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MOTIVATION:PARADIGM SHIFT IN ANALYZING
TIME-DEPENDENT VARIABILITY IS NEEDED
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*Need for high-level abstraction tools (statistics) to deal with time-0

and time-dependent variability

*Need to maintain link to microscopic physics & technology
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OUTLINE OF THISTALK

» Introduction to BTI and RTN variability
» Test structure for characterization
— Array design
—ldeal DUT control
— Measuring
» Modeling and analyzing
— Defect centric BT
— Time and Voltage acceleration
— Combined time-0 and time-dependent
variability
» Importance of incorporating time-dependent
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BIASTEMPERATURE INSTABILITY
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Large devices: random properties average out, resulting in a
well defined lifetime

Small devices: the stochastic nature of the few defects results
in increased spread

Tutorial by J. Franco,ICICDT, 2015
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UNIFIED BTI & RTN STATISTICS

CHARACTERIZED BY
* capturetime T, Dependon
.. . * spatial position
« emission time t, « « energy position
* lattice relax. energy

* impacton device (Al;or AV, ...
* occupancy (0 or 1) at given time

Each device is characterized by:
* number of defects Nt (~Pois(<N+>)) with above properties

Example: defects in 3 different devices

o @ O (size of bubble
~ ~ PY ~ represents
E; EG EG ¢ impact)
~ ~ ~
L
° o O
Te(v’ T) Te(v: T) Te(v, T)
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BTISTATISTICS FULLY DESCRIBED BY IMPACT PER
DEFECT n AND NUMBER OF ACTIVE DEFECTS N

B. Kaczer et al., IRPS 2010; data: V. Huard et al., IRPS 2008
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1 WLITeHy r| |[| L L1 [ T / - NT - 14 . 10.01
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Stress Time (s) -A Vrh (mV)
-N n . .
v € T'N; n = (single defectimpact
HT?N (AVm)=E [I—EF(H,AVM/U) (sing pact)
VT n=0 | ] _ .
n n: N1(t) = (# of active defects per

device)
Known statistics=> all moments can be derived
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VARIABILITYTEST ELEMENT GROUP (TEG)
NEEDED FOR RELIABILITY EVALUATION
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A) Large scale array for time-dependent variability
analysis with bonding pads optimal for chip packaging.
B) Probing pads are added for wafer level testing.

C) Test structure for pipelined eMSM array. Marko Simicic et al., accepted to IRW 2015
See alsoV.Putcha et al,, IIRW 2014
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LARGE SCALEARRAYS COLLECT STATISTICAL
DATA AT EXPENSE OF DUT CONTROL*

. 7S PN P

Measuring/processing time

*accounted for with proper design and analysis:

B W @ % %
B = f@] . .
- o0 Single device
ol E] (statistics)
LACR Full control
matrix

additional leakage

relaxation difference

parallel stressing

—

Single device oJeqvstet oo
(large area)

“DUT control”

pipelined measurements/optimized periphery
(Marko Simicic et al., [IRW 2015,V. Putcha et al., IRW 2014)

imec
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VARIABILITY MATRIX GIVES HIGH
CONTROLBUT IS LIMITED BY #PADS

o
* Each row has common drain

H @&IO‘H lil’.om . H IJllIOFF connection
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ADDRESSABLEVARIABILITYARRAY FOR
INCREASED PAD EFFICIENCY
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Increases pad efficiency
Gate and drain connections
reduced to one pad each
Additional pads needed for
addressing

J\Tpadg — 1092 (:i\'rd(?'l‘i(f(f'ﬂ) + 3(+1)

Leakage current off-devices
puts limit on number of drain
columns

(71 — 1)Ilcak = C"'rlmeas;




DECODERTOPOLOGIES IMPORTANT FOR
ADDITIONAL LEAKAGE CONTRIBUTIONS

Do mozndecomer | /7 ¢ \\\ * Analog switches needed for
— ) .
: | Lom \  stressing and sensing
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L \ 3 /
1 >~ Voorr —2%7, 1
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Marko Simicic et al., IRW 2015
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IDEALDUT CONTROL OBTAINEDWITH
KELVIN GATESAND ‘OFF’ VOLTAGES

VD _on b T VD_off

L | | Foree * Accurately apply high bias to gate and
/ drain
_\"’fl *El * Kelvin Gates on both drain and gate
VG‘%L e P JOG_on .
vep o Lovs e, o terminals
- o VB - ; )
ﬂﬁ—fl * ‘Off’ voltages™ on both drain and gate
Force sense ¢ Compensate for series resistance and
:./_fl |E: periphery leakage currents
TNe—
VGn_coff VoGn_off meas /
° ° VDmeas ﬁbu/kp
_/_lfl 'ﬁ TN 50 mV Idra/n buT
) ,gaten VDDUT
_P‘_gatep
f [ 1 sense Reduce S/D leakage y T 5%
: D, off N
VD_on & l VD_off USIngVD,OFF ‘ oV %ngbulk,n
”Ieak,sd
Marko Simicic et al., IRW 2015 *See also C. Chen et al.,ICMTS 2014
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TYPICAL MEASUREMENT TO CHARACTERIZE
TIME-OAND T TIME-DEPENDENT VARIABILITY
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* Initial 15-Vg withVp=50mV andV, swept to |V4| + 50mV

* After I5-Vg, two consecutive | measurements around Vg =V

* Timing window between t, and t, can be used to apply stress on
DUTs, stressing devices in parallel
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MULTIPLEXING ROW MEASUREMENTS INCREASES
THROUGHPUT AND REDUCES RELAXATION
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* Fast serial measurements of each row DUT are necessary after
the removal of stress

* For each gate voltage all rows are measured out serially
* Currenttraces are multlplexed
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P/NBTITIME-DEPENDENT VARIABILITY MEASURED
FOR DIFFERENT VOLTAGES AND STRESS TIMES

RTN
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OUTLINE OF THISTALK

» Introduction to BTl and RTN variability
» Test structure for characterization
— Array design
—ldeal DUT control
— Measuring
» Modeling and analyzing
— Defect centric BT
— Time and Voltage acceleration
— Combined time-0 and time-dependent
variability
» Simulation of defect-centric model
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MEASURED RTN INCORPORATES NOISE DUE
TO (DIS)CHARGING DURING MEASUREMENT

tinteg A
—> < ™
— ) t ., A
. stress 1 . E)
Tl o S
-»rw.....JML ) w,v.«‘r"-« e
stress o) )
alen nall § o RTN + Noise
- A A . Intrinsic RTN
meas | meas?2 0 >
Vin1=V1h2

* Measured RTN incorporates noise to (dis)charging during measurement
AVrH RTN meas = AVTHt1 — AVrH2 + Nolse

* RTN distribution for single switching traps has defect-centric tails

fren(AVrR) = Ny (—AVry) AVry<O
1-2e N§(AVyy) AVyy=0
fnyg(AVrh) AVrg>0
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MEASURED NOISE ISATTRIBUTEDTO
RTN AND GAUSSIAN NOISE

Defect centric RTN
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AVry RTN meas = AVrH 1 — AVrh 2 + Noise

\ 4

f(AVTH) = fRTN(AVTH) * fGaussian(AVTH)
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UNIMODALYVS BIMODAL
DEFECT-CENTRICDISTRIBUTION

e.g. / o‘-’fbﬂss‘q\ e.g.
PMOS | NMOS

NBTI U PBTI

Single defect
iorbution | AVra~Exp(n) AV i~Exp(n;)
Given Fﬁ'" (AVry) = Frymymyn, (BVrH) =
#traps CDF |1 — o 'm,AVyy/n) 1— aexp(SAVry)1
.. FN,n (AVry) = FN1;N2,771;712 (AVry) =
DIStrIbuted - e—NNn x ® e_NlNlnl e—Nz NznZ
#tI’aPS CDF Z n' Fn,n (AVTH) Z Z n]_! nz! Fnl,nz,nl,nz(AVTH)
n=0 nq =0 ny =0

Kaczer, IRPS 2010 Weckx, IRPS 2015

F(AV =ZPDFS-F.AV
Generalized CDF (AVrh) - (Si) Sl( TH)

. 19
tMmecC © 2015 imec, CICC 201 5: Reliability Characterization




MULTIVARIATE MODEL FOR PARAMETER
EXTRACTION OF RTN AND BTI

— .-'ﬂ
3t NBTHUHK =[0. 07/0.09/0. 12] o ﬂkﬁa&.-
2F N =[0.9/1.7/2.7] npgres -

_ BTI,HK
w1 PBTI
S OF N =0.015
% 1 RTN,ILHK , N = 3-6mV T
o NRTN,HK=0-12 N,,=0.77mV + 100s
2 + 1000s |
-3 ---lq_l":ﬂﬁ': -=-model|-
+ + M M ' B 5
-0.01 -0.005 0 0.005 0.01 0.015 0.02

AVan

One set of n values (trapping HK and IL/HK interface) accurately models
combined RTN and PBTI for various stress times

f(AVry) = feri(AVry) * fren(AVrh) * f caussian(AV TH)
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BIMODAL DEFECT CENTRICDISTRIBUTION
FORNBTIANDPBTL,TANDVACCELERATION

NMOS PMOQOS )
n=0.77mV | n=0.9mV i —
N:=36 | N;=0.21 _°
n=3.6mV | n=7mV \
N.=0.12 | N;=0.88
—— 10" :
n=0.16 i)
n=0.097 . V=27 e e e
v=117 | = 10°} PR el
.---""ffffffffff:: ...... X: ::X:"':. ................
————— ”Daa"
- 10" =87 . - - -
10° 10° 10° 10* 10° 10°
stress time stress time

* NMOS: different components due to HK and IL/HK defects
* PMOS: high NT/high n component which is a signature for SiO, NBTI
e A simplified power-law model fits Ny = AV o' t"

lmec © 2015 imec, CICC 201 5: Reliability Characterization Y



Probit(CDF)
AbdNMNasocoadvmwruoo

IMPORTANCE OF INCORPORATINGTIME-DEPENDENT
VARIABILITY DEPENDS ONTHE RELATIVE IMPACT

COMPARED TO TIME-ZEROVARIABILITY

-0.05

~ Ao
50mV
Time-zero
Uniform shift
Normal shift
= = Defect-centric shift
0 0.05 0.1 0.15 0.2
VTH'<VTH0>

0 AV1, (@ 50mV mean BTI shift) [mV]

NN W WA
o U1 ©O 01 ©O U1 ©
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DEVICE LEVEL

0

I var

global BTI varI local BT

e ST:40LP SiON
e ST:28LP HKMG

oebOOD

Extra margin needed

=ST:28FDSOI HKMG on top of 30 t0+50mV
Foundry 20 Bulk HKMG . _
GF:32 HP Gate First SOl HKMG  Shift design:
GF:28 LP Bulk HKMG
imec:FinFET RMG HfO2
imec:FinFET RMG Hf0O2 . Ao=1.0

imec:MIPS HfO2/SiGe burried channel . < -

imec:SiON (EOT=1.7) + Body Bias _[- Ac=0.5

imec:SiON (EOT=1.4) , = _ - T

imec:MIPS HfSiO ., .~

imec:RMGHf02 » _ ~
-

=~

10 40

20
0 Vo [MV]

* Correlation between time-zero and time-dependent standard
deviations for a 50mVY mean NBTI shift

30

* Added sigma margin (Ao) that needs to be adopted on top of
a standard 3o margin using either a Normal NBTI
approximation (dotted) or defect-centric NBTI (solid)

imec
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OUTPUT DISTRIBUTION OBTAINEDBY
PROPAGATION OF INPUT DISTRIBUTION
VIA RESPONSE SURFACE

SNM
PDF as function of output
PDF as function of : (1-dimensional)
input parameter space : :
(N-dimensional)

ey I ~™..__Output as function of
' input parameter space

Vry 2 (N-dimensional)

PWeckx et al.,IRPS 2014
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IMPORTANCE OF INCORPORATINGTIME-DEPENDENT
VARIABILITY DEPENDS ONTHE RELATIVE IMPACT
COMPARED TO TIME-ZEROVARIABILITY

SRAM CELL LEVEL

@) (b) (a)

50 _ =——ST:40LP SiON —
2 _ 45 | 8- ST:28LP HKMG Ao=0.5 .~ - (b)
1-1-2 6T SRAM 50mV NBTI for > == -gT:ZSFDSOI HKMG / s .
— E 40 |® © Foundry20Bulk HKMG / A /
w -3 (22nm) left PD oy < © GF:32 HP Gate First SOl HKMG 7 -
Q £ 35 |§ O GF:28LP Bulk HKMG ’ e
S 4 T o (50 momemens
- - —_ ~ @ imec:Fin =
e} Uniform shift 530 | imec:MIPS HfO2/SiGe burried gtfanney” _ ~ / Ao=0.25
o . c = imec:SiON (EOT=1.7) + Body,Bias ,
g 5 Normal shift ® 25 [11] i :SiON (EOT=1.4
a - . . s — 0!mec:| ( '—.) A ‘/
— — Defect-centric shift E 20 EEEEERREESIO - - - D=
S S © imec:RMGHfO2 7 09 O
-6 L I I I I M (= 15 [} 7 A ' ’..- . %
0 0.025 0.05 0.075 0.1 0.125 015 3 ’, Z o 3 o
RSNM[V] @ 10 808 sigma discrepancy
£ 5 @ 10mV RSNM
<
o 0
0 10 20 30 40 50

O Vo [mV]

*  The sigma discrepancy (Ao) calculated for an RSNM=10mV between (a)
using a uniform shift and a Normal NBTI approximation (dotted) or (b)
using a uniform shift and a defect-centric NBTI (solid).
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COMPLETEMETHODOLOGY:FROMTEG

LAYOUT, TO MEASUREMENT,ANALYSIS,
PROJECTION,AND RELIABILITY-AWARE DESIGN

10"

probit(Fy)

LLE+01 1.LE+03 1.E+05 1LE+07

-AV,, (mV) log(stress time)
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