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Abstract—We demonstrate that the integration of in-situ doped 
Si Source and Drain (S/D) in three-dimensional Multi-Channel 
Field-Effect Transistors (MCFETs) leads to improved electrical 
performances. The combination of in-situ doped Selective 
Epitaxial Growth (SEG) and ion implantation indeed enables to 
drastically reduce the S/D resistance (down to 72 Ω.µm for 
nFET and 227 Ω.µm for pFET). Ion implantation induces a 
small mobility degradation, which becomes negligible in short 
gate length (LG) MCFETs. Gate width down-scaling otherwise 
needed to suppress the overall mobility degradation with LG and 
obtain the best electrical properties. 

I. INTRODUCTION  
The performances of silicon-based large-scale-integrated 

circuits (LSIs) have improved dramatically in the past 40 
years. Those improvements were based on the down-scaling 
of individual Metal-Oxide-Semiconductor Field-Effect 
Transistors (MOSFETs). However, the scaling of the planar 
bulk MOSFETs gate length reduction becomes more and 
more problematic due to the degraded gate electrostatic 
control of the channel potential leading to short-channel 
effects (SCEs) — threshold voltage roll-off, drain-induced 
barrier lowering (DIBL), subthreshold slope (SS) degradation, 
etc. Multi-gate devices are nowadays considered as the most 
promising solutions to minimize SCEs [1]. Vertically-stacked 
Multi-Channel FETs and 3D-stacked nanowire FETs, because 
of their reduced footprint, benefit from superior ON current 
performances [2-6]. Gate-source/drain (S/D) capacitances 
CGS/GD and S/D resistance RSD have however to be further 
minimized in order to boost performance and reduce the 
intrinsic delay in such devices [5,6]. The recent introduction 
of internal spacers in MCFETs led to 39 % decrease of the 
intrinsic CV/I delay [4]. In this work, we have used in-situ 
doped Selective Epitaxial Growth (SEG) in order to fabricate 
the MCFET S/Ds. A homogenous and efficient S/D doping 
was thus achieved, resulting in higher electrical performance. 

II. MCFET STRUCTURE 
A cross-sectional TEM image of the fabricated five-

channel MCFET structure on a SOI substrate is shown in 
Fig.1. This structure is composed of two double-gate (DG) 
transistors (channels 1&2 and 3&4) and a bottom single-gate 
transistor on SOI (channel 5). The self-aligned gates 
completely surround channels 1 to 4, with consequently a 
better electrostatic control. The SiN internal spacers with 
“Elevated flat-shaped” Si S/D are located on both sides. 
HfO2/TiN/Poly-Si was used as the gate stack. The resulting 
equivalent oxide thickness EOT is ~2.5 nm. The fabrication 

process is similar to that reported in [4], except for the in-situ 
doped Si SEG S/D. In this study, we compare three types of 
samples with different S/D doping schemes in order to 
investigate their impact on S/D resistance as shown in Table 
1. In sample A, S/D were ion-implanted after the intrinsic 
SEG step. In sample B, the S/D were in-situ doped during the 
SEG step. In sample C, we cumulated both of them (with the 
same conditions). Here, the gate length LG is the average of 
channels 1 to 5 estimated from cross-sectional TEM images.  
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Figure 1.  Cross-sectional Transmission Electron Microscopy image of a 
MCFET with internal spacers and ‘flat’ shaped S/D, and the process flow. 

TABLE I.  SOURCE/DRAIN DOPING CONDITIONS 

 Process A Process B Process C 
Intrinsic Si SEG     

In-situ doped Si SEG      
Ion implantation      

III. ELECTRICAL RESULTS  
First of all, we compare the impact of the S/D doping 

conditions on the transistors drive current. Fig. 2 shows the 
ION-IOFF characteristics of the MCFETs with 70-nm-LG. All 
the currents are normalized by the footprint of the channel 
width W. Changing the doping process from B to C improves 
the ION current by 72 % for nFET and 37 % for pFET at the 
same IOFF of 10-8 A/µm. In order to precisely extract the 
device parameters and thus understand those improvements, 
we have used the Y-function-based technique [7-9]. The 
second order mobility attenuation factor Θ2 (which is related 
to the surface roughness effect [10]) is notably taken into 
account with this method. Fig. 3 shows the ID and gm 



comparisons between the measured data and the model. A 
good agreement is obtained.  
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Figure 2.  ION-IOFF characteristics for n-FET (a) and p-FET (b). ION is the 

drain current at VG-VT = 0.9 V and -0.9 V, IOFF is the off  current at VG-VT = 
-0.3 V and 0.3 V for n- and p-FET, respectively. |VD| = 1.2 V. 
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Figure 3.  Comparison of ID-VG and gm-VG curves’ fitting with the model 

shown in the figure. β is the current factor of the transistor (β = μ0WCox/Leff), 
VGt is the gate drive voltage (VGt = VG – VT – VDS/2), and  Θ1eff and Θ2 are 
the first- and second-order mobility attenuation factors, respectively. Θ1eff 

represents the mobility limitation caused by phonon scattering and includes 
the RSD: Θ1eff = Θ1 + RSDβ. The measured device is the C process nMCFET. 

Gate length and width are 70 nm and 350 nm, respectively. 

A. Source/Drain Resistance 
RSD was extracted by plotting Θ1eff versus β. Fig.4 shows 

the good linearity of the relationship between Θ1eff and β for 
all gate lengths down to 70 nm. The resulting extracted values 
reveal that RSD reduction was successfully reduced by 
combining in-situ doped SEG with ion implantation for both 
n and pFETs. 
B. Carriers Mobility 

The junction architecture may have a role in the mobility 
degradation when reducing the gate length due to the possible 
introduction of neutral defects by the S/D ion implantation [11, 
12]. In the following, by comparing process B and process C 
MCFETs, we will quantify the ion implantation impact on the 
effective mobility. The latter was extracted versus the 
inversion charge density for electrons and holes by an 
improved split C-V method [13]. Indeed, for short-channel 
devices, extraction errors can be caused by the parasitic 
capacitances subtraction from the measured gate-to-channel 
capacitance (CGC). The effective mobility (µeff) values 

extracted by this method were compared with the mobility 
calculated with the device parameters extracted in the former 
section, as shown in Fig. 5. It is shown that the µeff values, 
both with and without any RSD correction, were well 
accounted for by the Y-function models. 
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Figure 4.  Extraction of RSD from Θ1eff – β plots and comparison of the 

resulting values for nFET(a) and pFET (b). The MCFETs with process C has 
a low RSD value of 72Ω.µm and 227 Ω.µm for nFET and pFET, respectively. 
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Figure 5.  Effective mobility extraction with RSD correction. The  measured 
device is a 70-nm-LG-nMCFET with process C. Gate length and width are 50 

nm and 350 nm, respectively. RSD are corrected by IDS0=IDS/(1-IDSRSD/VDS) 

Fig. 6 compares process B with process C for a 70 nm LG. 
For process C, µeff was slightly degraded for both electrons 
and holes. It may be due to the impact of ionized defects. It 
can be expected that such small mobility degradation does not 
significantly impact the ION current as compared to the benefit 
of RSD reduction. However, it is important to know for the 
device scaling whether or not this mobility degradation 
depends on LG. Thus, we plotted the low field mobility (µ0) 
versus LG (Fig. 7). For process B and C, µ0 is degraded for 
both electrons and holes as LG decreases. In order to analyze 
those behaviors, we used the LG dependent mobility 



degradation fitting model proposed by G. Bidal et al. [12]: 
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The two fitting parameters are the maximum mobility µmax 
[cm2.V-1.s-1], which is generally equal to the long channel 
mobility, and a mobility degradation factor αµ [V.s.cm-1]. First, 
the CGC-VG curves were compared for various LG (Fig. 8). No 
differences were observed. This means that MCFETs with 
process C should have electrically the same effective gate 
length, equivalent gate oxide thickness, parasitic capacitance, 
and threshold voltage than the ones with process B. The ion 
implantation has however a large impact on the extracted µmax 
values. The mobility for sample C is indeed degraded by ion 
implantation, this even in long channel FETs (as in [12]). On 
the other hand, αµ values were similar. Such LG dependent 
degradation might partially be attributed to ballistic transport 
[15]. 

IV. GATE LENGTH SCALING 
In the former section, we have discussed the RSD reduction 

occurring when combining in-situ doped SEG with ion 
implantation and the mobility degradation dependence on LG. 
In this section, we examine the global MCFETs down-scaling, 
including SCEs. The IOFF behavior, when normalized by a 
common threshold voltage VT, reflects the subthreshold 
properties such as DIBL and SS (not the VT roll-off, however). 
Fig. 9 shows the ION-IOFF characteristics of n- and p-MCFET 
with several LG and W. The currents were normalized by the 
total channel surface Wtotal (Wtotal = W x 5ch. + TSi x 6side-ch.). 
When reducing LG down to 70 nm, IOFF increases 
progressively due to the enhanced DIBL, while the SS value 
remains constant at ~70 mV/decade for nFET and ~75 
mV/decade for pFET. MCFETs with LG smaller than 70 nm 
have degraded subthreshold properties without the expected 
ION enhancement. This kind of degradation can be suppressed 
by adding the lateral gates electrostatic control through W 
down-scaling [14]. Drive current gains of 14 % for nFET and 
20 % for pFET were observed when W was reduced from 350 
nm down to 100 nm. We measured in the meantime an 
improved mobility µ0 of 11 % and 18 % for nFET and pFET, 
respectively. This suggests that W down-scaling may reduce 
the LG dependent mobility degradation. Additional 
investigation is needed in order to obtain a physical 
explanation of this phenomenon which is compatible with 
volume inversion.  

Lastly, we present the scaled MCFETs characteristics with 
the process C. Fig. 10 shows ID-VG and ID-VD characteristics 
associated to 50-nm-LG 80-nm-W nMCFET and 40-nm-LG 
and 70-nm-W pMCFET. We obtained extremely high ION-
currents of 4.1 mA/µm for nFET and a record 2.7 mA/µm for 
pFET at VDD = 1.2 V. These values are obtained thanks to the 
3D configuration of the vertically stacked channels and the 
enhanced impact of lateral conduction with small gate width. 
However, IOFF is still high due to the non-optimized threshold 
voltage on those samples. When normalized at VOFF+VDD, the 
ION-currents are 3.3 mA/µm for nFET and 2.0 mA/µm for 
pFET. When normalized by Wtotal, the ION-currents at 
VOFF+VDD for n- and p-FET are 538 µA/µm and 396µA/µm, 
respectively. These normalized ION values are comparable to 

planar fully depleted – SOIFETs when using the same 
(unoptimized) gate stack [16].  
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Figure 6.  Effective mobility comparison between process B and process C. 

Gate length and width are 70 nm and 350 nm, respectively.  

 
Figure 7.  Low-field mobility µ0 behavior as a function of the gate length. 

The lines result from LG dependent mobility degradation modelling. 
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Figure 8.  Gate-to-channel Capacitance CGC as a function of VG for several 

gate lengths. 

V. CONCLUSION 
We have successfully reduced the RSD values for both n- 

and p-MCFETs by combining in-situ doped SEG and ion 
implantation. These reductions led to dramatic ION gains. 
Mobility was however degraded by S/D ion implantation. For 
short-channels MCFET, this mobility degradation was 
nevertheless negligible. The gate length scaling maximizes the 
drive current gains in MCFETs when compared to planar. 
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Gate width down-scaling enables to obtain the highest drive 
currents due to both the lateral conduction and the suppression 
of the LG dependent mobility degradation. 
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Figure 9.  ION-IOFF characteristics with several channel sizes for nMCFET (a) 

and pFET (b).  
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Figure 10.  ID-VG (a) and ID-VD (b) characteristics for the scaled MCFETs.  
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