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Abstract— The drain current variations caused by a single 

trapped charge along the channel length at the gate oxide/silicon 

channel interface, are analyzed using 3D TCAD modeling in 28 

nm FD-SOI MOSFETs for both linear and saturation regions. 

The study highlights the influence of the trap’s lateral position 

on the corresponding RTN amplitude in both weak and strong 

inversion modes, with a contribution from both carrier number 

and mobility fluctuations, in conjunction with short-channel 

effects. The results emphasize the need to account for RTN 

amplitude modulation by the trap lateral position in both the 

linear and saturation regions for more realistic noise 

simulations in nano-scale circuits, and some practical 

approaches are proposed for modeling and characterization 

purposes. 

Keywords— Interface traps, RTN, BTI, Short channel effects, 

FD-SOI MOSFETs, TCAD modeling. 

I. INTRODUCTION 

Fully depleted (FD) silicon-on-insulator (SOI) field-effect 
transistors (FETs) are already an established technology in 
complementary metal-oxide-semiconductor (CMOS) digital 
[1], analog [2] and RF [3] circuits, thanks to their superior 
ability to minimize leakage currents, reduce power 
consumption, minimize short-channel effects (SCEs) and 
variability, and provide the possibility of back-bias threshold 
voltage control [1]. This performance improvement is 
primarily attributed to the thin silicon layer being fully 
depleted of charge carriers. 

However, as CMOS downscaling advances, trapping-
related effects become more important, such as: an increase in 
low-frequency noise (LFN) and LFN variability [4], along 
with discrete current-level switching over time, referred to as 
random telegraph noise (RTN) [5], [6], as well as a worsening 
of bias temperature instabilities (BTI) [7]. RTN/BTI can 
significantly impact the performance of both analog and 
digital circuits, in particular RTN switching events which are 
often characterized by very high amplitudes (up to 20 % of 
DC current [6]). It is therefore critical to properly understand 
how this amplitude is influenced by parameters such as the 
trap position in the oxide [8] or across the channel [9]. For the 
latter in particular, to the best of our knowledge, there is a lack 
of detailed simulation study of how exactly the lateral trap 
position affects the drain current and why. The works of 
Asenov’s group [8], [10], [11], although well documented in 
the literature, are limited to probing the electrostatic impact on 
the carrier density (not the channel mobility), and only in weak 
inversion when examining the influence of drain-source 
voltage (VDS) in short channels. Other teams, including ours, 
have reported strange dependencies of the RTN amplitude 
with VDS [12]-[15], and suggested ways to use this behavior 
to laterally localize the trap, but they did not particularly 
attribute these effects to specific fluctuations such as channel 
charge or mobility, nor to SCEs like drain-induced barrier 
lowering (DIBL) or source-drain proximity effect (SDPE).  

   
Fig. 1. (a) 3D schematic view of high-k/metal gate 28 nm FD-SOI 

MOSFETs and (b) cross-sectional view along the channel length of 28 nm 

FD-SOI MOSFETs. 

 
Fig. 2. Calibrated transfer characteristics (I-V) with measured data of 28 nm 

FD-SOI FETs for 120 nm and 1 µm gate lengths.  

Finally, we recently demonstrated [16] that the classic carrier 
number fluctuation with correlated mobility fluctuation 
(CNF/CMF) model [17] cannot properly capture the drain bias 
dependence for traps near the edges. A lot of TCAD-based 
RTN amplitude simulations are also documented [8]-[11], but 
most researchers have focused on the linear region of 
operation. However, from a circuit operation point of view, 
the analysis and comprehension of RTN amplitude in the 
saturation region is very important, and should be a 
requirement for a proper model development for circuit 
simulators. 

The aim of this work is to reveal the physical mechanisms 
(i.e., local charge or mobility fluctuations) behind RTN/BTI 
amplitude behaviors in both linear and saturation regions, by 
varying the single trap position along the channel length, for 
various channel lengths, and from weak to strong inversion. A 
promising modeling approach is also proposed. 

II. EXPERIMENTAL AND SIMULATION DETAILS  

A. 28nm FD-SOI MOSFET Structure Details 

Fig. 1 shows the 3D and cross-sectional simulated n-
channel FD-SOI MOSFET, based on the 28 nm FD-SOI 
technology process from ST Microelectronics [1]. The 
channel thickness is 7 nm, with a 23 nm buried oxide (BOX). 
The channel width is 300 nm, and the gate length varies from 
30 nm to 1 µm. TiN metal is used as the gate electrode on top 
of a high-k gate dielectric with an effective equivalent oxide 
thickness of ~1.8 nm. The electrically measured transfer 
characteristics at room temperature are shown in Fig. 2 in the 
linear region, with a drain voltage (VD=30 mV) for 120 nm 
and 1 µm gate lengths. 



 
Fig. 3. Schematic view of single trapped charge selected positions at the 

channel-gate oxide (SiO2) interface along the channel length: S: Source, S-
C: between Source and Center, C: center, C-D: between center and drain, D: 

Drain.  

      

 

Fig. 4. Top view of electron density and mobility showing the impact of a 

single trap at the interface of the channel and gate oxide in the center of the 

linear region (VD = 30 mV) for (a) VG = 0.2 V and (b) VG = 1.0 V. 

B. TCAD Model Calibration with Experimental Data 

Fig. 2 shows the calibrated transfer characteristics in both 
log and linear scales for 28 nm FD-SOI MOSFETs with 120 
nm and 1 µm gate lengths, simulated on the Sentaurus 3D 
TCAD platform using the following device physics models. 
The drift-diffusion (DD) transport equation, along with the 
Philips unified, Lombardi, and high-field saturation models, is 
solved by accounting for the effects of impurity doping, 
carrier-carrier scattering, phonon scattering, surface 
roughness, Coulomb scattering, and high-field saturation 
mobility. The density gradient model is used to account for 
quantum effects. With these models, the calibrated transfer 
characteristics show excellent agreement between the 
simulation and experimental data (taken from [18]), as shown 
in Fig. 2 for 120 nm and 1 µm gate lengths.  

C. TCAD Configuration for Single Trap Analysis  

The drain current variation due to the presence of a single 
trapped charge, i.e. the RTN amplitude, ΔID, is simulated by 
considering a single acceptor-like trap charge at the interface 
between the channel and gate oxide, as shown in Fig. 3. Since 
this work concerns only the electrostatic impact and not the 
trap occupancy, the trap is considered always at its charged 
state (negative charge) for all bias conditions. The effect is 
analysed for evenly spaced lateral trap positions, from source 
to drain, at 6 nm grid points along the channel length. The 
TCAD-modeled contour plots of electron density (Qi) and 
mobility (μeff) distribution in a 120 nm gate length channel, 
featuring a single trap at its center, are shown in Fig. 4, for 
subthreshold and strong inversion conditions in linear regime. 
It can be clearly seen that the single trapped charge 
significantly influences both Qi and μeff, revealing that both 
will contribute to ΔID. Moreover, the trap-affected region 
diameter, as well as its influence on Qi and μeff, is much higher 
in the subthreshold regime compared to the strong inversion, 
meaning that the ‘trap range’ is also bias- and position-
dependent. 

 
Fig. 5. Dependence of the relative RTN amplitude on (a) gate voltage (VG) 

in linear region and (b) drain voltage (VD) above the threshold voltage (VG = 

0.6 V) for a 120 nm gate length. 

 
Fig. 6. Dependence of the relative RTN amplitude on the position of a 

single trap from source to drain in the linear and saturation regions: (a) VG < 

VTH and (b) VG > VTH. 

III. RESULTS AND DISCUSSION 

A. First observations 

To obtain an overview of how ΔID depends on the lateral 
trapped charge position and channel length variation in the 
linear and saturation regions, the relative RTN amplitude 
(ΔID/ID) as a function of gate voltage in the linear region is 
shown in Fig. 5(a) for five trap positions (as in Fig. 3). It can 
be clearly seen that the impact is higher at the centre of 
channel, where the potential barrier is maximized in the weak 
inversion regime [11]. ΔID is also significantly attenuated near 
the source and drain in the weak inversion regime, due to the 
SDPE i.e., potential pinning at the channel edges near S 
(source) and D (drain). The effect of a single trap is stronger 
in weak inversion and begins to decrease significantly near the 
threshold voltage, due to the screening of the Coulomb 
potential of the trap charge by the inversion charge [11]. It is 
also worth noting in Fig 5(a), how all five curves almost 
coincide above the threshold voltage, VTH = 0.48 V, revealing 
how uniform is the carrier channel in strong inversion in 
ohmic regime. However, the relative ΔID as a function of drain 
voltage above VTH (VG=0.6 V), as shown in Fig. 5(b), reveals 
a very different dependence for each position across the 
channel, especially for the two edges (S and D). ΔID in deep 
saturation (VD = 1 V) becomes almost negligible when the trap 
is near the drain, due to the local channel depletion (Fig. 5(b)). 
Additionally, the relative ΔID increases with drain voltage 
when a single trap charge is located at or near the centre. It is 
significantly higher near the drain in the linear region but 
attenuates in the saturation region, a behaviour similar to what 
was reported in [9] for traps in the channel, and in [15], [16], 
for oxide traps. This amplitude reflects substantial variations 
in carrier density and/or mobility, from C (centre) to D in both 
linear and the saturation region. Fig. 6(a) shows the relative 
RTN amplitude (ΔID/ID) as a function of a single trap position 
from S to D, below VTH, revealing a bell-shaped curve, with a 
peak between C and D in the linear region. However, in the 
saturation region, the peak is slightly shifted towards C with a 
higher value.  



 
Fig. 7. The local trap region (a) electron density and (b) mobility with and 

without a single trap along the trap position in the linear and saturation 

regions for VG < VTH and VG > VTH. 

 
Fig. 8. The local trap region (a) electron density and (b) mobility variations 

as a function of VD above VTH. 

Above VTH (see Fig. 6(b)), while ΔID/ID follows a parabolic-
shaped curve moving from source to drain in linear region, in 
the saturation region, this behavior is reversed at the drain side 
of the channel, resembling the dependence below VTH, 
revealing a complete control of this part by VD. 

B. Probing charge and mobility variations 

In Fig. 7 are presented the local values of carrier density 
(Qi,local) and mobility (μeff,local) versus the trap position, 
extracted using a square region of 24x24 nm2 (to capture all 
the ‘trap range’) around the trapped charge, to account for the 
whole trap range. In both regions, the Qi,local variation is 
significantly higher than the mobility one at the position of the 
ΔID/ID peak, as can clearly be seen in Fig. 7. Moreover, there 
is a clear pinning of both Qi,local and μeff,local right next to S and 
D, which can explain the behavior of ΔID/ID in Fig. 5(a). The 
pinch-off effect near the drain in the saturation region is also 
clearly visible in Qi,local and μeff,local, as it seems to almost 
cancel out any conductivity variation near the drain.  

For a deeper understanding of the simulated behavior 
shown in Fig. 5(b), the relative change in electron density 
(ΔQi,local/Qi,local) and mobility (Δμeff,local/μeff,local) of the trap 
region is plotted in Fig. 8, as a function of drain voltage in 
strong inversion. Indeed, there is a high resemblance with the 
ΔID/ID versus VD curves of Fig. 5(b), and their values are in 
the same order of magnitude, indicating that the local 
ΔQi,local/Qi,local and Δμeff,local/μeff,local variations are both key 
quantities in the interpretation of the RTN behavior. Indeed, 
if we consider both sources of variations, and account for a 
position-dependent trap range pre-factor, Yt, and SDPE 
factor, λt (V-1), we can create an approximative formula (1) 
and quite closely reproduce the data of Fig. 5(b), as shown in 
Fig. 9(a).  
                 ∆��,� ��⁄ = 	� × �∆�
,����� �
,�����⁄ +
                  ∆����,����� ����,�����⁄ � × (1 + ����)                                (1) 

This underlines the importance of local charge and mobility 
modeling when trying to model RTN amplitudes. Our 
assumption that the ΔID/ID peak is related to the channel 
pinch-off near D is also supported by the way it shifts exactly 
as VD,SAT = VG - VTH, as shown in Fig. 9(b).  

 

Fig. 9. Dependence of the relative RTN amplitude on VD  for (a) VG = 0.6 

V, modeled with (1), and (b) for 3 different values of VG. 

 

Fig. 10. (a) Normalized derivatives of local carrier density and mobility to 

validate the hump effect in the subthreshold regime (VG ~100 mV). (b) 

Classical CNF/CMF model fitting with RTN amplitude for the single trap at 

the centre in the linear region.   

 
Fig. 11. (a) Correlation between normalized RTN amplitude, 

transoconductance (gm) and dynamic channel conductance (gd), and 

normalized local conductance derivatives, for S and D traps. (b) Normalized 

RTN amplitude versus VD at VG = VTH for 3 different gate lengths. 

C. Applicability of CNF/CMF model for characterization 

A well-established experimental RTN characterization 
method is the CNF model [17], which suggests that ΔID/ID 
should be proportional to gm/ID. As Fig. 10(a) illustrates, gm/ID 

contains both normalized gate voltage derivatives of carrier 
density and mobility, which constitute the normalized 
derivative of the local conductance, (������  =
 �
,���������,�����) , but only for the C position. This 

correlation is valid only near the central trap, as it is 
representative of the average conductance. Thanks to this, for 
C trap, the CNF/CMF model (∆�� �� = ƞ⁄ �� �� ×⁄ ∆�� (1 +
Ω �� ��⁄ ), where η a ‘trap range’ amplitude pre-factor and 
∆�� = " #$%�&⁄ the induced flatband voltage shift, can 

successfully fit the relative RTN amplitude in the linear 
region, as shown in Fig. 10(b).  For trap near S or D ends, and 
below VTH, that are governed by SDPE, the gm/ID trend cannot 
work. Fig. 5(b) shows that, for the saturation region, the gm/ID 
approach does not hold up even for the trap at C or S.  

However, accounting for DIBL through the parameter λ 
(V-1) and taking ∆��/�� = ()* × ��/��(1 + λ��) can help fit 
quite well the S trap data, as seen in Fig. 11(a). For the trap 
near D, as in linear regime, the ΔID/ID data seem to follow of 
the gm trend only below 0.2 V. Above that voltage, where the 
channel region near D is pinched off, the data seem to follow 
the �, = -�� -��⁄  trend instead.  



 
Fig. 12. Dependence of the relative RTN amplitude on channel length 

scaling: (a) above the VTH (VG = 0.6 V) and (b) at the VTH in the linear and 
saturation regions. 

We can attribute this to the fact that the conductance (G/012/ =
Q4,/012/μ677,/012/) is fully controlled locally by the drain voltage. 
Indeed, Fig. 11(a) demonstrates how the normalized VD-
derivative of ������  is almost identical to the gd trend. This 
finding provides an alternative path for both RTN modeling 
and characterization purposes. 

D. Effect of channel length downscaling 

The impact of SCEs on the RTN amplitude is illustrated in 
Fig. 11(b). They become visible for channel lengths of 60 nm 
and 30 nm, even for the C trap. In fact, ΔID/ID is already 
attenuated at a very low VD for LC = 30 nm, revealing the 
importance of SCE consideration for RTN modeling, for all 
the trap positions. Concerning the channel length scaling of 
the C trap RTN amplitude, shown in Fig. 12(a) for VG=0.6 V, 
it does not follow the 1/LC scaling law. However, this is 
corrected once the VTH roll-off SCE is accounted for, by 
extracting the RTN amplitude at VG = VTH (Fig. 12(b)). As 
expected, in saturation region, even at VG = VTH, the 1/LC 
scaling law does hold below LC = 300 nm. Finally, the 
“inverse scaling effect” [19] is only observed in saturation 
region. 

IV. CONCLUSION 

The impact of a single trap position, along the channel 
length, on the RTN amplitude, has been explored in detail for 
28 nm FD-SOI MOSFETs in all operation modes. In 
particular, the variations of both carrier density and mobility 
near the trap were monitored through 3D TCAD simulations, 
in order to relate them to the RTN amplitude in a coherent way 
that reveals the role of SCEs. This underlines the importance 
of developing models for local charge and mobility variations. 
It was also shown that the CNF/CMF model for medium 
length (120 nm) channel may only be valid for traps near the 
channel center in linear region and near the source in 
saturation. However, using the channel dynamic conductance 
(gd) can help identifying traps near the drain in saturation, as 
it reflects the local conductance sensitivity. The relative RTN 
amplitude was found to scale with 1/LC down to 30 nm, but 
the classical approaches do not work at such lengths, even for 
traps near the channel center. 
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