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PSP102.1

source-drain interchange in NQS model
C-implementation of NQS model

bug fix iIn JUNCAP2

miscellaneous




Gummel-McAndrew symmetry test

CGS ~ CGD
CGS +CGD

— should be odd
function of V

1

DY Qv POwx T

should be even
function of V

Dre=?y a8

C. McAndrew, IEEE Transactions on Electron Devices, Vol.53, No.9, Sept. 2006, pp. 2202-2206
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Gummel-McAndrew symmetry test
QS NQS
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PSP102.0 QS and NQS models both pass
Gummel-McAndrew symmetry test
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new transient test for NQS model (i)

Vg =2V
Ok

0.6

g 0.2}

- = 0.2t

-0.6

D Vx(® (D Vs (D v«

 not really a symmetry test
 checks for problems in transient around V,=0
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new transient test for NQS model (ii)

result for PSP102.0

SWNQS=9:
| spikes around V,=0V!

SWNQS=0:
no problems with QS model

Vx (V)
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new transient test for NQS model (iii)

cause of the spikes:

assignment of collocation points to position in the channel is swapped
when V=0 is crossed

history of, e.g., a source-side collocation point is
transferred to history of a drain-side collocation point

as a result: wrong memory effect
visible in time domain, not in frequency domain

PSP102.1 solves this problem (see next sheet)

PSP102.1 still passes original Gummel-
McAndrew test
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new transient test for NQS model (iv)

result for PSP102.1

2 SCM method,

SWNQS= no problems around V=0
1 y
0

| 4

PSP102.1 NQS model
passes new transient
test

10 05 00 05 1.0
Vx (V)
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PSP NQS model: background

current continuity equation: partial differential equation

fo,_ 19 _ 1
Mt W 9 1Ix X
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PSP NQS model: background

current continuity equation + spline approximation
system of (coupled) ordinary differential equations

dQ, __f ( ) Q,: charge densities
dt — Tk\X1» ’QN along the channel
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PSP NQS model: background

current continuity equation + spline approximation
system of (coupled) ordinary differential equations

dQ, __f ( ) Q,: charge densities
dt == 1,Q1,  ,Qy along the channel

Implemented as sub-circuits, solved by circuit simulator:

example:
(N=2)

1O
O

ijl(Qsz) C>f2(Q1’Q2)
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PSP NQS model: background (ii)

Q. Q,, ... PSP charge model

|19

C>f,(Q,.Q,) C>1,(Q..Q,)
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PSP NQS model: solutions

DC solution: fl(Ql,QZ) =0

er =Q,
C
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PSP NQS model: solutions

V1= Q
C
— (v
C% >f,
V2 =Q;
C
— v
C% >f,

DC solution: fl(Ql,QZ) 0
and: fZ(Ql,QZ)zo

-\
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Q,
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PSP NQS model: solutions

V1= Q
C
— (v
C% >f,
V2 =Q;
C
— v
C% >f,

DC solution: fl(Ql,QZ) 0
and: fZ(Ql,QZ)zo
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PSP NQS model: solutions

DC solution: fl(Ql,Qz) =0

V1= Q
C
— (v
C% >f,
V2 =Q;
C
— v
C% >f,
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Q,
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and: fZ(Ql,QZ)zo
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PSP NQS model: solutions

DC solution: fl(Ql,Qz) =0

Ve = and: ,(Q,,Q,)=0
C () and: QS£Q1£Q2£QD
S— + 30 — . . . .

Co,(Q..Q,) |

V.=
C
— +

C?:>f2(<91,<92)
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PSP NQS model: implementation

two methods of implementation

Idt method
ddt method

Verilog-A implementation uses idt method
Qy, Q,,... IS not solved by circuit simulator
but calculated in very good approximation
physical solution automatically enforced
Idt method works very well

25



PSP NQS: SIMKIit implementation

SIMKIit iImplementation

at present, idt method not possible in SIMKIt architecture

although not demanded by CMC, we want to provide
C-code anyway, therefore:

ddt method implemented in SIMKit
needs solution of Q,, Q, by circuit simulator
circuit simulator has no problem finding a solution

difficult to reject unphysical solution and impose
physical solution to the circuit simulator
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PSP NQS: SIMKIit implementation (i)

SIMKIit implementation

we cannot force simulator 20
to stay in green area ol
we can influence initial ol
condition .
use shifted node voltages Q,

-10 1

Vk:Qk_lestimated
so that DC solution (V,V,)
Is around the origin N
simulator may still flip to Vo B @ o B0 B
unphysical solution in fast Q,
transient or for large DC-step

-20
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PSP NQS model: summary

PSP NQS:
full physical solution of continuity equation

Verilog-A: idt method, no problem

Idt method at present recommended to vendors
SIMKIt:
ddt method

multiple solutions: partly solved

1st SiMKit test-version for NQS model released
(SIMKit 2.4, Oct. 2006)

we keep on working on this problem
we are looking for feedback and suggestions
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bug in JUNCAP2

PSP102.0 contains JUNCAP200.1 junction model

problem occurs

for unfortunate choice of parameters
(low built-in voltage)

at temperature well below reference temperature

In circuit simulation this may give rise to
convergence problems

problem is caused by lack of mathematical
conditioning of band-to-band tunneling equation
when junction Is forward biased

problem solved in JUNCAP200.2 (part of PSP102.1)
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1l (A)

bug in JUNCAP2

PSP102.0, JUNCAP200.1 PSP102.1, JUNCAP200.2

1l (A)

solved!
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C-implementation of NQS model
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miscellaneous
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PSP102.1: miscellaneous

general:
code maintenance
bugs in stress model:

WLOD missing in one of the terms of Eqg. (3.163)
lower limit of eff. width (1nm) taken before WLOD correction
have been fixed
Verilog-A only:
to increase compatibility with other compilers:
removal of empty statements in VA-code
Initialization of several variables

small correction of source/drain interchange
In thermal noise model
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PSP102.1: miscellaneous (i)

SIMKIt only:

clipping boundaries for SWNQS:
when SWNQS outside interval [0,9] warning is issued
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PSP102.1 summary

source-drain interchange in NQS model
C-implementation of NQS model

bug fix in JUNCAP2

miscellaneous

PSP102.1 is backwards compatible with PSP102.0

parameters extracted with PSP102.0 can be used
with PSP102.1
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future releases

wishlist BSIM-like features
well proximity effect model
number of fingers

pre-layout parasitic modeling (when as and ps are not
specified)

separate junction (and other, e.g. GIDL) parameters for
source and drain

substrate resistance network

still in agreement with wishes CMC members?
priorities should be set within this list
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future releases

upcoming release PSP102.1
C-implementation of NQS model
bug fixes
Verilog-A and SiMKit2.4 by end of October 2006
backwards compatible with PSP102.0

contents of next release (beyond PSP102.1)
well proximity effect model
 Verilog-A implementation & documentation ready
what else?
iInput from CMC needed

38



contents

upcoming release PSP102.1
future releases

developments
models for non-uniformly doped devices
PSP-SOI-PD for partially-depleted CMOS on SOI

future developments

Dynamic Depletion (DD) model for “fully-depleted” CMOS
on SOI

FINFET modelling

39



retrograde doping profile

_3)

Concentration (cm

Depth (um) from P. Packan, Intel;

presented with permission
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what one can do with
optimized uniform doping

Ves (V) Vs (V)

NSUB = 1.35" 10%’cm=3, DNSUB = 0.5, VNSUB = -0.75, and NSLP = 0.001
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retrograde doping in PSP

gate bias dependence of effective doping:
N=NSUB 1+DNSUB ¢ (Vo-VNSUB)  fs(v) :%(v W2 +NSLP)

Capacitance (pF)
Relative Error (%)

Ves (V) Ves (V)

NSUB = 1.35" 10%’cm=3, DNSUB = 0.5, VNSUB = -0.75, and NSLP = 0.001
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the meaning of N=N(V)

incremental charge: ?
dQ= gN(W) dw $
I ! 7'
N = N(W(V,)) %
x

(ng' Vi ys)Q: g%(ftxH—(/ s)

g:«/qusN/COX

H(ys):exp(-y sf t)'y é/ t 1

+exp(- . f,) exoe & W f/ 1 é
9v)
9(V,)
9(V,)

I 14 empirical for now
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PSP-SOI-PD model

PSP-SOI-PD core model

parasitics

EVB tunneling
nonlinear body resistance model

conclusions

Industry Collaboration with
e Freescale and

* IBM
Is gratefully acknowledged
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PSP-SOI-PD core model

model is essentially completed

Integration with PSP102.1 Is in progress
(existing version is based on PSP100.1)

testing at Freescale and IBM is In progress

model will be subjected to the latest CMC Q/A
procedure
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parasitics:

Vo

Ec(¥)

Cp

n

&l

EVB tunneling

+ %N Dy
D % WV n
% 7 W
:) W <_D_y
%
$ oy, (W)
(Dy % (W +D*%)
,-$) ¥ 0 $1 &  .,0%&

submitted to TED
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McAndrew symmetry test

generalizes Gummel symmetry test
|4 IS not symmetric in presence of
gate/body current

complete symmetry of EVB model using |, is necessary in presence
non-singular nature of gate/body currents
gate current drain current

V,=0.7,0.8,0.9, 1.0V
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example (Freescale data)

tunneling currents
« ECB: n" region
« HVB: p* region

floating body

49



circuit simulation: 2-input NAND

4%3,( %))
+
-c”j -c”:: 5+%,899 <,3 $

5+$,) 678,& 99

& +$ *9 :

& +% s & >
5+$,& oo 678,) D

& +$ g &

& +% s &
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Impact on History Effect

JUUL

uuu

when EVB is included,
* propagation delay t,,,, becomes smaller
e history dependence is diminished
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preliminary R 4, model

standard bulk Si temperature and doping dependent
mobility model for neutral bulk region

body resistance Ry, IS bias-dependent

Important for ac & transient simulations of body-contacted
devices
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Rpogy Model: experiments

data provided by Freescale

surface-potential-based version of original Freescale model
applicable to both SOI-PD and SOI-DD models
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PSP-SOI-PD model: conclusions

PSP-SOI-PD is In the process of
completion and
verification

parasitics models are developed in principle,
need fine-tuning and testing
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Dynamic Depletion SOI Model

work In progress

objectives
PSP-based, single set of equations
surface-potential-based parasitics models

main issues:
new version of symmetric linearization (SL) method
non-iterative surface potential approximations
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Surface Potential Equation

SPE: o, 4 (-+ ) ) é " !) . o i

g $ . $ # 1_ #$ 1
20 $ 2 . #, 2 . #3$ 2 .
relation between X and X Ly

#$ 4 # 3 A 2

A
#-J‘-$ #

3
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reformulation Symmetric Linearization

DD:
$ ! \/ " #, " #$
Bulk PSP:
< > < | > $ | \/

bulk PSP version of symmetric linearization works for PD,
but not for DD

breaking channel into two regions yields simple equations
but work needs to be done on ensuring proper behavior of
high order derivatives, especially for charges
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INtrinsic drain current

\/ a®) ' '
8 * g
F
(V. o)
)
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preliminary | 5-Vps and g pg

Vo= 1.2V
Vo= 1.2V
V4= 0.8V Vg 0.8V
VgS: 0-4 V VgS: 0.4 V

+ (9 , % 1) & L, $&
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preliminary I 5-Vgs and Qg-Vias

,?1
?) &* V,=0.1V & ,$%& )

11
+>9* 9

/) &*
>9 1)

smooth transition between PD and FD modes of operation

work Is in progress to ensure proper behavior of higher
order derivatives
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PSP-SOI-DD: next steps

iImprove DD version of symmetric linearization to
ensure proper behavior of higher order derivatives
at transition point (PD FD)

Introduce analytical approximations for surface
potentials

Integrate with parasitics from PSP-SOI-PD

iIntegrate with PSP102.1 advanced features

Doable!
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FINFET modelling

to be presented at IEDM in December

“PSP-based compact FInNFET model
describing dc and RF measurements”

x ' . 6PLW - 6FKRQAWGBKUUDO 7 3LMSSHWDQ /DQJHYHOGH
$ OHUFKD *LOGHRDEGDW, 0 .ODDVVHOQ

1:3 BHPLFRQGXFWRUV (LQOGKRYHQ 7KH 1HWKHUODQGV
3KLOLSV 5HVHDUFK (LQGKRYHQ 7KH 1HWKHUODQGYV
SQLYHUVLW\ RI 8GLQH 8GLQH ,WDO\

,0(& /HXYHQ %HOJLXP

$ULJRQD 6WDWH 8QLYHUVLW\ 7HPSH $= 86%
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