Analysis on Static Noise Margin and
Single Event Upset of C-SRAM

for Radiation Tolerance

Eunju Jo

The Graduate School
Yonsei University

Department of Electrical and Electronic Engineering



Analysis on Static Noise Margin and
Single Event Upset of C-SRAM

for Radiation Tolerance

A Master’s Thesis
Submitted to the Department of Electrical and Electronic Engineering
and the Graduate School of Yonsei University
in partial fulfilment of the requirements for the degree of

Master of Science

Eunju Jo

August 2022



This certifies that the master's thesis of Eunju Jo is approved.

@@%@%

Thesis Supervisor: Prof. Woo-young Choi

7 Gy il

Prof. @eong Ook Jung

W

=
Ph.D. Inyong Kwon

The Graduate School
Yonsei University
August 2022



AR AF H A7) AAE

5

S

<

o)
i

e

)

ok

el

=

Avke 2

Qe vire AA HA5U

ojy

Tor

%

el

+

B

B

el

i
o))

o7

m
<
N

o

AEHT. 1

1 sl A= AU

A
=

gol = A5 Aol gleo]

=

il

A

rop 94 2

N~

A

Qo 2le wol

o

e

21}

[e)
R

]

29 AN HAL A

=

el

™H
il

o
X

]
—_

—_—

0

N2

7k A e HWA ad

o

LI

o

=]

A

&

918 upAbY,

p I

H
AR ZIAL ICR Labe] 9102 wolFAA A7k A7) Al

Ay

N

o

]

N

7
oy

o]
A

nhA o 2,

=S we 7188 FHA G

PN
= T

o

il

=
=

Abel <14}

1

_ﬂo

{|n

o

2022 W 8



Table of Contents

LiSt Of FIQUIES oo

I ESY Ao ) 0 1= o ] =

PN 013 £ = (o AR

i [ L 4 o Yo LU Lo AT ) o KT T TR

2. Background ...........c..c....

2.1 Conventional 6T SRAM Cell
2.1.1 Structure ......c..ee......
2.1.2 Operation ................

2.1.2.1 Hold Operation .
2.1.2.2 Read Operation
2.1.2.3 Write Operation

2.1.3 Radiation Effect .......



2.1.4 Previous SRAM Cell Designs for Radiation Tolerance ......

2141

2.1.4.2

Quatro SRAM Cell .....oeiiiiiiiii e,

We-Quatro SRAM Cell .....coiiiiiiiiiieeeeeen

2.1.4.3 Dice SRAM Cell ...oneee e

3. Proposed SRAM Cell ..o

3.1 C-SRAM

4. Experiment Results of C-SRAM ....cccoooviiiiiiiiiiiiiiiii e

4.1 SIMUIALION TESE RESUILS ...t see e

4.1.1 Static NOISE MArgin ......ccoooeeiiieieeeeeeeeee e

4.1.2 SEUTESE oo

4.2 Irradiation

TESE RESUILS ... e e e e e e e eveeeens

4.2.1 SEU TES oo

5. Conclusion



Reference

ZE o0}



List of Figures

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

11

1.2.
2.1
2.2.
2.3.
2.4,
2.5.
2.6.
2.7.
2.8.
2.9.
3.1.
3.2.
4.1.
4.2.
4.3.

4.4.

4.5.

Block diagram of the conventional 6T SRAM cell. .......ccccceoeveieinenene. 4
Block diagram of C-SRAM Cell. ........ccovmieieiieeeceeeeeee e 4
Structure of the conventional 6T SRAM cell..........ccocoovevenineininnennn, 5
Hold operation of the conventional 6T SRAM. ........cccccevvevieviecieveniennen, 6
Read operation of the conventional 6T SRAM........cccccevvevieeeciecieeiennn, 7
Write operation of the conventional 6T SRAM. .......ccccvveverereneeeennenne. 8
lllustration of the TID damage. .........ccoeueeeeeeerieceeeceeceeeeeereeee et 11
lllustration of the SEE damage. ........cccooueeeeeeereecieeieceeceeeeeeveeeeete e 11
Structure of the Quatro SRAM CEll.......c.oooieeiieeeeeeeeeeeeeeeee e 12
Structure of the we-Quatro SRAM Cell. .......coeveeiiieiiieeeeeeeeeeee, 13
Structure of the DICE SRAM Cell. .......ccoeiviiniiniincincncnceeee, 14
lllustration of the Metal-Cap. ........ccoveveeieieeeceeceeeceeeeeee e 16
Layout of the C-SRAM Cell.........couiieieieeeeceeeeeeeee e 16
The conceptual setup of modeling SNM (block diagram). .................... 18
The conceptual setup of modeling SNM (schematic). ..........cccccveueneene. 18

The SNMs of the conventional 6T SRAM: 530mV (hold mode)

, 220mV (read mode), and 860mV (write mode). ........cccceevvevvevrerennene 19
The SNMs of the C-SRAM: 530mV (hold mode), 220mV (read-

mode), and 860MV (WItE MOUE).....cccoevieiirieieirieeererereteeeee e 19

The current source model for simulating the radiation effect................ 22



Fig. 4.6. The boards of DUT, CTRL (left), and TRANS (right). .....ccccoveeveerereennnn. 27
Fig. 4.7. The proton accelerator facility at KAERI. ........cccccooeirineneneneeeeene 27
Fig. 4.8. The number of errors on the DUT board at energy level 45 MeV........ 28
Fig. 4.9. The ion beam facility at KAERI..........c.ccooeieiiiieiieeeeeeeeeeceeeee e 28
Fig. 4.10. The feedthrough (left) and new DUT board (right). .......cccoevveeierereennnns 29



List of Tables

Table 4.1. Comparisons between C-SRAM and other considered cells

vi



Abstract

Analysis on Static Noise Margin and Single Event Upset of

C-SRAM for Radiation Tolerance

Eunju Jo
Dept. of Electrical and Electronic Engineering

The Graduate School, Yonsei University, Seoul, Korea

This thesis is about the analysis on static noise margin (SNM) and single event
upset (SEU) of capacitor-static random access memory (C-SRAM) for radiation
tolerance. In the space environment, a common problem in memory
semiconductors such as a static random access memory (SRAM) is soft errors.
These soft errors cause a bit flip and this event is referred to as a SEU.

Many radiation-hardened SRAM cells such as a Quatro SRAM, we-Quatro
SRAM, and DICE SRAM cell have been reported for years. However, these

designs have the disadvantage of taking up more area than the 6T SRAM cell. The
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Quatro SRAM cell uses 10 transistors. Likewise, the DICE SRAM cell and we-

Quatro SRAM cell consist of 12 transistors.

| propose a new radiation hardened SRAM cell design named as C-SRAM. The

C-SRAM is simply added a capacitor to a conventional 6T SRAM. It was designed

to mitigate radiation effect using a conservation law of electrical charge. Moreover,

a cell size is the same as the conventional 6T SRAM cell.

SNMs, which are indicators of operational stability, are equal to the conventional

6T SRAM values in 530mV (hold mode), 220mV (read mode), and 860mV (write

mode). In the simulation test of the SEU, the result is 4.761x better than the

conventional 6T SRAM with the value of 247.494 fC. In addition, an irradiation

experiment also confirmed that the C-SRAM cell is better than the 6T SRAM. The

conventional 6T SRAM chip and C-SRAM chip were designed using standard 0.18

pm CMOS process.

Keywords: static noise margin (SNM), single event upset (SEU), radiation

tolerance, soft error, radiation hardened SRAM cell, C-SRAM
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1. Introduction

In the space environment, a common problem in memory semiconductors is soft
errors [1], [2]. The soft error is a sort of single event effect (SEE) caused by
radiation, which means that high energetic particles generate electric charges or
current inside the semiconductor chip, resulting in malfunction [3], [4].

Static random access memory (SRAM) is now widely used in many digital
circuits. The memory device of which cell consists of inverters can retain its stored
information as long as power is supplied. Also, it has some advantages in fast
processing speed. However, SRAMs are also vulnerable to radiation, especially
when SEU occurs [2]. The SEU is a type of SEE that makes bits inverted. Therefore,
it is critical for SRAM and must be considered when designing for specific
applications under radiation environments.

Various radiation hardened SRAM cells have been reported for years [4]-[6]. But
| think the methods that change the number of transistors are saturated. For

example, the Quatro SRAM cell uses 10 transistors. Likewise, the DICE SRAM cell



and we-Quatro SRAM cell consist of 12 transistors. Therefore, | approached the
cell design in a different way.

In this thesis, | propose a new 6T SRAM cell design which is simply added a
capacitor to a conventional 6T SRAM as shown in Fig. 1.1 and Fig. 1.2. Then, |
named it capacitor-static random access memory (C-SRAM). Even if the voltage
value of Q or QB changes due to the radiation effect, the value will return stably
again by the conservation law of electrical charge. Therefore, data can be
protected from SEE. In addition, C-SRAM has an advantage of having the same
cell size as the 6T SRAM, unlike the Quatro, we-Quatro, and DICE SRAM cell.

SNMs, which are indicators of operational stability, are equal to the 6T SRAM
values in 530mV (hold mode), 220mV (read mode), and 860mV (write mode).
Accordingly, it may be confirmed that even if a capacitor is added, it does not affect
the operation. In addition, the simulation test of SEU obtained 4.761x better results
than the conventional 6T SRAM with a value of 247.494 fC. In order to demonstrate
the radiation tolerance, | conducted irradiation experiments.

In proton accelerator experiment, | perform test at two energy levels: 45 MeV

and 100 MeV, in the fluence of 1x10 particles/cm?. As a result, since an error



occurs only in the conventional 6T SRAM, it is possible to prove that the C-SRAM
is excellent. Additionally, experiment is conducted with H ions at an ion beam
facility under the condition of an energy level of 150 keV and the fluence of 1x10*’
particles/cm?. This result will be described in detail in a later section.

Through these experiment results, it is confirmed that the new radiation
hardened SRAM cell | proposed perform better than the 6T SRAM cell. As a result,
it should be noted that C-SRAM cell performs well without change of cell size and

SNM value compared to the 6T SRAM.



BL WL BLB
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Figure. 1.1 Block diagram of the conventional 6T SRAM cell.

BL WL BLB

Figure. 1.2 Block diagram of C-SRAM cell.



2. Background

2.1 Conventional 6T SRAM

2.1.1 Structure

As shown in Fig. 2.1, the conventional 6T SRAM cell consists of six transistors

which are pull-down transistors, access transistors, and pull-up transistors.

The Q and QB are data nodes. In addition, the word line(WL), bit line (BL), and

bit line bar (BLB) are used in read/write operation. The read and write operation

will be described in the following sections.

WL

BL

—T11

VDD

1P

—iL

BLB

§

Ql:”_

™

QB

Figure. 2.1 Structure of the conventional 6T SRAM cell.




2.1.2 Operation

2.1.2.1 Hold Operation

In hold operation, the WL is given a LOW signal to turn off the access transistors.
Thus, the data node Q and QB remains value in its initial condition.

If you wrote Q=0 V in the previous write operation, you can see that the cell has
Q=0V and QB=1.8 V in the hold mode as shown in the Fig. 2.2. Conversely, if the
Q value was 1.8 V in the previous write operation, the Q and QB would remain 1.8

V and 0 V in the hold mode, respectively.

VDD

T

QB
1.8V

wd=

Figure. 2.2 Hold operation of the conventional 6T SRAM.



2.1.2.2 Read Operation

First, the WL is given a LOW signal to turn off the access transistors. The BL
and BLB are then pre-charged to half of the VDD as shown in the Fig. 2.3. When
the access transistors are turned on by giving HIGH signal to WL again, the values
stored in nodes Q and QB are transmitted into BL and BLB. Finally, it is amplified

by a sense amp at the end of BL and BLB.

WL

- —cﬂ L"\
QB

L 0.9V
0.9V | 1.8V

v 4

1.8V

Y

Figure. 2.3 Read operation of the conventional 6T SRAM.



2.1.2.3 Write Operation

In contrast to the read operation, the access transistors are initially turned on by
applying a HIGH signal to the WL. As shown in Fig. 2.4, the BL must get HIGH
signal for writing HIGH to memory, and LOW signal for writing LOW. Finally, turning
off the access transistors by giving the LOW signal to the WL ends the operation

and keeps the memory value until next writing.

. WL
BL VDD 0V BLB
1.8V
e MRl v,—!\w
18y — LV e

Ql]l— -

Figure. 2.4 Write operation of the conventional 6T SRAM.



2.1.3 Radiation Effect

Many radiation effects have been reported such as total ionizing dose (TID)
and single event effect (SEE) [7].

When a transistor is exposed to high-energy particles, electron-hole pairs are
generated in the oxide region. This generation leads to almost TID effect. The
mobility of holes is relatively slower than the electrons. So, they can be trapped in
the silicon and silicon dioxide region [7]-[9]. The TID effect is simply shown in Fig.
2.5.

In the case of SEE, high energetic particles generate electric charges or
current inside the semiconductor chip, resulting in malfunction [10]-[12]. The SEE
is also simply shown in Fig. 2.6. This SEE can be divided into hard error and soft
error. If the circuit is recoverable after being affected by the SEE, it is called a soft
error. Conversely, a case that does not is called a hard error. Representatively,
there are single event latch-up (SEL) (hard error) and SEU (soft error). And | will

focus on the SEU.



In the space environment, a common problem in memory semiconductors such
as a SRAM is soft errors. These soft errors cause a bit flip and this event is
referred to as the SEU.

A data of the conventional 6T SRAM is easily flipped by the radiation. In the
worst case, current is generated in a sensitive node due to radiation effects. If the
data of the affected node is changed, then the other is instantly changed along.
Various radiation hardened SRAM cells such as a Quatro SRAM cell, we-Quatro
SRAM cell, and DICE SRAM cell have been reported for years. And, | also
propose a new radiation hardened SRAM cell using a capacitor to address this

problem.

-10 -
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Figure. 2.5 lllustration of the TID damage.
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Figure. 2.6 lllustration of the SEE damage.

-11 -



2.1.4 Previous SRAM Cell Designs for Radiation Tolerance

2.1.4.1 Quatro SRAM Cell

They propose a 10T soft error robust SRAM cell that offers differential read
operation for robust sensing [4]. This SRAM cell is named as quad-node 10T or
Quatro-10T cell. As shown in Fig. 2.7, the Quatro SRAM cell uses ten transistors
and four data nodes. In addition, there are two access transistors, N5 and N6. If
the stored data is '1', the logic values at nodes S1, S2, S3, and S4 are '1', '0', '0',
and '1', respectively. According to their claim, the Quatro SRAM cell reduces soft

errors by 98% lower than the conventional 6T SRAM cell [4].

WL
VDD
BL BLB

P45b—><——4€1*z
S3 54
L P3 P1 L
Lo L
N6 NS

S1 S2
N4 ] —[ N2
N3 ><‘Elm
v
Figure. 2.7 Structure of the Quatro SRAM cell.
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2.1.4.2 We-Quatro SRAM Cell

Their previous study shows that the Quatro SRAM cell suffers from poor
writability [5]. So they present a new radiation hardened SRAM cell, "we-Quatro".
"we" means "writability enhances". As shown in Fig. 2.8, they add two access
transistors to the Quatro SRAM cell to obtain strong writability. Therefore, the we-
Quatro SRAM cell has twelve transistors. Although the we-Quatro SRAM cell use
more transistors, they occupy the same area as the Quatro SRAM cell. When the
stored data is '0', the logic values at nodes S1, S2, S3, and S4 are '0', '1', '1', and

'0', respectively [5].

WL
VDD
BL %}4 pze BLB
4 % NT
—T— 4 F=|—<|
VDD
| s4¢—d4[P3 PiJp—9s3 |
NG N5 |

Py R S R
NSN_Nl
Figure. 2.8 Structure of the we-Quatro SRAM cell.
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2.1.4.3 Dice SRAM Cell

Dual interlocked storage cell (DICE) is widely used in radiation hardened SRAM.
Unlike the structure of the conventional 6T SRAM cell, it has an interlock structure
in which one memory node is input to PMOS and NMOS of different inverters. As
shown in Fig. 2.9, the DICE SRAM cell use twelve transistors. Therefore, they
occupy more area than the 6T SRAM, Quatro SRAM, and we-Quatro SRAM cell.
The DICE SRAM cell uses a 4-node redundant structure and these nodes store

the data as opposite values of two pairs [6]. (i.e., 0101 or 1010)

VDD

BL

Figure. 2.9 Structure of the DICE SRAM cell.
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3. Proposed SRAM Cell

3.1 C-SRAM

Many radiation-hardened SRAM cells such as the Quatro SRAM cell, we-Quatro
SRAM cell, and DICE SRAM cell have been reported for years. However, these
designs have the disadvantage of taking up more area than the conventional 6T
SRAM cell. The Quatro SRAM cell uses 10 transistors. Likewise, the DICE SRAM
cell and we-Quatro SRAM cell consist of 12 transistors.

| propose a new radiation hardened SRAM cell design named as C-SRAM. The
C-SRAM is simply added a capacitor to the conventional 6T SRAM. It was
designed to mitigate radiation effect using a conservation law of electrical charge.

| used metal-cap by stacking several layers of metal without using the capacitor

provided by the 0.18 pm CMOS process. Therefore, a cell size of the C-SRAM is

the same as the 6T SRAM cell, as shown in Fig. 3.1 and Fig. 3.2.

-15 -



Figure. 3.1 lllustration of the metal-cap.

PR

Metal - Cap

N
s

%ﬁ% Lo
e -
e

-

Figure. 3.2 Layout of the C-SRAM cell.
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4. Experiment Results of C-SRAM

4.1 Simulation Test result

4.1.1 Static Noise Margin

The SNM is an indicator of operational stability. Therefore, the SNM is widely
used to evaluate the stability of the SRAM cell [13]. As shown in Fig. 4.1 and Fig.
4.2, these are the conceptual setup of modeling SNM [14], [15]. The SNM is
defined as the value of dc noise voltage "V\" that is added to the data node before
the data is flipped. As Vn continues to increase, cell stability will gradually decrease.

To validate the SNM of the 6T SRAM cell and C-SRAM cell, | use the dc noise
voltage. The SNM can be observed in the read, write, and hold mode. As a result,
the SNMs are equal to the 6T SRAM values in 530mV (hold mode), 220mV (read
mode), and 860mV (write mode) as shown in Fig. 4.3 and Fig. 4.4. It shows that
even if a capacitor is added, it does not affect the operation. Furthermore, since

the read and write operations are trade-off relationships, a relatively large write

217 -



SNM value is obtained instead of a small read SNM value. However, SNM has a
drawback in that it does not capture the dynamic behavior of SRAM operation [16],
[17]. Therefore, additional dynamic noise margin (DNM) experiment is conducted
using the pulse width of WL and capacitance of BL/BLB. As a result, it is confirmed

that the read DNM value and the write DNM value of the C-SRAM are 630 mV and

Vy
o\~ I >0
/
40<} )
NS~
Vi

Figure. 4.1 The conceptual setup of modeling SNM (block diagram).

590 mV, respectively.

BL BLB

Figure. 4.2 The conceptual setup of modeling SNM (schematic).
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The conventional 6T SRAM (Hold SNM)

I
0 02 0.4 0.6 0a 1 12 1.4 16 18
Q (V)

The conventional 6T SRAM (Read SNM)

L I
0.2 0.4 06 0.8 1 12 1.4 16 18

Q)

The conventional 6T SRAM (Write SNM)

0

L
02 0.4 0.6 0a 1 12 1.4 16 18

Q)

Figure. 4.3 The SNMs of the conventional 6T SRAM: 530mV (hold mode), 220mV (read mode), and 860mV (write mode).

The C-SRAM (Hold SNM)

I
0 02 0.4 0.6 0a 1 12 1.4 16 18

Q)

The C-SRAM (Read SNM)

L I
0.2 0.4 06 0.8 1 12 1.4 16 18

Q)

The C-SRAM (Write SNM)

0

02 0.4 0.6 0a 1 12 1.4 16 18

Figure. 4.4 The SNMs of the C-SRAM: 530mV (hold mode), 220mV (read mode), and 860mV (write mode).
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4.1.2 SEU test

To prove the radiation tolerance of my cell design, | conducted a simulation test
of SEU. As shown in Fig. 4.5, a current source is employed to the sensitive node
for simulating the radiation effect on the SRAM cell [18]. As mentioned in [18], [19],
a positive transient pulse is generated when the drain of PMOS is affected by
radiation. On the other hand, a negative transient pulse is generated in the drain
of NMOS. For this reason, the Q and QB are sensitive hodes in the conventional
6T SRAM cell structure. In the paper [18] and [20], a double exponential current

source was used to simulate the SEU on sensitive nodes. And the parameter

values of T, and tg were set to 164 ps and 50 ps.

| experimented using this setting value. And | compared each cell by applying a
ratio similar to the conventional 6T SRAM cell size | designed in this paper. The
injected current can be expressed as

;I ;"
]”U(t) == [p(?(.’k(era - ()Tﬁ ) (1)

-20 -



[pc’(!k =

where Ipeak is approximately the peak current, g is the rise time constant and T,

is the fall time constant [18]-[20].

Critical charge (Qc) is the minimum value of charge that must be collected at the
sensitive node to flip the bit [18], [19]. As a result, Qc of the conventional 6T SRAM
is 51.984 fC, C-SRAM is 247.494 fC, Quatro and we-Quatro SRAM are 52.668 fC,
and DICE SRAM is more than 300 fC. In addition, | converted this Qc value to an

LET value with the following equation.

__ LepxTxdxe
- X

Qc
(3)

where Lw is a threshold LET value, T is a thickness, d is a Si density, e is an
electronic charge, and X is an energy needed to create one e-h pair [21]. Here, T

is the n-well thickness of 1um in the figure of paper [22]. As a result, the LET value

of C-SRAM is 24.029 MeV+cm2/mg. This value is approximately 4.76x more than

-21 -



the 5.047 MeV+cm2/mg of the conventional 6T SRAM. And this simulation results

demonstrate that C-SRAM is superior to the conventional 6T SRAM.

Each comparison value is summarized in the Table 4-1 for ease of
understanding [1], [20]. Of course, it may be confirmed that the 12T DICE SRAM
cell is the best performance in the SEU test. However, considering the area, it is
expected that C-SRAM will be used a lot. This is because it shows good radiation

tolerance performance without increasing size from the conventional 6T SRAM cell.

d:}

1 0 =+1SEU 1 =0 SEU

2 é—— - PT
ViV VNV

Figure. 4.5 The current source model for simulating the radiation effect.

-22 -



Table 4-1. Comparisons between C-SRAM and other considered cells

C-SRAM cell Conventional 6T SRAM cell DICE SRAM cell Quatro SRAM cell we-Quatro SRAM cell
Transistors 6 6 12 10 12
Relative Static Power 1 1 2 2 2

Relative Area 1 1 2.414 1.958 1.958

Qc (IC) 247.494 51.984 > 300 52.668 52.668

Max SEE Current Model (mA) 2.171 0.456 > 2,632 0.462 0.462

LET (MeVecm?mg) 24.029 5.047 > 29.126 5.113 5.113
Hold SNM (mV) 530 530 517 625 625
Read SNM (mV) 220 220 225 250 233
Write SNM (mV) 860 860 900 922 900
Read DNM (mV) 630 590 720 700 700

Write DNM (mV) 590 580 no falil 660 no fail

-23-




4.2 Irradiation Test Results

4.2.1 SEU Test

The chips of the conventional 6T SRAM and C-SRAM were fabricated in

commercial 0.18 ym CMOS technology. And these chips were bonded to a printed

circuit board (PCB) in a form of chip on board (COB). There are three boards: DUT,

CTRL, and TRANS boards as shown in Fig. 4.6. In particular, the TRANS board is

an additional board necessary for the use of ion beam facility. A total of four chips

are placed on one DUT board, with two conventional 6T SRAM chips and two C-

SRAM chips. The reason for this setting is to obtain a lot of data under the same

experimental condition. For the I/O ports, LAN ports are used in consideration of

the area of the DUT board. The CTRL board uses arduino mega, and similarly,

LAN ports are used as I/O ports. Moreover, supply bus transceivers are used to

compatible the voltage of arduino with the operation VDD of the chip.

-24 -



The experiment is conducted by sequentially writing data in Q of each WLs and
reading the value again. And if the bit is inverted during this experiment, | assume
that an error has occurred.

The conventional 6T SRAM and C-SRAM have been tested at the proton
accelerator facility (Fig. 4.7), Korea Atomic Energy Research Institute (KAERI),
with energy levels of 45 MeV and 100 MeV. The applied fluence is 1x10!
particles/cm?. As a result, no error occurred at 100 MeV, but one error occurred at
45 MeV in the conventional 6T SRAM (Fig. 4.8). It may seem strange that an error
occurred at a relatively lower energy level. In this part, referring to the figure in the
web site [23], it can be seen that the LET value of the proton decreases as the
energy increases. For this reason, an error occurred at a relatively lower energy
level of 45 MeV. In the proton accelerator experiment, one error out of 8,424 data
was found in the conventional 6T SRAM. This result shows that the C-SRAM is
superior to the 6T SRAM.

Additionally, both the conventional 6T SRAM and C-SRAM have been tested
with H ions at the ion beam facility (Fig. 4.9), KAERI, with an energy level of 150

keV and the fluence of 1x10%" particles/cm?. The ion beam facility uses a vacuum

-25-



chamber, so | needed feedthrough. For the ion beam experiment, the DUT board
was newly designed and the TRANS board was also newly manufactured (Fig.
4.10). As a result of the experiment, there were no errors in both the conventional

6T SRAM and C-SRAM. Unfortunately, the reason is that the LET value under the

corresponding conditions is about 0.46 MeVe.cm2/mg, which is too small for bit to

flip.

| conducted each experiment at KAERI's proton accelerator facility and ion beam

facility to examine the SEU effect of SRAM. And this simulation results

demonstrate that C-SRAM is superior to the 6T SRAM.

-26 -



Figure. 4.7 The proton accelerator facility at KAERI.
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Figure. 4.8 The number of errors on the DUT board at energy level 45 MeV.

Figure. 4.9 The ion beam facility at KAERI.
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Figure. 4.10 The feedthrough (left) and new DUT board (right).
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5. Conclusion

For memory semiconductor devices such as SRAM, soft errors must be
considered for harsh radiation environments. So, | design a new radiation
hardened SRAM cell which is simply added a capacitor to a conventional 6T SRAM.

This proposed SRAM uses metal-cap by stacking several layers of metal without

using the capacitor provided by the 0.18 ym CMOS process. Therefore, a cell size

of the C-SRAM is the same as the 6T SRAM.

SNMs, which are indicators of operational stability, are equal to the 6T SRAM
values in 530mV (hold mode), 220mV (read mode), and 860mV (write mode). It
shows that even if a capacitor is added, it does not affect the operation. However,
SNM has a drawback in that it does not capture the dynamic behavior of SRAM
operation. Therefore, additional DNM experiment is conducted using the pulse
width of WL and capacitance of BL/BLB. As a result, it is confirmed that the read
DNM value and the write DNM value of the C-SRAM are 630 mV and 590 mV,

respectively.
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In the simulation test of the SEU, the result is better than the 6T SRAM with the

value of 247.494 fC. In addition, the LET value of C-SRAM is 24.029 MeV+.cm2/mg.

This value is approximately 4.76x more than the 5.047 MeVe.cm2/mg of the 6T

SRAM. The simulation results show that C-SRAM has better radiation tolerance
than the 6T SRAM.

Furthermore, | conducted each experiment at KAERI's proton accelerator facility
and ion beam facility to examine the SEU effect of SRAM. The 6T SRAM and C-
SRAM have been tested at the proton accelerator facility with energy levels of 45
MeV, 100 MeV and the fluence of 1x10% particles/cm?. As a result, no error
occurred at 100 MeV, but one error occurred at 45 MeV in the 6T SRAM.
Additionally, both the conventional 6T SRAM and C-SRAM have been tested with
H ions at the ion beam facility with an energy level of 150 keV and the fluence of
1x10' particles/cm?. However, there were no errors in both the conventional 6T
SRAM and C-SRAM. Unfortunately, the reason is that the LET value of the

condition is too small to flip the bit.
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The results of these simulations and irradiation experiments show that C-SRAM

is superior to the conventional 6T SRAM comprehensively.

Here is something to watch out for. Metal cap proposed in this thesis used layer

5 and 6. Therefore, care should be taken when using a different metal line above

the C-SRAM cell.
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