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Introduction
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i

There are different diode models implemented in the simulators
(ordered from low to high complexity).

)

Berkeley-SPICE Diode

— 1975, University of Berkeley, often implemented as diode level 1
with additional enhancements

Fowler-Nordheim Diode (often implemented as diode level 2)
Juncap2 model

— 2009, A.]. Scholten, M. Durand, G.D.]. Smit, and D.B.M.
Klaassen, all NXP, also included in the MOSFET model PSP

Diode_ CMC model v1.0.0

- Several companies contributed, standard of Compact Modeling
Coalition (CMC) in 2010

Diode_CMC model v2.0.0

- Implementation by Hiroshima University, addition of high
injection and reverse recovery modelling concepts from HiSIM-
Diode model, production release in Sept 2015 (verilogA model)
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Features of diode models
» Features of Berkeley-SPICE model

— Forward characteristics , reverse leakage current, temperature
dependent saturation current, series resistance, diffusion
capacitance, nonlinear depletion capacitance, charge storage
with transit time parameter, reverse breakdown , flicker noise

» Additional features of Juncap2 model

- Geometrical scaling: bottom, STI-edge, and gate-edge
components

— Shockley-Read-Hall generation/recombination current, both in
forward and reverse mode of operation

— Trap-assisted tunneling current, both in forward and reverse
mode of operation

— Band-to-band tunneling current
— Avalanche and breakdown
— Shot noise



Features of diode models
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Additional features of Diode_CMC v1.0.0

Series resistors that scale with bottom well area, gate edge
and STI edge perimeters plus non-scaling part

Temperature dependence of series resistor RS
Junction flicker noise, shot noise and resistor thermal noise

Temperature dependence of saturation current as a function of
XTI (PT)

Non-ideality factor NFACTOR for ideal current component
Temperature dependence of reverse breakdown voltage
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Diode models
» Additional features of Diode_CMC v2.0.0

- High injection mode for forward diode current
— Reverse recovery effect (scaling with bottom area only)

— Compatible to Diode_CMC v1.0.0, if v1.0.0 parameters are
used only

Original published literature:

» J. Nakashima, M. Miyake, and M. Miura-Mattausch, "Dynamic-Carrier-Distribution-Based
Compact Modeling of p-i-n Diode Reverse Recovery Effects,"
Jpn. J. Appl. Phys., 51, 02BP06, pp. 1-4, 2012.

» M. Miyake, J. Nakashima, and M. Miura-Mattausch, "Compact Modeling of the p-i-n
Diode Reverse Recovery Effect Valid for both Low and High Current-Density Conditions,"
|IEICE Trans. Electron., E95-C, pp. 1682-1688, 2012.
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Application of JUNCAP2 and Diode_CMC

> Application of Diode_CMC v2.0.0 model

(b)
A (Source) K (Drain)

(AIK_ ND
p [t
wi

Fig. 1. Target device structures: (a) actual target, (b) example application.

Figure taken from documentation of Hiroshima University
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Juncap2, Diode_CMC v1.0.0 and v2.0.0

Scaling

Suitable for drain-
bulk/source-bulk junctions as
well as for standalone diodes

gate oxide

gate-edge _, STl-edge _
component component Scallng parameters

4 » Bottom area AB
» Length of gate edge LG
> Length of STI-edge LS

bottom STI
component

Figures taken from documentation of Juncap?2 version 200.3, 4/2009
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Diode_CMC v2.0.0 High injection region

» New implementation of high injection region

10/22/2015

ia (m/s) fwd_resfia.s [LOG]
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blue line: v1.0.0 with serial resistance=326 Ohm

> red line: v2.0.0 with high injection parameters
and serial resistance=1.5 Ohm (correct value)

> red symbols: measurement
| | | | | |
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400 600 800
va [E-3]
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Juncap2, Diode_CMC v1.0.0 and v2.0.0

» Scaling for ideal diode | - aB |DSATBOT{eXp[ Vi ]_1}
current NFABOT ¢y

+LS IDSATSTI | exp| -1
NFASTI ¢,

+ LG IDSATGAT| exp| -2 -1
NFAGAT ¢,

scaling with saturation ideal emission doping upper limit for slope of
current coefficents concentration emission smoothing
coefficient function
bottom area AB IDSATBOT NFABOT (default=1) NDIBOT NJH (default=2) NIDV
STI length LS IDSATSTI NFASTI (default=1) NDISTI NJH (default=2) NIDV
gate length LG IDSATGAT NFAGAT (default=1) NDIGAT NJH (default=2) NIDV
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High injection region Diode_CMC v2.0.0

» High injection model can be activated individually for the three
scaling parts of DC current (bottom area, STI length and gate
length) with a new parameter NJH

- if NJH > NFABOT high injection is activated for area scaling

— if NJH > NFASTI high injection is activated for STI length
scaling

- if NJH > NFAGAT high injection is activated for gate length
scaling

— if NJH<=NFABOT and NJH<=NFASTI and NJH<=NFAGAT
(default), high injection is de-activated, model equations and
scaling are the same as Diode_CMC model v1.0.0
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- Emission coefficient is increasing with voltage V, from NFA to
NJH, if NJH<=NFA, then NJ=const=NFA

2,2

High injection region Diode_CMC v2.0.0

2 NJH

1,8 //
1,6

slope=NJIDV

1,4 -
1,2
NFA 1!J;
0,8 ' i ' ' ' | I
0 0,51 1 1,5 2 2,3 3 Vax
Vi NDI
o V., =¢, NFAIn
High-injection threshold voltage = Pro (Pno(temp)J

Same equations for BOT, STI and GAT scalings.
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High injection region Diode_CMC v2.0.0

, Diode CMC v1.0.0 DC current |, =(V , —1) IDSAT

exp(V¢) if V,, <VMAX
NFA@.,

V. —VMAX VMAX

NFA@. Jexp( NFA@.,

» Diode_CMC v2.0.0

exp[_Lwha (V) = NFA)j if V,, <VMAX
(Vo ) o NFA NJH

= <

1+ ) if V, =VMAX

VMAX . (nj(VMAX) - NFA)
nj(VMAX ) ¢, NFA NJH

E“VAK ~VMAX

dVMAX]exp[ j if V,, >VMAX

D
dnj

nj(\/MAX)—VMAX(j (dmj
d VMAX +Vha dV VMAX

with  dVMAX = _ 2 AT v
nj(VMAX) NFA NJH

For NJH<=NFA: nj(V,.)=NFA (same equations in both versions)
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High injection region Diode_CMC v2.0.0
» High injection region for different temperatures
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Reverse Recovery Effect in Diode_CMC v2.0.0 (infineon
Calculation of charge storage

P
] dt Ij: junction current
» Diode_CMC v1.0.0 Q; = Qjunction T 1T I
or v2.0.0 with
CORECOVERY=0
» Diode_CMC v2.0.0 Q; = Qiunction T Orr

with CORECOVERY=1



Reverse Recovery Effect in Diode_ CMC v2.0.0 (infineon
Calculation of charge storage

> Charge calculation Qrr

A
Forward | qpexA
operation = slope~1/L, = Qpexx
c
S ) < v . .
5 3 |3 S Diffusion Length
% c Is Electrons from <
© 0]
thode ©
‘5’* ° . © L, =7 D,
— Doped carriers (q,) -
I 7
Duri 0 Wepa Wi with
uring Distance in carrier storage region TAUT
reverse A Tvo
., = TAU| ==
recovery = £ | HL T
process S q l KR
c pexA ~(q
% pexK
“ '8 —_—>
o ]
- 8 _c ©
© S a o Electrons o
= 3 3} ode from cathode -:EU,
S Doped carriers (q,,) o \
I 7
0 WdepA WI

Distance in carrier storage region
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Reverse Recovery Effect in Diode_CMC v2.0.0 (infineon
Calculation of charge storage

» Injected charge carrier densities (anode and cathode)

( T
qpexA = AB Q1 pnO,bot M ID,bot INJlexp(— INJ 2(VAK _VHA)2 )exp[lNJT In(.l_mj] _ pnO,bot}

KD

qpexK = AB g 1 pnO,bot eXXpK INJlexp(— INJ 2(VAK _VHK )2 )eXpEINJT In(::-.KRJ]_ pno,bot}

KD

Vs Vit threshold voltages for high injection (anode and cathode)
T«r: reference temperature

T«p: device temperature
Pno: Minority carrier density at thermal equilibrium



Reverse Recovery Effect in Diode_CMC v2.0.0  (infineon
NQS modeling

» Delay in charge density G o4 / Gpexk @nd width of depletion
region Wgpa

9as Ons
O ® O

RC=NQS or DEPNQS

—— q pexA q pexA_ngs 4 dq pexA_ngs

s NQS  NQS dt
A . N same for g, and W,
© as AN

NQS t

qpexA -> qpexA_nqSI qpexK -> qpexK_nqSI WdepA -> WdepA_nqs
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Reverse Recovery Effect in Diode_CMC v2.0.0
Calculation of charge storage

» Total charge Q,,

Wi X
QneXA,nqs — = Iq pexA.ngs exp(— L—jdx

WdepA,nqs a

WI
WI — X
QnexK,nqs - J'qpexK,nqs exp(_ ] jdX

WdepA,nqs a

(infineon.

L ,: diffusion length

Q.. =q AB NDIBOT WI

er = _(QnexA,nqs + Qnexk,nqs + Qno)
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New model parameters in Diode_CMC v2.0.0

» Reverse recovery effect

- is activated by a new parameter CORECOVERY=1
— scaling is with bottom area only
» Parameters influencing reverse recovery effect

— NFABOT, NJH, NJDV, NDIBOT (high injection parameters,
can be extracted at DC)

- INJ1, INJ2, TAU
(carrier densities and life time)

—

: : To be extracted at reverse
- WI (length of drift region) — recovery current at room

—~ NQS (carrier delay time) temperature
— DEPNQS (depletion delay time)
- TAUT (temperature coefficient of carrier life time)

—

— INJT (temperature coefficient of carrier density)



Measurement and simulation of reverse
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recovery effect

© subst!

FEREAm

b a0

Launch File Edit ‘“iew Create Check Options Migrate Window  Synchronicity Calibre CLEX  Help cadence
Wl R D mX 0T s ¢ QA& [F|LL™ESE

maouse L: sch3ingleselect Pt M schZoomFit(1.0 0.9) R: schHikousePopUp
312} | = | Cmd: Sel: 0 Status: Ready | T=25.0 C | Simulator: spectre | State: spectre_statet

The transmission line models the effect of an 75 cm long cable.



Measurement and simulation of reverse @
recovery effect

Forward current IF=100mA

850

:lI|I|IIIIEIIIIIIIII;IIIIII|I|5||I|I||I|5I|I|I|I|I
» reverse recovery effect = | | | |
5505--.. > symbols: measurements
500 = b lines: simulations
450 -
400 E-cable VREV= _5 . 16V
35EJIE;_ransmission VREV:-8_94V
= Nl Veoey=-16.40V
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Comparison of characteristics Diode_CMC infineon
v1.0.0 and v2.0.0 e
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Comparison of characteristics Diode_CMC infineon
v1.0.0 and v2.0.0 e

CORECOVERY =0 CORECOVERY=1
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Documentation and Si2 web page

The model documentation of Diode  CMC v2.0.0 consists of two
documents

» Juncap2 document (April 2009, NXP)
» Diode_CMC document (Sept 2nd 2015, HU)

n 7"

Juncap_200_3 DIODE_CMC_V200
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Documentation and Si2 web page

© 2015 Hiroshima University 2 September, 2015

Recovery Model in Diode_ CMC (Version 2.0.0 Level 2002)

Contents
1. Introduction 1
2. Summary of physics behind the recovery model 2
3. Model parameters and constants 3
4, Model equations 5
5. Parameter extraction 10
References 11
Appendix 12
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Documentation and Si2 web page
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Appendix. Equation List from 1Q09 Subcommittee Report

These equations have been implemented into the Diode CMC model in 2009, but were

never documented.

* (Geometry scaling

1
RS = RCOM
on T 4B IG IS N
RSBOT ' RSGAT = RSSTI

* Temperature dependence of resistors

\ STRS
RS =RS, I
TRJ

* Thermal noise of resistors

4kT
= A
id 12:; jr

Equations implemented in 2009
can be found in appendix of
Diode_CMC document.

10/22/2015

» Temperature dependence of saturation current as a function of XTI (PT)

T iTI
Idsar(T) = Ia‘mr(TRJ){ TRJ J

» Ideal current

Vg

I . NFACTOR=+KT
dsat

I

ideal —

*  Flicker noise------ One common parameter (AF, KF) for all Area/STI/Gate components

g A,

id _ f total

= Shot noise

Sid = 2(}[]'({9&.{ + Zfd:m‘ + I:oma’ - Iia‘eai“

i

» Diffusion cap current---One common parameter for all Area/STI/Gate components
dI

ideal
I diffusion = (}:ﬂ IT

* Breakdown voltage temperature equation

VBR =VBR(TRJ)x |1+ (T —TRJ)x STVBR1 + (T —TRJ) x STVBR2|

Copyright © Infineon Technologies AG 2015. All rights reserved.
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Documentation and Si2 web page

e
@‘S- hittp://ww.si2.org/page=1654
Sil Si2: CMC Open Standards % | | TR TE A — - re - W - e i »
File Edit View Favorites Tools Help
Home Logout My Page i D
Innovation through Collaboration (xS A BB e
Site Map
Si2 News & Events OpenAccess DFM Low Power Open PDK CPC (Open3D) SP TAB Other Projects

Features

Standards

and

Beyond
Blog

Important Changes
Ahead
Jan. 12, 2015

These are standards accomplished by the CMC.

Blog Archives

HISIM- SOI 1 2 0

October 6, 2015
9AM - 5PM, Biltmore Hotel,

Links to Homepages of Standard Models

New Models Released!
Dlode CMC 150802

CMC

Compact Model
Coalition

CMC Open Standards

BSIM Independent Multi-Gate (BSIM-IMG)
HiSIM Silicon-On-Thin-Buried-oxide (HiSIM-SOTB)

Santa Clara

Bulk MOS FET models

- BSIM bulk: BSIM3 , BSIM4, BSIM6.10

- PSP
- HiSIM
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What's next? (ideas for the future)

z0 = 50 Ohm pFl
A »
L} LV >

________

Y

> What happens, if we have a 3 terminal

N-
structure (n-p-n or p-n-p) ? 1
- Influence of the third layer? B
(,B_l)IB

- Where does the stored charge flow?
> Forward Recovery Effect

10/22/2015 Copyright © Infineon Technologies AG 2015. All rights reserved.



(infineon.

Acknowledgments

» Masataka Miyake (Model developer at HISIM Research Center,
Hiroshima University)

» Mitiko Miura-Mattausch (Prof. at HISIM Research Center,
Hiroshima University)



Part of your life. Part of tomorrow. (in’ﬁneon



