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Abstract

‘We for the first time report the variability of gate-all-around
silicon nanowire MOSFET (NWFET) and 6T SRAM with
NWFET and hybrid FinFET-NWFET cells induced by random
discrete dopants (RDDs). Compared to all RDDs from channel
and S/D extension, the normalized read static noise margin fluc-
tuations (cRSNM) with 6T NWFET-based cells can be sup-
pressed ~54% without channel doping and penetration due to
the reduction of fluctuation of saturation current (Isat). The ac-
cess transistors possess the largest GRSNM than that of the
driver and load transistors owing to the relatively larger varia-
tion of Isat during the read operation. The cRSNM with 6T hy-
brid FinFET-NWFET cells (RSNM = 194 mV) was smaller than
that of 6T NWFET-based cells as compared to 6T NWFET-
based cells (RSNM = 125 mV) for all RDDs due to increasing
read static noise margin.

1. Introduction

A 6T SRAM with hybrid TFET-FinFET cells was pro-
posed to increase read static noise margin (RSNM) and de-
crease leakage power due to the considerations of low power
consumption, high performance and low area of chip [1].
However, the reports showed that 6T SRAM with FinFET
cells suffered large variations from random dopant fluctua-
tion (RDF), work function fluctuation (WKF) and process
variation effect (PVE), especially RDF [2-3]. Gate-all-around
(GAA) nanowire MOSFET (NWFET) is one of attractive de-
vices for sub-5-nm technology nodes, but various fluctuations
also have yield problems [4-5]. Characteristic fluctuations in-
duced by various RDDs of GAA Si NWFETs have been stud-
ied [6]. And, the FInFET’s process is compatible with GAA
NWFET s process with relatively low complexity [7]. Hence,
it is important to investigate the influence of RDDs on the
variation of RSNM with NWFET and hybrid FinFET-
NWFET cells, respectively.

In this study, we for the first time explore the fluctuated
GAA NWFET devices, 6T SRAM with NWFET and hybrid
FinFET-NWFET cells caused by various RDDs. We consider
the cases with all RDDs from channel and S/D extension in-
cluding their penetration (denoted as RDs_ch_Sext Dext pe),
without penetration from S/D extensions into channel (de-
noted as RDDs_ch_Sext_Dext), without channel doping (de-
noted as RDDs_Sext Dext pe), and without channel doping
and penetration from S/D extensions into the channel (de-
noted as RDDs_Sext Dext).

2. Coupled Device-Circuit Simulation Methodology

The simulation is performed intensively by solving a 3D
quantum-mechanically corrected transport model that has
been validated through the nonequilibrium Green’s function
(NEGF) results by tuning the electron effective mass [4,6].
To provide the best accuracy of simulation, not shown here,
we calibrate the simulation results of the 3D quantum-me-
chanically corrected transport model with measured Si data
by fitting the parameters of mobility model [4]. The concen-
tration and distribution for the four types of RDDs that are
statistically generated by Monte Carlo method for both N-/P-
type devices [6,8]. The 6T SRAM with NWFET and hybrid

FiInFET-NWFET cells are then considered to estimate the
RSNM fluctuations, as shows in Fig. 1. Finally, we normalize
the fluctuations of the characteristic parameters of N-/P-type
devices and cRSNM of SRAM circuit by (65/pu)x100%,
where o is the standard deviation of the variation, and pt is the
average of the characteristic parameters.

3. Results and Discussion

Fig. 2 shows the fluctuated Ip-Vg curves induced by vari-
ous sources of RDDs, respectively. The standard deviation
and the average of the characteristic parameters of N-/P-type
devices are extracted from Fig. 2. Table I summarizes the var-
1ation of DC characteristics. We find that the variation of sat-
uration current (L) can be reduced without channel doping
and penetration due to the reduction of the variation of thresh-
old voltage (V). However, the reduction of the gmmax Varia-
tions was not as pronounced. The RSNM is extracted from
butterfly characteristic fluctuation curves of 6T SRAM with
NWFET cells, as shown in Fig. 3, where the dashed lines are
mtrinsic-parameter-fluctuated curves, and the solid line
stands for the nominal curve. Fig. 4 shows the variation of 6T
SRAM with NWFET cells by considering the RDDs in dif-
ferent transistor pairs. The SRSNM can be reduced from 12.6
to 5.8% without channel doping and penetration and the
oRSNM with penetration is smaller than that with channel
doping. The inset shows the access transistors have the largest
6RSNM during read operation. According to the proportional
Eq. (1) between DC characteristics and RSNM [3,9],

RSNM o« [1— LF S s )
8m.p-mos  Em.N-Mos

where the I« and I are the saturation drain currents of the
driver and access transistors. We find that the variation of the
saturation drain current of access transistor dominates the var-
iation of RSNM at the similar gmmax variations. The fluctua-
tion of access transistors dominates the RSNM fluctuation for
all cases of RDDs. Fig. 5(a) shows that RSNM with hybrid
FinFET-NWFET cells can be enlarged and then, the SRSNM
with 6T hybrid FInFET-NWFET cells can be improved up to
58% (i.e., (12.6-5.3)/12.6 x 100%) as compared to NWFET
cells, as shown in Fig. 5(b).

3. Conclusions

In summary, we have found that the fluctuation of RSNM
is mainly governed by doped channel and the access transis-
tors. The magnitude of GRSNM of the tested 6T SRAM with
hybrid FInFET-NWFET cells can be suppressed effectively.
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Fig. 1. 6T SRAM circuit with (a) NWFET cells. (b) Hybrid
NWEFET-FinFET cells, where M1 and M2 are driver transis-
tors, M3 and M4 are load transistors, and M5 and M6 are the
access transistors. The configuration of structure and device
parameters mainly follow our recent investigation on NWFET
and FinFET devices in [2,6].
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Fig. 2. The Ip-Vg characteristic fluctuation curves of the stud-
ied device induced by various sources of RDDs. (a)

RDDs_ch_Sext Dext pe,

RDDs_Sext Dext pe, and (d) RDDs_Sext Dext.

Table L. List of the variation percentages of the parameters
of electrical characteristics induced by the various types of
RDDs. The variation percentage is calculated by (66/Mean
value) x 100%, where o is the standard derivation of the pa-
rameters, and the mean value is the average of the parame-

(b) RDDs ch_Sext Dext,

ters.
Type Parameters Vi Gmmax Lac
RDDs ch Sext Dext pe | 19.6 22.0 229
N- | RDDs_ch Sext Dext 17.0 21.8 22.3
FET | RDDs Sext Dext pe 122 | 209 | 18.1
RDDs Sext Dext 8.9 211 19.5
RDDs ch Sext Dext pe | 21.6 14.5 26.4
P- RDDs ch Sext Dext 19.1 14.3 254
FET | RDDs Sext Dext pe 140 | 142 | 201
RDDs Sext Dext 11.0 | 143 | 19.2

©
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Fig. 3. The curves of butterfly characteristic fluctuation of the 6T
SRAM with NWFET cells induced by various sources of RDDs.
(a) RDDs _ch Sext Dext pe, (b) RDDs ch_Sext Dext, (c)
RDDs_Sext Dext pe, and (d) RDDs_Sext Dext, respectively.
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Fig. 4. The influence of different transistor pairs on total RSNM
fluctuation of the explored 6T SRAM with NWFET cells in-
duced by various sources of RDDs. Reduction ratio = (12.6-
5.8)/12.6 x 100% = 54%.
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Fig. 5. (a) The nominal butterfly curves of the explored 6T SRAM
with NWFET cells (RSNM = 125 mV) and with hybrid NWFET-
FinFET cells (RSNM = 194 mV). More than 35% increase on
RSNM. (b) The RDF-fluctuated butterfly curves of the explored
6T SRAM with hybrid NWFET-FinFET cells. Reduction of
6RSNM has been achieved from 12.6%, as pointed out in Fig.
3(a), to 5.3%.



