Technologies

Practical Implementation of Reliability
Aware Compact Models in Simulation
Software Environment

B. Ardouin”, T. Zimmer®

J.-Y. Dupuy*, J. Godin*, V. Nodjiadjim*, M. Riet*,
F. Marc®, G. A. Koné?, S. Ghosh®, B. Grandchamp?®, C. Maneux®

www.xmodtech.com
ardouin@xmodtech.com

* XMOD Technologies, Bordeaux, France
*1lI-V Lab, joint lab between Bell Labs, Thales and CEA/Leti, Marcoussis, France
* Laboratoires IMS, Université de Bordeaux, France

R o b il s "[‘ BipAK Erfurt — Nov 10th 2017 NR


http://www.xmodtech.com/
mailto:ardouin@xmodtech.com

OUTLINE

o Context

o Introduction
o Why a dynamic ageing model?
o Proposed transistor aging model
o VerilogA implementation in HiCuM model

o Practical implementation

o Conclusion



CONTEXT

o InP HBTs (llI-V) technology

o But general principles works for SiGe:C HBTs, MOS and other technologies

o We are talking about dynamic ageing model
o Works (also) for large signal behavior
o But practical implementation also works for static aging models

(i.e., with a static degradation model able “only” to calculate the degradation
from the bias point )



INTRODUCTION

How to Implement ageing in a CAD environment ?

The easy way would be to add new parameter “AGE” in Cadence CDF
parameters? (e.g, a new Pcell variable, like W and L)
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WHY A DYNAMIC AGEING MODEL ?

OK, so why not simply adding a calculator tool as a post process
before simulation yielding :

degradation = f(Time, Voltage, Temperature, Device geometry)

‘ Ageing is a dynamic phenomenon !
It does not depend on “quiescent” bias point but on the

integration of voltage impact over time
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Limit for hot carrier

< S .
- N/ VY \ \l degradation
\/ \V/ ¢ ‘ 7 \ DC operating point
i is below, predicts
' ' | | no degradation

= N w £ wv (o))

o

0 5 10 15 20 25 30 35 40
Time [ns]



PROPOSED TRANSISTOR AGING MODEL

InP HBT Gummel characteristic monitoring ! PIGITT /i’
during stress: o
o Moderate IC increase then decrease

o Important IB increase
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PROPOSED TRANSISTOR AGING MODEL

o Donor traps at E-B junction surface are
responsible for the current increase

o Trap concentration increases linearly
with stress time

o Increase rate depends on bias
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PROPOSED TRANSISTOR AGING MODEL

o Collector current equation:

= el ool

o Base current equation

Vg
jBEI _ exp( j :|+ IRE|S|:eXp( = j_1j|
BE| rnREl\/T

o IS and IBEIS follow the same linear evolution as traps with stress
time

o IS and IBEIS can be advantageously used as variables of the aging
model



PROPOSED TRANSISTOR AGING MODEL

IBEIS and IS are modelled according a generation mechanism

dl .. (1) di.(t
B;ts — AIBEIS(Ti‘JC) gt( ) — AIS (T’Jc)

Constant increasing rates follow an Arrhenius law
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new model parameters : EIS, EIBEIS, BIBEIS, BIS

[5] C. Mukherjee, B. Ardouin, J-Y Dupuy, V. Nodjiadjim, M.l Riet, T. Zimmer, F. Marc, and
Cristell Maneux, “Reliability-Aware Circuit Design Methodology for Beyond-5G
Communication Systems”, IEEE TRANSACTIONS ON DEVICE AND MATERIALS RELIABILITY,
VOL. 17, NO. 3, SEPTEMBER 2017




VERILOGA IMPLEMENTATION IN HiCuM MODEL

2 new nodes
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VERILOGA IMPLEMENTATION IN HiCuM MODEL

module hic2_full_XDK (c,b,e,s,tnode, ibeis_out, is_out);

New nodes
branch (ibeis_out) br_ibeisout and branch
branch (is_out) br_isout;
ibeis = V(br_ibeisout) +ibeis0; Update model parameters: new nodes
is = V(br_isout) +is0; voltage represent degradation
aibeis = bibeis*exp(-eibeis/(('P_K/'P_Q)*Tdev)) *pow( jc ),alphal); Temp & Jc
ais = bis*exp(-eis/(("P_K/'P_Q)*Tdev)) *pow( jc ),alpha2); dependence
I(br_ibeisout) <+ -aibeis;
I(br_ibeisout) <+ ddt(V(br_ibeisout));
Branch
I(br_isout) <+ -ais; equations
I(br_isout) <+ ddt(V(br_isout));
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PRACTICAL IMPLEMENTATION

How to interfere in the simulation process ?

Circuit setup
& stimulus
definition

Reference to

Model Library
From foundry

Netlist
generation

Modified model
Library
with Ageing models

Simulator

Electrical

o We can enter the
characteristics

simulation flow by
breaking the
reference to model
libraries
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PRACTICAL IMPLEMENTATION

Change the referenced “model files” in ADE (Cadence Analog Design
Environment) : that’s easy!
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Spe Stimuli . t:: | S - |-} here o add mod :él’ﬂ& -
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\ )
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The generated netlist still refers to “primitive” model names (the
simulator “thinks” it is using the foundry models), but new model
files are used instead. The standard simulation flow is not affected

but the simulation is now based on the new model library
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PRACTICAL IMPLEMENTATION

What can we do with this “trick”?

o STEP 1: Run the initial “ageing” simulation of the circuit to
calculate the amount of degradation for each transistor

o STEP 2: Run simulations with post-stress models (one specific to
each transistor instance)

14



PRACTICAL IMPLEMENTATION

o STEP1: The initial “ageing” simulation

Circuit setup
& stimulus
definition

Netlist
generation

Simulator

Electrical
characteristics

Modified model
Library
with Ageing models

In our case this is done

“manually” but it could be

automated

o Export the netlist from
ADE

o Simulate the netlist in
command line mode

o get the standard SPICE
nutmeg output file

o Post process the result
(here with a perl script)

15



PRACTICAL IMPLEMENTATION

In our case we use ADS (hpeesofsim with spectre syntax)

hpeesofsim -r out.raw input.scs

Plotname: TRAN trl[1l] <input.scs> time=(0 s->100 ns)

Flags: real
. . No. Variables: 155
Netlist Sl Raw file No. Points: 10006
(input SCS) Variables: @ time time
. (OUt-raW) net018 voltage plot=0 grid=1

1

2 net42 voltage plot=0 grid=1
3 net022 voltage plot=0 grid=1
4 net020 'voltage plot=0 grid=1
5-—-net80 - voltage plot=0 grid=1
6
7
8
9

in SPICE

nutmeg
Modified model format

net087 voltage plot=0 grid=1
vtia voltage plot=0 grid=1
i net0138 voltage plot=0 grid=1
lerary net0141 voltage plot=0 grid=1
with Ageing models 10 net251 voltage plot=0 grid=1
11 ref r——voltage plot=0 grid=1
12 I182.net0132 voltage plot=0 grid=1
13- -1182.net0161 voltage plot=0 grid=1
14 I182.net0134 voltage plot=0 grid=1
15--I182.net192 voltage plot=0 grid=1
16 I182.net203 voltage plot=0 grid=1
17 -1182.net0143 voltage plot=0 grid=1
1 18 'I182.net202 voltage plot=0 grid=1
In the raw flle we have the 19 1182.1395.re out voltage plot=0 grid=1
° ° 20 I182.1395.is out voltage plot=0 grid=1
information we need : 21 T1182.1395.ibeis out voltage plot=@ grid=1
22 1182.1395.tnode voltage plot=0 grid=1

Each transistor instance has new 23 1182.net247 voltage plot=0 grid-1

24 1182.net328 voltage plot=0 grid=1
H 25 -1182.1414.re out voltage plot=0 grid=1
Internal nOdes ( Ze o IloZ.171%.1s out voltage plot=0 grid=1
27 1182.1414.ibeis out voltage plot=0 grid=1

The "VOltagES" of these nodes 28 1182.1414.tnode voltage plot=0 grid=1
. 29 I182.V-voltage plot=0 grid=1
account for the ageing
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PRACTICAL IMPLEMENTATION
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PRACTICAL IMPLEMENTATION

Init aged VF2 -i out.raw -o <output file> [-t <extr time>]

Raw file (out.raw)

Ageing file

_ Perl script
in SPICE nutmeg format

The script retrieves the aging
information and stores it in an
ageing file

(include file)

TLIA 100ns = 1000h TEMP= 100C

ViV

IBEIS [pA] 2

Ageing !

Instance Number

Credit: Perl Script from Francois Marc, IMS lab, U

- -0.04

-0.06
0 2e-08 4e-08 6e-08 8e-08 1e-07

time [s)

MW 20ns
m40ns
W 60ns
m80ns |
©100ns |

niversity Bordeaux
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PRACTICAL IMPLEMENTATION

o The ageing information is instance specific

o Therefore modifying the model libraries is not practical

o This would require as many models as instances and would increase
dramatically the model library structure

o This would require that every instance in the circuit calls a different specific
model

o The preferred option is to use “alter” statements

Virtuoso Spectre Circuit Simulator Reference
Analysis Statements

Alter a Circuit, Component, or Netlist Parameter (alter)

Description

The alter statement changes the value of any modifiable component or netlist parameter
for any analyses that follow. The parameter to be altered can be circuit temperature, a device
instance parameter, a device model parameter, a netlist parameter, or a subcircuit parameter
for a particular subcircuit instance. You can:
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PRACTICAL IMPLEMENTATION

Example of output results of the ageing post processing script
(here in ADS/hpeesofsim format)

This is gathered in an include file :

// generated by init_aged.pl

//(c) F. MARC - 2012

//Laboratoire IMS - Université de Bordeaux

//

// File to include to modify aging parameters in Transistors

// with the instruction :

// include "alter_100C.scs"

Alter:AGINGalterO var="1182.1395.Q1.AGED_REQ" VarValue=1.051097526541248e+00
Alter:AGINGalterl var="1182.1395.Q1.AGED_IS0" VarValue=2.296752299864880e-05
Alter:AGINGalter2 var="1182.1395.Q1.AGED_IBEISO" VarValue=2.720339978065819e-02
Alter:AGINGalter3 var="1182.1414.Q1.AGED_REQ" VarValue=1.323342881000782e+00
Alter:AGINGalter4 var="1182.1414.Q1.AGED_IS0" VarValue=2.477855478244199¢e-03
Alter:AGINGalter5 var="1182.1414.Q1.AGED_IBEISO" VarValue=1.822901099996015e+00
Alter:AGINGalter6 var="1182.1407.Q1.AGED_REQ" VarValue=1.090264029770488e+00
Alter:AGINGalter7 var="1182.1407.Q1.AGED_IS0" VarValue=1.003050582644627e-04
Alter:AGINGalter8 var="1182.1407.Q1.AGED_IBEISO" VarValue=1.021350703026095e-01
Alter:AGINGalter9 var="1182.1408.Q1.AGED_REQ" VarValue=1.083736482535671e+00
Alter:AGINGalter10 var="1182.1408.Q1.AGED_IS0" VarValue=8.399430332061722e-05
Alter:AGINGalter11 var="1182.1408.Q1.AGED_IBEISO" VarValue=8.699363886884112e-02
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PRACTICAL IMPLEMENTATION

STEP 2: Run simulations with post-stress models
Now any steady state simulation can be done by the simulator with individual aging
properties for each transistor instance of the studied circuit

In our case this was done again in command line mode by adding the line below to
the netlist :

include "alter 100C.scs" % - - - "TUARF Do B1o 0 |

TLIA HF Die B20 0Oh
TLIA HF Die B19 1008h - 70°C
TLIA HF Die B20 1008h - 70°C

30 | TLIA Die B13 Oh

TLIA Die B15 Oh
TLIA Die B13 1008h - 70°C
TLIA Die B15 1008h - 70°C

opopodgod

Example of AC simulation (S parameters)
of 2 different flavors of a TIA
(Trans Impedance Amplifier)

Initial conditions (no stress) P

10 Eﬁﬁﬁaagggsg:zzgz ” ggpgggvgg N
After 1008 hours of accelerated <— ‘5 I ggggggg‘é’gggwgg |
ageing (70°C) N

00 10 20 3I0 40 50 60

f [GHz] -

70



CONCLUSION

Dynamic ageing models are required for circuit operating in
switching mode or in large signal

o But The practical implementation shown here would be identical for a static
aging model

The requirements are:
o A specific model with integrated ageing laws
o Specific output nodes whose voltages are proportional to the degradation

The simulation flow is preserved : only the reference to the used
model library is modified

The methodology allows (1) to calculate the initial degradation
for a given circuit and (2) run simulations with aged circuit
properties

The proof of concept has been demonstrated in command line
mode but can be easily extended to the Cadence ADE graphical
interface
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