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An experimental study of drain current statistical characteristics in two vertically stacked nanowire MOSFETs (bottom one: Omega shaped and top one: nanowire) is presented. The most critical parameter variations are identified using an advanced mismatch model that well describes the experimental results, while the impact of channel geometry is examined for every source of process variations.

Introduction

Since the introduction of FinFETs, the multi gate structure has been considered as the key technology solution for further scaling down. For better gate control of the channel, gate all around (GAA) nanowire (NW) or nanosheet (NS) field effect transistors (FETs) have been developed for the next generation sub-15 nm complementary metal-oxide-semiconductor (CMOS) technology for nodes, exhibiting improved performance metrics such as I on /I off ratio, and subthreshold swing (SS) etc. Due to the aggressive scaling and the complexity of fabrication process however, device-to-device variability is becoming a limiting factor for the performance of GAA NW-based circuits. Generally, the variability within a wafer is divided in local (intra-die variations) and global (inter-die variations). From a circuit design point of view, it is important to consider the local variability (difference between neighboring transistors of the same circuit), but global variability is also a key parameter for evaluating and optimizing the process variation. In this study, we investigate the drain current, I D , variability through measurements and model fitting in 2 vertically Stacked GAA NW FETs, aiming to identify the main sources of parameter variations and their dependence on channel geometry.

Device Information and Experimental Setup

Vertically stacked NW FETs were fabricated by CEA-LETI with state-of-the-art FDSOI technology. The channels width W and length L, in the devices under study varied in the range of 0.01-0.02 μm and 0.015-0.2 μm, respectively. These devices are composed of stacked nanowires (bottom one: Omega gate shape and top one: GAA NW) as shown The conventional intra-die local variability of I D is calculated by using the logarithmic difference between two drain current value for the matching pair devices within the same die. On the other hand, the inter-die global variability is carried out by using average value from all measured ΔI D /I D = ln(I D /I D,avg ), when only one current is obtained per die. As shown in Figure 3, the global variability of shortest device L=0.015 μm with W=0.01 μm is at least 3 times larger than one of longer channel device with L=0.2 μm. Because of relatively low V TH for W/L=0.02 μm /0.015 μm, the variability of this case has smaller than W=0.01 μm. Following the Pelgrom's law [START_REF] Pelgrom | Matching properties of MOS transistors[END_REF], the drain current global mismatches for larger area devices are notably lower. In Figure 4, the normalized standard deviations of the drain current mismatch are shown for different geometries. Despite of normalization for geometries, standard deviation of device W/L=0.01 μm /0.015 μm has larger than those of different geometries. In order to elucidate these drain current mismatch dependences, we utilized the drain current variability model which is explained by Eq. ( 1). This equation is valid to linear regime and also weak to strong inversion following V G . According to Eq. ( 1), the current mismatch could be attributed to uncorrelated origins of parameter variations: V TH , β, and R SD where β=μ 0 C ox V D W/L current gain factor, and R SD the source/drain series resistance [START_REF] Rahhal | New methodology for drain current local variability characterization using Y function method[END_REF][START_REF] Ioannidis | Impact of source-drain series resistance on drain current mismatch in advanced fully depleted SOI n-MOSFETs[END_REF].

σ 2 (ΔI D /I D )=(g m /I D ) 2 •σ 2 (ΔV TH ) +[1-g d •R SD ]•σ 2 (Δβ/β)+g d 2 •σ 2 (ΔR SD )
Eq. ( 1) where σ(ΔV TH ), σ(Δβ/β), and σ(ΔR SD ) are the 1) demonstrated a good agreement from weak to strong inversion within all cases of devices [START_REF] Rahhal | Mismatch trends in 20nm gate-last bulk CMOS technology[END_REF]. Regardless of device W, I D variances similarly decrease in high inversion region. It might be explained that the terms of standard deviations with V TH and β are dominant to variability model following V G . And, the variances of short devices L=0.015 have approximately 1 decade larger than those of long channel devices. It should be explained Pelgrom's law as Figure 3. As shown in Table 1, the standard deviations of each parameter were extracted by variability model for linear regime. Additionally, all standard deviations have similar trends following the device area according to Pelgrom's law [START_REF] Pelgrom | Matching properties of MOS transistors[END_REF]. 

Conclusion

We carried out the drain current global variability for 2 vertically stacked GAA NW FETs. The global variability model was well fitted by experimental data for all cases of NW FETs devices. Furthermore, the extracted standard deviations from variability fitting are inversely proportional to the effective area of device. 
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 12 Figure 1. Cross-section TEM image of 2-vertically stacked Nanowire FETs with gate stacks (HfO 2 , TiN, and W metal)
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 34 Figure 3. Drain current mismatch of NW FETs according to gate voltage on various geometries
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 5 Figure 5. Mismatch variance versus gate voltage for different geometries. Mismatch fitting model (line) has a good agreement with experimental results (symbol)
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		standard deviations of variability
		parameters	
	W/L	σ(ΔV TH )	σ(Δβ/β)	σ(ΔR SD /R SD )
	(μm/μm)	(mV)		
	0.01/0.015	38.4	0.287	0.198
	0.01/0.2	9.3	0.078	0.073
	0.02/0.015	26.4	0.099	0.104
	0.02/0.2	9.7	0.039	0.051
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