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Abstract

:

Miniaturization and portable devices have reshaped the electronic device landscape, emphasizing the importance of high performance while maintaining energy efficiency to ensure long battery life. FinFET and Tunnel-FET technologies have emerged as attractive alternatives to overcome the limitations of supply voltage scaling for ultra-low power applications. This work compares the performance of 10 nm FinFET- and TFET-based digital circuits from basic logic gates up to an 8k gates low-power microprocessor. When compared with their FinFET-based counterparts, the TFET-based logic gates have lower leakage power when operated below 300 mV, show higher input capacitance, and exhibit a reduced propagation delay under different fan-in and fan-out conditions. Our comparative study was extended to the synthesis of an MSP-430 microprocessor through standard cell libraries built particularly for this work. It is demonstrated that the TFET-based synthesized circuits operating at ultra-low voltages achieve a higher performance in terms of speed at the cost of increased power consumption. When the speed requirements are relaxed, the TFET-based designs are the most energy-efficient alternative. It is concluded that the TFET is an optimal solution for ultra-low voltage design.
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1. Introduction


The emergence of portable applications has ushered in the development of several compact electronics, including wireless sensor networks, Internet of Things devices, biomedical technologies, and wearable equipment. Most of these electronic devices of reduced size target energy efficiency since reducing the power consumption directly translates into a longer battery lifetime [1,2,3,4,5,6,7,8]. Supply voltage down-scaling is an effective method to achieve a minimum energy operation for relaxed-performance applications [9,10,11,12]. Therefore, ultra-low-power circuits can be achieved with an ultra-low-voltage (ULV) operation near the subthreshold region. Nevertheless, subthreshold operation implies an increased sensitivity in the variation of circuit parameters and an exponential increase in propagation delay [11,12]. The manufacturing process of the bulk CMOS technology has run into limitations, such as poor scalability, high leakage current, and short channel effects, despite the fact that the down-scaling of this technology has been the common solution to maintain an acceptable circuit performance [13,14].



Supply voltage reduction and the shrinking of technology nodes in the planar CMOS process result in drawbacks that no longer meet the energy efficiency and performance requirements of modern portable devices. Alternative device concepts based on different operating principles and semiconductor materials are required to deal with the above challenges [15]. The FinFET device has been proposed as an alternative to bulk CMOS technology nodes below 32 nm thanks to its superior scalability, lower gate leakage current, and a better control over short-channel effects [16,17,18]. However, FinFET and bulk CMOS devices share thermionic emission as a main mechanism of conduction, which limits their subthreshold slope (SS) to 60 mV/dec at room temperature [19,20,21].



The Tunnel Field-Effect Transistor (TFET) is a device capable of outperforming conventional MOSFET designs such as bulk CMOS and FinFET devices [21,22,23]. The main conduction mechanism of this device is determined by the band-to-band tunneling at the source-channel; therefore, the SS of the TFET is able to achieve a high-efficiency ultra-low-voltage computation due to a sub-60-mv/dec operation [21,22,23,24,25]. The lower SS of the TFET produces a relatively large on-current at a lower supply voltage, a reduced leakage, and an enhanced low-voltage, as a result of thermionic emission not being involved in this device [26,27,28]. The TFET is based on III-V heterojunction structures which produces an asymmetric device with a unidirectional current, and is the cause of the p-type TFET having an on-current four times smaller than its n-type counterpart [21,23]. In addition, the large capacitance of the TFET caused by its source-channel barrier induces voltage spikes during circuit switching, which can increase power consumption [23,26].



This section introduces the tendency of modern portable devices to require an energy-efficient performance, the limitations of the most used techniques such as low-voltage design and miniaturization on the planar CMOS process, as well as two alternative devices, the FinFET and TFET, each with different characteristics and advantages at a ULV operation. In this work, an extensive comparison of 10 nm FinFET- and TFET devices is presented from basic standard cells up to the synthesis of a low-power 8K gates microprocessor. As the main contribution, it is demonstrated that under a sizing criterion that optimizes the noise margin of the standard cell libraries at low-voltage operation, a TFET-based MSP-430 microprocessor presents a clear trade-off between performance and power consumption. In particular, it is able to achieve a 13.0× faster speed of operation by consuming 6.7× more power than a FinFET-based MSP microprocessor. Additionally, a TFET-based MSP microprocessor synthesized for low-power consumption achieved 34.8% less power than a FinFET-based MSP microprocessor at supply voltages as low as 200 mV.



The rest of this article is organized as follows: Section 2 discusses the device specification and sizing methodology, Section 3 shows the characterization and synthesis results, and Section 4 concludes the work.




2. Methodology


2.1. Device Specification


Figure 1 shows the physical structure of the (a) TFET and (b) FinFET devices used in this work. The FinFET devices have a fin height (  h  f i n   ) of 21 nm, a fin width (  t  f i n   ) of 8 nm, an   L G   of 14 nm, and an equivalent oxide thickness (  E O T  ) of 0.88 nm. The TFET devices have a square cross-section (  L S  ) with a side of 7 nm, a gate length (  L G  ) of 20 nm, and   E O T   of 1 nm. The FinFET devices used in this work are described by the Predictive Technology Models of Multi-Gate transistors (PTM-MG) of the 10 nm node, which are available through spice models in [29]. The FinFET PTM includes two versions: high-performance (HP) and low-standby-power (LSTP). The latter will be used since this work focuses on the ULV range. The TFETs are described through dense Look-Up Tables (LUTs) for   I D  ,   C  G S   , and   C  G D    as a function of   V  G S    and   V  D S    contained in Verilog-A files. The TFET models (i.e., LUTs) are fully described in [21,23], where the TCAD simulator Sentaurus Device was used to reproduce full-quantum simulations of the AlGaSb/InAs heterostructure of the device.



The superior SS of the TFET can be exploited in two different ways: (1) equalizing the threshold voltage of the TFET to that of the FinFET in order to obtain a lower off-current and lesser static energy dissipation, or (2) by setting the same off-current in both devices so that the TFET is able to achieve a higher on-current at lower supply voltages [23]. This last method focuses on the ULV domain and, therefore, is considered throughout this work. Accordingly, this calibration can be visualized in Figure 2 where the drain current and gate capacitance of the p-type and n-type versions of the FinFET and TFET devices are pictured. The off-current of the p-type and n-type TFET devices have been calibrated, respectively, to 1.30 pA and 1.49 pA, while their extrinsic capacitance has been set to 30 aF. Note that the superior SS of the TFET is evident since it can achieve a higher on-current than the FinFET at supply voltages lower than 400 mV. The TFET device has an inherent asymmetry due to its AlGaSb/InAs physical heterojuntion, in contrast to the symmetric Si structure of the FinFET, making the on-current of the p-type TFET almost four times smaller than its n-type counterpart. This asymmetry can also be appreciated in the   I D   vs.   V  D S    plot where raising the   V  G S    voltage on the FinFET produces a constant increase in drain current. This is not the case for the TFET device, where the gain in drain current slowly decreases when applying more   V  G S    voltage due to the decreasing SS. It can also be seen that the gate capacitance of the TFET devices at ULV is larger than the FinFET devices, with the p-type TFET being strongly asymmetric and larger than its n-type counterpart.




2.2. Sizing Methodology


The inherent asymmetry of the TFET device, as made evident in the previous subsection, causes the n-type TFET to drive up to 4-times more on-current than the p-type. This characteristic can be addressed through a sizing methodology where the p- and n-type devices in the Pull-Up (PUN) and Pull-Down (PDN) Networks of a logic gate are assigned different sizes so that both networks drive the same current, optimizing the noise margin of the gate [21,23]. Figure 3 shows the effect of the sizing methodology on the noise margin of the butterfly plot of TFET- and FinFET-based inverters at 300 mV with    W P  /  W N    ratios of 3/1 and 1/1, respectively. Note that the ratios are discrete, since multipliers are used to manipulate the sizes of the TFET and FinFET devices due to their tridimensional nature. While a sizing ratio of 1/1 is enough to optimize the noise margin in the symmetric FinFET device, the asymmetric TFET requires a larger PUN since the p-type TFET drives a smaller on-current.



Table 1 shows the    W P  /  W N    ratios of an inverter, NOR2, NOR3, NAND2, and NAND3 gates after the sizing process, considering a supply voltage   V  D D    of 300 mV. The NOR and NAND gates were sized on a worst-case metric acting as an inverter (i.e., with their inputs short-circuited). It can be observed that FinFET-based gates have smaller sizes than their TFET-based counterparts due to the symmetric nature of the former. Table 1 also shows that the INV and NOR gates have a smaller size than the NAND gates under this sizing procedure. Table 2 shows the noise margin as a percentage of half the supply voltage for different TFET- and FinFET-based logic gates at 200, 300, and 400 mV after the sizing process. It is clear that the selected sizing method ensures a similar noise margin for both TFET and FinFET versions of the same logic gate at 300 mV. A change in the supply voltage causes a reduction in the noise margin of the TFET-based cells due to the asymmetry of this device, in contrast to what happens in the FinFET-based counterparts, where the robustness of the cells is maintained in a better manner when the supply voltage is changed. It is worth mentioning that most of the noise margins of the logic gates are above 100 mV, which is the lower bound value suggested to ensure reliable operation. Although logic gates operating at a voltage supply of 200 mV present noise margins around such a lower bound value (i.e., 100 mV), suggesting that logic decisions could be affected, the noise margin can be improved by operating at lower temperatures (below room temperature).



Three sets of chains were created to study the effects of the sizing scheme on their performance in terms of energy and propagation delay. The three chains implemented were 20 inverters (INV Chain), 20 interleaved NAND2–NOR2 gates, and 20 interleaved NAND3–NOR3 gates acting as inverters with their energy–delay plot over a supply voltage range of 300 mV to 500 mV, as pictured in Figure 4. The TFET-based implementations are, on average, 4.3× faster below 400 mV and 2.7× slower above this supply voltage while being 3.7× more energy consuming across the whole supply voltage range. Therefore, the selected sizing methodology on the TFET-based implementations optimizes the noise margin and improves the speed performance at ULV, albeit with higher energy consumption. It must also be noted that the two-input NAND–NOR chains have a better performance in terms of speed (2.8× and 3.8× for FinFET and TFET-based implementations, respectively) with a change in energy consumption of less than 10%, making this chain implementation more attractive than their three-input counterparts. The Energy–Delay Product (EDP) of these chains across the supply voltage is presented in Figure 5. The EDP is a useful figure-of-merit for studying the advantages of TFET-based circuits and the ULV range in which they can outperform other technologies (e.g., FinFET in this case) [13]. Figure 5 demonstrates that the TFET-based implementations present a smaller EDP than their FinFET-based counterparts at supply voltages below 330mV. Therefore, a synthesis-driven exploration is considered for circuits operating around the sizing voltage (i.e., 300 mV).





3. Results and Discussion


Standard cell libraries containing TFET- and FinFET-based logic cells are characterized to achieve the synthesis of an MSP-430 microprocessor, as well as to compare the performance of the implementations using these devices. Synopsys SiliconSmart was used as the characterization tool for basic logic gates working with the TFET and FinFET transistor models described in Section 2. Synopsys Design Compiler was used to synthesize complex circuits from the generated standard cell libraries. Table 3 showcases the parameters used in the characterization process to produce the standard cell libraries. For the sake of accuracy, considering that the TFET devices we refer to in this assessment were characterized at room-temperature [21], we limited our study to 25 °C for supply voltages ranging from 200 to 500 mV. A pass-transistor D Flip-Flop topology with inverters acting as input and output buffers is used. To ensure robust designs, the synthesized architectures are mapped with logic cells possessing noise margins above 120 mV, since the sizing selected was carried out at 300 mV. A wide load capacitance and input slope range was selected to ensure characterization conditions appropriate for FinFET- and TFET-based logic gates.



The results in this section are divided into two parts, the Characterization Results in Section 3.1 and the Synthesis Results in Section 3.2. The three-input NAND and NOR gates on Table 3 are marked with an asterisk (*) to indicate that they will only be used in the Characterization Results section, since it was previously demonstrated that they do not offer an advantage over the two-input versions (refer to Figure 4). It must be highlighted that our synthesis-based early assessment was performed without considering layout parasitic effects in the simulations. This is because TFET is not a mature technology and the models used in this work do not consider an area description of these devices.



3.1. Characterization Results


Figure 6 shows the leakage power of TFET- and FinFET-based logic gates operating over a wide supply voltage range. The logic gates were separated into two groups: (a) the inverter, NOR2, and NOR3 gates, and (b) the D Flip-Flop, NAND2, and NAND3 gates. This distinction was made due to the logic gates in group (a) having smaller dimensions (i.e., smaller sizing, as explained in Section 2) than those in group (b). The difference between both groups of logic gates is caused by the sizing methodology and applies to both TFET- and FinFET-based implementations. From Figure 6a, as compared with FinFET-based logic gates, the TFET-based alternatives exhibit a decrease in leakage power of about 3%. In particular, for supply voltages below 400mV, the leakage power is reduced by about 18%. Above 400 mV, the TFET-based gates from group (a) and (b) consume, respectively, 5.4× and 9.8× more leakage power as compared with the FinFET-based counterparts.



The input capacitance of the characterized logic gates is listed on Table 4. The D Flip-Flop gate has two distinct inputs: (1) the CLK input and (2) the data (D) input, which are connected to a pass transistor and to a buffer, respectively. Table 4 demonstrates that similar-sized gates produce the same input capacitance (i.e., FinFET-based NOR2 and NOR3 or the DFF-D and INV gates), as well as the fact that the TFET-based alternatives always present a higher input capacitance value. Across every input of all the gates, the TFET-based versions have an input capacitance 2.9× larger than their FinFET-based counterparts.



Figure 7 shows the propagation delay of the main combinational logic gates (i.e., INV and NOR2) at supply voltages of (a,b) 300 mV and (c,d) 400 mV across a mesh of load capacitance and input slope values. In general, the TFET-based logic gates have lower propagation delay across extreme values of load capacitance and input slope, even at supply voltages as high as 400 mV. Moreover, TFET-based logic gates have a larger advantage in terms of speed performance at 300 mV than at 400 mV because of their steep SS at ULV. Note that Figure 7 indicates that the TFET-based implementations can reach a better propagation delay at 400 mV than their FinFET-based counterparts when the input and output conditions are the same for both devices. Nevertheless, it was shown that the TFET-based gates represent a higher input capacitance under the selected sizing methodology; therefore, large and complex designs might not exhibit this advantage over their FinFET-based counterparts at voltages higher than 300 mV.




3.2. Synthesis Results


Now that the main characteristics of the primary logic gates (i.e., D Flip-Flop, Inverter, NAND2, and NOR2) of the standard cell libraries have been presented, the synthesis of more complex circuits is carried out in this section. Figure 8 presents the performance of three synthesized circuits based on TFET- and FinFET-based implementations: a 64-bit Ripple-Carry Adder (RCA), a 64-bit Carry Look-Ahead Adder (CLA), and a 32-bit multiplier (MUL) in terms of (a) maximum frequency of operation, (b) total power consumption, and (c) EDP. It is evident that the TFET-based implementations are better performing speed-wise since they are able to achieve higher frequencies of operation, being 14.1× faster (on average) than their FinFET-based counterparts. This tendency is more evident at lower supply voltages, around 250 mV. Moreover, the TFET-based circuits also consume more total power than the FinFET-based implementations, being on average 1.9× less power efficient. Nevertheless, when looking at the EDP figure-of-merit in Figure 8c, it is clear that the trade-off between energy consumption and performance is favorable to the TFET-based implementations at supply voltages below 375 mV.



The final standard benchmark is the synthesis of an MSP-430 (MSP) microcontroller [30]. The MSP synthesized in this work does not add any memory or peripherals to the simplest version of the microprocessor, and does not consider any optimization in terms of area, clock, or power. Although the developed standard cell libraries do not have area information of the characterized logic cells, the area can be estimated. TFET is modeled after a vertical nanowire and the FinFET as a conventional lateral transistor, estimating an area of 135 nm   2   and 145 nm   2  , respectively, [23]. This in turn allows us to extrapolate the total area that the combinational and sequential cells from the standard cell libraries can occupy on the MSP-430 synthesized design. While the gates in the FinFET-based MSP-430 synthesis occupy an estimated area of 7.37  μ m   2  , the TFET-based counterpart occupies 12.62  μ m   2   of area. It is evident that the sizing scheme causes the TFET implementation to occupy up to 71.2% more area.



The performance metrics of maximum frequency of operation, total power, and EDP are presented in Figure 9 to highlight the different behavior of TFET- and FinFET-based implementations. The TFET-based implementation can reach, on average, 13× higher frequencies than the FinFET-based MSP, with a staggering advantage of being 42× faster at an operating voltage of 200 mV. Still, the TFET-based implementation consumes an average of 6.7× more power across the ULV range. This value is higher than the average power consumption difference in the simple adder and multiplier modules, mainly because the MSP is not a purely combinational circuit. As shown in the EDP figure-of-merit of Figure 9c, the TFET-based MSP maintains a better (lower EDP) energy–speed trade-off at supply voltages below 340 mV. It is evident that while the TFET-based implementations require higher sizing ratios to diminish the inherent asymmetry of the device, they can provide a speed performance benefit much greater than the increased penalty in terms of power consumption when operating at ULVs.



Finally, the total power consumption behavior of TFET- and FinFET-based MSP synthesis at a fixed frequency of operation is shown in Figure 10 for the operating supply voltages of 200, 300, and 400 mV. The maximum operating frequency for both designs in this analysis at a given supply voltage is set by the slowest design between the TFET- and FinFET-based implementations, i.e., 17.5 MHz for TFET operating at 400 mV, and 0.1 MHz and 2.2 MHz for FinFET operating at 200 mV and 300 mV, respectively (since the TFET-based MSP is faster only at 200 mV and 300 mV). The TFET-based MSP operating at 400 mV always consumes a higher total power even at relaxed operating frequencies, being on average 71.2% more energy consuming than the FinFET-based implementation. At lower voltages, as compared with the FinFET-based MSP, the TFET-based solution achieves lower overall power consumption when the operating frequency is relaxed, being on average 3.3% and 34.8% more energy efficient at 300 mV and 200 mV, respectively. This analysis demonstrates that TFET-based implementations with relaxed speed performance requirements can compete with FinFET technologies while ensuring lower power consumption, especially in the ULV range.





4. Conclusions


This work presents a comparison in terms of speed and energy consumption of TFET- and FinFET-based circuits, including an MSP-430 benchmark intended for ultra-low-voltage operation. The main novelty of this work revolves around the use of TFET and FinFET transistors described through Look-Up Tables and Predictive Technology Models to create standard cell libraries by means of the Synopsys SiliconSmart tool. Overall, TFET-based circuits present lesser propagation delay, higher power consumption, smaller EDP, reduced leakage power, and higher input capacitance when compared with the FinFET-based implementations. These attributes were more prominent at ultra-low supply voltages. The synthesis of an MSP-430 benchmark demonstrates that, when compared with the FinFET-based MSP, the TFET-based solution was able to reach higher operating frequencies (with a maximum advantage of 41.6× at 200 mV) at the cost of higher power consumption (maximum penalty of 12.7× at 250 mV), which was proven to be a favorable trade-off due to a lower energy delay product. It was also shown that the MSP TFET-based implementations are able to present up to 1.62× less power consumption than their FinFET-based analogues at supply voltages as low as 200 mV when the frequency of operation is relaxed. The TFET device presents itself as an interesting alternative, able to reach better performance in terms of speed and energy efficiency at ultra-low supply voltages.
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Figure 1. Sketch of the device structure for n- and p-type (a) TFETs and (b) FinFET devices. 
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Figure 2. Drain current of the (a) p-type and (b) n-type FinFET and TFET devices as a function of the gate-source voltage for drain-source voltage values of 0.1 V and 0.3 V. Drain current of the (c) p-type and (d) n-type FinFET and TFET devices as a function of the drain-source voltage for the gate-source voltage values of 0 to 0.4 V. Note that the calibration point is marked with an X. Gate capacitance of the (e) p-type and (f) n-type FinFET and TFET devices as a function of the gate-source voltage for drain-source voltage values of 0 V and 0.3 V. 
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Figure 3. Butterfly plot at   V  D D    = 300 mV for a (a) TFET-based and (b) FinFET-based inverter with    W P  /  W N    ratios of 3/1 and 1/1, respectively, showcasing the effect of the sizing methodology on the noise margin. 
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Figure 4. Energy–delay plot over a supply voltage range from 300 mV to 500 mV for TFET and FinFET-based chains made out of inverters (INV), NAND2–NOR2, and NAND3–NOR3 gates. 
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Figure 5. Energy–delay product over a supply voltage range from 300 mV to 500 mV for TFET and FinFET-based chains made out of inverters (INV), NAND2–NOR2, and NAND3–NOR3 gates. 
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Figure 6. Leakage power over a wide supply voltage range for TFET and FinFET-based logic gates divided in (a) INV, NOR2, and NOR3 and (b) DFF, NAND2, and NAND3. 
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Figure 7. Propagation delay for TFET and FinFET-based INV, and NOR2 at supply voltages of (a,b) 300 mV and (c,d) 400 mV over a wide range of input transition slope and load capacitance values. 
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Figure 8. (a) Maximum frequency of operation, (b) total power consumption, and (c) EDP of a 64-bit Ripple-Carry Adder (RCA), a 64-bit Carry Look-Ahead Adder (CLA), and a 32-bit multiplier (MUL) based on TFET and FinFET devices across a supply voltage range of 200 mV to 400 mV. 
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Figure 9. (a) Maximum frequency of operation, (b) total power consumption, and (c) EDP of a TFET- and FinFET-based MSP-430 across a supply voltage range of 200 mV to 400 mV. 
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Figure 10. TFET- and FinFET-based MSP-430 total power consumption as a function of the operating frequency for the operating supply voltages of 200 mV, 300 mV, and 400 mV. 
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Table 1.    W P  /  W N    ratios after the sizing process for an inverter (INV), NOR2, NOR3, NAND2, and NAND3 logic gates based on TFET and FinFET devices at   V  D D    = 300 mV.
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	Gate
	INV
	NOR2
	NOR3
	NAND2
	NAND3





	TFET    W P  /  W N   
	3/1
	4/1
	5/1
	3/6
	3/17



	FinFET    W P  /  W N   
	1/1
	1/1
	1/1
	1/3
	1/6
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Table 2. Noise margin normalized to 50% of the supply voltage for FinFET and TFET-based INV, NOR2, NOR3, NAND2, NAND3 gates at 200, 300, and 400 mV.
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   V DD    [mV]

	
FinFET-Based

	
TFET-Based




	
INV

	
NOR2

	
NOR3

	
NAND2

	
NAND3

	
INV

	
NOR2

	
NOR3

	
NAND2

	
NAND3






	
200

	
70.8%

	
69.2%

	
67.7%

	
72.3%

	
72.5%

	
66.0%

	
65.0%

	
65.0%

	
68.0%

	
69.0%




	
300

	
77.6%

	
77.6%

	
77.5%

	
80.5%

	
80.9%

	
74.0%

	
75.5%

	
75.0%

	
77.4%

	
78.1%




	
400

	
81.2%

	
81.2%

	
81.2%

	
84.5%

	
84.0%

	
67.0%

	
62.3%

	
60.0%

	
65.4%

	
66.7%
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Table 3. Standard cell library specifications.
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	Parameter
	Value





	Voltage (mV)
	200–500



	Temperature (°C)
	25



	Process
	Typical–Typical



	Logic Gates
	DFF, INV, NAND2, NAND3*, NOR2, NOR3*



	Technology
	10 nm



	Devices
	FinFET and TFET



	Load Capacitance Range (fF)
	60–1000



	Input Slope Range (ns)
	0.895–1288
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Table 4. Input capacitance (fF).






Table 4. Input capacitance (fF).





	Gate
	FinFET-Based
	TFET-Based





	DFF-CLK
	267
	675



	DFF-D
	94
	231



	INV
	94
	231



	NAND2
	189
	489



	NAND3
	331
	1060



	NOR2
	94
	290



	NOR3
	94
	350
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