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Evaluation of Soft Error Tolerance of Flip-Flops at Low Voltage
Operation in a 28nm UTBB FD-SOI Process by Alpha Particle
Mmeasurement

MasasHI Hirumi!  Ew1 SONEZAKI?  JUNKI YAMAGUcHI! JuN Furutal! KazuTosHl KOBAYASHI®

Abstract: Recently, VLSIs have a wide range of uses. It is necessary for a high reliability system to mitigate
soft errors. Even highly-reliable devices with lower soft error rates become unreliable at low voltage. We
evaluate the soft errors tolerance of flip-flop at low voltage operation in a 28nm UTBB (Ulta-Thin Body and
Box) FD-SOI process by alpha particle measurement. Experimental results show that the number of errors
increases as the power supply voltage decreases. However, the error rates fluctuate by the state of clock and
stored data of the flip-flops. We designed several flip-flop layouts for measuring by pulsed laser irradiation

to confirm this reasons.

1. OO0

0000 (LS) ooo0oooooUoooooooooo
cooooooooooooooooobobooobooooo
coooooooooooboooooooobooooo
coooboooooooobooooooooobooooo
coooboooooboooooboboool1o0ooboo00o
cooooooooooobooooobobooobooooo
coooooooboooooboobooobobooobooooo
coboobooooooocooooooobooboooboooon
oooOoO0o0000 LSIo0oooooooooooooo
OO LSI000000000000O0000o0O00o0n
coooboooobooooobooooobooooboooon

! QOoO00O000 0000000000
Department of Electronics, Kyoto Institute of Technology

©2015 Information Processing Society of Japan

pddddoooooooobobobobobobboboooda
0000000000000 oooog sor (Silicon On
Insulator) 0000000000 ODOOODDOOODOOO
00 (BOXO0O)UOOOOOOOUOOOOOOOOoOoOoO
28 nm UTBB FD-SO1OO0OD0OOOOOOOOOOOO
O0O000C0UTBB OO Ultla Thin Body and BOX O OO
0O0SOI00d0d Body O BOXOODOOOODOOOO
pgoddddoooooooobobobbobobboobooooda
goddddoooooooooobobobobobobbooooda
goddddoooooooooooooo
O000028nm UTBB FD-SOI O OO OOOGOOO
8000000000000 OD0O0O0O0OODOOOD0O0OOO
godddooooooooobobobobbobbbbaoaogd
goddoooooooobbobobbobooo 2000040
godddooooobbbobodogooogo 3gd

47



DAY VFRTY T A
Design Automation Symposium

S R

_

® @ @{°

SOURC!

01 00o0oooooooo

ODoO000SEUOOOOOOOODOOOO0OOOODOO
4000000000000OOC0COOOOOOODOOO
coboobobooooooooboooooooOooboooo
cobobooooooooobooooooboooobooooo
coooooooooobosbOhoooboboOooobooOoo

2. 0DOOoO0o0Od

goboooooooooooooobooboooooogon
coboooooooooobooooooboooooooo
cobooooooooooboooooboooooooo
oobobobooooooooboooooooooooooo
coooooooooooboooooobooobooooo
coboooooooooobooooooboooooooo
cooboboooooooobooOoooooOooooooo
cobobobodooooooobooooooboOooooooo
coooocooooo1bo0oo

gobooooboooooooooooooooooo
cooobooooooocoobooOoooooOoooboooo
ooo0oooooo(ooUooOo)yobooooooo
coobobooobooooobooOoooooooooooo
O00oo0o0ooooooooooNOOoOoOoOoooo
0000000 (oooooooo)o

2.1 Single Event Effect

000o0oooooo Lsioopoooooooooog
00000000000000000000 SEE (Single
Event Effect) DOOOSEEOOOOOOOOOOOOO
00000000 SEU (Single Event Upset)O SET (Sin-
gle Event Transient)d SEL (Single Event Latch-up) O O
0o [10
2.1.1 Single Event Upset

SRAMOOOOOOODODOOOOOOOoOoooooon
dobodoboobobooboobooboooboboon
O000D0D0000DOo0oo0oooooooo SsEuon
000000 bitOO 100000 SBU (SingleBit Upset)
020000000 MCU (Multiple Cell Upset) 00O 0O
doboobooobobooboobuooobobobooo
doboobooboboooboobooboooboboon

©2015 Information Processing Society of Japan

DAS2015
2015/8/26

Buried Oxicide

O 2 Silicon On Insulator

oooooooopoooo
2.1.2 Single Event Transient
SRAMOUOOOUOOOUOOOoOOooOoooooood
goooOoOooOoOooOoOopoOoOoDOoOopoOopoooooo
Oo00oooo cLKOOooooooooooooooo
o0oo0ooo0oo0ooOoooooOoooooDooooo
OO0 SETOOOOOOOSETOOOO CLKOODOO
Oo00o0o0oo0o0ooooUoooooooooooooo
O0000Ooo SETOOO0O0OOOODOOOOOOOO
o0ooooooooooooooogoog
2.1.3 Single Event Latch-up
gooOoOoOoOoOoOoOoOoOoOOoOOOOObDOoODOOO
gooooOopoOoOopoOoOopoOoOoDOoOopDOoUopDoooo
00000000000 (pnpnUOnpnp0) 000000
ooooDoooooOoooooNOOoOoOoooooooo
g000oOoO0oOoUOoOoOoOoOoOoUoUoDUOUODUOUOLoOoooo
00000o0ooooo0O0o0ooUooooooo (oo
oooo)oooo

22 OJ0O0O0OOO0OOO

cooobooocoboooobooooooooooog
gobooooooooooboocoooooooboooo
0000000 SOI (Silicon On Insulator) 000000
goo

2.3 Silicon On Inslator

Soloo0oOoopoo ecMoOSOOOoOoOoOoOoooood
Oo0oo000ooO0oo0o0Oo (Dooooo)ooooooo
(BOXOBuried OXide) 000000000 OOOOSOIO
O0020000S0l000000 BOXOOODooOOO
PD-SOI (Partially Depleted-SOI) DO OO0 BOXO OO
000 FD-SOI (Fully Depleted-SOI) O O O OO OBOX
oo0oO0opoOoSio,0000000ooooooOFD-SOIn
00000 BOXODODODOOODODOOODOOOOOO
O0BodyOOOODOOODOOOOODODOODOOOOO
oooooooog
2.3.1 SO1I000O

BOXOOODODODODOODODOOOOOoOooOooooooQd
0000000 BOXODOOOOOODODOoOOooOoOooOO

48



DAY VFRTY T A
Design Automation Symposium

High-K
Metal Gate
: Thin Body
)

Thin BOX (25nm)

Substrate

0 3 28nm UTBB FD-SOI[2]

cooooooooocoOobooooooOoooobooooo
cooooooooocoobooooooOobooobooooo
OOO0OCOOO0OO0OO0OSsoIoo BodyOOOODOOOO
OO0O000OO0O00000O0O0BOXOOOOOOOODOO
cooooooooocoobooooooOoocoobooooo
cooooooooocoobooooooOoocoobooooo
oooood
2.3.2 SOIOOO
solgoOo0oooooOoOoocooocooobocoOooonoo
BOXOOOOOOOOOOOOOoOoOOoooooooo
cooobooooooooboooooobocoobooooo
cooooooooooobooooobobooobooooo
cbOoooooOooobooOooobooobOoobooooooao
oooooroo0o0oOoUooUOooUoUoooooo
0000000 ESDODO (COOOOO0O LSIoOoOoon)
cooooooooooobooooooooobooooo
cooobooooooocoobooooooboobooobooooo
oooooobooboocoooboOoocoooboboooaon
coooboooooocoobooooooboooboooon
oooooono

3. Ultra Thin Body and BOX

000000000000 28 nm UTBB FD-SOI0O0O
000 3000 [2]0UTBB (Ultra Thin Body and BOX)
OOBOXOOOOOO SOTBOOOOOOOOOOO
Body OOOOOOOO0OOCOOODODCOOOOO BodyO
cooooooooocoobooooooOoocoobooooo
0000000000 000D0O0OO000000BodyDO
OO000000BodyOOOOOOODOOCOOOOODOO
coooooooboocoooooooobobocooobooooo
000000000 FBB (Forward Body Bias) OO0 0O
cooooooooooooursBBOOOOCOOOOO0O
00000000000 Si0, 00000 HO, (DOD0OO
O0000)000000000 High-k Metal Gate 0 00O
oooo

4. alUU0O0OO0OOOOOOO

c0000O0D0OcOO0OO0OO0ODOOODOOODOOOOOO
cobooOooboboboaOO0ODOOOO0OOOOOODOOOO

©2015 Information Processing Society of Japan

DAS2015
2015/8/26
Master Latch Slave Latch
(jlr.;i
DATA o —q 4‘:
olk
—
PchK Picu(
FCLK FW

04 00000 FF

0os5 00o0oooo

ubooooooobooooooboooooooooon
O00ooo0ooooOooo LSIgoooooooooo
oboooooooooocoobooooobooa

4.1 0000

000000000000 TGFF(O 49 0000oo
538000 00000000 COOODOOOOO0O0O SO
goo

4.2 0000
000000000000

(1)0000 (1.0V)000000000000000000

(2)CLKOO0O0O0O00O0D000000 (VDD)OOOO0O
(0ooo)

(3)100a 0000

(4)000000000000SEUOOODO FFOOO
00000000000000

4.3 0000
0000000000000

e (DATA, CLK)O0OD (0D0DO0OD0O)

e VDD = 1.0V 0.9V 0.8V 0.7V 0.6V 0.5V 0.45V 0.4V
(0oooooo)

49



DAY VFRTY T A
Design Automation Symposium

01 000000000000

(DATA,CLK)
©o| oy | @wo | @y
VDDIV] 0oooooon
1.0 0 0 0
0.9 0 0 0
0.8 0 0 0
0.7 0 0.2 0.2 0
0.6 0 0.6 0.8 0
0.5 1.6 1.0 0.8 0
0.45 8 | 0820 1.8 0
0.4 36.4 1.0(9.0) | 9.2(18.4) | 1.2(42)
0 2 VDD=05V000000000
(DATA,CLK) 0ol oy | o [a
VBP[V] | Visp [V] oooooo
0.6 0.1 6.6 | 3.2(1.8) 1.4 0
0.7 -0.2 14.8 2.6(1.8) 2.2 0.2
0.8 -0.3 42.2 2.6(1.8) 2.6 0
0.9 -0.4 79.4 | 3.0(3.0) | 1.8(2.0) | 0.6
1.0 -0.5 134.2 6.4(3.0) 2.0(2.0) 0

e VDD =05VO00 0000 (VBP:PMOSOOD
000000000)L0VO0.6V 1.0VOD (0000
0oo)

000 1000000000000500000000

0000000000

44 0000

0000000000000000000 100000
005V000000 VBPOOOODOOOOODOODOODO
020000V, 0 PMOSOOOO000O00O0O0000O
00 (00000000 FFOO0DO0O0D00O0O0()D00
000000000 FFOO00D0D0000000000
ooo0ooooo

4.5 OO

0 60 VDD=0.4VO(DATA, CLK)=(0,0) 0 Da 000
00000000000000000000000000
65nm SOTBOOOO0O TGFFOOOOO0O0 6912000
00000000000000010000000000
0000000000000 00028mm UTBB FD-SOI
00000 65nm SOTBOOOOOOO 3000000
00000000000000

000D000O0FFOO0DO000O0D0O000O0D0000
00000000000 700000000000000
00000000000

(DATA, CLK)=(0,0)00 0000000000000
000D00000000000000(DATA, CLK)=(1,
1)000000000000000000000000

©2015 Information Processing Society of Japan

DAS2015

2015/8/26
DATA, CLK) = (0, 0)
0.002 [
28nm UTBB ==
65nm SOTB ==
= 0.0015
£ . L
5]
i
=
o 0001}
(T
S}
S 0.0005 |
Z
0
0.4
VDD [V]

06 O0O0OO0OO0OOOOOOOOO

36.4

VDD = 040V H
VDD = 045V &

No. of Errors

9.2

18 1.00.8 1.2
(0, 0) (0, 1) (1,0) (1,1)
(DATA, CLK)

07 00000000000

000 04V 00 (DATA, CLK)=(1, ) 0000000
(DATA, CLK)=(0,0) 00000000 3000000
0000000000000 000OMLO SLOoOOO
0000000000000 00000000O (DATA,
CLK)=(0,0) 0000 SLOOO0D D000 0D O(DATA,
CLK)=(1,1)00MLOOOOOOOOOOOOOOOO
OO0 FFOODODOODDODO Diffusion00000000O
oog8OOoOOMLOOOOOOOOODOOOOOCOO
0000 Diffusion00000000000O0OSLOOO
uoboooooboooooboocoooooooboooo
O STI(Shallow Trench Isoration) 00000000000
STIOO0O0O0OO00000O00 Difusion0000O0O0OO
oO0oo0ooOooooooo pMOSOOO0O0OOOOODOO
ooOooNOOOOOOOOOONMOSOOOOODOO
oooooooOooOoOooOooOoooooNOOOOOODO
0000000(DATA, CLK)=(0,0)0 00 STIO 000
oO0o0o0o0oo0OSLOcOoO0oono PpPMOSOO ONDO
ooboooooooocooboooooooooboooo

50



DAS2015
2015/8/26

Design Automation Symposium

DA U RT T L

/////////////////

W\

N\

010 TGFFOOOOOO
0 11 TargetOSL OO OOO NMOS

oo00o0ooooOoO0o0o0ooooOO0onoooo LETOO0O00

SRR

Slave Latch

NN
N - Iﬂ//wﬂ

NI NN
- e
/ N
//////// AN /

\ :

Master Latch
08 TGFFOODOOOOO

(0, 0)

ooo0ooOooooooo0o0o0ooo SsLogooooo

NMOSOOOOOOOOOoOOoOOoOoooooo 101100

51

0.95 x LET

goboooooooobooooboooooooooo

gobooooobooooobooOoooooooboOooo
oobooooobooooooocoooooooboooo

gobooooooooobooboooboooooooooo
gobooooobooooooboocoooooooboooo

000b0obO0o0O0OO00O0o0o0ooOOobOO LETODODO
E2

goooooobooooooooooooooooooon
gobooooobooooooocoooooooboooo
o0oo0oo0ooOoO00OO0O00DOO0oO00O0O00DOO0O0FF
gobooooobooooobooooooooboooo
goboooooobooooooocoobooooooboooo
00000000000 TGFFOO(DATA, CLK)
O000000000000000 Diffusion000O00O0O
gobooooobooooooa
uboocoOooocoooooOoobooboooosooo
ubobOoooOoooobOobOOooOoOooOooOoooon 25
uoboooooboooooboocoooooooboOooo
ooooooob1z0000000000000000
ooooo0Odoo 2000000o0oocoooboooooon
oobooooooooooboocoooooooboooo
MOSOOOOOOODOOOOOOOOO0OO0DOoOoOoooo
oobooooooooooboocoooooooboooo
ooooooOoOo0oOo NMOSOOOOOOODODODOOO

5.2 O000OO0OOO0OOOCO0OO0

a
g

1[5]
)

-S0100

(0,00)0000000
0000000 BodyO Si0O0O00000000000

O

[6][7]

0000000O000o00UoU0ooooog Ewd

09 0000obOOobOooooooog
2002000000000000000000
LET (MeVem?/mg) 000000 1000 (500000

©2015 Information Processing Society of Japan

goooooooooocooOooooooooooooo
gogoobobobobooooon

cooobooooooooboooooobocoobooooo

oooood
gooooooOoOoOoOOODOO PMOSOOOOOO

0.1VODOO0000 (DATA, CLK)

U200000000C000C0C0
goboooooooooooooooboboooooooo

O000o0o0oU0ooOooooooUooooD Buoo

ooogo
uobooooooOooooboooooOooooooooo

0Si0000o00oo0oo0O0oD 4ooooooog

cO00000O0OO0OO0OO0OOOCOOOOOODOOOOODOOO
cooboboooooocoobooooooboOooobooooo
O00000oooo000 Y0000 oooo sioo

coooocooooooooon
coboooooooocoobooooooOoocoobooooo

000 SOI0DO0UO00SEE0DOOODDOOOD [4
5.1 00O
OooOoOoOOoOOoOoOO0OO0000028 nmUTBB FD
coooooooocoooo

oooo
5.



DAY VFRTY T A DAS2015
Design Automation Symposium 2015/8/26

uo

2

AT SO AR A A N

0000 JSPSOODO 15H026770268890370STARC O
00o000DO000o0oUooUoooOooUooUoOoooo
0d0o00oo0U0ooooUooooouooooooooon
CMPO STMicroelectronics0 0 0 0000 00000O0O0O
% dd00d00000ooOoOoOoOoOoOoOO0OOUOOooOoooo

BUFFER

2

7
2

N Y

7

BUFFER

R R T Y

%

Z

3 3
EORRY SRRy

A AT IR

FER

BUFFER
FER
FFER|

RN

5 =
2 3
AT A

ANNIANY

AT AN

Dunny metal for PMOS sheild

012 NMOSOOOOOOOOOOOOO

gooooooooooo

gooo

[1]

Edward Petersen, “Single event effects in aerospace”,
John Wiley & Sons, (2011).

[2] G. Gasiot, D. Soussan, M. Glorieux, C. Bottoni, and
00000oo0oOooooo PMOSOOODODOOPMOSO P. Roche, “SER/SEL performances of SRAMs in UTBB
0000000 NMOSOOOOOOOOOOOOOOO FDSOI28 and comparisons with PDSOI and BULK coun-
terparts”, Reliability Physics Symposium, 2014 IEEE In-
gboodooodooodooooooodooodon ternational, (2014), pp. SE.6.1-SE.6.5.
oooooo MOSOOODUOOODOOUOOLOOOOOO [3] F.R. Palomo, J.M. Mogollon, J. Napoles, H. Guzman-
Miranda, A.P. Vega-Leal, M.A. Aguirre, P. Moreno,
nooooooooooooooboooo 20000 C. Mendez, and J.R. Vazquez de Aldana, “Pulsed Laser
oooooodoooooooboo2ob0ooooooon SEU Cross-Section measurement using coincidence detec-
000000000o0o0o0oon tors”, Radiation and Its Effects on Components and Sys-
tems (RADECS), 2008 European Conference on, (2008),
[4] D. McMorrow, W.T. Lotshaw, J.S. Melinger, S. Buch-
000000000000 028 nm UTBB FD-SOI O 0 ner, and R.L. Pease, “Subbandgap laser-induced single
event effects: carrier generation via two-photon absorp-
000000 TGFrO0O000D00 88800000000 tion”, Nuclear Science, IEEE Transactions on, Vol. 49,
000000000000 ODOOOFFOOOOOOO 5 ?T%%ip.3(1)(021;13%0887}1(20023-1 b e -
.R. Schwank, M.R. Shaneyfelt, D. McMorrow, V. Ferlet-
boooobooooooPpMosoOooooooon Cavrois, P. Dodd, D.F. Heidel, P.W. Marshall, J.A. Pel-
0o0o0oooooooooboooooooooooon lish, K.A. LaBel, K.P. Rodbell, M. Hakey, R.S. Flores,
0000000000000 0000000000000 S.E. Swanson, and S.M. Dalton, “Estimation of Heavy-
Ion LET Thresholds in Advanced SOI IC Technologies
oooooooobbDboo00d28nm UTBB FD-SOI From Two-Photon Absorption Laser Measurements”, Nu-
0000000000 (0.4V)000 65nm SOTBO OO clear Scienc(e, IE)EE Transactions on, Vol. 57, No. 4, pp.
1827-1834, (2010).
nobs1obobonooonobobobonons [6) Milosz Pawlicki, Hazel A. Collins, Robert G. Denning,
ooooobD rrOo0bDO00C0cbOOOoOobOOooDOboDO and Harry L. Anderson, “Two-Photon Absorption and
0 0.4V0O (DATA, CLK)=(1, 1) 00000 OO (DATA, the Design of Two-Photon Dyes”, Angewandte Chemie
International Edition, Vol. 48, No. 18, pp. 3244-3266,
CLK)=(0,0)00000000 30000000000 ML (2009).
OSLO000000oDOoOoooOgoo STIooooon [7] Martin Schultze, Krupa Ramasesha, C.D. Pemmaraju,

goboobbooooobboooobboooooooo
gobooboboobooboooobda
gogboogoboobooobuooboobooboooboboo
gobooboobbooboobooboobboon
goboobodbbo0booboobbooboon
gobooboobboooboobuooboobboob
goboobooboobooggsooooobooboon
goobbboooobbbbooooo 2000 2000
gobooboobbooboobooboobboon
ooooboooorrODOO0OO0OODOODODOOODO
gobooboobbooboobooboobboon
oboboooooobo rFOOD0OODOODODODOO

©2015 Information Processing Society of Japan

S.A. Sato, D. Whitmore, A. Gandman, James S. Prell,
L. J. Borja, D. Prendergast, K. Yabana, Daniel M. Neu-
mark, and Stephen R. Leone, “Attosecond band-gap dy-
namics in silicon”, Science, Vol. 346, No. 6215, pp. 1348—
1352, (2014).

52



