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Abstract 

Understanding trap dynamics and formation of localized temperature hot-spots due to self-heating is 

crucial for the design optimization of emerging vertical junctionless nanowire transistors (VNWFET). This 

work investigates the operation of an 18nm VNWFET technology, for the first time, leveraging pulsed current-

voltage measurements. Results indicate increased trap activity as well as electrothermal effects with increasing 

pulse width. Multiphysics simulations are then used to provide a deeper insight into the nanoscale transport 

of the VNWFETs. We then incorporated these effects into the SPICE-compatible VNWFET compact model 

and further investigated the behaviors of trapping and electrothermal effects in basic logic circuits based on 

the compact model simulation.   

1. Introduction 

The potential applications of "deep learning" have gathered significant interest in various areas of computing 

systems, such as natural language processing, image classification, and speech recognition leading to an 

increasing demand for data processing capacity along with the need for breakthrough technologies to support 

innovations in low power and latency in-memory computing hardware [1]. In addition, to face the process 

challenges of continuous scaling of the classical planar MOSFETs, emerging 3D technologies, such as vertical 

junctionless nanowire transistors (VNWFET), are recently being explored as beyond-CMOS alternatives [2]. 

Along with their gate-all-around architectures to enhance gate voltage control and immunity against short 

channel effects [3], one of the key advantages of VNWFETs is their inherent 3D structures which offer area 

benefits when stacked to increase the number of integrated transistors per unit area for designing more compact, 

faster and power-efficient hardware targeting neuromorphic computing. However, integrating GAA 

VNWFETs as a future mainstream solution would require reinventing the value chain for design technology 

co-optimization [4]. Considering different conduction mechanisms at the nanoscale in aggressively scaled 

transistors, the impact of electrothermal phenomena is one of the critical issues that needs to be carefully 

considered for design optimization. With that in mind, this paper investigates electrothermal and trapping 

effects in VNWFETs leveraging pulse measurements followed by subsequent compact model development 

incorporating these effects to evaluate electrothermal performances at device and circuit levels.    

The devices studied in this work consist of multiple parallel vertical silicon nanowires arranged on silicon 

substrate (Fig. 1). The silicon nanowires are highly doped to form a junctionless device structure. Concentration 

gradients and metallurgical junction formation need not be considered, which simplifies the fabrication process. 

In addition, junctionless transistors have better electrostatic integrity and immunity to short-channel effects 

(SCE). Due to reduced carrier mobility in highly doped junctionless devices, electrothermal optimizations 

represent a key design aspect for the VNWFET technology. Another important factor that influences its 

electrical behavior is the trapping effect which is mainly related to the interface between the gate oxide and the 

Si nanowire [5]. Trap charges can be classified into two types: donor (positive) and acceptor (negative), which 

have different effects on the transistor I-V characteristics depending on their energy levels [6]. Moreover, at 

sub-20nm gate lengths, thermal confinement can significantly impact carrier transport. Therefore, it is an 

important prerequisite to understand and dissociate electrothermal and charge trapping effects in VNWFETs. 



To investigate these effects, in this work, we perform pulsed I-V measurements on different geometries of p-

type VNWFET devices with different pulse widths. Pulsed I-V measurements are particularly useful to 

dissociate pure electrical characteristics from thermal and trapping effects and to extract associated parameters 

of the VNWFETs. To analyze the experimental observations, we compare the pulsed measurements with multi-

physics simulations. Next, we formulate analytical expressions to account for these effects and implement them 

within the VNWFET compact model. Subsequently, the impact of these effects at circuit level is studied 

through simulations of inverter and XOR logic gates.  

The rest of the paper is organized as follows: In section 2, we present the pulsed I-V measurement setup for 

all available geometries. In section 3, we analyze the results using finite elements method and compact 

modeling. In section 4, we explore the performances of logic cells through circuit simulation based on the 

modified VNWFET compact model.  Finally, section 5 is devoted to the conclusion. 

2. Pulsed I–V measurements 

The principle of pulsed I-V measurements relies on applying very short gate pulses on the device terminals 

so as not to allow sufficient time for its internal temperature to change significantly or activate any charge 

trapping. Fig. 2 shows the experimental setup used for characterizing the VNWFET technology with a gate 

length of 18nm from Laboratory for Analysis and Architecture of Systems (LAAS) [3]. Ultra-fast pulse 

measure unit (SMU8) in Fig. 2 applied a short square-wave pulse voltage with varying amplitude in the -1V to 

-2.2V range and a pulse width varying between 1µs and 10ms with a duty cycle of 10% at the gate, and a 

staircase pulse stepping voltage at the drain to minimize the charging effect [7]. To avoid distortion of ID-VD 

measurements due to oscillating regions of VG and VD after the rise time, the drain current was measured within 

the 90% to 95% time range of the pulse width. The ID-VD measurement data for all available geometries 

(nanowire diameters of 22 or 34 nm with 16 or 25 NWs in parallel over the entire bias range showed a constant 

increase in the drain current with pulse width and gradually approaching the characteristics obtained under DC 

operating conditions. On the contrary, for conventional transistors, the reduction in mobility with increasing 

pulse width leads to a decrease in drain current. In contrast, a much weaker mobility variation can be observed 

in junctionless devices [8] and the threshold voltage is the principal device parameter which is dominantly 

affected by electrothermal effects [9]. As an example, Fig. 3 shows the ID-VD curves under pulsed and DC 

operating conditions at -1V and -2.2V gate voltage bias for different pulses. The self-heating and trapping 

effects are expected to be activated at high gate voltages, which might explain why the difference in the drain 

current for different pulse widths becomes more pronounced. It has been hypothesized that this phenomenon 

is a combined effect of both (1) trapping and (2) electrothermal and self-heating effects. For further analyses, 

the VNWFET with 25 NWs with a diameter of 22 nm is selected as a representative device with the highest 

reproducibility and measurement stability.  

3. Results and discussion 

To understand the experimental observations under different pulse widths, we performed numerical 

simulations of the VNWFET structure using finite element method (FEM) [10] based on COMSOL 

Multiphysics simulation considering the same pulsed conditions as the measurements. The simulations are 

carried out using the partial differential equation (PDE) package in COMSOL governing the carrier transport 

equations by coupling thermal and electrical characteristics and solving the non-Fourier heat equation and the 

drift-diffusion model with interface trapping effects [11]. This finite element method (COMSOL) pulsed 

simulations results show a good agreement with the measurements results (Fig. 4(a)).  

We used a novel hydrodynamic equation of the Guyer and Krumhansl (GKE) to predict non-Fourier heat 

dissipation. The governing equation of the GKE is written as [11],  

qx(r) = −κ
dT

dx
+ l2 d2qx(r)

dr2
+ l2 1

r

dqx(r)

dr
  (1) 

where 𝑞 is the heat flux, 𝜅 is the thermal conductivity, ℓ is the phonon MFP, 𝑐 is the heat capacity, T is the 

temperature. To consider the electro-thermal effect we use the energy-conservation equation: 



c
dT

dt
+ ∇. qx(r) = P     (2) 

where 𝑃  is the dissipated power defined as P = Vd Id . The extracted thermal conductivity, κeff, can be 

obtained as [12] 

κeff  =
∫ qx(r)dΓ

S∆T

L

     (3) 

where S is the surface area, L is the distance between the source and drain and ∆T is the internal temperature 

increase. As revealed from the numerical simulations, a steady increase in the trap density was observed with 

increasing pulse widths which resulted in an equivalent shift of the device threshold voltage. The thermal 

conductivity and the rise of internal temperature extracted from COMSOL simulations are shown in Fig. 4(b). 

Subsequently, the VNWFET compact model [9] was also modified to integrate the threshold voltage (VTH) 

shift due to trapping. 
3.1. Electrothermal effects 

To investigate the electrothermal behavior under pulsed conditions, COMSOL simulations are used to 
extract the thermal conductivity and the rise of internal temperature between the source and drain of a single 
nanowire for different pulse widths as shown in Fig. 4(b). A trap-assisted model is considered to capture the 
effect of charge trapping in the VNWFET device. It can be observed that the device temperature also increases 
due to phonon accumulation near the drain region at high bias conditions and larger pulse widths indicating the 
onset of self-heating phenomena. Consequently, the temperature hot-spots are formed due to the reduction of 
thermal conductivity caused by phonon confinement in the 22nm nanowire. Nevertheless, at room temperature, 
the internal temperature reduction after the peak value indicates good heat evacuation in VNWFET. A similar 
study with varying pulsed width was conducted on a vertical III-V nanowire technology [13], which shows a 
different behavior under varying pulse conditions compared to our case. In particular, this work demonstrates 
an increase in the drain current for smaller pulse widths due to the suppression of self-heating whereas no Vth 
shift was observed with pulse width, contrary to the pronounced VTH-shift observed in our results. [14] presents 
a study on the extraction of interface trap density through transient measurements in junctionless transistors 
which reveals similar behavior of the transient drain current under gate pulse corresponding to different trap 
densities. In this study, a correlation between the increase of drain current and trap density is indicated and the 
extracted trap density is in agreement with theoretical data as well as of the same order of magnitude as in our 
case. Apart from these prior studies, correlating trap activation, and therefore VTH-shift, with drain current 
variation using pulsed I-V method in junctionless devices is quite scarce in the literature. Our study is therefore 
one such first detailed investigation into the trap dynamics where we hypothesized that the trapped charges 
under varying pulse width are primarily responsible for the threshold voltage shift and thus an increase in the 
drain current. In addition to self-heating, phonon confinement can also lead to carrier trapping at the silicon-
oxide interface [2]. Moreover, under higher bias conditions, scattering mechanisms increase which have a 
significant impact on trapping mechanisms. The self-heating effect is implanted into the compact model of 
VNWFET and activated by a FLAG parameter during the simulations. 

3.2. Trapping effects 

Trapped charge at the SiO2-Si interface, represented by the trap density NT, alters the surface states of the 

nanowire leading to a modification of its surface potential and energy levels, which in turn, directly affects the 

VTH. However, trapped charge is not the only factor that affects VTH. In short channel devices, consistent with 

the characteristics of our VNWFET devices, the drain-induced barrier lowering (DIBL) causes an additional 

VTH drift. Due to the weak mobility variation and sensitivity of the threshold voltage to a combination of 

electrothermal and trapping effects, the increase in the drain current in the junctionless transistor is reflected 

by an equivalent temperature change inside the device. From the pulse measurement data for all devices under 

test, at low VD bias we use the transconductance gm/id-VG method to extract the VTH [15] and compare the 

VTH (Fig. 5(a)) for different pulse widths to ensure that trapping induced VTH shift follows the same trend in 

all available geometries. 

From the evolution of the VTH extracted under pulsed conditions, a clear trend can be observed for all 

device’s geometries: as the pulse width continues to increase the VTH values eventually saturate towards the 



values obtained under DC operating conditions. To describe the relationship between the trap density (NT) and 

the observed VTH drift (∆VTH), we refer to the following expression 

∆VTH  =  
αqNT 

COX
,    (4) 

where α is a constant, q is the electronic charge and COX is the gate oxide capacitance. Fig. 5(b) plots the trap 

density NT extracted from COMSOL and the extracted values of ∆VTH for different measurements pulse widths. 

We observed that NT can be described by an analytical expression with the following equation: 

NT = NSS  (1 − exp (
−tw

τ
)),            (5) 

here NSS is the maximum number of available traps, tw is the pulse width, τ is a time constant associated with 

the trap activation. Fig. 5(b) clearly shows the NT and  ∆VTH present the same trend as a function of the pulse 

width. This affirms NT dominates the VTH shift and results the increase of drain current. Through transient 

analysis, we confirm the time-domain nature of the trap activation, which disappears at DC operating conditions 

when the trapping is considered all activated and NT=NSS. The effect of charge trapping has been implemented 

within the VNWFET compact Verilog-A model, through an additional contribution to the threshold voltage 

expression, ∆VTH, which is dynamically calculated as the voltage of an additional fictitious node, similar to the 

implementation of the self-heating effects in conventional compact models. Depending on the type of analysis, 

a FLAG parameter is used to activate or deactivate the dynamic effect in order to distinguish the trapping 

behavior under transient and static conditions. The transient analysis for studying trapping effect in the time 

domain makes use of the equivalent RC filter-like circuit [16] (Fig. 6) and recalculates the ∆VTH from the node 

voltage through the following relation implemented in the model:  

∆𝐕𝐓𝐇_𝐦𝐚𝐱 = ∆𝐕𝐓𝐇 + 𝛕
𝐝∆𝐕𝐓𝐇

𝐝𝐭
,                     (6) 

where ∆VTH_MAX indicates the maximum threshold voltage shift due to trapping, and τ is the trapping time 

constant which is the same value as in equation (5). Using time derivatives (ddt) in Verilog-A is an efficient 

way to implement capacitive effect through a branch current. In the equivalent circuit of Fig. 6, a current 

source ∆VTH_MAX and two parallel R-C branches with a 1Ω resistance and a capacitance of value 𝜏 are 

implemented and through Kirchhoff’s current rule, the node voltage effectively gives the value of ∆VTH under 

dynamic conditions. By adding Eqs. (4), (5) and (6) to the VTH expression that exists for the compact model 

to more accurately characterize the drain current with drift pulse width variation. Both finite element method 

(COMSOL) and compact model accurately account for the ∆VTH drift and thereby show good agreement with 

I-V measurements results shown in Fig. 4(a). These models have been used to extract the trap density that we 

estimated NT=4 × 1011cm−2eV−1 under DC operating conditions.  
4. Impact of electrothermal and trapping effects at circuit level 

Following the validation of the VNWFET compact model with electrothermal and trapping effects at transistor 

level, in this section we explored the impact of these effects on the performances of different logic circuit 

topologies. We first studied a simple inverter circuit consisting of a p-type VNWFET for the pull-up network 

and an n-type VNWFET for the pull-down network, with a 1V supply voltage (VDD) applied to the source of 

the p-MOS and a load capacitance Cload connected to the output for the simulation, as illustrated in the 

schematic of Fig. 7(a). The two transistors feature the same geometrical characteristics with NW diameters of 

22 nm and 25 nanowires in parallel. Fig. 7(b) shows both the input (VIN), applied to the gates of the two 

transistors, and the output (VOUT) waveforms. The inverter circuit was then simulated considering the 

electrothermal and trapping effects corresponding to the DC and pulse conditions with a 1µs gate pulse. From 

the zoomed view of the output transient waveform in Fig. 7(b), both a logic-level degradation and an increased 

delay can be observed for the DC condition in contrast with when using a 1µs pulse width. Fig. 7(c) shows 

the typical inverter transfer curves for these two cases. The results indicate a symmetric inverter functionality, 

even though a steeper transition is observed for the pulsed case implying a circuit performance degradation at 

the onset of electrothermal and trapping effects under DC conditions. More specifically, the off-state current 

(IOFF) increases significantly due to the threshold voltage drift caused by these effects under DC conditions. 

The increase in ION is not sufficient to compensate for the impact of the reduction in the ION/IOFF ratio thereby 



affecting the switching characteristics of the inverter logic cell. In more complex circuits, such as a XOR logic 

circuit consisting of eight VNWFETs shown in the Fig. 8(a), the outputs Fig. 8(b) indicate a classical XOR 

operation, but the output logic level degradation under DC operating conditions becomes more pronounced, 

compared to the pulsed case, due to the combined influence of the trapping and electrothermal effects.  
5. Conclusion 

In this work, we present, for the first time, a comprehensive analysis of pulsed I-V characteristics of 

VNWFETs. Experimental results are analyzed with physical simulations indicating the activation of trapping 

and self-heating with increasing pulse widths. The increase of drain current with larger pulse width has been 

attributed to an increasing activated trap density which results in an equivalent shift of the threshold voltage. 

This directly affects the performance of logic circuits based on the VNWFET technology. The effects become 

more pronounced as the complexity of the circuit increases leading to degradation of their performance 

metrics. As suggested by the evidences presented in this work, dissociating the trapping and electrothermal 

phenomena in junctionless transistors remains a challenging task and will be the subject of our future analysis. 
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Fig. 1. Schematic representation of (a) Vertical array of GAA nanowires. (b) A single nanowire. (c) SEM 

image of a fabricated nanowire [3].   

 
 

Fig. 2.  Pulsed measurements setup to transient measurements of VNWFETs. 
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Fig. 3. I D-VD results under DC measurements and pulsed measurements with pulse widths varying from 1µs 

to 10ms at VG=-1V and -2.2V. 
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Fig. 4. (a)Pulsed ID-VD measurements and DC measurements are compared with compact model and 

COMSOL simulations. (b) Thermal conductivity and internal device temperature of the VNWFET. 
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Fig. 5. (a) VTH-tw of different VNWFET geometries extracted from DC and pulsed measurements. (b) ∆VTH-

tw, NT-tw of the device with NW diameter 22nm and 25 NWs in parallel compared with analytical solutions. 
 

 

Fig. 6. Equivalent circuit for trap effect in compact model. 
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Fig. 7. (a)Inverter Logic circuit (b) inverter logic circuit input (VIN) and output (VOUT) waveform. (c) VIN-

VOUT simulation results. 

 

 
0 200 400 600

-1,0

-0,5

0,0

0,5

1,0
 V

OUT
 : t

w
=1µs

 V
OUT 

: DC 

 

 

-V
IN

1
,-

V
IN

2
, 

V
O

U
T
(V

)

Time (ns)

 -V
IN1

 

 -V
IN2

 
(a) (b) 

Fig. 8. (a)XOR Logic circuit (a) XOR logic circuit inputs (VIN1, VIN2) and output (VOUT) waveform. (b) VIN1, 

VIN2 and VOUT simulation results. 
 

 


