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Abbreviation list 

AM : accumulation-mode 

D: Drain 

FDSOI: fully depleted SOI 

GAA: Gate-All-Around 

IM: inversion-mode 

LER: line-edge-roughness 

Lg: gate length 

RDF: random dopant fluctuation 

S: Source 

SCE: short channel effects 

SiNW: Si nanowire 

SOI : Silicon-On-Insulator 

Tox: oxide thickness 

tSi: nanowire thickness 

Vt: threshold voltage 

WF: work function 

WSi: nanowire width 

 

Abstract  

As a potential replacement of conventional MOSFETs, it is very important to 

understand the effect of process variations on the electrical characteristics of 

junctionless transistors. In this report, we are going to present the different sources of 

variability expected on a junctionless transistor based on previous publications on the 

competing devices. 
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Introduction 

With the scaling of conventional transistors there is a deterioration of the gate control 

to the channel. As an alternative, new device structures like multiple gate MOSFETs 

and fully depleted SOI devices have emerged. However, one of the main challenges in 

building such devices in CMOS technology is the formation of ultra sharp and 

shallow source/drain (S/D) junctions to suppress short channel effects (SCE). The 

junctionless transistor has been reported to avoid this problem [1,2], as the doping 

concentration is uniform across the S, D and channel regions. However, the Si 

channel needs to be heavily doped to get reasonable high current when the transistor 

is on. Therefore, it can be expected that a large threshold voltage variation due to 

random dopant fluctuation and the variation of the nanowire dimensions might result 

in the junctionless transistors.  

 

Discussion 

The main sources of Si nanowire performance variability are schematically 

summarized in Fig. 1 and listed as follows: 

- Channel random dopant fluctuation (RDF) 

- Nanowire channel line-edge-roughness (LER) 

- Nanowire width (WSi) 

- Nanowire thickness (tSi)  

- Metal-gate work-function (WF) 

- Gate oxide thickness (tox) 

- Gate length (Lg)  

 

 
Fig1. Schematic view of a SiNW and its variability sources. 
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There are very few papers that have reported on the variation sources for Si nanowires 

[3]. Zhuge et al have experimentally characterized the variability in Gate-All-Around 

(GAA) Si nanowire (SiNW) transistors and concluded that the main sources of 

variation are the NW size (radius, R) and gate work-function (WF) variations (see 

Fig2). 

 
Fig2. Contributions of different fluctuation sources in SiNW transistors to (a) threshold 

voltage (Vt) and (b) drive current (Ion) variations [3].  

 

In this case Zhuge et al were studying an inversion-mode (IM) nanowire transistor, 

with a S-channel-D doping of n+-p-n+ and no channel implantation. On the contrary, 

the junctionless transistor is an accumulation mode nanowire transistor, with a 

uniform S-channel-D doping of n+-n+-n+, with a heavily doped channel. This means 

that the variability sources are going to differ between them, as we are going to 

discuss next. 

 

Channel random dopant fluctuations (RDF) 

Traditionally channel doping has been used for adjusting the threshold voltage in 

conventional planar MOSFET transistors. At very small gate lengths, the number of 

dopant atoms in the channel has decreased significantly (as seen in Fig3, [4]), which 

is quite difficult to control during the fabrication process. Therefore, the random 

dopant fluctuation in the channel has become probably the major source of variation 

in conventional scaled MOS transistors in the last technology nodes. For example, for 

the 45nm technology node RDF corresponds to around 60% of the total sigmaVt [5].  
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Fig3. Average number of dopant atoms in the channel by technology node [4].  

 

In the case of the inversion mode SiNW transistor, the channel is nearly intrinsic and 

the Vt is adjusted with the selection of an appropriate metal gate material and thus, it 

is not affected by RDF. However, in the junctionless transistor the SiNW needs to be 

heavily doped to allow for a high drive current when the device is on [1]. The 

statistical variation of the dopants in the channel causes a threshold voltage variation 

(σVt) that becomes significant for channel dopings above 1E18cm
-3 as shown in Fig4 

[6]. For example, if the nanowire dimensions are WSi=10nm, TSi=10nm and Lg=20nm, 

the number of doping atoms in the channel would be 10 to 100 for the doping 

concentrations to be used in this project (5E18 - 5E19 cm-3) [7].   

 

 
Fig4. NMOS Vt variation with channel doping due to RDF [6]. 
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Nanowire width/thickness 

The origin of the Vt variation with the nanowire size has been attributed in many 

papers to the quantum confinement effects in the nanowire channel at small 

dimensions [8, 9]. When the channel width fluctuates, the degree of the quantum 

confinement effects varies, resulting in the Vt fluctuation. 

Choi et al [10] has experimentally looked at this effect in GAA junctionless transistors 

and their results showed a large Vt variation with nanowire width in the case of 

junctionless transistors due to the highly doped channel. In contrast, for an inversion 

mode transistor, the Vt variation is not as large because the desired Vt can be obtained 

by changing the metal gate WF, while maintaining a nearly intrinsic channel.  

 
Fig5. Experimental cumulative distribution of Vt in GAA inversion-mode and junctionless 

transistors [10]. 

 

The junctionless transistors in the SQWIRE project are going to be patterned using 

193nm photolithography and a new resist trimming method developed by CEA-LETI 

as described in the deliverable 2.2. Considering the variation on the Si layer from the 

SOI substrates and the dispersion induced by the photolithography, the nanowire 

width is expected to vary between 10 and 20nm. 

   

Metal gate work function 

For the fabrication of the junctionless devices a high-k/metal gate process is going to 

be used with a TiN metal gate. This gate metal is composed of grains with a diameter 

of >10nm (as shown in Fig6, [11]). These grains have different crystal orientation and 
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grain size resulting in a WF variation, which increases as the gate area scales and 

becomes comparable to the metal grain size. For undoped FinFETs and inversion-

mode SiNW transistors the WF variation has been reported to be the dominant source 

of the Vt variation at small gate lengths [3,11] and needs to be looked into detail in 

the case of junctionless transistors. The TiN grain size increases with deposition 

temperature [12], therefore, it is critical the control of this process step during the 

nanowire fabrication. 

 

 
Fig6. TEM of TiN and Mo metal gates [11]. 

 

Other sources of variability 

The contribution from line-edge-roughness (LER), gate length and gate oxide 

thickness to the Vt variability has been reported to be very small and are not going to 

be considered in this project [3,9].  

 

Variation study 

In the literature the conventional way of reporting the random variation in the 

transistor characteristics is using the Pelgrom plot (σVt versus 1/√(LW)). Its slope AVT 

is an indicator of Vt fluctuation and it can be used to compare different device 

structures. In task T4.3 IPLS will perform a statistical variability analysis on the 

junctionless transistors and a comparison with previously reported results for 

conventional high-k/metal gate planar devices (as example, Intel 45nm technology 

AVT is 2.4 mV·um as seen in Fig7, [5]), FinFETs (as example, 3 mV·um, [11]) and 

FDSOI. In addition, TEM will be used to get a statistical value of the nanowire 
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dimensions. The correlation of these results with the threshold voltage variation will 

help us to determine the contribution of the different variability sources.       

 

 

Fig7. Intel 65nm and 45nm technology Vt variation [5]. 

 

Conclusions 

The main variation sources in junctionless transistors are expected to be RDF, 

nanowire dimensions and metal gate WF variations. In order to minimize their impact, 

a close process control during the device fabrication is needed, especially during the 

photolithography and metal gate deposition steps. An extensive variability study will 

be performed in task T4.3 to determine their contribution on the Vt variation of the 

junctionless transistor.   
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