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Abstract— This work presents a new method, called “pinch to 

detect”, for the characterization of Random Telegraph Noise 

(RTN) in nanometer length Tri-Gate Nanowire MOSFETs, 

allowing for the maximum number of active RTN traps to be 

detected. We demonstrate that the channel pinch-off effect, 

which takes place in saturation region, can actually be exploited 

for the modulation of RTN amplitudes and kinetics, and 

therefore disable (or enable) the appearance of RTN signals 

which are present (or not) in linear region, where the channel is 

uniform. It is shown that by combining the measurements for 

three different channel configurations, i.e. uniform, pinched-off 

near the drain and pinched-off near the source, the total number 

of detectable RTN traps can be maximized. This conclusion is 

also supported by noise spectral analysis and TCAD simulations. 

Furthermore, it is demonstrated through how going to longer 

channels with no short-channel effects does not make this effect 

disappear, but just limit it to traps in the pinched-off region. 

 

Index Terms -- Random telegraph noise, Tri-Gate Nanowire 

MOSFETs, Characterization, Short channel effects 

 

I. INTRODUCTION  

Τhe Random Telegraph Noise (RTN) effect [1] has become 
an important  performance limiting factor in nano-scale 
circuits [2], [3], due to its random nature and high amplitude. 
At the same time, it is also a very powerful tool for defect 
characterization and reliability assessment of MOSFETs. This 
is thanks to its discrete signal levels, which correspond to the 
trap states (empty or filled), thus enabling a direct evaluation 
of the number of electrically active oxide traps [4]. This 
becomes very crucial when performing statistical 
measurements that aim to extract the average number of traps 
per device, as well as the statistical distributions of RTN 
amplitudes and capture/emission time constants [5]. The 
precise extraction of the above characteristics is of critical 
importance, because the estimation of a circuit’s or a system’s 
dynamic performance (for memories [3]) or sensitivity (for 
sensors [6]) is heavily based on them. 

A trap’s occupancy is strongly dependent on the carrier 
concentration [7] and thus on the gate voltage (Vg) bias. As a 
result, an RTN signal is usually present only for a narrow Vg 
range (few kT around Fermi level Ef). Therefore, in order to 
achieve a reliable trap number estimation, it is necessary to 
scan a wide gate voltage range, from weak to strong inversion, 
with a small step. As far as the drain voltage (Vd) is 
concerned, although there can also be a Vd dependence of the 
trap time constants [8], [9], as well as of the relative RTN 

signal amplitude, ΔId/Id [10], [11], this effect has been only 
used for trap localization purposes [4] and not for the 
detection of new traps, because it is assumed that all traps are 
already active regardless the Vd value. This might be true for 
channel lengths in the micro-meter region, which do not suffer 
from short channel effects, nevertheless in nanometer-length 
devices the charge uniformity from source (S) to drain (D) is 
significantly influenced by Vd. We claim that this effect may 
result in a very different RTN behavior that could presumably 
help identify more traps than in the case where measurements 
are done under only one drain voltage bias. 

In this work, we explore the validity of the above 
hypothesis through experiments and simulations. After 
describing the technical characteristics of the studied devices 
and the measurement equipment, we show the first 
experimental observations that led us assume there is an 
important pinch-off effect on the RTN activity. Next, we 
demonstrate this effect through TCAD simulations and we 
propose -and apply- the “pinch to detect” method: a 3-part 
statistical measurement process that can enhance the number 
of detectable RTN traps across the wafer. Finally, since this 
phenomenon is closely related to short-channel effects, we 
explore its dependence on the channel length. 

II. DEVICES UNDER TEST AND MEASUREMENT SET-UP 

Tri-Gate Nanowire SOI p-channel FETs, fabricated by 

CEA-LETI [12], were chosen to be measured as a test vehicle 

for this explorative study. They incorporate a buried oxide of 

145 nm thickness, a H = 11 nm film thickness and a 2 nm 

Equivalent Oxide Thickness (EOT) HfSiON gate dielectric 

with TiN metal gate. The measured devices have a channel 

width of W= 30 nm and a channel length ranging from L = 10 

μm down to 10 nm, where the pinch-off effect and channel 

length modulation (CLM) are enhanced. Both static and time 

domain measurements of the drain current were performed 

using the programmable bias point probe system NOISYS 

[13], combined with a semi-auto 300 mm Cascade Micro 

Tech probe station. 

III. EXPERIMENTAL OBSERVATIONS AND DISCUSSION 

An example (Device #11) of Id-Vg characteristics in linear 
and saturation region of operation where the impact of pinch-
off is maximized is shown in Fig. 1. Time domain 
measurements of Id at linear region (Vd = - 30 mV) are shown 
in Fig. 2, for three gate bias voltages, ranging from weak to 
strong inversion. As can be observed in both the time series 



and the histograms, no RTN signals were present. 
Nevertheless, this is not the case when the same device was 
biased in saturation regime, with the drain voltage at Vd = - 
0.9 V: at least one clear two-state RTN can be detected (see 
Fig. 3). Therefore, it becomes evident that the channel pinch-
off near the drain has some kind of effect on the trap 
amplitude or kinetics (capture/emission time), such that the 
RTN signal becomes detectable. A possible explanation is that 
when such short channel devices go into saturation, the length 
of the pinched-off region becomes comparable to the total 
channel length, resulting in a radically different charge 
distribution. 

 
Figure 1. Id-Vg characteristics in linear and logarithmic scale at linear and 

saturation region of operation.  

 
Figure 2. Device #11: Selected time-series and corresponding histograms 

for three gate voltage bias (from weak to strong inversion) in the linear 
region of operation (Vd = - 30 mV). 

 
Figure 2. Device #11: Selected time-series and corresponding histograms for 
three gate voltage bias in the saturation region (Vd = -0.9 V). 

 On one hand, this can result in an increase of ΔId/Id with Vd 
[6], [10], [11], which could explain how easier it is to detect 
the trap, since the RTN amplitude becomes more important 
than the background noise. On the other hand, the trap’s 
capture time is also directly dependent on the local inversion 
charge density near the trap, Qit, through: 

𝜏𝑐 =
𝑞

𝜎𝑓𝑒𝑄𝑖𝑡

 (1) 

with σ the trap cross-section and fe the carrier escape 
frequency [14]. Therefore, since Qit is affected by Vd in 
saturation, the trap occupancy can drastically change, 
especially if the trap is located near the drain region, resulting 
in the possible appearance of traps that were undetectable at 
low Vd (linear regime). 

The validity of this idea was examined through TCAD 
simulations in Silvaco ATLAS with the structure’s 2-D cross-
section as well as its dimensions shown in Fig. 4. In Fig. 5, we 
demonstrate how going from linear to saturation region can 
dramatically affect the carrier concentration in more than half 
the channel length, especially close to the drain. Combining 
these results with (1), the impact of Vd on an interface trap’s τc 
was estimated, for three different positions across the channel 
(see Fig. 6), at Vg=0.5 V (above Vt). Clearly, the trap kinetics 
may be affected by even two orders of magnitude when the 
trap is located inside the pinched-off region. This means that 
in the case of a very fast trap close to the drain, measurements 
under high Vd would increase the capture time of the trap, 
allowing for its detection for a given sampling time and 
measurement window.  

 
Figure 4: Simulated structure in Silvaco ATLAS TCAD. 

 

 
Figure 5. Simulated electron concentration across Si channel from Source 
(x = 0) to Drain (x = 30 nm) and 0.12 nm from the oxide/silicon interface for 

three gate bias and both linear (Vd = 30 mV) and saturation (Vd = 0.9 V) 

regimes.  



On the other hand, an already slow trap in the linear region 
of operation close to the drain would be nearly impossible to 
be detected in the saturation region from the drain side. This is 
also true when the trap is close to the source, in which case 
measurements under high Vs (with grounded D) should be 
performed. Thus, in some cases, measurements at the 
saturation region of operation might lead to an easier detection 
of a trap. 

 
Figure 6. Calculated trap capture time using (1) and the simulation results 

of Fig. 5 for 3 different trap positions inside channel and 0.12 nm distance 

from the Si/SiO2 interface.   
 

 

  Regarding the RTN signal amplitude ΔId/Id, its 
dependence on Vd is directly related to the position of the trap. 
In the saturation region from the drain side, the pinch-off 
phenomenon becomes dominant for a trap close to the drain, 
and it might be undetectable due to its very weak RTN 
amplitude. This phenomenon is shown in Fig. 7. Two different 
positions of the trap were considered: one at the middle of the 
channel and one with a 2.5 nm distance from the drain region. 
Moreover, two bias conditions were examined: the typical one 
with varying Vd and a complementary with varying Vs and 
grounded D. It is shown that when the trap is in the middle of 
the channel, the amplitude ΔId/Id is the same whether the 
channel pinch-off takes place at the source or at the drain side. 
This is not true however, when the trap is close to the drain, 
where a very important difference in ΔId/Id is observed: when 
increasing Vs the RTN amplitude gets amplified and reaches a 
maximum at high Vs, which is almost 7 times higher than 
when biasing with the same voltage at the drain side. 
Therefore, complementary measurements at high Vs (pinch-off 
near the S) with the drain grounded could lead to an easier 
detection of traps near the drain. Vice-versa, traps near the 
source region would be easier to detect at high Vd bias. 
Another interesting fact is that in the linear region of operation 
the RTN amplitudes ΔId/Id are comparable for all 3 trap 
positions. This means that even if a RTN signal was detectable 
in terms of amplitude, it could be part of a multi-level RTN 
signal consisting of all these active traps. If we had not taken 
this issue into consideration, we would have been falsely led 
to the conclusion that only a single trap exists which in turn 
would lead to a false evaluation of the oxide/silicon interface 
quality. Hence, a combination of both linear and saturation 
regimes (at both D and S sides) is necessary for a complete 
trap activity monitoring. 

 
Figure 7. Simulated normalized RTN amplitude ΔId/Id versus drain (closed 
symbols) and source (open symbols) voltage for Vg = 0.5 V. (W = 1 μm, L = 

30 nm). 

IV. PROPOSED “PINCH TO DETECT” METHOD AND 

STATISTICAL RESULTS 

Based on the above analysis, we propose a measurement 
procedure consisting of three sets of bias conditions: linear 
region (low Vd), saturation with pinch-off near the drain (high 
Vd), and finally saturation with pinch-off near the source (high 
Vs, Vd = 0V). Each time, the gate bias varies from weak to 
strong inversion. To further showcase the importance of 
performing also source saturation measurements, we 
compared the behavior of Device #11 under high Vs (Fig. 8) 
against the one under high Vd (Fig. 3). From the obvious 
difference concerning the histograms -and thus the trap’s 
occupancy- behavior with Vg between high Vd and high Vs, it 
is concluded that these are two different traps. 

We applied this triplet of measurements, from weak to 
strong inversion, on a set of 36 devices across the wafer. In 
Fig. 9 it is illustrated how different is the number of detected 
RTN traps per die for each bias condition. Combining all 
results, the total number of detected RTN traps can be 
increased even by 2. Therefore, the combination of all three 
sets of measurements can provide a much more reliable 
estimation and at the same time maximize the total number of 
RTN traps. 

 
Figure 8. Device #11. Selected time-series and corresponding histograms 
for three  gate  voltage  bias (from  weak to strong inversion) in  saturation  

region, but with the pinch-off at the source side (Vs= -0.9 V). 



 
Figure 9. Colored  wafer  map  with number  of  detected  RTN  traps for all 

three measurement sets  of  our proposed methodology.  

 

In addition, the significant differences in the spectra of the 
input-referred gate voltage noise SVg=Sid/gm

2
 (see Fig. 10) 

further confirm the importance of the complementarity of 
these measurements. The presence of several Lorentzian (1/f

2
 

slope at high frequencies) spectra in both saturation modes but 
not in the linear region of operation confirms the presence of 
new traps. Moreover, while the mean and median spectra are 
both 1/f-like and almost coinciding for the linear regime, for 
both high Vd and high Vs cases the mean spectrum is non-1/f 
and heavily influenced by the presence of additional traps, 
whereas the median is the same as in linear region. This shows 
that in saturation region there is a lack of uniformity in the 
trap distribution. We assume that this effect may be related to 
traps near the source or drain junction regions or below the 
spacers, that are activated or detected only in the saturation 
regime. 

 
Figure 10. Input-referred gate voltage noise, SVg=Sid/gm

2, for all dies and for 
all three measurement sets of our proposed methodology at |Vg - Vt| =0.4 V. 

A significantly different behavior is observed in both median level and 

spectral characteristics. 

 

V. INFLUENCE OF CHANNEL LENGTH 

Since the pinch-off and CLM effects become less important 
in longer channels, one would logically expect that this 
dramatic change of RTN amplitudes in saturation regime is no 
longer true for much higher values of L. In order to investigate 
this influence of the channel’s length on how the pinch-off 
affects the RTN amplitude, we simulated the ΔΙd/Id at 
saturation (Vd = 1 V) for three channel lengths, L = 30 nm, L = 
0.2 μm and L = 0.4 μm, and three positions of the trap across 

the channel: near S, in the middle and near D. The length-
normalized ΔΙd/Id results are shown in Fig. 11. As one can 
surprisingly notice, for channels longer than 100 nm, the effect 
is not only present, but also the behavior becomes independent 
of the length: traps located near S and in the middle have an 
enhanced RTN amplitude, whereas the strength of traps near 
D is attenuated. 

 

Figure 11. Simulated length-normalized RTN amplitude versus gate length, 
for three trap positions, biased at Vg – Vt = 0.5 V and Vd = 1 V. 

Nevertheless, this is not the case for the 30 nm length 
device, where both “near S” and “in the middle” traps’ 
amplitude have decreased compared to longer devices. 
Regarding the former, it can actually be explained by looking 
at the simulation results of Fig. 5, where it becomes evident 
that in such a short channel, a high Vd can impact the carrier 
concentration all across the channel, even next to S. It can be 
regarded as a DIBL-like effect on RTN. It is worth noting that 
the normalized RTN amplitude of the trap in the middle is also 
attenuated a lot compared to longer lengths. In a similar way, 
this also seems like an ultra-short channel effect: the pinched-
off region is not limited near the drain, but reaches even near 
the middle of the channel (also visible in Fig. 5 and Fig 7). 

VI. CONCLUSIONS 

It has been demonstrated through systematic measurements, 
as well as TCAD simulations, that in nanometer length 
MOSFETs, such as the Tri-Gate Nanowire transistors under 
study, the pinch-off effect occurring in saturation regime plays 
a critical role in the detection of RTN traps. It was shown that 
this is related to the channel uniformity across the device 
length and how it can affect the RTN amplitude and time 
constants. We have presented the “pinch to detect” method, 
that takes advantage of this effect in order to maximize the 
number of detectable RTN traps, and therefore achieve a more 
complete device reliability characterization in terms of 
electrically active defects. Finally, TCAD simulations showed 
that the saturation effect on the RTN amplitude does not 
disappear in longer channels; on the contrary, it is maximized 
and above a certain length becomes length-independent. 
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