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Abstract— In this article, the performance of vertical nanowire Gate All Around (GAA) junction-less pMOSFETs on SOI having an asymmetric architecture was investigated experimentally based on an in-depth study of their electrical characteristics. Current-voltage I-V characteristics in linear operation regime in forward and reverse operation modes are analyzed in a wide range of temperatures from 80 K up to 340 K. In addition to that Low Frequency Noise (LFN) was also studied as a function of the temperature. The main DC and LFN results are presented, showing unusual low field mobility degradation and LFN enhancement for lower temperatures. A correlation was found between the low field mobility degradation and the low frequency noise increasing at low temperature operation, suggesting a strong impact of coulomb scattering on both parameters at low temperatures.
Keywords— GAA Vertical Nanowire junctionless MOSFETs; asymetric MOSFETs, DC and LFN  parameters extraction, cryogenic temperatures.
 Introduction
The next-generation CMOS technology will be built using Gate All Around (GAA) nanowire (NW) FETs due to their improved figures of merit such as improved short-channel operation [1]. Recently, vertical nanowire (VNW) GAA FETs have gained interest for improving SRAM layout efficiency by 30%. [2]. Additionally, the potential use of junctionless transistors (JL) in GAA vertical structures offers multiple advantages, mainly from a manufacturability perspective, due to their process simplicity. This reduces junction formation challenges, requiring only one dopant type with a uniform concentration from source to drain [3]. The only condition is that the dopant density ensures full depletion of the thin body in the OFF state, achievable by adjusting the metal gate work function, silicon thickness, and doping density [4,5]. 
It has been demonstrated by numerous studies [3] [7,8] that VNW FETs operate exceptionally at room temperatures (T= 300 K), however the goal of this article is to study the temperature dependence of  DC parameters such as subthreshold slope, low-field mobility, series resistance, threshold voltage, and LFN performances such as the input referred noise power spectral density (PSD) Svfb, oxide trap density Nt. A discussion and an experimental analysis on the main trends observed for DC and LFN parameters in the studied devices are proposed.
Devices under study 
In this study, 50 nm gate length (LGate) and ~25 nm diameter (DNW) channel p-type JLT devices fabricated at imec on 300 mm SOI wafers were tested. They are in-situ B-doped (pMOS) and the targeted B-doping concentration of the channel is about 5·1017 cm-3. A SiGe source was grown on SOI (pFETs), and the drain, with a similar high doping concentration of approximately ~1020 cm⁻³, was deposited on the nanowire (NW). The SiGe has been used to enhance carrier mobility and reduce S/D access resistance. The gate stack used for the studied devices consists of: an interfacial layer (IL)-SiO2 combined with a high-k dielectric (HfO2) grown by atomic layer deposition (ALD), followed by the effective work function (EWF)-metal TiN and the fill-metal W [1]. The junction-less devices studied in this paper were designed to operate in accumulation-mode [1]; more fabrication details can be found in [7].   
In this experimental study two different devices were tested, devices #1 have 4 arrays of 10x10 pillars in parallel while device #2 have 12 arrays of 10x10 pillars in parallel resulting in total 400 NWs for device # 1 and 1200 NWs for device #2, respectively. The total device width of each device is calculated as , the gate stack has an equivalent oxide thickness (EOT) of about 1 nm. 
DC and LFN experimental protocols 
    The electric characterization of the devices was performed directly on wafer level using a manual cryogenic probe station Lakeshore TTP4, in a wide range of temperature from 80 K down to 340 K. The sample temperature was varied with a step of 20 K between each measurement with the help of liquid nitrogen and a Lakeshore 331 Temperature Controller. The DC I-V measurements were made with a gate bias VG stepped for -1V to 0.5V, with a step of -7.5mV, with a drain-source voltage of |VDS| of 50 mV. The DC measurements were made in forward and reverse operation modes by interchanging source/drain terminals as illustrated in Figure 1.a and 1.b, using an Agilent 4156B semi-conductor parameter analyzer. The measurements in forward and reverse operation modes are of great interest since they reveal the impact of the asymmetry of the devices due to their vertical architecture on the DC and LFN parameters and provide a strong indication of the best polarization of the source/drain for these GAA vertical asymmetric devices which may give the better performance.
    The low frequency noise measurements are performed for a drain voltage of VDS = -50 mV only in forward operation mode, since no difference of low frequency noise level was observed between forward and reverse operation modes as demonstrated in [7,8]. The LFN spectra are measured using a homemade low noise amplifier and HP3562A dynamic signal analyzer; more details on the experimental set-up and the parameter extraction methodology are provided in [9].
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	figure 1:  DC measurement protocol: (a) reverse operation mode polarization. (b) forward operation mode polarization. Devices are biased in the linear operation regime with |VDS| = 50 mV.



Results and discussion 
DC parameter extraction 
The negative drain current -ID curves versus the negative applied gate voltage -VG in forward and reverse operation modes are plotted in Figures 2.a and 2.b for device #1 and device #2 respectively, in the linear regime at various operation temperatures. A clear temperature dependent drain current in the studied devices in both operation modes can be observed. The leakage current in the subthreshold region in forward mode have a weak dependence on temperature which may indicate a tunneling mechanism. A more pronounced temperature dependence in reverse operation mode of the leakage current in the subthreshold region suggests a contribution of Shockley–Read–Hall (SRH) generation current. The drain current decreases as the temperature decreases even at low temperatures T = 80 K. The zero-temperature coefficient (ZTC) point, where the drain current remains the same as the temperature changes was not observed in the investigated temperature and gate bias range for these devices.
It is important to note that a lower drain current leakage in the subthreshold region is obtained for the reverse operation mode; the increase of leakage current in forward operation mode may indicate that the tested devices suffer from the Gate-Induced Drain Leakage (GIDL) effect [18].
    The device transport parameters such as subthreshold swing, and threshold voltage as a function of temperature are plotted in Figure 3.a, 3.b. respectively. The temperature lowering leads to an expected threshold voltage Vth increase with a rate of 1.3mV/K and an improvement of the subthreshold swing SS until T = 100 K with SS@100K= 35 mV/dec.
    The Y-function methodology, which is not affected by mobility degradation and access resistance [6] [16], was applied to extract the DC parameters. The Y-function is written as (1):
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	Figure 2: Negative drain current -ID vs. the negative value of the applied gate voltage -VG in forward and reverse operation modes (in semi-log scale) as a function of temperature (a) device #1 (400 NWs in parallel) and (b) device #2 (1200 NWs in parallel); OM: Operation Mode.
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	Figure 3: (a) Subthreshold swing (SS) versus temperature for device #1 (400 NW in parallel) and device #2 (1200 NW in parallel). (b) Absolute threshold voltage (Vth) as a function of temperature for device #1 (400 NW in parallel) and device #2 (1200 NW in parallel).



Where GM is the transconductance factor with GM = , Weff and L are the total device width and the gate length respectively, Cox is the gate capacitance per unit area, µ0 is the low field mobility, θ2 is the second mobility attenuation coefficient related to surface roughness impact and VGT is the gate voltage overdrive VGT = VG – Vth.  The threshold voltage Vth was extracted using the maximum transconductance methodology described in [10,11].  
    The mobility extraction in nanowire structures is such a challenging process, since the measurement and estimation of the gate capacitance in these structures is not always possible and may lead to some measurement uncertainties. However, it is well known that the transconductance gm and its maximum gm,max can be used as a good indicator of the mobility evolution since they are related to the effective mobility behavior and the low-field mobility µ0 [12] [16]. Using equation (2) of [16] the transconductance can be written as: 


However, for a gate voltage over drive of VGT = 0V the transconductance expression of (2) becomes: 



Using equation (3) the low field mobility µ0 evolution as a function of temperature can be easily deduced.  In Figure 4.a and 4.b is exposed the transconductance gm as a function of the negative applied gate overdrive -VGT at |VDS| = 50 mV for temperatures (T) ranging from 80 K to 340 K in reverse operation mode for device #1 and device #2, respectively. 
    A decrease of the gm value for -VGT = 0 V and gm,max as the temperature decreases can be observed, this may testify a reduction of the low field mobility µ0. Besides the low field mobility µ0 was extracted from the Y(VG) slope and the results are plotted in Figure 5.a. It can be observed that the evolution of the extracted µ0 is almost proportional to the temperature for both devices #1 and #2. The extracted first order mobility attenuation coefficient θ1 versus the temperature is shown in Figure 5.b. The low field mobility µ0 degradation as the temperature decreases can be clearly perceived as well as a decrease in the first order mobility attenuation coefficient θ1 values which may indicate a decrease of the access resistance value of the studied devices. This testifies in this case that the low field mobility degradation µ0 is not due to access resistance impact at low temperatures operation.  
     This unusual drop in the low field mobility µ0 as the temperature decreases can be associated to several factors. Usually the value of effective mobility is dominated by the phonon scattering, coulomb scattering and surface roughness scattering. However, since the current in JLs devices exhibits a bulk conduction, the surface scattering has less impact. It may be suggested that coulomb scattering dominates in this case. This leads to assume that scattering by oxide charges and/or ionized dopant atoms in the channel may be the dominating mechanism, causing µ0 degradation, since the evolution of the extracted low field mobility µ0 is almost proportional to the temperature [17].
    The ZTC point [20] does not appear for the studied devices within the investigated temperature range, indicating that there is no balanced compensation between the threshold voltage and the carrier mobility, as described in equation (4) of [20]. In addition, the effect of the series resistance does not contribute to the absence of the ZTC and the decreasing of gm,max as its value decreases with the decrease in temperature. Moreover, the high doping concentration of the channel in the studied devices can lead to ionized impurity scattering at low temperature and, thus, the absence of ZTC point. 
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	Figure 4: Transconductance gm versus negative value of the gate over drive -VGT as a function of the temperature in reverse operation mode for device #1 and device #2, a clear decrease of gm value at VGT=0 and gm,max as the temperature decreases can be observed. Devices are biased in the linear operation regime with |VDS| = 50 mV.
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	Figure 5: (a) The extracted low field mobility µ0 in forward and reverse operation modes as a function of the temperature for device #1 (400 NW in parallel) and device #2 (1200 NW in parallel). (b) first order mobility attenuation coefficient θ1 versus negative value of gate voltage overdrive as a function of temperature (T) in forward and reverse operation mode.


Low frequency noise parameter extraction
    Noise measurements have been performed on VNW GAA NWFETs with these latter biased in linear operation regime at a drain-to-source voltage VDS = -50 mV (in forward operation mode). The gate voltage VG was stepped from depletion to accumulation since the tested junctionless devices were designed to work in accumulation mode [1]. The corresponding input-referred voltage noise PSD (Svg) is calculated from SID by dividing by gm in each VG bias point.
    The low frequency noise measurements have been conducted on both studied devices (400 NWs and 1200 NWs) at three operation temperatures T = 300 K, 150 K and 80 K, in order to study the temperature dependence of theirs noise parameters and to better understand the trends that were observed in the DC characterization part, especially the low field mobility µ0 degradation at low temperatures. 
    It has been demonstrated in previous studies of [7] [13] that the LF noise spectra of the JL VNW FETs are dominated by the 1/f noise, which is confirmed by the plot of the input-referred noise spectra versus the frequency for T = 80 K and T = 300 K in Figure 6.a and 6.b, respectively, for a gate voltage over drive (|VG-Vth|) of |VGT| = 0.330 V. One may observe that for both temperatures  T = 300 K and T = 80 K the LF noise spectra are dominated by 1/f noise. An increase of the input referred noise power spectral density (PSD) as the temperature decreases for the same |VGT|, in both devices can be clearly observed.
    Once the LFN measurement was performed the 1/f noise level is extracted using the methodology described in [14]. In order to model the 1/f noise level as a function of the applied gate voltage over drive (-VGT) the equation (18) of [15] is used: 
where αC is the Coulomb scattering coefficient; µ0 is the low field mobility; rtot with (rtot=VDS/IDS) is the total resistance and raccess is the access resistance. Kr is a coefficient related to the access resistance noise strength. The ± sign depends on the donor or acceptor character of the oxide traps. The model of equation (4) considers that the 1/f noise level behavior is due to the correlated carrier number and mobility fluctuations mechanism with additional contribution of the access resistance noise in strong inversion or accumulation mode for JL devices in the case of this study. The 1/f noise level versus the negative gate voltage overdrive is plotted in figure 7.a and 7.b for both device at three different operation temperatures (300K, 150K, 80K). Good agreement between the experimental 1/f noise and the model of (4) is achieved. The summary of the extracted DC parameters and the estimated noise parameters using the model of equation (4) are given in table 1. One may suggest that the dominant noise contributions for T = 300 K, are the correlated carrier number and mobility fluctuations mechanism (CMF + CNF), and the Raccess noise contribution at high |VGT| values. For T = 150 K and 80 K, CMF + CNF and Raccess noise contributions were observed. It should be noted that even if the access resistance value is decreasing at low temperatures, its strength quantified by Kr is increasing at low temperatures compared to the value at T =300 K.  In addition, it is obvious that the 1/f noise level at low temperatures is higher than the 1/f noise level noticed at 300 K; this trend was also reported for inversion mode GAA vertically stacked nanosheets in [15] and for commercial 28-nm technology MOSFETs in [19]. However, the noise increasing at low temperature for the studied devices is much higher than the one reported in [15] and [19]. To better understand the origin of noise increasing at low temperatures the flat-band noise level Svfb as a function of temperature is studied. Svfb is commonly used as a noise figure of merit and gives a relevant indication about the oxide trap density Nt [16]. It can be expressed as:  

Where kBT represent the thermal energy, q the electron elementary charge and αt is a parameter related to tunneling with a value of 108 cm-1 [16].  Figure 8.a illustrates the flat-band noise level Svfb versus the inverse of the low field mobility µ0 for T = 80 K, 150 K and 300 K and Figure 8.b the oxide trap density calculated from Svfb using equation (5) as a function of the inverse of the low field mobility µ0. A correlation can be clearly perceived between mobility µ0 drop at low temperatures and the estimated flat-band noise level Svfb and Nt increasing. This correlation suggests an impact of Coulomb scattering on both 1/f noise level and low field mobility through the scattering by oxide charges.
Table 1: Summary of the extracted DC and LFN parameters for the operation temperatures of T= 80 K, 150 K and 300 K.
	Device
	400 NW
	1200 NW

	Temperature
	80 K
	150 K
	300 K
	80 K
	150 K
	300 K

	Vth (V)
	-0.41
	-0.34
	-0.165
	-0.40
	-0.34
	-0.17

	µ0 (cm2/V·s)
	2.03
	2.72
	6.3
	1.90
	2.44
	6.0

	Raccess (
	10
	35
	133
	6.5
	11
	54

	Θ2 (V-2)
	0.100
	0.151
	0.043
	0.100
	0.175
	0.05

	Svfb (V2)
	6.5·10-10
	1.5·10-10
	4·10-11
	3·10-10
	5.5·10-11
	1.5·10-11

	C (V·s/C)
	2.7·105
	4.8·105
	4.0·105
	2.3·105
	5.2·105
	4.0·105

	Kr
	2.5·10-6
	5.1·10-7
	7.1·10-9
	4·10-6
	2.8·10-7
	3.6·10-9
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	Figure 6: Typical input-referred voltage noise PSD Svg versus frequency for different temperatures at |VGT| ≈ 330 mV and drain to source voltage VDS = -50 mV for device #1 (a) and device #2 (b); an increase of the input-referred voltage noise PSD at low temperatures is observed.
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	Figure 7: 1/f noise level versus the absolute value of the gate voltage overdrive |VGT| as a function of the temperature. A good agreement between the experimental data and model of [15] can be observed.
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	Figure 8: (a) Flat-band noise level Svfb versus the inverse of the low field mobility µ0; for T = 80 K, 150 K and 300 K (b) Oxide trap density Nt as a function of the inverse of the low field mobility µ0.


Conclusion
This work presents an experimental study of the temperature dependence performance of junction-less vertical nanowire GAA on SOI asymmetric FETs in the temperature range from 80 K to 340 K.  The transistor parameters, such as subthreshold swing, low field mobility, series resistance, and threshold voltage are studied as a function of temperature in forward and reverse operation modes. It has been found that the studied devices perform better in reverse operation mode than in forward. Moreover, an unusual mobility reduction was observed at low temperatures. On the other hand, low frequency noise measurements revealed an increase of the flat band noise level Svfb at low temperatures and trap oxide density Nt increasing. Therefore, it is suggested that Coulomb scattering on both 1/f noise level and low field mobility through the scattering by oxide interface charges may be the dominant source of the observed trends. However further investigation is necessary to determine the additional sources which contribute to the total coulomb scattering, by testing devices with the same geometry, with different doping channel concentration, since the channel doping has a marked impact on the flicker noise [7] of GAA VNW pMOSFETs on SOI. 
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