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Abstract

This work investigates the impact of temperature variation on Short Channel Effects (SCEs). Gallium Arsenide (GaAs), Gallium Anti-
monide (GaSb), Gallium Nitride (GaN) and Silicon (Si) are the channel materials that are investigated. The study examines phenomenal
metrics such as Drain Induced Barrier Lowering (DIBL), Subthreshold Swing (SS), Threshold Voltage Roll-off, On-current and Transcon-
ductance using PADRE Simulator. The results revealed that GaAs-FinFET excels in terms of DIBL, threshold voltage, transconductance
and on-current at higher temperatures. On the other hand, GaN-FIinFET excels in terms of SS at lower temperatures. These findings con-
tribute to the understanding of temperature effects on nanoscale double gate FinFETS, aiding their optimization for diverse electronic
devices.
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1. Introduction

Miniaturization is a remarkable journey undertaken by the semiconductor industry, which is driven by the desire to achieve better perfor-
mance and efficiency through the reduction of semiconductor components ‘size [1], [2], [3]. The intriguing study of nanoscale transistors
has resulted from this drive for downsizing. As we move farther into the area of diminishing technology nodes, the problem of shrinking
transistor size becomes increasingly formidable [4], [5]. These restrictions occasioned by transistor downsize are referred to as Short
Channel Effects (SCEs) [6], [7]. In an effort to get over these obstacles and continue the never-ending pursuit of advancement, researchers
and engineers have turned their focus towards looking at alternative transistor architectures. Fin-Field Effect Transistors (FinFETS) on the
other hand, are emerging as extremely promising alternative structures. They provide improved resilience to loss of dependability and have
the potential to enable further scaling opportunities [8], [9], [10]. The current boom in finFET research is due to their several known
benefits, such as the elimination of short channel effects [11]. As electronic devices get smaller and more powerful, variations in tempera-
ture emerge as a critical environmental component that can affect the SCEs in nanoscale Double Gate FinFETS.

In an effort to mitigate the adverse impacts of short channel effects (SCEs) in FInFETS, various researchers have conducted extensive
investigations. Bhat et al. in [12] investigated the influence of short channel effects (SCEs) on the gate length and channel width of a double
gate n-FinFET device utilizing various channel materials such as Si, GaAs, GaSh, and GaN. The results indicated that GaAs and GaN
channel FIinFETs outperformed Si and GaSb in terms of DIBL. GaN also outperformed GaAs for gate lengths smaller than 46nm. The
study found that GaAs and GaN are promising channel materials for FinFET devices that can be used to minimize short channel effects
and increase device performance. Roslan et al. [13] delved into the characteristics of Double Gate FiInFETSs and assessed how the physical
parameters of FinFETs impact SCEs. Their research revealed desirable electrical attributes in double gate FinFETS, including high drive
current and low off-state current. Chugh et al. [14] explored the influence of parameter variations on sub-50 nm finFETS, showcasing
significant improvements for reduced gate lengths. Meanwhile, Shang et al. examined the impact of fin structure on 5 nm finFET technol-
ogy, suggesting an optimal fin height of 50 to 60 nm. They noted that while a thinner fin improves DIBL performance, it also leads to an
increase in threshold voltage due to the quantum confinement effect.

In a separate study, Roslan et al. [15] investigated the effects of a high-K material gate spacer on SCEs in double-gate FinFETs (DG-
FinFETSs), highlighting their advantageous electrical characteristics, such as high drive current and low leakage current. Kailasam & Go-
vindasamy in [3] explored the electrical properties of DG-FIinFETS by altering the gate dielectric materials, resulting in a substantial in-
crease in transconductance and a significant decrease in leakage current when changing from SiO2 to HfO2. Huang et al. [16] employed a
theoretical model to examine the impacts of Drain-Induced Barrier Lowering (DIBL) and short-channel effects in InGaAs negative-capac-
itance finFETs (NC-FinFETS). They found that strong negative capacitance effect can significantly reduce DIBL and subthreshold swing
differences between InGaAs and Si FinFETSs, particularly for gate lengths below 20 nm. However, the impact of temperature on short
channel effects which plays a significant role in influencing the electrical properties of double gate FinFETSs using Si, GaAs, GaSh and
GaN as channel materials is yet to be investigated
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The study investigated how temperature changes impact short channel effects in nanoscale double gate FinFETSs using GaAs, GaSh, GaN,
and Si as channel materials. The PADRE Simulator will be used to explore the phenomenal parameters DIBL, SS, threshold voltage roll-
off, on-current, and transconductance.

1.1. Device structure

The device structure of an n-channel double gate FInFET is shown in Fig. 1. The structure has important parts such the source, drain, gate
length (channel length), and channel width (fin width or fin thickness). Before making the gate contact, the oxide is placed on the top
surface of the fin, both on the side walls, and both sides of the side walls. Tox1 and Tox2 are the oxide thickness of the side wall.
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Fig. 1: Two-Dimensional Double Gate FinFET [17].

2. Method

We utilized the PADRE Simulator, a component of the Multigate Field Effect Transistors (MuGFET) tool, to perform simulations on our
device. This simulator is proficient in generating informative curves that engineers can employ to characterize the underlying physics of
Field Effect Transistors (FETs). Additionally, it provides consistent solutions to the equations of Poisson and drift-diffusion [18]. During
the simulation, we explored the impact of varying temperature (ranging from 300K to 500K) on four distinct semiconductor materials:
GaAs, GaSb, GaN, and Si, each employed as the channel material for the FinFETs. The simulation maintained a constant gate length of 45
nm and a channel width of 10 nm. The oxide thickness was set at 2 nm, while the channel doping concentration was held steady at 1 x 1016
cm3, and the drain/source at 1 x 10*° cm™. Our simulations involved drain biases ranging from 0.05 V to 1 V and gate biases spanning
from 0 V to 1 V. The parameters are listed in Table 1.

Table 1: Parameter Specifications

Parameter Value

Temperature (1300, 350, 400, 450, 500 ) K
Gate Length 45 nm

Oxide Thickness 2nm

Channel Width 10 nm

Channel Doping Concentration 1x 10 cm?®

Source/Drain Doping Concentration 1x10%* cm?®

Drain Bias 0.05V,0.06V,1.0V

Gate Bias 0Vtol0V

3. Results and discussion

The impact of temperature on short channel effects in nanoscale double gate FinFET devices using GaAs, GaSh, GaN and Si as channel
materials is presented in this section. The important metrics delved into are DIBL, SS, Threshold Voltage Roll-off, On-current and Trans-
conductance.

3.1. Impact of temperature variation on DIBL

The potential barrier is lowered when the drain voltage is raised, and this phenomenon is known as drain-induced barrier lowering (DIBL),
one of the short channel effects. It may be computed for MuGFET devices as follows [19]:

V. AV
DIBL(S) = Ff,: (1)

Where Vry is denotes threshold voltage and Vg denotes drain-source voltage.
Fig. 2 shows the findings of the drain-induced barrier lowering (DIBL) variation with regard to temperature.



International Journal of Scientific World 27

30 4

ALV, =062V - g:gz
GaN

25 - —v—Si
—
=
-
>
E 201

v

1
@
(@)

15

10

5 T T

T T T T T T T
300 350 400 450 500
Temperature (K)
Fig. 2: DIBL vs Temperature.

As the temperature rises, the DIBL of GaN-FinFET increases. DIBL for Si-FinFET, on the other hand, rises from 300K to 350K and then
falls at 400K, implying that 400K is the optimal operating temperature for this device. The DIBL of GaSh-FinFET increases from 300K to
450K, then decreases, with 500K acting as the optimal operating temperature. The DIBL of a GaAs-FinFET increases up to 400K, then
reduces at temperatures over 400K until it reaches 450K, after which it rises again. GaAs-FinFET also performs better than the other
FinFETSs at 300K given that it has the lowest DIBL value, 6.73 mV/V. Reduced DIBL in FinFETs denotes improved control over the flow
of current between the source and drain. This enhanced control results in more predictable and steady performance, which is critical for a

variety of applications.
3.2. Impact of temperature variation on subthreshold swing

The subthreshold slope is an essential parameter in calculating the leakage current. As stated in [18], the following formula is used to
calculate SS:

dVgs
SS (mV/ dec) = 2oz Ins 2)
Where V;, denotes the gate-source voltage and I, denotes the drain-source current.
Fig. 3 shows the impact of temperature on the subthreshold swing. The figure unequivocally shows that in all four of the finFETs under
consideration, the subthreshold slope (SS) increases as the temperature rises. It is noteworthy that these devices work best at 300K, as lower
SS is observed in them at this temperature. This decrease in SS causes a decrease in subthreshold current, which raises the devices' overall
efficiency. It is clear that the subthreshold swing increases when the temperature rises above 300K, which is detrimental for the perfor-

mance, power efficiency, and reliability of finFET devices.
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Fig. 3: SS vs Temperature.

3.3. Impact of temperature variation on threshold voltage

It is essential to perform a thorough evaluation of the device's threshold voltage in order to determine an appropriate channel material for
a switching device [19]. The threshold voltage is the lowest gate voltage required to create a path between the source and drain [20]. Ina
multi-gate field-effect transistor (MuGFET) device, the expression for threshold voltage can be written as [21]:

Q Q
Vthzfms+2ff+ i_ﬁ"' Vin 3)

Cox
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Where Qgs represents charge in the gate dielectric, C,, denotes gate capacitance, Qp is the depletion charge in the channel, f,,,s represents
metal semiconductor work function difference between gate electrode and the semiconductor, f; denotes the fermi potential, and Vin is the
additional surface potential to 2f; that is needed for ultrathin body devices to bring enough inversion charges in to the channel region of
the transistor to reach threshold point.

The impact of temperature on the threshold voltage of GaAs, GaSh, GaN, and Si-finFETs is shown in Fig. 4. The threshold voltages for all
devices are found to fall as temperatures rise. The FInFET devices may benefit from this phenomena in a number of ways, including faster
operation, less power usage, and more energy efficiency. GaAs-FinFET shows lowest threshold voltage at high temperature, which is 0.37
V. Si-FinFET, on the other hand, achieves the highest threshold voltage of 0.53 V at 300K. It's also important to note that in some circum-
stances, transistors with higher threshold voltages provide better long-term stability by minimizing deterioration brought on by things like
hot carrier effects. Furthermore, finFETs with higher threshold voltage values can be seamlessly integrated into applications requiring
compatibility with legacy semiconductor technologies or higher voltage levels within a system.

0.54 ~

1 v ALV, =1V —m—GaAs
0.52 —e— GaSh
GaN

] v
0.50

—v—Si
0.48 —
0.46 —
0.44 —

0.42

Threshold Voltage (V)

0.40 \

0.38

0.36 I . . . . . . .
300 350 400 450 500
Temperature (K)
Fig. 4: Threshold Voltage vs Temperature.

3.4. Impact of temperature variation on current

Fig. 5 displays the outcomes regarding the variation of on-current with temperature. In GaSb, GaN, and Si finFETS, there is a noticeable
decrease in on-current as temperature rises. This trend highlights that higher temperatures consistently lead to decreased on-current in these
three finFETS. In contrast, the GaAs-finFET exhibits a distinct behavior, as its on-current increases consistently with rising temperature
across the entire temperature range under consideration. This shows that GaAs is better than the other three FinFETS across the entire
temperature range considered. FinFETs with greater on-current have better performance, energy efficiency, and adaptability, making them
useful for a wide range of advanced semiconductor applications.
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Fig. 5: On-Current vs Temperature.

3.5. Impact of temperature variation on transconductance

Transconductance, denoted as gm measures how the drain current changes with variations in the gate-source voltage while maintaining a
constant drain-source voltage. It is calculated using [18]:

dlp

= b @

9m = Gus
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Where I, is the drain current and V is the gate-source voltage. Therefore, the value of gm is extracted by taking the derivative of the I-
Vs curve.

Fig. 6 shows how the transconductance of GaAs, GaSh, GaN, and Si FinFETSs varies with temperature. Transconductance increases in all
the four FinFETS as temperature rises, demonstrated by the figure. Notably, GaAs FinFETs have highest transconductance at 500K. This
result indicates that all four FINFET types are capable of operating efficiently across the whole temperature range investigated, with their
transconductance properties acceptable for a range of temperature-dependent applications. Lower supply voltage needs can result from
higher transconductance, which in turn can lead to less power consumption, particularly with battery-powered devices like smartphones
and Internet of Things (10T) devices, lower supply voltages are crucial for power-efficient operation.
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Fig. 6: Transconductance vs Temperature.

4. Conclusion

Temperature variations in nanoscale double gate FinFETSs can worsen short channel effects, including threshold voltage shifts, increased
subthreshold swing, and drain-induced barrier lowering, resulting in variations in performance and reliability issues. This work explored
the influence of temperature variations on short channel effects (SCEs) in nanoscale double gate FinFETs employing diverse channel
materials, including GaAs, GaSh, GaN and Si. The findings revealed that GaAs-FinFET excelled in terms of DIBL, threshold voltage,
transconductance and on-current at higher temperatures. On the other hand, GaN-FinFET exhibited superiority in terms of SS at lower
temperatures. These findings contribute valuable insights into the temperature effects on nanoscale double gate FinFETS, offering guidance
for optimizing their performance in a wide range of electronic devices. Further research can be carried out to develop temperature com-
pensation techniques or circuit designs to counteract the variations in threshold voltage and on-current observed with changing tempera-
tures.
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