
1 
 

 Impact of the Channel Doping on the Low-Frequency Noise of Gate-All-Around 

Silicon Vertical Nanowire pFETs 

Eddy Simoen1, Anabela Veloso1, Philippe Matagne1 and Cor Claeys2 

 

1 Imec, Kapeldreef 75, B-3001 Leuven, Belgium, eddy.simoen@UGent.be 

2 ClaRoo Consulting, Leuven, Belgium, c.claeys@ieee.org 

 

 

1. Abstract 

 

In this work, the impact of the channel doping on the low-frequency noise of silicon Gate-All-Around (GAA) 

Vertical Nanowire (VNW) pMOSFETs on Silicon-on-Insulator (SOI) substrates will be described and 

discussed. It is demonstrated that the dominant fluctuation mechanism of the 1/f noise in weak inversion 

changes from mobility (∆µ) to number (∆n) fluctuations with increasing doping density of the silicon 

nanowires. At the same time, the lowest input-referred voltage noise Power Spectral Density is observed for an 

intermediate boron concentration of 5×1018 cm-3. 
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2. Introduction 

 

Future CMOS technology nodes will rely on Gate-All-Around (GAA) FETs that ensure ultimate control over 

the short-channel effects [1]. In this class of devices, GAA Vertical Nanowires (VNWs) offer some clear 

integration advantages over horizontal architectures. While their integration requires a somewhat more 

complex processing scheme, these devices can be implemented in a 3D architecture, for example, as selectors 

in memory circuits [2]. When fabricating VNW transistors on a bulk silicon substrate, the latter serves at the 

same time as the source, using a backside contact. It has been shown that this leads to a clear asymmetry in the 

DC current-voltage characteristics [3] and, as shown more recently, also in the low-frequency (LF) noise 

performance [4-5]. For a true 3D implementation of VNW FETs, a separate source contact should be fabricated, 

not using the wafer backside as electrode. This can be emulated by starting from Silicon-on-Insulator (SOI) 

wafers and implementing a top source contact on the silicon film.  

Another processing factor that deserves some attention is the doping density of the silicon nanowires, that are 

generally grown by Chemical Vapor Deposition (CVD) epitaxy. Undoped silicon NWs are usually slightly n-

type, while in-situ doping with B or P yields p- or n-type wires. It has been shown in the past for horizontal 

NWs on SOI that a junctionless architecture may result in favorable DC and LF noise characteristics [6,7]. In 

addition, optimal noise performance has been demonstrated for medium doping density, in the range of 5×1018 

cm-3 [7]. 

In this work, we will describe the impact of the channel doping on the low-frequency noise of junctionless (JL) 

silicon GAA VNW pMOSFETs on SOI, on its magnitude and the underlying fluctuation mechanisms. 

 

3. Experimental details 

 

The silicon VNWs with a diameter of ~26 nm and a gate length (defined vertically) of up to ~100 nm have 

been patterned on epitaxial films grown on 300 mm diameter SOI substrates. The effective gate length and 
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width are estimated 100 nm and 8.2 µm, respectively. The channels of these devices are either undoped 

(corresponding to intrinsic, undoped epitaxially grown Si layers) or in-situ B-doped; the doping concentration 

indicated by [B] was varied between 2×1018 cm-3 and 1×1019 cm-3. In the latter case, a junctionless (JL) type of 

transistor structure was achieved by sandwiching the nanowires between 50 nm thick highly in-situ B-doped 

SiGe (25%) contact layers. The gate-first stack consists of IL-SiO2/HfO2/TiN/W with an Equivalent Oxide 

Thickness (EOT) of ~1.0 nm. A simplified schematic of these devices’ configuration and an example of a 

Secondary Electron Microscopy (SEM) image obtained during their fabrication are shown in Fig. 1. 

 

Low-frequency (LF) measurements have been executed on wafer in linear operation (VDS=-0.05 V), with the 

gate voltage VGS stepped from weak to strong inversion. The studied pFETs have 10 by 10 NWs in parallel, so 

in total 100 nanowires. The input-referred voltage noise Power Spectral Density (PSD) SVG has been calculated 

from the drain current noise PSD (SI) by dividing with gm2 in each bias point (gm the device transconductance). 

 

4. Results and Discussion 

 

It has been shown that the LF noise spectra are predominantly 1/f-like [5]. This is illustrated by Fig. 2 for a JL 

p-type nanowire FETs with a [B] of 2×1018 cm-3. From the frequency-normalized spectrum f×SI it can be 

derived that there is also a small Lorentzian Generation-Recombination (GR) component present at higher 

frequencies (f>100 Hz). At the same time, it is shown that there is little asymmetry between the noise 

measurements in Forward (F) and Reverse (R) operation. In latter case, the roles of source and drain have been 

interchanged. This stands in contrast to the behavior of the GAA VNW pFETs on a bulk substrate where a clear 

asymmetry has been reported [4]. Evidently, the use of a top source contact removes this artefact. 

According to the SI versus drain current (ID) in Fig. 3a, the noise PSD at 10 Hz increases roughly proportionally 

with ID2. This also follows from the normalized current noise PSD in Fig. 3b, exhibiting a plateau in weak 

inversion followed by a roll-off in strong inversion. This is typical for 1/f noise dominated by number 
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fluctuations [8-11] or ∆n mechanism. The parallelism with the (gm/ID)2 function confirms this idea. Again, no 

asymmetry is found in the 1/f noise PSD. The same can be concluded from the SVG versus gate voltage. shown 

in Fig. 4. The increase at more negative VGS indicates the higher impact of the parasitic access resistance on 

the 1/f noise [12,13]. 

Similar trends are observed for the undoped (UD) VNW pFETs, as can be derived from the normalized current 

noise PSD in Fig. 5a or the SVG in Fig. 5b. In the first instance, there is no pronounced impact of the channel 

doping on the LF 1/f noise behavior for low [B]. Of course, there is an impact on the threshold voltage and 

maximum transconductance. 

The picture changes when [B] becomes higher than 2×1018 cm-3, as illustrated by Fig. 6). Here, the SVG at 10 

Hz for a set of VNW JL pFETs is shown with [B] =5×1018 cm-3. In this case, a V-shaped dependence on gate 

voltage is observed, with a minimum occurring around the threshold voltage VT. The difference is the clear 

roll-off of the 1/f noise PSD found in the subthreshold regime (higher VGS). This indicates the presence of an 

additional flicker noise source with different, non-∆n origin. This picture is further confirmed by comparing 

the normalized drain current noise PSD with the (gm/ID)2 function in Fig. 7a and 7b. A transition of the dominant 

1/f noise mechanism from ∆n at low [B] (also found for the undoped NWs) to ∆µ for [B]≥5×1018 cm-3 is 

observed. This indicates a change in the hole transport in the NW from near the Si/SiO2 interface (low [B]) to 

along the nanowire core (high [B]). This is more clearly illustrated by the SVG data of Fig. 8. 

Finally, as can be observed in Fig. 9, the lowest average SVG is found for [B]= 5×1018 cm-3. This is very similar 

to what has been concluded for horizontal silicon GAA NWs on SOI substrates. 

Fig. 10 and Fig. 11 

 

5. Conclusions 
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The channel doping has a clear impact on the flicker noise of GAA VNW pMOSFETs on SOI by changing the 

noise PSD and the dominant fluctuation mechanism. This can be useful for optimizing the analog performance 

of such junctionless devices. 
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Figure Captions 

 
Figure 1: Schematic cross-section of a GAA VNW FET on SOI (a) and SEM image taken prior to the top 

electrode (TE) formation (b). BE=bottom electrode. 

Figure 2: Drain current noise spectra in linear operation and for VGS~VT for a junctionless GAA VNW pFET 

and corresponding frequency-normalized (f×SI) spectra in forward and reverse operation. [B]=2×1018 cm-3. 

Figure 3: Drain current noise PSD at f=10 Hz in linear operation versus ID and (b) corresponding normalized 

current noise PSD and (gm/ID)2 of a junctionless GAA VNW pFET in forward and reverse operation. 

[B]=2×1018 cm-3. 

Figure 4: Input-referred voltage noise PSD at 10 Hz for a JL VNW pFET in Forward and Reverse operation 

at VDS=-0.05 V. [B]=2×1018 cm-3. 

Figure 5: Normalized drain current (a) and input-referred voltage noise PSD (b) at 10 Hz for an undoped 

VNW pFET in Forward and Reverse operation at VDS=-0.05 V. 

Figure 6: Input-referred voltage noise PSD at 10 Hz for a JL VNW pFET in Forward and Reverse operation 

at VDS=-0.05 V. [B]=5×1018 cm-3. 

Figure 7: Normalized current noise PSD and (gm/ID)2 versus absolute ID in linear operation and f=10 Hz for 

a junctionless GAA VNW pFET with (a) [B]=2×1018 cm-3; (b) [B]=5×1018 cm-3. 

Figure 8: Input-referred voltage noise PSD at 10 Hz for VNW pFETs with different channel doping, in linear 

operation at VDS=-0.05 V. 

Figure 9: Average SVG at 10 Hz and VDS=-0.05 V for GAA VNW pFETs with different [B]. 

Figure 10: Average SVG at 10 Hz and VDS=-0.05 V versus threshold voltage for GAA VNW pFETs with 

different [B]. 

Figure 11: Average SVG at 10 Hz and VDS=-0.05 V versus maximum transconductance for GAA VNW pFETs 

with different [B]. 
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Figure 1: Schematic cross-section of a GAA VNW FET on SOI (a) and SEM image taken prior to the top 
electrode (TE) formation (b). BE=bottom electrode. 
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Figure 2: Drain current noise spectra in linear operation and for VGS~VT for a junctionless GAA VNW 
pFET and corresponding frequency-normalized (f×SI) spectra in forward and reverse operation. [B]=2×1018 

cm-3. 
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Figure 3: Drain current noise PSD at f=10 Hz in linear operation versus ID and (b) corresponding 
normalized current noise PSD and (gm/ID)2 of a junctionless GAA VNW pFET in forward and reverse 

operation. [B]=2×1018 cm-3. 
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Figure 4: Input-referred voltage noise PSD at 10 Hz for a JL VNW pFET in Forward and Reverse operation 

at VDS=-0.05 V. [B]=2×1018 cm-3. 
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Figure 5: Normalized drain current (a) and input-referred voltage noise PSD (b) at 10 Hz for an undoped 

VNW pFET in Forward and Reverse operation at VDS=-0.05 V. 
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Figure 6: Input-referred voltage noise PSD at 10 Hz for a JL VNW pFET in Forward and Reverse operation 
at VDS=-0.05 V. [B]=5×1018 cm-3. 
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Figure 7: Normalized current noise PSD and (gm/ID)2 versus absolute ID in linear operation and f=10 Hz for 

a junctionless GAA VNW pFET with (a) [B]=2×1018 cm-3; (b) [B]=5×1018 cm-3. 
 
 



16 
 

 
 
 
 
 
 
 
 

Figure 8: Input-referred voltage noise PSD at 10 Hz for VNW pFETs with different channel doping, in 
linear operation at VDS=-0.05 V. 
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Figure 9: Average SVG at 10 Hz and VDS=-0.05 V for GAA VNW pFETs with different [B]. 
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Figure 10: Average SVG at 10 Hz and VDS=-0.05 V versus threshold voltage for GAA VNW pFETs with 
different [B]. 
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Figure 11: Average SVG at 10 Hz and VDS=-0.05 V versus maximum transconductance for GAA VNW 
pFETs with different [B]. 

 


