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Abstract— We simultaneously estimate impacts of process
variation effect (PVE) consisting of three major variations
and intrinsic parameter fluctuation (IPF) including two
crucial random factors on electrical characteristics of gate-
all-around silicon nanosheet complementary field-effect
transistors (GAA Si NS CFETs). The combined influence of
PVE and IPF on both N-/P-FETs in GAA Si NS CFETs
results in significant fluctuation of the off-state current. This
variability to PVE factors is particularly pronounced in the
P-type device due to the parasitic nature of its bottom
channel. Furthermore, compared with the magnitudes of
dynamic and short circuit powers, the static power is
marginal, but it possesses the largest fluctuation (about RSD
of 82%). Notably, the statistical sum of each factors of
fluctuation overestimates the total variability owing to
ignoring the correlation effects among all random factors,
compared with the full estimation at the same time.

Keywords—GAA NS CFETs, Process Variation Effects,
Intrinsic Parameter Fluctuation, Power Fluctuation. Deviation.

I. INTRODUCTION

The aggressive scaling of devices has led to pronounced
short-channel effect (SCE) and reduced gate control, resulting
in significant leakage currents [1], [2]. To address this issue,
semiconductor industry has focused on GAA structures,
including nanowire (NW) and nanosheet (NS) MOSFETs [3]-
[5]. These devices are particularly noteworthy for their ability
to lower supply voltages, maintain strong gate control, and
achieve high performance at advanced technology nodes [6].
Currently, GAA NS MOSFETs are being developed as
promising solutions for logic and memory devices beyond 2
nm technology nodes [7]. However, as these devices are
scaled down, they encounter inherent physical challenges
associated with the complexities of device fabrication [8].
Recent advancements in emerging VLSI technologies have
introduced the concept of GAA NS CFETs [1], [9], [10].
However, their fabrication process of CFETs possesses less
repeatability during channel etching and gate metal deposition
[1], [9]. Various variation factors of PVE and IPF including
work function fluctuation (WKF), random dopant fluctuation
(RDF), and interface trap fluctuation (ITF) are critical factors
in VLSI devices [11]-[13]; in particular, for emerging CFET
devices [1], [14]. Recent studies have investigated these
factors in planer MOSFETs, FinFETs, GAA NW and NS
MOSFETs [11], [12], [15]. However, the influence of PVE
and IPF factors on electrical characteristics and power
analysis of CFET devices and circuit has not received
sufficient attention.

In this work, we comprehensively undertake a
computational analysis of the combined PVE and IPF on
characteristics fluctuation including power consumption of
GAA Si NS CFETs. To provide engineering reasonable
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Fig. 1. Comparative analysis of fluctuation sources, including PVE,
WKF, RDF and ITF, at [Vp| = 0.7 V. The results lead to the conclusion
that the variation in Vy, caused by ITF is significantly lesser than that
induced by PVE, WKF, and RDF. Consequently, the subsequent
discussion neglects the ITF effect. (a) P-FET and (b) N-FET.
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Fig. 2. (a) A scattering plot of Ios-Ion With respect to six PVE
factors, WKF, RDF, and ITF in (a) N-FET and (b) P-FET. The
significant variation and random factors can be observed.

accuracy of device simulation, not shown here, we do calibrate
our calculation with measured data first [9], [16], [17]. We
then evaluate overall fluctuations induced by PVE and IPF by
estimating the relative standard deviation (RSD) which is the
ratio of standard deviation to the mean value (i.e., RSD = (o7 1)
X 100%) for each figure of merit.

II.  II THE STATISTICAL SIMULATION OF PVE AND IPF

Figures 1(a)-(b) illustrate the standard deviation of Vy, for
primary fluctuation sources, including six individual PVE
factors, as well as WKF, RDF, and ITF for both N- and P-
FETs. Notably, among the PVE factors, Tys, Wys, and Lg,
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Fig. 3. (a) A 3-D schematic plot of the GAA Si NS CFET (b) Partlally list of the nomlnal Values of parameters (c) Illustratlon of the
fluctuation sources and the Gaussian distribution histogram of the generated random cases. (c) PVE factors variation. (d) For WKF,
each GAA channel’s N-/P-work function metal (WFM) is discretized into small metal grains. () For RDF, the mean value of the number
of S/D extension. channel. and penetration RDs are eauivalent to the nominal doning concentration.

Table 1. List of RSD of DC/AC characteristics with individual
PVE and IPF, and combined variation sources.

RSD (%) | Tns | Wns | Le |WKF |RDF |ALL | SUM
on N-FET |9.35 | 64 [1.6 | 3.9 [1.3 |10.8|12.2
P-FET | 14.4|10.4 327 23 | 2 |13 |18.3

lof N-FET |50.4 |30.1 [37.5[60.5 [10.1| 65 |92.8
P-FET | 123 |45.3 |57.4 |48.4 |21.7 |131 |152.6

Vin N-FET| 33 | 3.1 |24 |49 |08 |49 |7.14
P-FET| 46 |38 |35 |34 |11 |64 [7.79
DIBL N-FET |14.4 |12.7 | 5.6 |16.6 |5.82 [17.7 | 26.6
P-FET |16.5 | 13.5 | 8.2 | 9.8 |5.89|20.7 | 25.5

ss N-FET |1.05 |0.95 | 1.0 [23.7 |26.4 1.1 | 35.5
P-FET | 4.8 | 2.8 [1.94|42.6 |21.8 | 4.5 |48.2
N-FET| 7.5 |9.76 |34 [45.2 | 11 | 9.3 |48.2

9m |P-FET|16.9 [10.2 |5.43 |42.6 |16.2| 78 | 50.0
Cs N-FET | 5.0 | 7.9 [9.7 [1.78 | 5.8 [12.9|14.8
P-FET | 6.0 | 9.9 [10.5]1.58 | 8.1 |14.4|17.7

along with IPF factors such as WKF and RDF, exhibit
significant variations in Vg. As shown in Fig. 2, we first
examine the main variation sources and find that the oxide
thickness, channel separation, device separation, and ITF are
marginal to CFET characteristic variation [17]; therefore,
we will mainly focus on the three key variation components
of PVE, i.e., thickness of nanosheet (7ys), width of NS (Wys)
and channel length (L) and two IPF: WKF and RDF. The
numeric range of these parameters varies within the
constraints of +o, following the guidelines of the 2022 IRDS
roadmap [18]. Figure 3(a) shows a 3-D schematic illustration
of'the GAA Si NS CFET structure. This configuration features
two GAA channels for bottom P-FET, along with one parasitic
channel. On the other hand, the top N-FET is designed with
two GAA channels, ensuring /,, characteristics match for both
the devices. To ensure precision and accuracy, we have
meticulously calibrated our device simulation using measured
data as reported in our recent work [19]. The parameters
adopted for device simulation follow rigorous calibration with
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Fig. 4. (a) The Ip-Vs curves exhibit fluctuations for both N-
FETs and P-FETs of CFET devices resulting from the
combined impact of PVE and IPF. (b) AC curves operating
at a signal frequency of 1 GHz serves as the basis for
assessing the gate capacitance (Cc).

measured I-V curves of CFET, as shown in Fig. 3(b). The 3-
D device simulation is realized by solving the quantum-
mechanically corrected drift-diffusion model. We have
similarly applied these calibration methodologies and models

Authorized licensed use limited to: TU Wien Bibliothek. Downloaded on November 07,2024 at 13:58:15 UTC from IEEE Xplore. Restrictions apply.



s 03 u= , 631 - 1000 1000
02 77 312 Lano 800 =
8 ) <
8 13
0.1 M - 600 600 §
o’ o p= n:a
00 _ 1 400 400
L 1 1 1 1 1 1 1
400 - 1200 ] 1200
) 9 1 1000 —_— P - g i —_—
E 300 o g 23 1000 £
o {oo 5 S © 1 5
°~ 1= 335,966 {600 o 290 =335 969 {600 2% 200 =333, 960 {600 o8
100 o= ’.34'8. (a) 400 100 O = ,52.0 (b) 400 100 o= ,94.6 (c) {400
1 1 1 1 1 1
3 4 5 6 7 10 12 14 16 18 20 10 12 14 16 18 20
Tys (nm) W, (hm) L (nm)

Fig. 5. Variations in Psasic, Pdyn, Pse, and P With respect to three major PVE factors: (a) Ts, (b) Was, and (¢) L for N- and P-FETs
of CFET. Psc and Py increase when all factors increase. Psiic i inversely proportional to Lg owing to the variation of of.

03| u= , 592 - 1000
o= ,28.1 s
i £
s

g £g i
£ {800 <= £ 1800 =
© T o I3
o® 2007 4=337,973 {600 o%a® 200 u=7557,930 {600 oF
100 0= ,8.33 (a) | 400 100 O= ,26.8 (b) | 400
P
80 100 120 140 5 10 15 20 25 30 35
Number of <200> Number of Channel RDs
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WKF and RDF. Power variation vs. (a) the number of <200>
and (b) the number of channel RDs in P-FET.
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Fig. 7. Power variations with respect to two key IPF factors:
WKF and RDF. Power variation vs. (a) the number of <200>
and (b) the number of channel RDs in N-FET.

Table 2. Comparison of RSD of power components between
the simultaneously simulation (ALL) and statistical estimation
(SUM) based on the independent and identically distributed
assumption. The overestimation of SUM occurs because factor
by factor calculation ignores their possible interactions.

'?;Z)D Tus | Was | Lo |WKF|RDF|ALL| sum

Pstatic |48.7| 21.4 {101 [34.6(10.6/82.1| 120
Payn |4.92| 6.65 |11.7]1.23|4.73|13.0| 151
Psc |1.70] 2.91 |6.10/1.69(1.10|6.15| 7.26
Protai |3.61] 5.23 |9.61/0.86|2.88/10.3| 11.9

to simulate the impact of PVE and IPF. Our mobility models
incorporate various critical elements, such as the Philips
unified model and a high-field saturation model dependent on
surface orientation, which addresses phonon and Coulomb
scatterings at the channel/insulator interface. To account for
quasi-ballistic effects, we have included the low-field ballistic
mobility model. In addition, our analysis considers Hurkx
band-to-band tunneling and the Shockley-Read Hall
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Fig. 8. (a) Pswic and Pgyn and (b) Psc and Prow versus the
normalized factors of PVE and IPF are shown. They consider
the combination of PVE and IPF factors at the same time.
Notably, the trend of Pszaric follows the trend of Le in Fig. 5(c).

recombination mechanism. A substantial dataset of 300
samples has been randomly generated, adhering to a Gaussian
distribution, to comprehensively assess the influence of PVE
and IPF on device characteristics. For WKF, we employ TiN
and TiN is assigned with probabilities of 60% for <200>-
orientation and 40% for <111>-orientation. Furthermore, the
work function of TiN <200> and <111>is 4.53 eV (high work
function; HWK) and 4.33 eV (low work function; LWK),
respectively, resulting in an effective work function of 4.45
eV. On the other hand, for P-FET, we utilize TiN doped with
aluminum (Al), as shown in Fig. 3(c). About RDF, we
randomly generate dopants which contribute to equivalent
doping concentrations of 8x10'7, 2x10', and 3.4x10'7 ¢m™
for the channel, source (S)/drain (D) extension (Sex/Dex), and
penetration from the S/D extensions into the channel (PE), as
depicted in Fig. 2(c). The statistical simulation follows one of
our earlier works in [15].

III. RESULTS AND DISCUSSION

Figs. 4(a)-(b) show the fluctuation of Ip-Vs and Cs-Vs
affected by the PVE and IPF at the same time. The red curves
of Fig. 4 are the nominal devices without any factors of PVE
and IPF. Fluctuations in the off-state current are observed for
both N-/P-FETs. Particularly, the P-FET has noticeable
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fluctuation than that of N-FET due to the bottom parasitic
channel leakage. The statistical RSDsyas (denoted as SUM)
of the RSD variation of individual random source is given by

RSDgyy = /ZRSD}, i € {PVE, IPF},

where the PVE has the components: Tvs, Was, and Lg, and the
IPF has factors of WKF and RDF. The largest RSD variation
occurs in I,z of P-FET and is found to be 131%, which
indicates that PVE sources have a more dominant influence
on characteristics fluctuation compared to combined random
sources. The majority of carrier’s transport is governed by a
large GAA channel that controls the majority of carrier’s flow.
Due to the fact that plenty of carrier’s transport is controlled
by the GAA along the channel direction, it is possible to
control the scattering of carrier by adjusting the effects of three
sensitive PVE factors on 7,5 Notably, when considering their
interaction through individual statistical summation, it
becomes evident that all outcomes for various physical
quantities are overestimated compared to the simultaneous
consideration of all factors due to their mutual annihilation
and enhancement effect. The Cg, a key AC characteristic, is
directly extracted from the C-V curves under the strong
inversion region for both N- and P-FETs. Fig. 4(b) portrays
the fluctuation of Cs-V characteristics due to the combined
influence of PVE and IPF. The RSD variations of Cg for P-
FET is 14%. Tab. I lists the extracted DC/AC characteristics.
By assuming independent and identical distribution of PVE
and IPF factors, Tab. I show their statistically calculated
RSDsuns via the equation which is about 50% overestimation,
compared with results of PVE and IPF simultaneously.
Among all characteristics, the RSDsua shows the most severe
overestimation (32 times) in SS of N-FET. Notably, in most
situations, RSDsu is larger than RSD 4z, only for the g, of P-
FET, it is lower. ALL denotes the simulation by considering
all variation factors and random sources simultancously.

Fig. 5 is the power fluctuations caused by the PVE factors.
Since Tus is below 10 nm, where the quantum effect occurs,
the PVE on the static power (Psuic) shows a larger influence
compared with Wys while they have similar performance on
the other power components. Lg shows an opposite influence
on Pyaic due to the increased gate leakage from short-channel
effect; in addition, it exhibits the most significant variation on
Pgasic. The power fluctuation caused by the WKF and RDF of
the P- and N-FETs is shown in Figs. 6 and 7. Tab. II lists the
RSD values for different fluctuation sources. The RSDs of
Piiatic Payn, Psc, and Py are 82.1%, 13.0%, 6.15%, and 10.3%,
respectively. Comparison of RSD of power components
between ALL and SUM is shown. Notably, the overestimation
of SUM occurs because factor by factor calculation ignores
their possible interactions. Thus, to estimate truly impact of
PVE and IPF on the variability of CFETs, ALL simulation is
indispensable approach. Notably, the statistical RSDsuu of
Pyusic Tesults in significant overestimation, compared with
RSD,;;. Fig. 8 is the scattering plot of power components
considering all the fluctuation sources simultaneously.

IV. CONCLUSIONS

In summary, we have studied the PVE and IPF on the
explored devices; in particular, for P-FETs, 131% variation in
Iopunder the influence of these combined random sources was
observed. Pyuic shows the most significant variation, reaching
up to RSD of 82% during the off-state operation of CFETsS,
among all power components. Notably, there is a large

overestimation in RSD of Pjaic by implementing the statistical
RSDsu to the results from the individual fluctuation factors.
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