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 

Abstract— Low-frequency noise (LFN), or 1/f-noise, can 
be used effectively to evaluate device reliability which is a 
major concern in analog as well as digital circuits. In this 
work, we present 1/f-noise characterization of vertical 
InAs/InGaAs gate-all-around (GAA) MOSFETs with a 70-nm 
gate length (LG) measured at cryogenic temperatures 
down to 15 K. The measurements at cryogenic 
temperatures reveal that the physical mechanism of 1/f-
noise changes from carrier number fluctuations at 300 K 
to mobility fluctuations at 15 K. We conclude that the 
channel conduction at 15 K is dominated by the nanowire 
core instead of the nanowire surface due to the effect of 
the border and interface traps freezing out. Vertical 
InAs/InGaAs GAA MOSFETs at 15 K, due to reduced 
surface scattering, exhibit a low value of Hooge 
parameter,  αH ~ 5 × 10-6 and also have a low input-referred 
gate voltage noise spectral density, SVG = 4.3 µV2 µm2 Hz-1 
that are important for reliable cryogenic circuit 
applications.   

 
Index Terms— Low-frequency noise, 1/f-noise, III-V, 

cryogenic, InAs/InGaAs, gate-all-around MOSFET, vertical 
nanowire.  

 

I. INTRODUCTION 

ow frequency noise (LFN) is a dominant source of noise 

in modern electronic circuits including qubits for quantum 

computing [1-2]. Similarly, at extremely scaled nodes, 

MOSFETs are also affected by 1/f-noise due to charge 

trapping and de-trapping at the channel/high-k interface [3, 4]. 

The recent International roadmap for devices and systems 

(IRDS) identified the gate-all-around (GAA) MOSFETs as a 

promising candidate to extend Moore’s law beyond the 

currently used finFETs [5]. The vertical GAA MOSFET 

provides more room for ohmic contacts and spacer layers, due 

to its vertical geometry, while reducing the power 

consumption by 10-15 % in the 7-nm technology node [6]. 

The favorable transport properties of III-V materials such as 

high mobility enables supply voltage scaling beyond that of Si 
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[7-9]. A lower supply voltage combined with reduced OFF-

state leakage currents is highly beneficial for cryogenic 

applications where the cooling power is limited. It also 

provides an opportunity to move some of the circuits inside 

the cryostat to manage the exponential increase in input/output 

cables. Recently, a lateral nanowire InGaAs MOSFET 

network based demultiplexer for qubit biasing was 

demonstrated at cryogenic temperatures [10]. Therefore, for 

future cryogenic applications, it is important to evaluate the 

noise properties of III-V GAA MOSFETs at low temperatures.  

LFN is widely used as a technology quality metric for 

transistors to evaluate material quality as well as transport 

properties. To address the lack of LFN characterization at 

cryogenic temperatures, recently, cryogenic 1/f 

characterization for fully-depleted silicon-on-insulator 

(FDSOI) MOSFETs was reported [11]. There have been 

reports on LFN for III-V nanowire MOSFETs at room 

temperature, but to the best of our knowledge, none yet at 

cryogenic temperatures [4, 13-16]. In this work, we present 

low-frequency noise characterization at temperatures down to 

15 K where we demonstrate that the dominant mechanism of 

1/f-noise in vertical InAs/InGaAs GAA MOSFETs changes 

from border and interface trap induced number fluctuations to 

mobility fluctuations originating from the nanowire core. 
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Fig. 1. (a) Cross-sectional illustration of a vertical InAs/InGaAs GAA 

MOSFET showing the different contacts and separation layers (b) A SEM 
image of the InAs/InGaAs vertical GAA MOSFET with LG = 70-nm and 

WNW = 27-nm post gate dielectric deposition. 
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II. DEVICE FABRICATION  

A cross-sectional illustration and a scanning-electron-

microscope (SEM) image of the fabricated III-V vertical GAA 

MOSFET with gate length (LG) of 70-nm and gate width 

(WNW) of 27-nm is shown in Fig. 1. The process starts by first 

growing a 300-nm-thick InAs buffer layer on a Si substrate. 

The vertical nanowires are then grown by Vapor-Liquid-Solid 

(VLS) growth where electron beam lithography (EBL) 

patterned Au seed particles are used as nanowire nucleation 

sites. A similar growth scheme was implemented in ref. [17]. 

The drain top metal-contact height is defined by first spin 

coating a hydrogen silsesquioxane (HSQ) film and then by 

using EBL. The drain contact is made up of 20-nm-thick Mo 

and 1.5-nm-thick TiN that are anisotropically etched away on 

the horizontal surface using reactive-ion-etching (RIE) so that 

the metal only remains on the vertical nanowire sidewalls. The 

HSQ layer is then etched away using a buffered-oxide-etch 

(BOE) solution. 

A gate length of 70-nm is defined using a gate-last process 

[18]. The doped shell around the channel is removed using a 

digital etch process in which the shell is oxidized using ozone 

and then etched in a HCl:IPA solution. For the gate dielectric, 

an Al2O3/HfO2 bilayer was deposited using ALD which 

resulted in an EOT of 1.5-nm. The gate-metal comprising of a 

2-nm-thick TiN and 60-nm-thick W is deposited using ALD 

and sputtering. The 2-nm-thick TiN is used for better step 

coverage. The fabrication is then completed by depositing a 

top spacer layer, etching vias to contacts and final 

metallization using Ni/Au contacts (10-nm/100-nm).  

III. ELECTRICAL CHARACTERIZATION AND ANALYSIS 

DC characterization of the vertical InAs/InGaAs GAA 

MOSFETs was performed with an Agilent B1500 parameter 

analyzer. The output characteristics at room temperature for 

the vertical InAs/InGaAs GAA MOSFET is shown in Fig. 

2(a). It can be noted that there are kinks in the drain-to-

source current (IDS) for instance when the gate-to-source 

voltage, VGS = 0.4 V and drain-to-source voltage, VDS > 0.4 

V. For vertical MOSFETs without implementing a field-plate 

and using InGaAs on the drain side, a destructive breakdown 

in the OFF-state (VGS = - 0.2 V) typically occurs at VDS = 0.7 

V [17, 18]. The kinks in IDS observed in Fig. 2(a), when VDS 

> 0.4 V are signs of increasing impact-ionization and band-

to-band-tunneling (BTBT). It has also been shown that the 

onset of impact-ionization and BTBT can be extended 

beyond 1.0 V by introducing a vertical field-plate on the 

drain side [18]. Fig. 2(b) show the transfer characteristics 

with temperatures ranging from 300 K to 15 K, respectively, 

for the vertical InAs/InGaAs GAA MOSFET. A VDS of 50 

mV to measure the transfer characteristics was chosen as it is 

a typical bias for low-frequency noise measurements [11, 14, 

15]. With decreasing T, the absolute value of the threshold 

voltage (VTH) shifts towards higher values by ≈ 0.5 mV/K 

(Fig. 2(c)) which is comparable to Si n-channel MOSFETs 

and an improvement over previously reported InAs/HfO2 

nanowire MOSFETs [11-13]. Fig. 2(d) shows the inverse 

subthreshold slope (SS), ∂VGS/∂(logIDS) as a function of IDS 

for four temperatures. It can be noted that the SS decreases to 

36 mV/dec at 15 K at which the LFN characterization is 

performed. 

For the LFN measurements, a low-noise preamplifier was 

used to supply a constant VDS = 50 mV and the current noise 

power spectral density (PSD) was measured using a lock-in 

amplifier. A similar setup was used in our previous LFN 

reports [4, 14, 15]. The frequency was swept between 1 Hz 

 
Fig. 2. (a) Output characteristics (-0.2 V < VGS < 0.6 V, ΔVGS= 0.1 V) at 300 

K for a vertical InAs/InGaAs GAA MOSFET with RON = 549 Ωµm and 

measured gm = 1.3 mS/µm at VDS = 0.5 V  and (b) Transfer characteristics 

measured at different temperatures with VDS = 50 mV (c) VTH versus T and (d) 

Inverse subthreshold slope versus T at VDS = 50 mV for an InAs/InGaAs NW 
MOSFET. 

 
Fig. 3. (a) Drain current noise spectral density (SID) plotted versus 

frequency at different temperatures for a InAs/InGaAs vertical GAA 

MOSFET (b) SID/IS
2 measured at a fixed frequency of 10 Hz at T= 300 K 

and T = 15 K. Three different devices indicated by circle, square and 
triangle markers were measured at 15 K. 
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and 1 KHz and the temperature was varied from 300 K to 15 

K. At every temperature point, a gate voltage (VGS) was 

applied so that the overdrive voltage (VOD = VGS –VTH) was 

zero [11].  

The 1/f γ -noise behavior where γ = - ∂lnSID/∂lnf for 

different temperatures are shown in Fig. 3(a). It can be 

confirmed that the measured drain current noise spectral 

density (SID) has a typical 1/f γ dependency at all measured 

temperatures with γ ranging from 0.8 to 1.1. A gamma value 

typically in the obtained range ~ 1 indicates a distribution of 

traps in the oxide which is uniform in depth [19, 20].  

However, no strong dependence of LFN magnitude on 

temperature was observed in the 1/f-noise characteristics 

when biased at VG = VOD = 0 V. This can be explained from 

Fig. 3(b), where SID when biased at VOD = 0 V, is similar for 

both temperatures. Whereas, when biased at VOD > 0 V, a 

clear reduction in SID at T = 15 K can be noted from Fig. 

3(b). 

The two mechanisms that generally explain the LFN in 

MOSFETs are carrier number fluctuations (CNF) and 

mobility fluctuations (MF). CNF arise from border traps 

present in the gate dielectric, whereas MF are caused due to 

electron-phonon scattering within the channel often 

described with the material dependent Hooge model. The 

mechanisms can be identified by measuring the current noise 

spectral density (SID) as a function of source current (IS). 

When SID/IS
2 is proportional to 1/IS, the LFN is expected to 

originate from MF. Instead, when SID/IS
2 is proportional to 

the transconductance squared (gm
2/ IS

2), the LFN is expected 

to arise from CNF [21]. To identify the noise mechanism in 

InAs/InGaAs vertical GAA MOSFETs, extended 

measurements where each data point is the average of 50 

measurements repeated 5 times, were carried out at a 

frequency of 10 Hz. Interestingly, it can be noted from Fig. 

3(b) , that the mechanism of LFN in InAs/InGaAs vertical 

GAA MOSFETs changes from carrier number fluctuations to 

mobility fluctuations when the temperature is reduced from 

300 K to 15 K. This can be attributed to the current 

conduction being dominant at the nanowire surface at 300 K 

where the transport is more sensitive to charge trapping/de-

trapping. On the other hand, when the temperature is reduced 

to 15 K, the conduction is mainly through the nanowire core 

due to the freezing out of the border traps. Notably, surface 

and core conduction modes were also previously observed at 

room temperature where the III-V vertical GAA MOSFET 

showed core conduction when biased below VTH and surface 

conduction above VTH [16].  

 Fig. 4 (a) shows the input-referred gate voltage noise 

spectral density (SVG). It is a commonly used metric that 

represents the minimum signal amplitude that can be 

amplified by the transistor [14]. At cryogenic temperatures, 

when compared to 1–µm-long FDSOI MOSFETs measured 

at 4.2 K, the InAs/InGaAs vertical GAA MOSFETs have 

comparable SVG. The Hooge parameter (αH) at 15 K for the 

InAs/InGaAs vertical GAA MOSFETs having a gate width, 

WNW = 27-nm was calculated using (1) to be 5 × 10-6,  

 

                 SID/IS
2 = qµeffαHVDS/LG

2f IS                     (1) 

 

where q is the elemental charge, µeff the effective channel 

mobility, and f the frequency. The effective mobility (µeff) at 

300 K was extracted from the virtual source (VS) model to 

be 1300 cm2/Vs [24]. From Fig. 4 (b), it can be noted that the 

Hooge Parameter at 15 K improves by at least a factor of 10 

when compared to previously reported αH values for various 

nanowire FET technologies at room temperature. The 

presence of occupied trap sites close to the III-V/High-k 

interface result in increased surface scattering [25]. The 

lowering of αH indicates a reduction in surface scattering 

caused by occupied trap sites due to freezing out of border 

traps close to the nanowire surface which is advantageous for 

cryogenic applications. It is also known that the III-V/ High- 

k interface is improved when a bilayer gate dielectric 

(Al2O3/HfO2) is used to passivate the III-V surface [14]. The 

minimum border trap density (Nbt) for the InAs/InGaAs 

vertical GAA MOSFET was determined as in ref. [16] to be 

2 × 1019 cm-3 eV-1 which is not too far away from previously 

reported Nbt values for planar Si MOSFETs with HfO2 gate 

oxides and a SiO2 interface layer [14]. Our results indicate 

the InAs/InGaAs vertical GAA MOSFETs to be an attractive 

option to be used in emerging III-V cryogenic circuits. 

IV. CONCLUSION 

In this work, we report cryogenic 1/f-noise behavior in a 

InAs/InGaAs vertical GAA MOSFET. We have observed at 

300 K that carrier number fluctuations are the dominant source 

of LFN resulting from the dielectric border traps. Whereas, at 

15 K, the conduction is less surface sensitive and the LFN is 

dominated by mobility fluctuations having a low αH =5 × 10-6.  

Our experimental findings contribute to III-V vertical 

nanowire MOSFET design aimed towards low temperature 

applications. 
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