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Low frequency noise (LFN) and Random Telegraph Noise (RTN) are investigated statistically on nanoscale MOSFETSs
of a 28 nm fully depleted silicon-on-insulator technology. The analysis reveals that the mean noise level is well de-
scribed by the carrier number fluctuations with correlated mobility fluctuations model. As for the RTN, it is shown that
the mean amplitude of the signals is driven by correlated mobility fluctuations in strong inversion. The comparison be-
tween the extracted parameters of the LFN and RTN analysis demonstrates that the remote Coulomb scattering impact
due to the trapped and detrapped charges remains the same on average for this technology, whether it is the average
noise spectrum of all devices, or the average amplitude of the detected RTN signals.

Since the decade of 1970, the origin of flicker (1/f) noise
in MOSFETs has been a subject of a continuous and fruit-
ful debate: is it related to carrier number fluctuations (CNF)
or mobility fluctuations (MF)? While authors like Hooge,'
Kleinpenning? and Vandamme>* were establishing the ap-
proach that “1/f noise is no surface effect” but a semiconduc-
tor bulk effect related to scattering effects, others, like Fu,}
Reimbold® and Ghibaudo,” were on the contrary interpreting
the measured fluctuations as a result of trapping/detrapping
of carriers in oxide interface defects. The observation of dis-
crete level switching in the measured current,®-19 now widely
known as Random Telegraph Noise (RTN), contributed in the
establishment of the CNF approach,!"!? because such sud-
den and specific amplitude transitions can only take place in
trapping events. In parallel, many works demonstrated that
MF are not necessarily bulk-related but can also be caused
by CNF, due to remote Coulomb scattering noise related to
the fluctuating trapped charge.'>!* Therefore a unified flicker
noise model approach was adopted, called CNF/CMF: car-
rier number with correlated mobility fluctuations. The down-
scaling of the devices area of CMOS technologies leads to
higher levels of low frequency noise (LFN) and RTN, which
can seriously affect the performances of analog and digital
circuits,'>16 thus highlighting the importance of developing
a realistic model. The CNF/CMF model has been success-
fully used to extract noise parameters and develop compact
1/ f noise models until nowadays for all types of MOSFET ar-
chitectures or channel materials,!”!° and also validated statis-
tically. Nevertheless, the adoption of the CNF/CMF approach
in the modeling of RTN amplitude has been scarce and lim-
ited to single device results,'%?%-2% due to the bias-dependent
appearance of CMF in the measured RTN. In this work, we
evoke this subject by probing the CMF contribution in the av-
erage RTN amplitude for a statistical sample of 60 nanoscale
devices, aiming to statistically validate the CNF/CMF model
for RTN and compare the extracted parameter values to the
ones obtained by the average 1/ f noise.

Time and frequency domain drain current noise measure-
ments were performed on 60 n-MOS devices from a 28 nm
FD-SOI technology?® with high-k and metal gate, and equiv-

alent oxide thickness EOT = 14 A. The devices have width
W = 80 nm and length L = 30 nm, and are studied for var-
ious gate voltages in the linear regime (V; = 50 mV). The
noise measurements were done using a low-noise current-to-
voltage amplifier and a HP35670A spectrum analyzer con-
nected to the AC output of the amplifier. The LFN analysis
is undertaken by measuring first the drain current noise power
spectral density (Sy,), and then normalizing by the transcon-
ductance (g,, = dlz/dV,) square to get the input-referred gate
voltage noise (Sy, = S,/ g2), shown to be insensitive to elec-
trical static variability,’® assuming that LFN is dominated by
charge trapping/detrapping mechanisms.

Examples of noise power spectral densities (PSD) for dif-
ferent gate voltages are shown in Fig. 1. Since Sy, follows
a log-normal distribution,?’ the mean spectra calculated in
Fig. 1 correspond to the geometric mean processed through
the logarithm of Sy,. The mean spectra exhibit a 1/ slope,
where some Lorentzian-shaped spectra associated with RTN
are observed with a characteristic plateau and a 1/f? slope,
with an example shown in Fig. 1(b). The 1/f slope allows
the application of the CNF/CMF model for the input-referred
gate voltage noise Sy, given by,'3-!4

Ji 2
Sv, = Sv,, (1+Q") . (1)
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Here, = 0l rrCox Where 0 is the Coulomb scattering co-
efficient, U, sr is the charge carrier mobility and C,, the oxide
capacitance per unit area. Sy, is the flat-band voltage spectral

density given by,'*
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where ¢ is the elementary charge, kp the Boltzmann constant,
T the device’s channel temperature, A the tunnel attenuation
distance (=~ 1 Ain Si0y), f the frequency and N; the volu-
metric trap density in cm™3.eV~!. The product o - i, ff Was
shown to be constant from weak to strong inversion,!” so that
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FIG. 1. (a-c) Input-referred gate voltage noise PSD (Sy, ) for all mea-
sured dies at gate voltage V, =0.3 V, V, =0.5 V and V; = 1.0 V. The
black lines correspond to the geometric mean spectra.

the parameter Q is sufficient to describe the mobility fluctu-
ation impact on charge carriers. The fitting parameters Sy,
and € can be extracted using the quantity /Sy, to take ad-
vantage of its linear dependence with I;/g,,, with the intercept

corresponding to , /Sy, and the slope to , /Sy, - Q.'72529 The
CNF/CMF model fit on the measured quantity \/ST/g extracted
at f = 10 Hz is presented Fig. 2(a) as a function of I;/g,, and
Fig. 2(b) as a function of the gate voltage for better readabil-
ity of the scattered data, showing very good agreement. As
with Sy,, the mean value extracted from \/% corresponds
to the geometric mean of the logarithm of the quantity. The
parameters of the CNF/CMF model extracted from the linear
regression are Sy, =1.3-10° mV*/Hzand Q =42 V™.

Examples of RTN signals for different devices at selected
gate voltages are shown in Fig. 3 with their associated his-
tograms. Different signatures are observed, depending on the
number of active traps inducing RTN, where a 2-level signal
corresponds to 1 active trap as in Fig. 3(a) and Fig. 3(c), and
a 4-level signal associated to 2 active traps at the same time
as in Fig. 3(b). The statistical analysis of RTN is undertaken
employing the detection of discrete levels using the histogram
smoothed by a kernel density estimation,>* where the ampli-
tudes Al; of the isolated active traps are extracted.

While the RTN amplitude analysis using the CNF/CMF
model was already performed for isolated traps,'2%2* a sta-
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FIG. 2. (a) Square root of the input-referred gate voltage noise ex-
tracted at 10 Hz (\/E ) as a function of 1,;/g,, for all measured dies.
(b) /Sy, as a function of the gate voltage. Red squares are the geo-
metric mean values, and blue dashed lines are the CNF/CMF model
fits.
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FIG. 3. (a-c) Examples of time-domain drain current noise measure-
ments showing RTN for different devices and gate voltages. (d-f)
Associated histograms with kernel density estimation smoothing and
the detected levels.

tistical study seems to have not yet been achieved. With the
developed methodology for RTN parameter extraction, be-
tween 15 and 25 isolated traps were detected per V,, allow-
ing the analysis on a new statistical level. As done for the
LFN analysis, RTN amplitudes and their mean values are pre-
sented Fig. 4 as a function of I;/g,, and gate voltage. The
amplitudes are expressed in terms of threshold voltage shifts
AV, = Al; /g The results show an explicit linear relation be-
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FIG. 4. (a) RTN amplitude (AV;) as a function of I;/g,, for all
detected signals. (b) AV; as a function of the gate voltage. Red
squares are the geometric mean values, and red dashed lines are the
CNF/CMF model fits.

tween AV, and I;/g., especially in strong inversion, showing
clear evidence of the presence of mobility fluctuations corre-
lated to the fluctuating trapped charge.

Following the same analysis as done in Ref. 14 for the
total surface charge Q,, in the case of a RTN (single
trap) we can derive from 1/lerr = 1/Uesr0 + OgeQyy that
—AU,r / uesz = O4.q, because AQ;, = q. Of course, here
o, is different for every trap, depending on its position (in
oxide depth or horizontal) with regards to the carrier chan-
nel. Then, since the total current shift from the trapped
charge is Al; = —(91;/9V,)AVyy + (1) e rf) Alle , @ sim-
ilar CNF/CMF model can be expressed for the case of a single
trap inducing RTN, 203!

AV, = —AVp, <1 +Qld> , 3)
8m

where AVp, is the flat-band voltage shift. Despite the fact
the CNF/CMF model of Eq. (3) refers to the electrostatic
impact of a single RTN trap, it fits well the data in Fig. 4,
where the extracted parameters from the linear regression are
AVp = — 0.70mV and Q =4.7 VL. The value of Q is very
close to the extracted value from the noise PSD data, revealing
that the mean CMF strength can be extracted from either LFN
or RTN statistical measurements and can be used to model
both types of noise.

To better visualize the agreement in trends and model fits
between the two sets of data, the measured normalized mean
drain current noise PSD and mean RTN amplitude are repre-
sented in Fig. 5 as a function of the drain current, with the
CNF only, the CNF with access resistance noise,?> and the
CNF/CMF model fits. The model fits shows the necessity of
taking into account CMF, because a sole CNF model fit with
or without access resistance noise contribution is not correctly
representing noise variations in strong inversion in both noise
PSD and RTN data sets.

The good agreement with the CNF/CMF model is a first
demonstration that the RTN amplitude is statistically driven
by MF in strong inversion for FD-SOI nanoscale MOSFETs.
Moreover, the extracted € values are similar whether the data
are taken from the PSD with Svg, or from the extracted RTN
amplitudes AV;. Hence, the mobility sensitivity of the trapped

w

()

g F10° —~
T3 >
= 107 =
5] .0
- o
= 10" o
O
O -4 | =
5 10 5]
2 3
© 0 =~
3 100 I
~ 5 \%
5107 1 S
U CNF fit i
z --e-- CNF fit with S, L1078
§ 1061 — CNF/OMF fit v =
E T T T T
10" 107 10° 10°

Drain current, I; (A)

FIG. 5. Normalized mean drain current noise (\/E /1;) and nor-
malized mean RTN amplitude (Al;/I;) over 60 measured devices,
as a function of drain current. CNF only, CNF with access resis-
tance noise (Sg,,) and CNF/CMF model fits are represented in black
dashed lines, dash dotted lines and straight lines respectively, show-
ing the need of considering a MF impact to better model the noise
variations in strong inversion.

and detrapped charge carriers is on average the same whether
the power spectral density of 1/f noise or the RTN pulse am-
plitude is concerned.
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