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ABSTRACT In this work, the effect of displacement defect (DD) owing to cosmic rays on six-transistor
(6T) static random access memory (SRAM) with a 3 nm node nanosheet field-effect transistor (NSFET)
is investigated using technology computer-aided design (TCAD) simulation. In order to comprehensively
study the uncertainty of the radiation of NSFET 6T SRAM, the shape of the DD cluster cross-section and
the transistor damaged by the DD in 6T SRAM are considered. Read static noise margin (RSNM) degradation
(19 %) is the highest when the rectangular cross-section of the DD cluster (rectangular-DD cluster) is located
in the pull-down1 (PD1) transistor. To mitigate the rectangular-DD cluster damage, we studied the variation
in the DD cluster influence on the sheet shape and the source/drain (S/D) overlap length fluctuation. The
sheet shape resulted in 2.3 % lower RSNM degradation in NS compared with nanowire (NW). Under the
worst conditions (PD1 transistor damaged rectangular-DD cluster, NW structure), the S/D underlap structure
showed 3.7 % lower RSNM degradation than the S/D overlap structure.

INDEX TERMS Displacement defect (DD), radiation effects, reliability, nanosheet FET (NSFET), static
random access memory (SRAM), technology computer-aided design simulation (TCAD).

I. INTRODUCTION
Static random access memory (SRAM), which acts as a

limited cell area, various issues remain. These issues included
device process-related problems (such as point defects owing

cache between the CPU and memory, has evolved alongside
CPU development technology. Logic field-effect transistor
(FET) such as FinFET is aggressively scaled down for large
cache memory capacity and fast operation speed. A nanosheet
FET (NSFET) was developed to replace the FinFET, which
reached the scaling-down limit. NSFET, which consists of a
surrounding gate, has higher gate controllability than FinFET.
As a result, NSFET strongly suppresses the short-channel
effect (SCE) compared with FinFET [1], [2], [3]. Although
NSFET has the advantage such as high integration rate in a
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to ion implantation) and neutrons of cosmic rays that cause
displacement defect (DD) in silicon [4], [5], [6], [7], [8].
The critical point at which a DD occurs in silicon is 50 keV.
For example, when a silicon die of 1 cm? cross-section
was exposed at sea level in New York, one event rate of
DD occurred after 21 days [9], [10], [11]. One DD event
is negligible for the bulk planar MOSFET. However, the
aggressively decreased channel volume became comparable
to the DD, and the DD effect is inescapable. The DD creates
arecombination and trapping center within the silicon energy
bandgap. The recombination center induced to recombine the
minority carrier, and the trapping center captured the majority
carrier [12], [13]. Owing to the carrier-trapping mechanism,
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TABLE 1. NSFET 6T SRAM geometry and doping parameters.

Symbol Quantity Value
L, Physical gate length 12 nm
Loy Effective gate length 12 nm
CPP Contact poly pitch 48 nm
Wipeet Sheet width 20 nm
Theet Sheet Thickness 5nm
L, Spacer length 8 nm
Overlap distance of the
Loveriap source and drain 0 nm
doping in the channel
EOT Equlvglent oxide 1.4 nm
thickness
Doping concentration 0 3
Noa of source and drain 1> 107 cm
Doping concentration 5o
N of the channel 1> 107 e
Doping concentration P
Naoay of body 1 x10%cm
WFn Gate metal work 4516V

function in the NMOS

Gate metal work
Wrp function in the PMOS 4.76 eV

the channel resistance increased, the carrier transfer charac-
teristics and the current degraded. Cosmic rays cause single
event transient (SET) and total ionizing dose (TID) effects,
excluding DD. SET, induced by alpha-particle penetration,
generates electron-hole pair (EHP) in the channel and sub-
strate of the semiconductor. Carriers of EHP transport to drain
region due to drain bias. An unexpected overcurrent in the
logic device leads to a data flip of the device [14], [15]. TID
effect by gamma rays occurs interface trap and oxide trap
in the SiO,. Both traps reduce SiO, quality, decreasing gate
controllability and generating leakage current in the channel
and shallow trench isolation (STI) regions. Consequently, the
TID effect degrades electrical characteristics such as Iy, Iy,
Vin, and SS. Unlike the TID and SET, DD caused permanent
damage [16], [17]. Therefore, it is necessary to identify the
device structure that is the most sensitive to radiation, and to
fabricate a device structure that can minimize the effect of
radiation.

In this study, we studied the degradation of the electrical
characteristics (I,;, Iof, and static noise margin (SNM)) of
NSFET six-transistor (6T) SRAM according to variations
in the shape (square and rectangular) of the DD cluster
cross-section and fluctuation of the transistors damaged by
DD in SRAM (pass-gatel (PG1), pull-down1 (PD1), pull-upl
(PU1), PG1 with PG2 (PG1-2), PD1 with PD2 (PD1-2),
and PU1 with PU2 (PU1-2)). In addition, we analyzed the
degradation tendency when the sheet shape and source/drain
(S/D) doping overlap (Loyeriap), Which is the length of the
overlapped S/D doping at between the nitride (spacer) and
gate, fluctuated under the worst DD conditions.

IIl. SIMULATION AND MODELING METHODOLOGY

The Synopsys technology computer-aided design (TCAD)
tool was used to simulate NSFET 6T SRAM (Fig. 1) [18].
In the device structure, NSFET collocated a certain distance
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(0.031 um?). Geometry (Lg, Lo ,CPP, Wyneer, Tseers Lp,
Loyeriap-and EOT), and the doping (Nys, Nep.and Npody)
parameters were fitted in accordance with those of a previous
study [1]. The sub-band of silicon is discontinuous in the
channel owing to device scale-down. In order to describe
quantum confinement of the inversion and transportation of
carriers in the sub-band, a modified local density approx-
imation (MLDA) model was used [19], [20], [21]. Auger
recombination models, a Shockley—Read—Hall model with
doping dependence, and Hurkx band-to-band tunneling were
adopted to consider gate-induced drain leakage (GIDL) in
the short channel [22], [23], [24]. Inversion and accumulation
layer mobility (IALMob) was used to consider carrier mobil-
ity model in the inversion layer of channel and accumulation
region of source/drain (S/D) doping extension [22]. The ;-
V, curve of Fig. 2 was calibrated to approximate the reference
measurement using the device’s geometry, doping parameters
(Table 1), and fitted simulation physics model.

Primary knock-on atom (PKA), a displaced silicon atom
by the neutron, knocked out the silicon atom while pene-
trating the silicon die, creating vacancies and interstitials.
A high density of vacancies and interstitials formed where
PKA passed, creating a DD cluster. In this research, the
DD cluster was set as cuboid by referring to other research
references [11], [17], [25], [26]. The DD cluster used the
acceptor-like trap energy level at E. — 0.4 eV in NMOS and
the donor-like trap energy level at E, 4 0.2 eV in PMOS [27],
[28]. The position of the DD cluster in the X, Y, and Z
directions is at the top of the sheet (Fig. 1 (a), middle of the
channel (Fig. 1 (b), channel of the top sheet), and center of
sheet (Fig. 1 (¢), channel of the top sheet), respectively, for the
worst on-current degradation due to the DD cluster [11], [29].
Two types of cuboid DD clusters had the following structure,
i.e., those with a rectangular cross-section (XZ plane, 9 nm
length (L, direction), 10 nm width (W, direction), and
4 nm height (T direction)), and those with a square cross-
section (XZ plane, 9 nm length, 5 nm width, and 5 nm height).
The degradation of the electrical characteristics is expressed
as follows: (|1o; (I or SNM) of the degraded device — I,y
(Ioff or SNM) of virgin device|)/ Io, (Ioff or SNM) of virgin
device x 100.

Ill. RESULT AND DISCUSSION

Fig. 3 shows the current degradation owing to the change in
the cross-sectional area of the DD cluster in the PG1, PD1,
and PUI transistors of the NSFET 6T SRAM. In Fig. 4,
the cross-sectional area of the DD cluster is either rectan-
gular (rectangular-DD) or square (square-DD). In the PG,
PD1, and PU1 transistors, the rectangular-DD cluster causes
a larger on-current reduction than the square-DD cluster.
The rectangular-DD cluster occupies a wider high-electron-
density profile (>1 x 10'8/cm3) of the NS channel cross-
section (Fig. 4) than the square-DD cluster. Therefore, the
charge captured by the rectangular-DD cluster was larger
than that captured by the square-DD cluster. This means
that the electron density in the channel is lower, and the
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FIGURE 1. (a) Structure of NSFET 6T SRAM. (b) X-Y cross-section of NMOS
at the Z-cut. (c) X-Z cross-section of NMOS at the Y-cut.
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FIGURE 2. Simulated 14-Vg transfer characteristics at V4 = 0.05 V and
0.7 V compared with measurement data.

channel resistance is higher for the rectangular-DD cluster
than for the square-DD cluster. Furthermore, the mobility of
the free carrier in the channel is reduced compared with that
of the square-DD cluster because the rectangular-DD cluster
contains more fixed charges. Consequently, the on-current is
further degraded in the rectangular-DD cluster.

When DD is generated in the channel, the gate-induced
drain leakage (GIDL) effect induces a high off-leakage cur-
rent [28]. However, when a trapping center forms in the chan-
nel of the control device (NSFET 6T SRAM), it is difficult
to tunnel the carrier on the source side through the trapping
center owing to the undoped channel and low-density drain
(LDD). Therefore, the off-currents of PG1, PD1, and PU1 are
diminished by DD [11].
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FIGURE 4. Electron density profile of NS shape (Y cut of Fig. 1 (a) ) with
different DD cluster cross-sections (square and rectangular).

Unlike PG1 and PDI1, PU1 shows less than 1 % off-
current degradation. For PU1, the Fermi level of the channel
is above the DD’s trap energy level (donor-like trap, E,+
0.2 eV) in the off-gate bias. This means that the carrier is not
completely filled in the trapping center [11]. Consequently,
the off-current degradation of the donor-like trap, which has
a shallow trap-energy level, was even lower than that of the
acceptor-like trap, which has a deep trap-energy level.

Fig. 5 (a) shows the extent to which the ability of the
SNM of the SRAM to read and write operations is degraded
by transistors damaged by the rectangular-DD cluster. In the
read operation, when the PD1 transistor is damaged (PD1
transistor condition), the rate of the largest reduction in the
read SNM (RSNM (19 %)) occurs. The read operation is
sensitive to external noise because the sensing amplifier
measures a tiny voltage difference between the bit-line (BL)
and bit-line-bar (BLB) in Fig. 5 (c¢). Activating the WL
in the read operation, the voltage of the internal storage
node (V) is slightly increased from zero by the voltage
division between the PG1 and PD1 transistors. When V,,,;
increases close to the critical voltage of the adjacent PD2
transistor (Vy, of PD2 transistor), the SRAM has a higher
probability of reversing the state, leading to the failure of
the read operation. To prevent a sufficient external noise
margin and voltage rise of the V,,; node, a high drive cur-
rent is required of the PD transistors compared with that of
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the PG transistors. The RSNM, proportional to the g-ratio,
increases when the Ipp transistor is higher than Ipg. In the
PD1 transistor condition, a higher RSNM reduction occurred
than in the other transistors. Fig. 5 (b) and Fig. 5 (c¢) illustrate
the reduction in the RSNM in detail. The butterfly curve
in Fig. 5 (b) shows the combined VTC curves for the left
and right inverters. The colors indicate the conditions of
the transistor damaged by the rectangular-DD cluster. The
filled and open symbols of the VTC curve indicate flip-
ping of the left and right inverters, respectively. An RSNM
was extracted from the closed butterfly curve after V;, =
0.35 V was applied. In the PD1 transistor condition shown
in Fig. 5 (b), the VTC curve of the left inverter (FlipL)
overlaps with the no-DD condition. However, the VTC of
the right inverter (FlipR) generates a higher V,,,, after V;,, =
0.35 V than that observed in the no-DD case. WL, V;;,, BL,
and BLB were applied at 0.7 V to determine the process of
the flipped inverters, as shown in Fig. 5 (¢). When V;, is
0.7 V, V,, increases owing to the reduction of Ipp; by the
rectangular-DD cluster. In the range from 0.35 V to 0.7 V,
Vour 1s maintained higher than the no-DD condition. The
FlipR of the PDI1 transistor shifts positively until the gate
voltage of PD1 decreases below 0.35 V. The RSNM of the
PD1 transistor condition is lower than the no-DD butterfly
curve beyond V;, = 0.35 V. In the PD1-2 transistor condition,
the RSNM reduction was 7 % lower than in the PD1 transistor
condition. The FlipL of the PD1-2 transistor condition moves
in a positive direction at a high voltage of V,,;, similar to
the FlipR of the PDI transistor condition. The FlipL and
FlipR curves of the PD1-2 transistor condition moved in both
directions. Only FlipR moves in a positive direction under
the PD1 transistor conditions, resulting in an imbalance in
the trip point. However, less mismatch occurred under the
PDI1-2 transistor condition than under the PD1 transistor
condition, resulting in a lower RSNM reduction than under
the PD1 transistor condition. In the PG transistor conditions,
the B-ratio (Ipp/lpg) increases because the rectangular-DD
cluster degrades the Ipg, and the voltage of the V,,; or Vj,
node decreases compared with the no-trap condition. Then,
the RSNM increased with increasing B-ratio. However, the
speed of the read operation was reduced. Since PU transistors
do not directly affect the RSNM, an RSNM reduction of
approximately 1 % occurs.

The write operation shows the highest write SNM
(WSNM) decrease (0.28 %) in the PG1 transistor (Fig. 5 (a)).
Fig. 5 (d) shows that the write operation activates WL,
applies 0 V to BLB and 0.7 V to BL, sends a “0” signal to
the V;, node and a ““1” signal to the V,,,; node, and writes
the data “1” to SRAM. When applying a signal to a node
and flipping the data, the Ipg is stronger than the Ipy. This
implies that the WSNM proportional to the y-ratio (Ipg/Ipy)
increases when the Ipg is higher than the Ipy. Consequently,
the PG1 transistor condition exerts a greater influence on
the WSNM than the other conditions. However, because the
primary function of the write operation is to change the
voltage state of the storage node (Vj, or V), the circuit
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FIGURE 5. (a) In the NS structure, the rate of the read and write static
noise margin (RSNM and WSNM) degradation by the single transistor
(PD1, PG1, PU1) and coupled transistor (PD1-2, PG1-2, PU1-2) at the
location of the rectangular-DD cluster. (b) Butterfly curves (Flip-R and
Flip-L) in damaged PD1 (cyan line) and PD1-2 (red line) transistors, and
no-DD (black line) conditions. (c) Reading and (d) writing operation under
the worst-case conditions in which the rectangular-DD cluster is
generated in the PD1 and PG1 transistor.

is designed to overcome slight changes in the voltage level
and set an accurate voltage at the storage node. The WSNM
reduction was less than 1 %.
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RSNM degradation has a fatal effect on the read operations.
To minimize RSNM degradation in environments where radi-
ation damage is unavoidable, it is important to develop device
structures that are insensitive to DD effects. Therefore, the
rectangular-DD cluster impact variation owing to sheet shape
and S/D doping overlap length fluctuations were analyzed
under the worst DD conditions (rectangular-DD cluster in the
PD1 transistor).

Fig. 6 (a) and Fig. 6 (b) show the on-current and RSNM
degradation owing to the rectangular-DD cluster in the
FinFET, NS, and nanowire (NW) structures. The rectangular
DD cluster of the FinFET, which is calibrated 10 nm node
technology FinFET [30], is equal to the total volume of the
rectangular DD cluster of the NS and is located at the top
of the Fin and PD1 transistor. NS had 2 % and 6 % lower
on-current and RSNM degradation than FinFET. Because the
NS, unlike the FinFET, has a GAA structure that suppresses
the rise in the conduction energy band caused by the DD
cluster, reducing the impact of the DD cluster. NS exhibits
6.6 % and 2.5 % lower degradation than NW in terms of the
current and RSNM, respectively. In the channel cross-section
of the NS, the proportion of rectangular-DD cluster occu-
pying the sheet-width direction of the NS was 30 % lower
than the NW. The ratio of rectangular-DD cluster occupying
the channel cross-sectional area of the NS and NW in the
sheet-width direction is as follows: NS condition (10 nm
of rectangular-DD cluster width / 20 nm of NS width x
100 = 50 %) and NW condition (10 nm of rectangular-DD
cluster width / 12.5 nm of NW width x 100 = 80 %). This
means that the influence of the fixed charge on the carrier
is reduced because the space for electrons to move to the
side of the rectangular-DD cluster in the NS is larger than
in the NW. On the other hand, the rectangular-DD cluster
accounted for the majority of the NW channel cross-sectional
area. Thus, the fixed charge of the rectangular-DD cluster
further reduces the carrier mobility in the NW channel.

We analyzed the wvariation in the impact of the
rectangular-DD cluster by varying the S/D overlap on the NW
structure with the worst DD conditions. Based on the control
device (Loveriaqp = 0 nm), an overlap device (Loyeriqp = 2 nm)
and an underlap device (Loveriqp = —2 nm), as shown in
Fig. 6 (c), were produced. Fig. 6 (a) and Fig. 6 (b) reveal
that the underlap structure undergoes less degradation in
the device’s electrical characteristics than the overlap struc-
ture owing to the rectangular-DD cluster. As the effective
gate length of the underlap is longer than the physical gate
length, the underlap has less SCE influence than the overlap
and effectively controls the influence of the rectangular-DD
cluster. The effect variation of the rectangular-DD cluster
owing to the Loyeriqp fluctuation can be more specifically
determined through the channel’s conduction band modula-
tion by the gate field shown in Fig. 6 (d). The gate electric
field strongly suppresses the channel conduction band raised
by the rectangular-DD cluster in the underlap. However, the
overlap structure has a stronger SCE effect than the underlap
structure, reducing the influence of the gate electrical field.
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FIGURE 6. (a) Comparison of on-current and (b) RSNM degradation of NS,
NW, FinFET, and Lgyeriap Variation under PD1 transistor condition
(description of NW's electron profile in the upper left of Fig. 6(a)).

(c) lllustration of underlap and overlap in the top sheet X-Y
cross-sectional area of NWFET. (d) Conduction band at 2 nm and -2 nm
of Loyerlap (off state (Vg = 0.7 [V], Vg = 0 [V]), and on state

(Vg = Vg = 0.7 [V]).

Consequently, the underlap structure undergoes 2 % current
deterioration and 3.7 % RSNM deterioration compared with
the overlap structure.
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IV. CONCLUSION

In this study, we explored the variation in the DD effect of
various device geometries in NSFET 6T SRAM. When the
cross-section of the DD cluster is rectangular, the on-current
degradation is higher than that of the square cross-section.
The region where the rectangular-DD cluster occupies the
NS’s high electron density is wider than the square-DD clus-
ter, so the impact of the rectangular-DD cluster on the devices
increased. The RSNM is proportional to the cell ratio of
Ipp1/Ipg1, degraded the most when the rectangular-DD clus-
ter damaged PD1 transistors. Owing to the further mismatch
of the butterfly curve in the PD1 transistor condition than in
the PD1-2 transistor condition, the PD1 transistor condition
led to higher RSNM degradation than the PD1-2 transistor
condition. We varied the sheet shape and Loy to determine
how to minimize SRAM SNM degradation in the worst DD
conditions (i.e., rectangular-DD cluster and PD1 transistor
damaged). In NS, lower on-current and RSNM degradation
occur compared with NW, in which most of the high-electron-
density area is occupied. When Lyyeriqp is decreased, the SCE
effect in the channel is weaker than the overlap structure, and
the energy barrier of the channel raised by the rectangular-DD
is effectively suppressed through the gate bias field. Con-
sequently, I,, and RSNM degradation in the S/D underlap
device were lower than the S/D overlap device. Therefore,
to enhance immunity to DD, NS structure with S/D underlap
structure is excellent.
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