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In this work, FUjITSU
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\ N-well h/\/\/;ﬁﬁ-NP °
GND VDD
9 P-substrate \_ J (P-well contact) (PMQOS-source)
B SEL

® SEL is an abnormal high-current state in a device triggered by the passage of
an energetic particle, & it results in the loss of device functionality [JEDEC]

® shorts VDD and GND resulting in functionality loss

W is caused by parasitic p-n-p-n bipolar activation triggered by an energetic
particle

B SEL issues

@ One of the most important reliability issues on SRAM
B Non-negligible SEL ratein commercial products at terrestrial environment

B Our approach for SEL prevention
Lconfi ion (no. design ¢l | 3




Experimental procedure
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RCNP

1000000
VDD GND VDD GND VDD GND
| | | | | !
N-well | P-well || N-well | P-well 100000 |
N / 2
Deep N-well | [SBIEET RN | % 10000 *
& -
N P-substrate JAS P-substrate JAS P-substrate y % |
(a) w/o DW (b) w/ DNW (c) w/ DPW § 1000 |
(twin-well) (triple-well) g :
All on epitaxial wafer
100

B [rradiation beam
W Spallation neutron beam at RCNP, ANITA, LANSCE

B Test sample

-=-=-LANSCE

e oo ANITA (multiplied by 0.3)

—--—Sea level (multiplied by 150
million)

10 100 1000

Neutron energy (MeV)

W 20 test chips by 11 designed 6T-SRAM array chip in 90 nm & 55 nm
B In P-substrate epitaxial wafer assembled with plastic package with wire bonding
® (a)Twin-well (changing dose amount), (b)Triple-well w/ DNW, (C)Triple well w/ DPW

B SEL observation

W The occurrence of SEL was counted when unusual current was observed in power
supply line, where the unusual current was assumed to be higher than the usual current
by ten percent or more. For counting SEL, the current was monitored at five-second

Interval.
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Dependence on well configuration (TEST-3) FUJITSU
[RCNP, 1.2V, RT]
2 1.4 (90 nm)
S 1.2 —~—-SEU-=-SEL
)
Dg 10— mee .
N d 0.6 \J[-\\ ¥
ERE S~
4 o
S . N
pz 0.0 | - ¥
N-well dose amount 1.0 1.0 1.5 4.0 1.0 1.0
(Normalized)
P-well dose amount 1.0 1.2 1.5 4.0 1.0 1.0
(Normalized)
Deep N-well (DNW) No No No No Yes No
Deep P-well (DPW) No No No No No Yes

® Higher dose rate: preventing SEL maximum 60%
B DNW: preventing SEL but SEU increase

— B DPW: most effective for preventing SEL also SEU




SEL prevention mechanism in DPW FUJITSU

(Nl_\[(i)S-sourcc) (N-well contact)
% N D Measured well resistance
5 - w/o DPW w/ DPW
PW &Psub 7 X .
AN —PNP ° N-well | 1.0 (normalized) 1.0
GND VDD )
(P-well contact) (PMOS-source) P—weII 1.0 (normallzed) 0.4
* Well resistor measurement
— Wafer probing
01V — w/&w/oDPW GND
i 30um i « P-well resistance w/ DPW was

60% lower than w/o DPW.

(a) Cross section |
- * stabilizes well potential and

makes parasitic bipolar Tr. less

| N-well R .

A active.

] Il.4um P-well /. '
N-well Terminal

* SEL prevention!

(b) Top view



Conclusion FUJITSU

Well optimization can suppress SEL with some cost as following;
M Highly dose twin-well
M SEL prevention (~0.4X)
M Newly process unnecessary (only process tuning)
M Triple-well with DNW

W High SEL prevention (0.01X ~)
M SEU rate increase
M Small cost (usual process option)

M Triple-well with DPW

M Perfect SEL prevention (more than circuitry technique)
M Additional cost for DPW process (unusual process option)
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Objective FUJITSU

We explore the potential role of the server
structure as a neutron shield and its impact on
SER.

Our Approach High—-end server |
Max. configuration | t==l|| |
1. Shielding Simulation 1570 kg | E= ,

Does the server structure effectively shield high energy neutrons ?
The neutron flux attenuation is estimated by Monte-Carlo simulation.

2. Neutron Measurement in a Building

Which is the more dominant factor in shielding, building or server structure ?
Combining neutron measurement with shielding simulation, the relative
contribution of them to neutron shielding is analyzed.

3. SER Simulation

What is the impact of neutron shielding on SER ?
Assuming 28 nm SRAM cells implemented in CPUs, the possibility of SER
\reduction Is investigated through full physical Monte-Carlo simulation. /




Method 1: Shielding Simulation FUJITSU
/ Model of Server Structure \

Element  Weight [kg]

1 Slot 18 Cooling plate

CPU board (Copper and Water) (H: 4?
0 68
28 Slot 10 N 139
Copper lid Si 6
cm L Slot 1 Cr 101
Fe 778

QO Ocm\ /7 0o CPU die Printed(gigc;)it Board __ Cu 420 /

/ Irradiation Condition \ @ The weight and average density of the server
structure is 1,570 kg and 1.1 g/cm3, respectively.

Vs
Sl &£ incidence energy between 1 MeV and 1GeV.

Normal
incidence | @ M Calculation is conducted using the PHITS code [3].
‘1'_‘1"1"1"1"1' Tited | M The server structure is irradiated to neutrons with

m We employ the energy spectrum of terrestrial neutrons
given in JEDEC JESDS89A [1].

B Both normal and tilted incidences are considered.

— ® Neutron flux attenuation is estimated by counting
K _ Slot 1| / neutrons that arrive at CPU dice in each slot.

N

Y
N V4
N V4
N V4

N V4

N V4

[T
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Method 2: Neutron Measurement FUjiTSU

B Bonner sphere neutron spectrometer

B Our spectrometer has six Bonner spheres.

M Bonner spheres have polyethylene balls with
different thicknesses of 0, 15, 30, 50, 90 and 200
mm, where 0 mm corresponds to a bare 3He
counter without polyethylene.

Bonner spheres
(0, 15, 30, 50, 90
200 mm
polyethylene)

B Our measurement covers the neutron energy
range from 10 meV to 10 GeV.

AR,
Amplifier =7
_ and i
® The MAXED code is used for the accurate Analyzer (S

unfolding of measured data [6]. lIfr

B Neutron measurement in a building

B Neutron measurements are carried out in open air
and in a five-story building at the Chikushi campus
of Kyushu university, Japan.

® The building is made of standard concrete with a
density of 2.25 g/cm3.

B Each floor is separated by a 15 cm thick concrete
slab.
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Method 3: SER Simulation FUjiTSU

B PHYSERD + Circuit Simulation [g -, 0.3| = Terrestral neutron )
PHits—HYenexss integrated code System % f__Ts (JEDEC/JESD8IA) Neut
for Effects of Radiation on Devices, Z 3 0.2 eutron
developed by Abe et al., 20714 [4] D s energy
N 501 spectrum
. . T x
Simulation Flow £ 2 00
____________________ o .
| Z 100 10! 102 108
: PHYSERD l Energy [MeV] /
| Device Radiation ' 7g »
I information environment : €& "gitn™ "Mgtdtpt2n \
I i
| \ \ 2 = A
I Monte-Carlo simulation [PHITS]: : %
I Nuclear reaction and particle transport | ' = ,
| : 3
! 2 ,
| Device simulation [HYENEXSS]: | Time
I carrier transport based on drift-diffusion model I d
I I Charge Transient SRAM circurt
---—-——-—-—-m- T T = N \ collection current response /
Circuit simulation [SPICE]: . . .
Circuit response against transient current - Full physical Monte-Carlo simulation.
1 i B  Whether SEU occurs or not is
termin the volt fluctuation
e dete ed by the voltage fluctuatio
at data node.

» B |ts accuracy has been verified [5].



Shielding Effect of Server Structure FUJITSU

B Neutron Flux Attenuation in Each Slot of Server Structure

Flux attenuation at various incident angles Angle—averaged attenuation
0= 07 (normal), /8, 7/4, 37/8 cos? variation with respect to 6
for terrestrial neutrons [7]
1MeV=sE, =1GeV 10 MeV=sE, s1GeV
1.6 1.6 12
c
g 1.47F h
d No Enhancemen el I =
= “43u8 Enhancement N ’ aneement 5 Enhancement
o
= WO m T~ IIITET T T %[ (1MeV-1GeV)
< [
< 0.8 o 0.6
=) = 1 MeV -1 GeV
LL 0.6 >S5
c O 04
(@) 0.4% zZ
5 0.2 10 MeV - 1 GeV
021
% 4 ’ ) . IOTC . . . .
. 0.0 0.0
1 3 5 7 9 11 13 15 17 1 3 5 7 9 11 13 15 17 1 3 5 7 9 11 13 15 17
Slot Number Slot Number Slot Number

| The server structure significantly attenuates neutron flux.

| Flux, especially at tilted incidence, enhances due to scattered neutrons below 10
MeV.

| Angle-averaged flux also shows flux enhancement in slot 18 for 1 MeV - 1 GeV.
| We need to pay attention to such enhancement because recent devices show the

—increase in SER sensitivity to neutrons hetow 10 MevV {81,



Shielding Effect of Building FUjiTSU

B Neutron Flux Attenuation at Each Floor of Building

Energy spectra measured in the building Flux attenuation in the building
10 < > 1.0
. —Open air 1 MeV - 1 GeV ® Server structure* (Simulation)
o 8 —Sth floor ' é osl ® Building (Experiment)
c ——4th floor — _ . S~ = Server structure*
29 Shielding simulation c > + Building
— B e @
g_(fj\n 6 3rd foor of server structure E O 06 *average from all slots
< E 2nd floor > b
O
== . —1st floor =23 Al
ry 4 = 24} 93% shielding
C A c
o — °od
5 2 I 5
2 /\ 2 02 l
%0 16-6 16-4 16-2 1I00 162 104 0.0
1st floor 3rd floor 5th floor
Energy [MeV]

n Terrestrial neutron spectra and its attenuation are successfully identified in the
building.

B Measured spectra between 1 MeV - 1 GeV are used for shielding simulation of the
server structure located in the building.

B Neutron flux attenuates mainly due to the server structure at upper floors.

5 .




Impact on Soft Error Rate
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B SER Reduction due to Shielding Effect of Server Structure

energy spectrum is responsible for SER reduction.

SER reduction for 28 nm SRAM Distortion of energy spectrum
1.2
Flux level 1 MeV - 1 GeV < o3l Fraction below SEU cross
1.0 | I 10 MeV - 1 GeV 2 " 10 MeV increases ggction trend
o
W08 | Difference between 5 >
; 5 = /o Server
5 flux attenuation and 3 8 02F ctructi
=067 SER reduction 2%
£ N 5
5 04} _ =Q
Z 93% reduction £ 0.1
02} 3 Fraction around
00 ,L| 100 MeV decreases
. 0.0 : .
w/o Server Slot 18 Slot 10 Slot 1 100 101 102 103
Structure Energy [MeV]
| SER is significantly suppressed due to the
shielding effect of the server structure. SER = f«p(E)GSE”(E)dE
] The server structure also causes the distortion of differential flux SEU cross section
the neutron energy spectrum.
[ In addition to flux attenuation, the distortion of the

Enhanced SER reduction
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Objective FUJITSU

Alpha particles from IC materials is one of main source for SEU in
terrestrial environments.

M |t is necessary to achieve a low alpha-particle detection limit.

W Low-alpha materials reduce alpha-induced SEUs in IC.

WFor selecting low-alpha materials.

B A low background environment is necessary.

We adopt an alpha-tracking technique in vacuum and investigate
suitable conditions for minimizing the detection limit of this
technique.

17 Copyright 2014 FUJITSU SEMICONDUCTOR LIMITED



Alpha-tracking technique in vacuum FUJITSU
B Detector: CR-39 (Plastic polymer)
B Exposure environment: vacuum

B Detector method in exposure: face-to-face contact
Achieve a low detection limit even with a small sample size (~100cm?).

(" sample ) 4 I

75°C,5h

LB

CR-39 NaOH aqueous solution
* 6.25 mol/L

Vacuum Pump

Molecular nick
P




Influence of vacuum on alpha-tracking FUJITSU

M The sensitivity of CR-39 decreases under irradiation in vacuum or
storage in vacuum after irradiation.

B Experiment 1: irradiation in vacuum

Number of etch pits

W Exposure source: solder plate
M Exposure time:24 hour (in vacuum & air)
B We detect pit count & pit size.

1400 The mode value The emissivity value
1200 vacuum < atmosphere. Almost the same.
1000 BVacuum
800 O Atmosphere Vacuum —
600 | 1 Y
400 | Atmosphere —
el | .H_ 10 12 14 16 18 20
0 —— A o ,
20 40 60 80 100 120 140 160 180 200 Emissivity (aIphas/cm )

Area of etch pit (a.u.) . .
W Although etch pit size decreases in vacuum, we can count the number of pits.

19 Copyright 2014 FUJITSU SEMICONDUCTOR LIMITED



Influence of vacuum on alpha-tracking FUJITSU
B Experiment 2: storage in vacuum after irradiation.

M Exposure source: *!Am (3 kBq)
M Exposure time: 40 second

W Storage time: ~12 months(in vacuum & in atmosphere wrapped by a fiber cloth )
15

Omonths-® @ T @ 3%onths # ol = a1
o ® e @ ) ®-\Vacuum
“ : o - = \ LB . 13 -0-Atmosphere
o,
. 5 ® S s O S 12
° . ‘ .‘ > =
P 4 L ® © > e 11
v » o o pe . S
% o Pt o - S 1¢
= - v 5] S ‘ . ' ' 4 ~
® ' ‘I ® = 09 |
- ® a0 - =
‘., . < 08
8 months. v al( 12 months o
) l’ ~ O 07
. -
a L) 0.6
LA ) , -
= ] < . " . . 0.5
s : 0 5 10 15
. N . . e .
L . . time (montha
~ .
o M ~8 month: not decrease

M 12 months: 70% decrease
B The maximum exposure duration for accurate measurement is 8 months.

B The detection limit is 0.049 alphas/kh-cm?, for 8months exposure and 0.5pits/cm?

initial pits
20 Copyright 2014 FUJITSU SEMICONDUCTOR LIMITED



Alpha emissivity of LSI materials: mold resin for package rujitsu

M Normal resin

t s lI
j: '-I
i i
- 1 :
T ’
5
B
i
% 1'
= !
1 10

Emissivity (alpha / cm?/ khr)

Capital letter: vendor.
Lowercase letter: product

100

B Low-alpha resin

a -
b _
L -
o 4 =
e T
I = ]
g =
h =
a
w—
b =
o a o

0.001 0.01 0.1 1 10
Emissivity (alpha / cm?/ khr)

M Exposure time: 3months

Resin Chip Wire
I
\\ l
L

21
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Measurement alpha emissivity: Other materials Frujitsu

B Solder B Underfill and chip materials
2| |t a| ——mm
cC X — -
b i 5 b —
o c i 2
§ c c| & > @ 2 —{F
d| B o L
e ' B = i
43 1
O 0.001 0.01 0.1 1 10
a | W Emissivity (alpha/cm?/khr)
- 1
v T b_ -0 | a —m- .
& c ] e b —m- |
C 0
c 2 & > =
> b —q—
0.1 1 10 100 0.001  0.01 0.1 1

Emissivity (alpha / cm?/ khr)

Emissivity (alpha/cm?/um/khr)

Chi Solder bump
Underfil W
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Outline FUJITSU

® Background
W Soft error phenomenon
¥ Problems in conventional soft error simulator
W Whatis PHYSERD?

B Simulation Method
B Two simulation frameworks

B Results

W Comparison with experimental data
B Some detailed analysis

B Summary

26



What is Soft Error? FUjiTSU

B Soft errors are nondestructive errors induced by radiation.
W Soft error in SRAM

Radiation ) 1" ) O"
\o
lo— o—
H ] L H
AI Excess carriers |— |7
— Noise

« Single Event Upset (SEU)
« Soft Error Rate (SER)

SEU is one of critical issues in device reliability.

27



Radiation Environment FUjiTSU

M Different locations lead to different radiations.

Radiation for SEU

Solar flares (p, e, heavy ions)

Van Allen belts (p, e)

Prot
Cosmic rays (p, e, heavy ions) <:| [ He;syoir;is ]

:

Cascade reactions p

n
/} !....__, with atmosphere . & p\\‘ <:| (~3I\(I)%L(I)t;§r?1§/h)
10 km G /x

Terrestrial 0
neutrons Neutrons
(~13 /cm?/h)

We need to consider SEU induced by terrestrial neutrons.

28



Terrestrial Neutron-Induced SEU

B Mechanism

(O o

[ Terrestrial neutrons

~ Spallation
\\

|

b

S

[
Nuclear reactions with

component materials.
— Secondary ions

\_

~

® g ®

secondary |onsj

J

b

[0®)
FUJITSU

v Neutron environment
v Nuclear reaction
v’ Particle transport

v’ Carrier transport
v Circuit response

~

-
Secondary ions deposit

charges in devices.
— Transient currents

\_

~

J

b

lonization

SEU — SER

|

Performing SER simulation requires
a wide range of fields.
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Conventional SER simulation in FSL FUjiTSU

B NISES: Neutron Induced Soft Error Simulator
(tosaka et al.,SISPAD 1997 and 2007)

M NISES is based on sensitive volume (SV) approximation.
The validity of SV is limited.

Direct charge collection Indirect charge collection
SV?
|

1 ' |

1 |

1 |

: :

L@ N G
Funneling effect Parasitic bipolar effect

Parasitic bipolar effect becomes more active with scaling down.
— New simulation framework beyond SV approximation

30



What is PHYSERD? FUjITSU

B Multi-scale Monte Carlo simulation code system
(Abe et al., Trans. Nucl. Sci., 2012)

PHYSERD: PHits-HYenexss integrated code System for Effects of Radiation on Devices

Nuclear reaction and

: Monte Carlo particle transport code (PHITS, JAEA)
particle transport

3D mesh generator (TAKOMESH, Tsukuba Univ.)
Carrier transport

3D TCAD simulator (HYENEXSS, SELETE)

Critical charge method.

Event-by-event TCAD calculation  Weak consideration of circuit
— Beyond SV approximation — Is iImprovement needed?

How accurate is PHYSERD in SER estimation?

31



Simulation Flow

—

Original
PHYSERD
[

Device
information

2y

Radiation

environment

Monte-Calro simulation [PHITS]
Nuclear reaction and particle transport

v

Device simulation [HYENEXSS]
Carrier transport

Collected charge

\ 4

waveform

Transient current

Critical charge

Waveform method

(Qcrit) method [SPICE]
v v
SER SER

[0®)
FUJITSU

N

AN

Neutron Energy

Flux

PHYSERD +

Circuit sim.
I

Waveform method

32



SEU determination FUjiTSU

NISES PHYSERD PHYSERD + Circuit Sim.

/SV approximation\ / Transient analysis (TCAD) \
A A
D C
= ollected = Current
o charge o waveform
Qeol o Qcol O
\Collected chargy \ Time g Time g /
/ Critical charge (Qcrit) method \ / Waveform method \
Qcrit IS @ minimum charge required for SEU. 0 0
o v o
Qcol < chit or Qcol > chit % No SEU ©f % ]gj
g > g >
\ No SEU SEU / \ Time Time /

Which is an appropriate method, Qi or waveform?

33



Comparison with Experimental Data FUJiTSU

B SER of 28 nm bulk SRAM

6
28 nm bulk SRAM - PHYSERD
_’?: S| (chit methOd)
= 4] \;\- —~ PHYSERD + Circuit Sim.
c (Waveform method)
S 3 -
O
Z —— Experiment at RCNP
52
n L ‘m RCNP: Research Center of
1 :
Nuclear Physics

0 - - - : (Osaka Univ., Japan)
06 07 08 09 10 11
VDD [V]

€ Waveform method shows an excellent agreement with experiment.
€ Q.i method overestimates SER by 4 times.

» Our waveform method is an appropriate approach.

34



Why does Q.,;; method overestimate?
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FUJITSU

B Charge collection waveforms of SEU events

Collected Charge

VDD 0.85V
2.0 BT )
NMOS ‘III | fll ?7/ \ =/ =
(Driver) AT
6 15 ,I.' |J/," /’i///.’, 7
) LA e
N i —
g 1.07 il f;l /;_—::7
o W —
S >
~ 0.57 = /
/%7//
0.0 —
101410-1310121011 10 1010 <9 108 107
Time [S]

Blue lines: Qit and waveform methods

Red lines: Qcit method

Self-compensation

_|

—q;

-
—‘i H Compensation
\Mse
-

Slow perturbations can be
compensated effectively.

v Qciit method does not
Include self-compensation.

= OVERESTIMATION

-
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Contribution of Transistors FUjITSU

B NMOS (Driver) and PMOS (Load)

VDD = 0.85 V Factors determining contribution

0%

100%
S 80%| Sensitive area [ NMOS > PMOS
=
'§ c0%r Qerit NMOS < PMOS
-
S 40%;f Self-
o
nd compensation NMOS < PMOS
W 5006 . —
Higher driving power of NMOS
— More compensation in PMOS

Qcrit Waveform
method method v' is not included in Q.it method

€ NMOS shows a dominant contribution to SER.
€ Q.it method estimates a higher contribution of PMOS.

» Our waveform method can analyze sensitive node properly.
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Contribution of Secondary lons FUJITSU

M proton (H), a-particle (He) and heavy ions (= Li)

0%

Q.rit method Waveform method
f — ' R — ' '
100%rt ! s
| |
S 80%f; '
s 1 | o
o 60%l : o
E | 1 i W He
S 40%fi '
c(rj E E E Bz Li
|
LIJ 0 1 1
u 20/oi E i
| | '
. :
L |

0.40; 0.70 0.85 1.00 l_O.4OI 0.7/0 0.85 1.00

€ Each method shows different percentage, especially in low VDD.

» Our waveform method is a good approach for analyzing species.
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More Comparison with Experimental Data  rujitsu

B SER of 20 nm bulk Flip-Flop

) VDD =09V
Schematic 1.4
20 nm bulk FF ]
rmm------ = 1.2
| XCLK ! CLK N 10
CLK ! I XCLK T
4 - £ 0.8
L CLK HY XCLK —[>O‘ 2 0.6
T | LT 1>o— =
XCLK ! 1 CLK X 0.4
I ] LU
| 0.2
CLK = High
— Master latch is sensitive to SEU. 0.0 Experiment PHYSERD

at RCNP + Circuit sim.

€ PHYSERD + Circuit sim. shows a good agreement with experiment.
€ But more verifications are needed to ensure this agreement.

» Our simulation is probably applicable for sequential elements.
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Summary FUJiTSU

B \We presented the accuracy verifications of PHYSERD
and that with circuit simulation.

B PHYSERD + circuit simulation showed an excellent
agreement with experimental data.

B Considering waveforms is essential for quantitative
estimation of SER.

B We concluded that PHYSERD + circuit simulation is a
useful approach to SER prediction.
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