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Motivation

" Most commercial fabs have Spacer Drain
migrated to FinFETs below :oum
20-nm gate length feature 4,
sizes

EOT

|

TBOX

= FinFETs exhibit improved
electrostatic control of the T{
channel and improved
reliability compared to
equivalent scaled planar
CMOS e

= Some work on the TID
response of FinFETs has Trox
been presented at IRPS,
NSREC, and RADECs

=
—ll

X-z plane

®) T. Hook, FDSOI Conference, Taiwan, 2013




Outline ) 2=,

= Technology overview
= A very basic review of radiation effects in CMOS devices
= TIDin 14/16-nm FinFET devices

= Single-event upset in 14/16-nm FinFETs: data and some
mechanisms

= QObservation of single-event latchup in a 14/16-nm FPGA?

= Conclusions




Current Technology Engagements @&z,

. G I O b a | F O U n d ri eS m@@ 14nm FinFET Offers Breakthrough Power/

{gg;g‘- Performance
. Fitm
o 14- n m FI n F ETS - gf%:%i::mnk Performance Power
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o 22'nm FDSOI Hea-thin E’i‘;‘; b :
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» Optane/3D CrossPoint
= [BM
= 32-nm PDSOI
= 22-nm PDSOI
= TSMC
= 16-nm FPGAs (Xilinx)

3D XPoint™ Technology:
An Innovative, High-Density Design




TECHNOLOGY PROGRESSION




Path to FIinFET Technology =
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Technology Scaling Trends .
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Bulk FInFET Processing Technology

Gate

" |ncreasing processing

complexity

= More challenging S
lithography NI
= Quad patterning Jmp,::mm Speciti
= Soon EUV K

" Line edge roughness {

u Isolatlon StepS 2 Pu‘nsl:-throug‘h stopper,f?;’mation ‘
= ST R

= CSD/SSRW A. Yagishita (Toshiba), SOI Short Course (2009)




Advantages / Challenges

Performance T 20 %

' Power 1 35%

Gate length shrink
Performance scaling

100
80
60
40
20

0

s
=
e
-
]
3
0
o
c
>
(a]

Dual gate
Recuces [ ¢

source: GLOBALFOUNDRIES

FET isone

Source/Drain Contacts

11

4 ’

28nm LAY

0.5V
5%

0.85v/' )

I ‘

[ ]
J o7V

/s "
7L ’
/ 0? 205; 0.65V
’ 4
S ¥

Sosv

20 40 60 80 100 120 140 160 180

Frequency [GHz]
M. G. Bardon (IMEC) ICICDT (2015)

Uppal (GF), IIRW (2016)




Reliability Outlook )
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= FinFET TDDB shows improvement over planar

= pMOS FinFET NBTI did show some regression;
improved in second gen. overall BTl improved

= HCD does degrade some for FinFETs




Brief review

RADIATION EFFECTS IN
SEMICONDUCTORS



Total lonizing Dose Degradation Mechanisms

Source

= Gate degradation from
interface traps and
positive charge trapping
in oxide bulk

f Potential parasitic
“ leakage path

+\ Trapped charge in
the STl due to TID

= Leakage current (and
gate control
component) from

Doping in this “neck” region
determines sensitivity

charge trapping in STI Chatterjee, IEEE TNS, 2013.




Single Event Latchup (SEL) .

= A high current state
sustained by a positive

oy nt Ly P L—;;"%’;;}
E\_ L LW feedback loop in a n-p-
AN !

b n-p junction resulting
from charge injection in
Why do we care? cross-coupled bipolar
* Well it requires a power- junction transistor

down event to quench

. Can be destructive ifnot " >imilar to electrical

handled quickly latchup except initiated

« Parts that exhibit such by a charged particle
behavior are high risk interaction




Single Event Upset (SEU) ) .

Par“f\',‘f)dsgri)'fgfmsmve = A possible circuit
<1' - | response to a charged
I T article interacting in
vl dFE l partie’e Interacting
N T specific regions of a
R ;II: memory (SRAM
- depicted) leading to an

data integrity and fault
propagation up to the

_é_
g(“ erroneous data state
" Problem because of

Current (uA)  Voltage (V)

0 20 ;Tme(;;m oo
Circuit Transient Response system level
Results in Error y
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And now for some data...

RESULTS




Description of Test Structures

= Single logic and 10
IL . T O U35 (0 B O30 O O transistors in all V,,
flavors
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Experimental Methods

= Information extracted from /,-V  curves
= V,,—linear region approximation
" g,=dl,/dV,
" Jgson=lgs @ V=09V, Vo =50 mV
" Jysof = lgs @ Vg =0V, Vg =50 mV
= Bias Conditions
= Off-state: V,=1.0V,V,=V,=V,=0V
" On-state: V,=1.0V,V,=V,=V,=0V
" Half-on-state: V,=0.5V, V,=V,=V,=0V

= Devices irradiated at 525 rad(SiO,)/s




TID vs Technology Scalin UL

1000
S S
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= Scaling trends of off-state leakage vs technology node
= PDSOI exhibits very low leakage for 45- and 32-nm at 1 Mrad

= Migration to FinFETs resulted in a dramatic increase in post-
irradiation leakage (early look)

= FDSOI shows leakage comparable to older technologies 5




Normalized Drain Current (a. u.)
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Low-V,, Device Bias Dependence

0.4

Gate Voltage (V)

0

1.2

Gate Voltage (V)

Gate Voltage (V)

= Large changesin / .«

= Gate-controlled leakage component

= On-state condition gives largest degradation
= Minimal change in V,,
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TID Irradiation Bias Dependence h

" Al os ShOWS most

degradation for on-
80000

state condition
= AV, fairly similar forall =~ ©°f:
bias conditions (and S|
5
small) .
= Lower operating voltage  *"[ |
° 2A —=m— Half-On-State -
(half-.on-s.tate) shows N ~e— On-State
marginal improvement L
. 0 200 400 600 800 1000
in Al o and AV, Dose (krad(SiO,))
compared to full on-
state
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High-V,, Device Bias Dependence (&
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= Less off-state leakage compared to low-V,, device

= Reduced operating voltage has a greater impact on
TID degradation for higher V,, device
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Different V,, Devices — On-State
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" Increasing V,, shows less | . degradation for
equivalent dose

" Process level decisions will clearly impact TID impact
on devices, circuits, and ICs
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Comparison of TID Variability for  @#x.
Ditferent V,,
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= High-V,, device shows less Al ,..compared to
Low-V, devices

= On-state appears to be the worst case for device
leakage response




A Tale of Two Commercial Processes ) fee,,

10%
103 L
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N
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Drain Current (mA/mm)
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100 F

104 F
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Medium-V,, Device
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Initial 1
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B
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Gate Voltage (V)
LVT Dev 1

~ v,=08V
V=V, =V, =0V

W =0.192 um
L =0.014 um

Typically comes about
when they fix a leakage
problem

Impossible to say if TID
resilience remains a
permanent feature of
the technology going
forward

= =100 krad

- - 200 krad ]
— - =300 krad| |
- - 400 krad ]
+==-500 krad
...... 1Mrad | 3

Two snapshots of a commercial
14/16-nm FinFET technology
show very different TID results




Narrow width nFET
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« Device shows more leakage in the on-state consistent with previous
experimental results
« Response to TID is much less severe than original observations



Change in irradiated leakage and V,, @&.
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= Drive current tracks V, with 280 [
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= Leakage current shift smaller s RN |
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Not all is well in the land of Oz )=,

0 _ g~ s b — pre ]
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3 r = = 200 krad
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« Largest device shows much more leakage than either of previous

two devices

* May be some dependence on total width/number of fingers




Xilinx UltraScale+ (16-nm) FPGA - SEU [

SNL - SN2 - Config

10-11 L -
® SNL - SN2 - BRAM
A 4 NSWC Config
AA ¢ SNL SN3 - Config
1072F 5 ¢ SNLSN3-BRAM | -
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SEU Cross Section (cm?/bit)

» Parts exhibit a fairly low SEU cross section




Early Neutron SER Report ) .

3
(=]

H Planar Tr-Gate " |ndustry looks at SER from
§ 00 \ alphas, muons, and
g 0.6x/Gen . S .
g w0 \.\ neutrons for terrestrial
5 environment reliability
" rechnology node (wm) = Several reports of reduced
@ SER from geometry change
10.00 Planar Tri-Gate in FinFET VS pla nar

:\\ = No reports of destructive

effects due to neutrons to
10° n/cm? from Broadcom
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Mechanisms of SEU in FinFETs ) =

= 3D geometry allows
increasing drive without
increase in Drain-

B mprses  Body/Well area
g = Most charge is collected
R from subfin/well region
: RER N this implies a higher
= 20 - “.\ . . .
§ o . Q,,;; without impacting
o e .- iy
% 0.0 1.'5V 1.'2 1.'0V 0.|9V O.EIN 0.7'5V 0.7'0V O?V | the SenSItlve VOIume
' 180 130 90 65 45 32 22 14 dimensions

Technology Node (nm)
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Additional SEU Mechanisms )

1.2 -

wwer=s | ® SER/SEU response
., h‘“‘\\ AHLET=1 ultimately will depend on
05 e things beyond our control

i \\ = Channel stop doping
”;-_h-\.\‘\___ = Well doping

1.E+00 1.E+01 1.E+02 1.E+03
= Some control from layout

Collected Charge (a.u.)

Doping (a.u.)
0 e SER0->1; high beta | and memory architecture
W SER 0->1; low beta ] .
- ~©-SER 1->0 i = Effective transistor
: .
& 05 - width
m . . .
@ i = Spatial separation of
] .
00 | | | critical nodes
0 5 10 15
Added Number of Fins = DICE vs regular latch

31
-



Xilinx UltraScale+ (16-nm) FPGA — “SEL” g
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= Parts exhibit SEL-like behavior at relatively low LET
= Unclear if this is a circuit design issue or actual latchup

= There are reports of SEL in 14/16-nm that exhibit the
correct temperature dependence but none have such low
threshold LET



Conclusions ) 2=

= High-V,, devices give a lower post-irradiation /
than Low-V,, devices

= On-state bias condition appears to be the worst case
for I, . for all the transistor variations evaluated in
this work

= Lower voltage operating conditions (half-on-state)
(near-threshold computing) remain of interest as a
means to reduce TID degradation of FinFET devices

= We saw SEL and were not happy about it
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