.39 86 8.64 x10° | 4.6 x10°!! 1.87x10°

3. Analog and RF performance metrics.

The g, is an important parameter for building operational amplifiers and transconductance
amplifiers. The g also specifies bandwidth, DC gain of an amplifier, noise performance and
offset. To evaluate g the mathematical expression can be given as g = dIp/0Vcs. The g

value increases with decrease in temperature due to a rise in drive current (Ip). The

improvement in g is observed in the weak moderate inversion region and it falls at higher
gate bias due to mobility reduction. Fig. 5a depicts the temperature variation of g with respect
to gate bias. The g shows significant rise in weak-moderate inversion region, and at high Vs
the g _falls due to mobility degradation. The g reaches to highest peak to 115 uS at
temperature of 200 K and with increase in temperature g, decreases due to downfall in drain
current. The g shows negligible increment with effect to temperature for JL nano-sheet FET

at Lg = 10 nm.
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Fig. 5. The analog characteristics of nano-sheet FET(a) Transconductance (g, ) (b)

Transconductance generation Factor (TGF) with variation of temperature.

The transconductance generation factor (TGF) is the property of a device that converts DC
power into AC frequency. Higher the g for a device more will be the TGF, higher TGF for
device indicates better analog performance. The mathematical expression for TGF can be given
as TGF = g _ /Ip. The TGF value will be higher with a decrease in temperature and its value
decreases with a raise in temperature. Since the reduction in /p is more significant in the weak-
moderate inversion region than increase in g, with temperature, leading to an increase in the
g,,/Ip ratio. Moreover, there is a negligible impact of TGF, as anticipated at higher Vgs with

temperature.

Ip, . . .
The early voltage Vea (= g—D) is another important parameter for analog performance evaluation.

Higher VEa ensures higher output resistance. From Fig. 6a, at moderate gate bias VEa is
comparatively higher at T = 200 K. The device achieves Vea of ~9 V for all temperatures and
ensures good analog perspective. From results it is noticed that JL nano-sheet FET exhibits

marginal increment in Vea for temperature variations due to marginal variation in g ,.



The output conductance (g,) is an important figure of merit to calculate the intrinsic gain of a

device. The output conductance is represented as (g,) and expressed as g, = dIp/ 0Vps.
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Fig. 6. The output characteristics of nano-sheet FET (a) Early voltage (Vea) (b) Output

conductance (gq) with variation of temperature.

The output conductance variation with respect to temperature is depicted in Fig.6b and noticed

that increase in temperature, g, decreases and leads to a reduction of output resistance which

ensures the better driving capability of the devices. Both the early voltage and output

conductance have minimal impact with respect to temperature variation.
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Fig. 7. The nano-sheet FET characteristics (a) Gate capacitance (Cgs) (b) Cut-off frequency

(fo) with variation of temperature.

The total gate capacitance (Cge) is the capacitance combination between source and drain
terminals i.e., Cgg = Cgs+Cgd. The total capacitance is an important metric to evaluate the
parameters like cutoff frequency (f;) and delay (7). The response of total gate capacitance (Cge)
for various temperature range with gate bais variation is depicted in Fig. 7a. From results it is
noticed that raise in temperature the (Cge) values increases due to reduction in energy bandgap
lowers the energy barrier which simultaneously increases the charge carriers in the channel.
Since the increase of charge carriers in channel results in an increase of charge carriers under

the gate region which increases gate capacitance [21].

The cutoff frequency (fi = g, /2m(Ces+Cea)) is the frequency at which the current gain is 1 and
it indicates its high frequency operation capability to obtain optimum gain [20]. The f; value
increases with decreases in temperature i.e., lower at T = 350 K and its value is higher at T =

200 K. The marginal increment of f; as a function of temperature is due to marginal variation

ing and Cgg.
Table II1. Analog characteristics of nano-sheet FET.
Temperature | TGF gm (uS) ga (uS)
VEa Cgg aF) ft(aHy
in K
200 66.25 115.08 8.6 9.14 96.5 2.68
250 49.98 111.13 8.43 9.15 98.4 2.54
300 40.70 109.39 8.4 9.11 99.5 2.53
350 33.24 108.44 8.4 9.11 102 2.51




The ON-OFF performance metric ‘Q’ evaluates the device switching capacity and measures
the qualitative behaviour of a device. The expression for ‘Q’ is defined as Q = g, /SS [23] and

is detrimental in evaluation of device performance for mixed-signal applications. The ‘Q’ value

is higher with lower temperature i.e., its value is higher at 200 K and lower at 350 K.

The gain of a device evaluates the overall performance of a device. The expression of gain is

givenas Av=g /g, . The Ay is higher with 200 K and comparatively lower with 350 K due to

Em-
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Fig. 8. The nano-sheet FET characteristics (a)The ON-OFF performance characteristics (Q)

(b) Gain (Av) with variation of temperature.

The dynamic power and power consumption at Vpp= 0.7 V of 10 nm SOI nano-sheet FET is

shown in Fig.9. The expression for dynamic power (DP) is given as (COXVDDZ) and the power

consumption (PC) is given as G COXVDDZ) per W at Vpp of 0.9 V [24]. Here Cy is the intrinsic

capacitance i.e., without any parasites. Both DP and PC decrease with an increase in
temperature at Lc=10 nm. Both DP and PC are essential to estimate the device flexibility for

low power and high-performance applications.
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Power consumption (PC) with variation of temperature.
4. Impact of Various Parameter Variations:
4.1 Impact of Doping and Work function.

From Fig. 10a, depicts the doping variations of nano-sheet FET at fixed work function of 4.8
eV, Vgs= 1.5V, and Vps= 0.7 V respectively. Lower doping concentration exhibits lower

leakages but with a decrease of Ion, higher doping shows moderate Iorr but with enhanced Ion.
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Fig. 10. The nano-Sheet FET characteristics (a)The Doping Characteristics (b) Work Function

(WF) variation with variation of temperature.

With an increase in doping both Ion and Iorr increases. At doping concentration of 1 x 107"
cm™ the device achieves the highest Jox and lower threshold voltage (Vi) and at 1 x 10°!° cm’
3 the device achieves lower Iorr. The work function (WF) variation of nano-sheet FET is
depicted in Fig. 10.b and noticed that increase in WF device leakage decreases and threshold
voltage increases. The work function range between 4.7 eV to 4.8 eV ensures moderate ON-

OFF characteristics at 10 nm Lg.
4.2 Impact of Gate Length Variation.

The investigation of scaling leverage on nano-sheet FET from 20 nm down to 5 nm respectively
is carried for evaluation of different short channel characteristics like threshold voltage (Vi),
DIBL, SS. The Fig. 11. a, shows the transfer characteristics of nano-sheet FET with various
gate lengths (Lg) at Ves = 1.5 V and Vps= 0.9 V. Scaling (Lc) increase leakages due to a
shortage of gate control. The high leakages are dominant in nano-regime and occupy a

significant portion of power dissipation due to reduction of the power of gate through the

channel.
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The device shows decent performance in all gate lengths with Ion/Iorr ratio higher than 10°

except at 5 nm Lg. Both TGF and g, shows significant increment with Lg scaling, the TGF and
g,, are the highest for 20 nm and significantly decreases with Lg scaling due to reduction of

gate control over the channel. The DC characteristics like g, TGF and SS are depicted in Table

V.
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Fig. 12. The nano-sheet FET characteristics (a) Threshold voltage (Vin) roll-off (b) DIBL (c)

Em and SS and (d) ON-OFF performance metric (Q).

The short channel performance estimation of nano-sheet FET is examined in Fig. 12. a and b.
The threshold voltage decreases with Lg scaling. With increase in Lg the short channel effects
gets minimised and exhibits better performance due to better gate control and improved gate
electrostatics. From the result analysis it is inferred that the device achieves better Vi, with
greater than 100 mV for all Lg except at 5 nm. From Fig.12b, it is observed that DIBL increases

with Lg scaling due to reduced gate control over channel.

The device exhibits moderate DIBL up to 10 nm Lg, but below 10 nm Lg the higher DIBL is
noticed due to diminished gate control over the channel. The variation of g as a function of
SS is depicted in Fig. 12.c, lower SS has higher g and reduction of g _ the SS value

diminishes. The variation of Q with L is depicted in Fig. 12.d and noted that Q value

significantly decreases due to reduction of SS wit Lg scaling.



Table IV. Nano-Sheet FET simulation results for different gate lengths at 300 K.

Lc (nm) 5 8 10 14 20

Parameters at 300 K
Vth (V) 0.14 0.25 0.3 0.35 0.39
SS (mV/dec) 82.7 81.8 76.6 74.4 70.2
DIBL (mV/V) 162 104 69.76 50 46.5
Ton/Torr 2.2 x 10* 1 x10° 1.9 x 107 9.7 x 107 9.4 x 108
Transconductance, gm (LM) 9.8 10.3 10.42 10.45 10.82
TGF (V1) 30.49 36.38 39.11 42.08 44.62
Conclusion

The temperature simulation of analog/RF and power consumption analysis is performed on JL
SOI nano-sheet FET. The results analysis reveals that analog/RF parameters like
transconductance (g, ), TGF, gate capacitance (Cg), and cut-off frequency (f;) degrade with
rise in temperature. The temperature dependence of analog/RF parameters of JL SOI nano-
sheet FET is minimal. The dynamic power (DP) and power consumption (PC) decrease with
rise in temperature. The switching performance metric (Q) and gain (Ay) decrease with increase
in temperature. The nano-sheet FET not only ensures optimum realization of digital logic but
also analog/RF metrics with THz operational band frequency regime and ensures further
scaling. The reduction of DP and PC ensures device driving capability for low power and high

frequency applications at nano-regime.
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Figure 1

(@) The 3D schematic view of n-channel SOI nano Sheet with isolation oxide and Spacer dielectric (b)
Calibration with experimental data [16] (c) 3D View of SOI FinFET without spacer dielectric and outer
isolation oxide (d) 2D cross sectional view of n-channel SOI FinFET.



—a— T=200 K
—a— T=250 K
—i— T=300 K
—v— T=350 K

urrent, I (A)
=]
ds

Vps= 0.9V

b= 4.8eV

Lg=10 nm

Drain Current, I (1A)

40

L
o

o]
o

-
o

0 0.3 0.6 0.9 1.2
Gate Voltage, Vg (V)

(a)

Figure 2

1.5

0 0.3 0.6 0.9 1.2 1.5
Drain Voltage, Vpg (V)

(b)

(a) Transfer (ID-VGS) (b) Output characteristics of nano-sheet FET with variation of temperature.



potential(\Vv)

l—3.207

-3.558

T EITETEYeY

(b) -1.043

Evie\V)

ID.36 1o

-1.445
-3.2517

-5.057

-6.863

©

Figure 3
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The analog characteristics of nano-sheet FET(a) Transconductance (gm) (b) Transconductance

generation Factor (TGF) with variation of temperature.
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The output characteristics of nano-sheet FET (a) Early voltage (VEA) (b) Output conductance (gd) with

variation of temperature.
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Figure 7

The nano-sheet FET characteristics (a) Gate capacitance (Cgs) (b) Cut-off frequency (ft) with variation of
temperature.
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The nano-Sheet FET characteristics (a) The Doping Characteristics (b) Work Function (WF) variation with
variation of temperature.
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The nano-sheet FET characteristics (a) Gate length (LG) scaling in log scale (b) (b) Gate length (LG)
scaling in linear scale (c) Transconductance variation (gm) (d) Transconductance generation factor
(TGF) variation with gate length (LG).
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