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Introduction

= NBTI: NegativeBias T emperaturelnstability:

= Degradation of pMOSFETS
= Main impact: Increase ofiVi j

= NBTI stress vs. NBTI relaxation:

|AVin| |AVin|

-
Y /”
£

log(t) [Vi] < Vbp log(t)

= Dynamic NBTI:

= Sequence of stress/recovery phase caudast changing Vi (t)
=V (t) potential error source in high-precision analog circuits
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Motivation

Starting point for our research:

= State of the art reliability simulatorglo not include relaxation
= Impact of relaxation on analog performance got hardly invgsted
= Sequence of stress/relaxation might cause circuit malfunction
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Motivation

Starting point for our research:

= State of the art reliability simulatorglo not include relaxation
= Impact of relaxation on analog performance got hardly invgsted
= Sequence of stress/relaxation might cause circuit malfunction

V.
Aim of our research:

1. Physical NBTI model, including relaxation

2. Integration of NBTI model into circuit simulator

3. Impact of relaxation on analog/mixed-signal circuits

4. Design of sophisticated test structures for analog circuits
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Recent Understanding and Modeling of NBTI

% o Vo = Stress Case:
ChargecaptureincreasegVi j

pr JEEE el = Single de_fect:
Capture time constant .

? = Relaxation Case:
Chargeemissiondecrease$Vi j
again

1%535)

V?D
’ \ = Single Defect:

Emission time constant,
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Capture and Emission Time Constants

c and ¢ widely spread
= Distribution modeled by 2 bivari

ate log-normal p.d.f's [1]:
P Thne SENa

B Recoverable component| n
B Permanent component

=
4 10° 4 e W AL AP A R w8
F
Defect group:
B Y AT
10 5 I —
= Rk R e m |
i e Tho Te,j
10 a g g ;
10° 107 10° 10* 10°
T, ls]
n

¢ and  temperature and bias dependent

= Distribution depends onT ,Vgs, CMOS technology
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Markov Model for a single Defect Group
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Markov Model for a single Defect Group

d AT? T;l (Vc,s)

ATI T O——0O

7o (Vas)

= Expectation value for threshold shift of single defect group:
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Markov Model for a single Defect Group

d AT? 7';1 (Vgs)

ATI T O——0O

7o (Vas)

= Expectation value for threshold shift of single defect group:

| Ve @i/ d—2—+ | Va(t)] d—"— exp S+ =t
| Sz} | Hz% 2{z_3
a(Ves) a(Ves) b(Ves )
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Markov Model for a single Defect Group

Te T
d A‘I‘g 7';1 (Vgs)
~Ee O=—=0

7o (Vas)

= Expectation value for threshold shift of single defect group:
1 1

J V(@ d—S —+ ] Vn(to)j d—7— exp =+ =t
| Sz} | Hz—3 Z{z-3}
a(Ves) a(Ves) b(Ves)

= Bias dependence regarded by model paramekgrand k;:
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Markov Model for a single Defect Group

d A‘I‘Z Tgl (Vgs)
A T OCO
TI g: ‘ 7o (Vas)

= Expectation value for threshold shift of single defect group:

| Ve @i/ d—2—+ | Va(t)] d—"— exp S+ =t
| Sz} | Hz% 2{z_3
a(Ves) a(Ves) b(Ves )

= Bias dependence regarded by model paramekgrand k;:

. . ko ) ) k2
J Vin(t)j= kiVes a+ | Vi(t)j kiVes a exp bt
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Where do the model parameters k; and k, come from?

Ves Vi Vaes = Vs1 Ves = Vs;2
GateDielectric Channel GateDielectric Channel GateDielectric Channel
—
Ec
Er Ec Er
............ Er N1 Ev
Ev Er

= Number of active traps is bias dependent [2]

= Make amplitkjde of Vy bias dependent with prefactor
A= (kiVes)™ [1]
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Modeling Dynamic NBTI on Circuit Level

= Dynamic Vy, modeled in
Verilog-A subcircuit

= Verilog-A model acts as voltage
controlled voltage source
(VCVS)

= V4, adaptedonline during
transient simulation

April 12th, 2013 13



Tm
_‘I Lehrstuhl fiir Technische Elektronik Technische Universitat Miinchen

Example for Transient NBTI Simulation

= Example circuit & Vgs, Vi (t) of Mpl:

D Vth [mV]

Time [rs]
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LTERely Simulator

= Automated reliability
simulation of complex
analog blocks

= Verilog-A model for
short term reliability

= Extrapolator for long
term reliability

April 12th, 2013
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Switched Capacitor Comparator

A A

P2 —O|[ —O|[ Use case:

“ o Vpp =1:3V

l Vet =0:65V
” r r
IL IL I

= Clock Phase ; : O set sampled on G and G
= Clock Phase , : Comparator Mode

Jii
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Switched Capacitor Comparator

Use case:
VDD =13V
Vet =0:65V

= Clock Phase ;1 : O set sampled on G and G
= Clock Phase , : Comparator Mode
= NBTI critical for Mp;: Largest stress foWi, =0 V
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SC Comparator: Test Case

= Verify correct function by input step from Vi =0V to Vg +20 V:

B— /= /= /= /@ /3 /= /= /@ /@ —
=
- 0.65
0
139 m —m /@ — — — — — — —
=
. 0.65
0
13
= 0.65 Vin_vref+20m,
< 0.
|
0 T T T T T T
13
=
‘50.65_| [—| ,—| [—| ,_I [—|
(<}
>
0
0 1 2 3 4 5 6 7 8 9 10

Time [rs]
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SC Comparator: Include Dynamic NBTI

= Consider only short term stress:

1.3
E Vin:Vref+20m/
= 0.651
>
0
1.3 i
_ - - -no NBTI ---+- with NBTI
2,
5065F--1 =7 =7 -7 -7
>° A
R R N I A
0 - t ¥ - ¥ - H H
S
E
L 051
>
O  -14/—DVth of Mpl
0 ! 2 3 4 5 6 7 8 9 10
Time [rs]
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SC Comparator: Include Dynamic NBTI

= Consider only short term stress:

1.3
E Vin:Vref+20m/
= 0.651
>
0
1.3 i
_ - - -no NBTI ---+- with NBTI
2,
5065F--1 =7 =7 -7 -7
>° A
R R N I A
0 - t ¥ - ¥ - H H
S
E
L 051
>
O  -14/—DVth of Mpl
0 ! 2 3 4 5 6 7 8 9 10
Time [rs]

= Failure is caused by dynamic NBTI component,before end of life time
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SC Comparator: O set Compensation Failure

= O set compensation failure due to NBTI relaxation:

1.3
=
5 .657
<] l
>
651 '
s !
(%] i
O] '
> ‘
1.34 L
Relaxation: V4 reduces,
07 i.e. sampled offset no longer valid
>
£,
S 5 1 Contribution of My, to Vg,
z . sampled on C;
1 L
0 1 2 3 4 5 6 7 8 9 10
Time [ps]

April 12th, 2013 20



Lehrstuhl fiir Technische Elektronik Technische Universitat Miinchen TI-ITI

SC Comparator: 10a Stress Case

= Simulation after 10a stress using the stress extrapolator

1.34

V. =V __+20nV
in ref

=
= 0.651
>

0 T T T T T T T T T T
1.34

\- - -virgin ----- 10a stress: dynamic ----- 10a stress: static

5 0.651==7 - o e T —
2 P i
| ! T | [
| , ! I | [
0 ! } H } ! } 1 } } ] |
= “1L.5 {[--- D Vith of Mp1 after 10a: dynamic
£ . -
s 121 ; |
> ;
2 ¥
125 . . . . . . . . . .
0 1 2 3 4 5 6 8 9 10
Time [ns]
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SC Comparator: 10a Stress Case

= Simulation after 10a stress using the stress extrapolator

1.34

V. =V __+20nV
in ref

=
= 0.651
>

0 T T T T T T T T T T
1.34

\- - -virgin ----- 10a stress: dynamic ----- 10a stress: static

5 0.651--
o
>

——
1
I

-11.5 1

247

D Vth [mV]

-125 T T T T T T T v v :
0 5
Time [ns]

= Failure not detected by classical simulation with constant Vi,
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SAR ADC

= SuccessiveApproximation Register (SAR) principle:
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SAR ADC

= SuccessiveApproximation Register (SAR) principle:

= NBTI degradation causes comparator o set V,
= Solution: O set Compensation with typical requirement:

" Vier 1V; N=10Bit) Visg = 3y 1mv

= j.e. residualV, < 1 mV necessary
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SAR ADC

= SuccessiveApproximation Register (SAR) principle:

= NBTI degradation causes comparator o set V,
= Solution: O set Compensation with typical requirement:

* Vet 1ViN=10Bit) Visg = 3y 1mV
= j.e. residualV, < 1 mV necessary

= Unproblematic for slowly varying V, , but:

Even small V, < 1 mV due to short term NBTI can cause malfunction J
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Example: 10 Bit Charge Redistribution SAR ADC

‘ J—/—{Q—{}—@JW SAR ADC use case:

= Fs=1MHz
s fox =13 MHz
L] VDD =1:3V

= Viet = Vpp

4({ ‘({ Comeparator circuit:

= O set compensated

>° >° = NBTI critical for

Mp1

-
=
e

—

April 12th, 2013 24
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Example: Error @ 2nd Bit

——no NBTI —— with NBTI
1 1

—no NBTI —— with NBTI

April 12th, 2013 25
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SAR ADC: Errors due to short term NBTI

= Wrong output codes can occur for large variety of input levels
= Code deviations of more thanj1 LSBj were not found

= Observed error rates depend on:

= |nput signal waveform
= Clock frequency

April 12th, 2013 26
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SAR ADC: Errors due to short term NBTI

= Wrong output codes can occur for large variety of input levels
= Code deviations of more thanj1l LSBj were not found

= Observed error rates depend on:
= Input signal waveform
= Clock frequency

. Examb'le for full scale sine wave input @s =1 MHz:

5

—fin = 100 kHz
—fin = 400 kHz

N
=}

i
o

Error Rate [%)]

\\r"\w\«w// V\\\""“’W\/\—\»/f« T
| W S g N

=
o

8.2 0.3 0.4 05 0.9 1 11 12

.6 0.7 0.8
Stress Time [ms]
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Guideline for Transient Error Detection

Systematic approach to detect transient BTI errors:
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Guideline for Transient Error Detection

Systematic approach to detect transient BTI errors:
1. Which devices are mainly susceptible against parameter drifts?
I Con ne (complex) problem
2. Study transient Vgs of critical devices
3. Do largejVgsj values on critical devices occur?
I HighjVgsj causes Vi, (NBTI stress)
4. Abrupt changes iVgs possible?
I Dynamic Vy can cause a transient error
Note:

In high-precision analog circuits even smalVy, (1 mV) can cause
tran. error
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Conclusion

= Physics based model for dynamic NBTI
= Verilog-A model to study NBTI impact on circuit level
= LTERely: Simulation of NBTI for complex analog blocks
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Conclusion

= Physics based model for dynamic NBTI
= Verilog-A model to study NBTI impact on circuit level
= LTERely: Simulation of NBTI for complex analog blocks

= Transient errors due to dynamic NBTI:

= Example: SC Comparator & SAR ADC
= 65 nm design: No show stopper, but:
= E ects will worse with further technology scaling

April 12th, 2013 30
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Outlook

What happens if technology is further scaled?
= NBTI e ects become more relevant:

= Non-constant eld scaling increases local stress elds
= Fast trapping/detrapping enhanced by new gate materials (cf1])
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Outlook

What happens if technology is further scaled?
= NBTI e ects become more relevant:
= Non-constant eld scaling increases local stress elds
= Fast trapping/detrapping enhanced by new gate materials (cf1])
= High- metal gate technologies:
= Same e ect also on NMOSFET (PBTI)
= Sources for errors increase, short term e ects become worg#. ([3])
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Thank you for your attention

Please feel free to ask questions
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