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Motivation

Digital CMOS technology has
become a commodity
» Uniform set of requirements
» Foundry offerings with little
differentiation

Analogue has diverse requirements
» Use customised technology or make do
with digital CMOS devices
» Foundry offerings must be “fool-proof”
to meet reliability specs.

IDMs
* Qutsource commoditised Technology

Fab-Less
» Great for fab-less companies

IDMs
» Control technology & device-use to
optimise performance

Fab-Less
» Enable specialised devices
» Taylor the device model
» Understand & tightly control the use

* Deploying specialised devices and models is a competitive advantage for fab-less

semiconductor companies doing analogue deS|gn
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CSR HV-MOS in 40nm Low-Power CMOS

= With no control of the use condition, the foundry HV-MOS must be
conservative to pass device qual.

— Rpson & Capacitances are compromised

®= CSR has characterised a customised HV-MOS in TSMC 40LP with
performance and reliability tailored to the application in

— Power management
— RF applications

» Standard 52A gate-oxide & well-Implants, triple well

= HiSIM HV was chosen to correctly represent critical DC & AC device

properties
Notes:
— 40nm CMOS is a x0.9 shrink of 45nm layout dimensions.
— Electrical data is relative to shrink dimensions e —————————
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CSR 40nm HV-MOS Device Performance

" CSR HV-MOS key device properties:
— L=0.297um is default for use at V=5V
— For shorter L, reliability must be considered for each use case

NMOS NMOS, PMOS, PMQOS,
L=0.225um | L=0.297um L=0.225um L=0.297um

BV s >10V, limited by well-breakdown
Rpson @ Ve=2.5V(mOQmm?) 23 25 52 59
loff (pA/um) 40 <1l 4 <1
Transit-Frequency Device Cross-section
30
|-I-L=C‘I_225um

—=1=0.243um

NMOS q PMOS

P-Well | | N-well N-Well i PWeII

f;(GHz) (extracted at f=20GHz)

Notes: L is the length of the inversion channel (model-parameter C)
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Model Parameter Extraction Flow

4 .
 Measured w * Measured rlng\
data from two oscillator data
process lots
J
- -
~
e CHALLENGE:
Limited amount * Measured
of data prior to data on
volume production. multiple
Lot-2-lot variation must wafers
. be estimated initially ) _
Page 6 f\\dM

N



Parameter Extraction Tools

" HISIM_HV_DC_CV_Extract:176
File Iniialize Binming Extract Plots HTML Options Boundaries Tools Help

S BPY(E® | &k pb XL
Notes I Information ] Initialize I Binning
Extraction Flow

Data
" Reset Parameters and Results

+ - Finetuning

+ 4k Finetuning

+ 4k Length Scaled - Substrate Current
+ - Finetuning

+ 4k Finetuning

+ 4k Finetuning

+ -f Finetuning

+ 4k Finetuning

+ 4k Temperature - All Parameters

+ -k Finetuning

Extraction
flow

-k Large - Basic Vth, Mobility
<k Finetuning
-k Finetuning
-k Finetuning
- Finetuning
-k Finetuning
& Finetuning
<k Finetuning
- Finetuning
-+ Finetuning
-k Finetuning
I Save Parameters

" Messages [ Diagrams [ Tuners

5B ®

Extract [ HTML 1 Options I Boundaries I

Selected Extraction Step
Available Functions

@ E - NSUBP, LP
-5C1

InteractivePlot:182

Hle Opfions Opfimizer Hots Windows Help

Single interactive
extraction step for
Vth=f(L) @ diff. Vb
values

Extractio

MPS

Result is

File

Project NZE Project directory  /h kiprojek

" Used Software Tools

Vith = f(Ldes, Vb) @ low Vd

'_|—|| runctions | Devices  Paramele ] ‘runerl

00
] 1 ! I ] [ ] I —Hegion Boundaries
i i
~ Shuw | tialrulate and show ragions
I~ Hiis
peL | et calemdation of regions
) -
- ~Farameters
- T
— T Aulosel Resel Adupl I
- v o Hamz Hin Valug Hax
- VR S1E0000 | ~RO0 . O ~A00 . 00
— T - nsUL LoUUUU | E. JFUEILY | 9. OUU
-
= T EC1 0.00000 13.58 200000
7 a —
u oo a3 n.0000On | 57 % 100000
- 9/ SCE21 0.00000 | ©.000 3.00000
= w0 i
= / sUEs v.OUOOU | B.UUD 0. DL
= f fi R FARLZ 0.00000 22.00n 25.00000
E - 4 T 1.o0000T 1.0000AM..
1= -
= H R
- | o7
oy - }5 i
i 7
N J
g
- /
|
fn
400 !
r !
4 T save acnial optimizer Minmax valies
and use them insleed of the globel MingMax values
e 0e 05 1o 1z Tesl Mode 11 b sbarled wilh el Sarl MBS 110
Ldes [E-6]
[=-8] ¥

Extrachon Step: | Drect Execuion

Funchion: |T - WFSC, NSUBE, SEL, 5€3, €

Smide | Do | Save | [FubmgVaues o) > | Exeades |

— IC-CAP with ADS, Spectre and HSPICE, all installed and running on a

Linux machine

— HiSIM HV Extraction Tool from AdMOS

e —

A0S &

csr
—
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Typical Parameter Extraction Setup

File Options Optimizer Plots Windows Help Fle Plots Simulate Optimize Tools Windows Help
| Plot Layout o 0 Parameter Set ! = - T o A [ B ) ofle w
‘ Plot Optimizer Display Template | H ﬁ = % = | H v 8 &lﬁ "EBL M",{)
Other size L] ]AII_RDEXT_EM _:J Save ‘] _vj Save IMPS of Library j Import Export
1\ | | Algorithm |stsnberg-Marquardt LI Error: ‘Rslat\vs L‘
6 " & &l Cy Inputs  Parameters ! Options i
5 5 5
w4 /—[ @4 o4 Insert: Hame 1in Value [ax stored 2
W, g [ [ Trecsimnty e— B— - orrow
T . :
@z II @Jz { [ - select from st - E RDEXTO 100.0 1.539K 10.00K 0.000
Conflgurable \E,Dw “E’ﬁ1 Clear Table ] — } RDEXTVG -1.000 -11.47m 1.000 0.000
2o 2m Ii FDEXTVG -1.000 -2.780m 1.000 0.000
" s 5 Farameters = | roEzTiD -1.000 12.32m 1.000 0.000
Iot area = HiISIM_HV_DC_CV_Extract Modt . . .
1 Model Control Flags FDEXTVD2 -1.000 127.2m 1.000 0.000
— - —— . 1E2 % Process Parameters RDEXTVD3 -1.000 -10. 46m 1.000 0.000
8 1E3 8 1E3 8 1E3 # Velocity Saturation RDRGEXTL -1.000m 2.703p 1.000m 0.000
= = 1E4 2 1E4 Quantum Mechanical Effect RDEXTL -100.0n 141.9n 1.000u 0.000
7 [1E4 = = i Poly Gate Depletion
2 2 |4 2 [1E ; a . 2
1E-5 E-5 + Threshold Voltage Shift RDEXTVGL 100.0u 264.0n 100.0u 0.000
E E E _—
Fo1Es 3 liEs 5 liEs # Moblity Model = 1.000F | 1.000HEG | 0.000 5
5 e
3 gies 8 mer 3 et 4 4 d \ | *
To To o To
° ° ° \
5 5 Select Output =
= r
= 4 X-Axis Scaling Math atl
= @ i 20 © o I
- \ | |Linear - A
o i 3 - - 3 iy 3| [va | I | atq
7 7 |2 % |1 3 |2 - Y-AXIS Scaling Math &
E Elt EUE ENE [id 7] [tinear =l 2| Lin
T © 8 S bl oh
3 4 Y2-Axis Scaling Math
!- LHLmeal LH Li
" ot Beucs Optimizer / Tuner
: i— N2E_2x3600u207v297w144_Cell2 =
:7 :7 100 3100 ET N2E_2x3600u630v450wL44 fo r param ete r
w w i u N2E_2x3600uL98v297w144 Cells
@ i E @ N2E_2x3600u270v297w144_Celll .
E- E l 0 _E’J. N2E_2x3600u243v297wl44 _Cell3 adJ uStI I Ient
° o8, i o N2E_2x3600u225v297wl44 Celld
001 2 3 4 |
vg [E+0] ) _ —
N2E_2x3600u297v270W144_Cells
8 ol 5 e 0 NZE_2x3600u243v270wl44_Cellg
S 4 155 N2E_2x3600u270v270w144_Cell7
?
T 10 = 4 e = 1) N2E_2%1B800u270v297wW144_Cellll l
8o w3 [ d W SF o S P SIS
e o2p g 0 )
z 0 w BT ) E Select;
] 2|15 r 05
£ £ gL @
=g =g0 =5 4 |
2o, ! | | 2o,k ! 2, Lo
0o 1 2 3 4 0 2 4 6 0 2 4 01 2 3 45 3 R ¥ Automatic Redisplay Redisplay.
vg [E+0] vd [E+0] vd [E+0] vg [E+0)
% & [ 2 XVNCconfig dProzesstabelle - KO- X Hpeesoficcap [17] o se 10:38
3 ; 4 B mitwoen
& 8@ 3 4 XIC-CAP/Status ntroot@pent11[2] = o

Model complexity and the overlay of many effects (self heating, quasi saturation,

velocity saturation, ..) required the simultaneous adjustment of different device

characteristics like id-vg, id-vd, gm, gds, ... - T
Pases  AAAMOS
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Convergence issues — Cadence Spectre versions

N iy f\\d

Convergence problems were observed on several circuits:

— A power stage of a buck switcher

— 2 LDOs
Seen in MMSIM Spectre 7.1 & 7.2 up to ISR10 in model cards v0.2-v0.5
No convergence issue observed in Eldo

Most convergence issues disappear with MMSIM Spectre 7.2 ISR12 or

MMSIM Spectre 10.1




Convergence issues - Reasons for BSOURCE enhancement

Convergence problems with early model versions (V0.2 — VVO0.5) forced us to:

— Use only the built-in resistance model in HiISIM HV without extra nodes
(CORSRD=2) which is not sufficient to handle the complex drift region
resistance with all of its voltage and geometry dependence.

— Switch off the self heating effect (COSELFHEAT=0)

— Use a BSOURCE (behavioral source) to model the drift region resistance as
a function of terminal voltages and device dimensions.

{ D

— This caused extra effort in developing R
the BSOURCE equations together with BSOURCE
parameter extraction in a “task force style”. i
- Mo_st_l_mportant: it delayed important QeS|gn S B :Iniglshljj-lr\_meS
activities due to the need of re-modeling the
device ! b
— —'_‘_"—--—-_.

S A
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Model Version History

Library [ HiISIMHV | CORSRD | COSELF BSOURCE | Comment/ Problems
Version | Version HEAT usage

V0.2 1.11
V0.5 1.2.0
V0.7 1.2.0
V0.8 1.2.1
V0.x 1.2.1

)Z) Z)

0

1

y

n

» Good DC behaviour

» Convergence problem in a small and
simple circuit during transient
simulations (ring oscillator was o.k. !)

» Show stopper for design !

» Still convergence problems in some
circuits during transient simulations
» Show stopper for design !

* DC behaviour needs high effort in
BSOURCE modeling.

« Still minor problems with transient
simulation of different circuits (e.g. ring
oscillators)

* No reported problems with transient
simulation of different circuits

» Will be investigated

S e——
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Parameter Extractions Results with CORSRD=3 and COSELFHEAT=1

Id = f{V'g, Vb) @ Vd=low

Id = f{V'g, Vb) @ Vd=high

300 L L L T 1 T L 6_ T T 7T T T T T T T T T T T T T
sl A S R R S———_—
200 [ al.
T L &
w + W
= 150| = 3l
@ o
ke - kel
Eo | Eq
T 0100 |- T 02
500 1l
0 e "'“;'. 111 | L1 1 1 I I | | [1] = 111 |
0 1 3 4 5 0 2 3 4
vg [E+0] vg [E+0]
gm = f(Vg, Vb) @ Vd=low gm =f(Vg, Vb) @ Vd=high
400 L T 17T T T T L T 17T - T T
300 Lo

8

gm (m/s) [E-6]
oo ——

g

ol | | TR s -

0 1 2 3
vg [E+0]

Py
3

4

va [E+0]

Id = f(vd, Vg) @ Vb=0

id.m id.s [E-3]

oo

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

......................................

gds (mfs) [LOG]

vd [E+0]
gds =f(Vd, Vg) @ Vb=0

(&)
ey
=

vd [E+0]

 Plots show measurement (symbols) vs. simulated curves of an n-type transistor (L=0.27um)

(model V0.2)

* The model is a pure HiSIM HV 1.11 model without any external Cgmwe_ms_g—
« All diagrams show a reasonably good fit. __ Wesr

0S
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Parameter Extractions Results with CORSRD=2, COSELFHEAT=0 and BSOURCE

Id = f(Vg, Vb) @ Vd=low Id = f(Vg, Vb) @ Vd=high Id = f(vd, Vg) @ Vb=0
150 5 [
T T T T ¢ T T T T T T T T § T T 11 T T T 1 T T T T ¢ T T 1T T T T T T §{ 7T 1.1 FA N | T T T T T T
1 1 1 - 1 1 - - 1 glv)
- L g - 492.0m
- “ 993.0m
- [ EEED — 1494
= 5 B — 1995
4 — 2496
- - 2997
L — 3408
L C 3588
[ 4 — 4500
- wb{V} L
3 — 0000 =
- = L — 500.0m s
&b ik — 100 -
@ w | @ | -
= =i [y 21
Eg E 2 Eo
k=g ] oo oo -
B L/ L EEE
1 L
- 1o
ol I ST I S R S S B A 0 idadadiated|
0 1 2 3 4 5 0 2 4 6
vg [E+0] vd [E+0]
gm = f(Vg, Vb) @ Vd=low gm = f(Vg, Vb) @ Vd=high gds = f(Vd, Vg) @ Vb=0
200 30 1E-2
LS L LA N R B T T T 1 LA I T B LA N O B ) B B F T T T T T T T -
C L E — 4920m
~ - — 9%3.0m
I~ - = — 14%4
L 250 L 1.985
150 - 2496
- - 2997
- N — 3498
L — o . — 3999
» 20} B % 1E-3 — 4500
- ) L i 3 F
100 — 0000 = ~
- — -500.0m = o —
=3 & Q
: — 1000 i o -
R &5 = T N e -CT
| [ z| | s
El T El - 2 L
50 L =
53] 58 _
| 1.0} 1E-4 saB8a
- r L
— L) -
0 L
L 05|
L C
_ |- ool
C ! | | I T O S N (N L et
sol 10 vt b ) L111 0.0 st =] | 1E5 ]
0 1 2 3 4 [ 0 1 2 3 4 5 0 2 4 6
vg [E+0] vg [E+0] vd [E+0]

« NMOS (L=0.225um), using a bsource element to model the drift region resistance (model V0.8)
* Please note the good agreement of g, with the bsource implementation compared to the

appropriate plot on the previous page with
a pure HiSIM HV model e -

— csr
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Corner and Process Variations

= Providing a statistical model
. IDLIN IDSAT
ahead of volume production
relies on engineering judgment. | ;i

= Estimating parameter variation of *

ma [E-6]
[E-3]

simTT simFF simSS -3sigma +3sigma
— e

:| 120
. . N . . @ | 1 E
main PCM values like idlin, idsat, | :|
. £l I E
vtlin, vtsat, .. . N
£ I
@ | 1
-3c: 275mV B -
FF: 288mV u sk
TT: 448mV | SS: 620mV ;" ;:’ oo
/ / §+50 §+5005
0 T T \r‘ﬂe?nl{“‘?&ﬁs?tll‘derom?m??l T T :I 2“005
' i ! o B1
I g gl L
! gy 2 300
! e oL
I S I i i ;I C H
! 2 1200 TR RS SN S SRS & 1200 TR S S S
1 = 1200 300 400 500 600 = 1200 300 400 500 600
1 s C [E-9] s | C [E-9]

= Adjustment of both, corner cases (SS,
FF, TT, SF, FS) and statistical
variations to upper and lower values of
PCM data versus the effective channel

length. __#_______———
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Parameters for Corner and Process Variation Modeling

Effects / Notes

TOX Physical gate oxide thickness
NSUBC Substrate impurity Note: VFBC has only limited
concentration range (-1.2 .. -0.8) and is not
suitable to model variation over a
wider range.
SC1 Short channel effect of Vth
MUEPHL Low field mobility Please note: range of MUEPHO

1 1 1 1 IS very restricted

=4 + (0.25<MUEPH0<0.35)
Ho Heg  Hpn  Her

MUEPLP Loy = MUEPHl-[1+ MUGEEEIP_LPJ Therefore, MUEPHO is not very
(L'lo ) useful for corner variations.
NINVD Reduced resistance effect for High field mobility
low Vds

The parameters in the table above have been selected for both, worst case
corner modeling as well as for a statistical model which is feasible for Monte
Carlo simulations.
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Mismatch Model

= Mismatch test structures with diff. L/W have been sk S
evaluated on 2 wafers for typical PCM values: 1
Viins Vs OMpaye idg,, Multiple idg,, ... |

" To avoid unrealistic values, outliers had to be ,31;1

removed.

: : Outliers are not taken |
= Classic mismatch formula | — """~ \ -
could be applied and

resulted in good agreements between measured \
and simulated values (see vt;,, and id.,.; below)
20 . . 1.0 .
Sigma Vtlin [mV] Sigma IdSat3 / IdSat3 [%)]
¢ measured O simulated 2] 0.8 © measured O simulated
15 S o
) 2 O
E $06 o 8
E Length § 0.4 Length
= & ——270n = ® 270N
5 73 300 n g o D 300 n
u] —500n “ 0.2 u] ——500n
8 ——700n ——700n
0 0.0
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
1/sqrt(L*W) [um] 1/sqrt(L*W) [um] —
— .
Note: Idsat3: VG=2.5V, VD=5V Page 16 AMOS ("'
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Parameters applied for Mismatch Variation Modeling

Effects / Notes

NSUBC Substrate impurity Threshold voltage
concentration

SC1 Short channel effect of Vth

SC2 Short channel effect of Vth at
high drain voltage

MUECB1 Low field mobility

RDEXTVG Parameters of user defined Saturation region
bsource element which

RDEXTVG1 represents the drift region
resistance

The parameters in the table above have been selected for the modeling of
the mismatch behaviour.




Timing Verification using Ring Oscillator Measurements
Ring Oscillatorvs. VDD

= The timing behaviour of the models 40
IS evaluated by the simulation of

ring oscillator circuits. ® x
= Details: 30 / -
— 199 Stages 25 = Meas. max

/ —~ Meas. min

+ Meas. median
—Sim. TT

‘ sim. FF
/ —Sim. S8

— Enable/Disable Feature
— Output buffer and divider

N
(]
N

o o
X

Oscillation Frequency [MHz]

Ring Oscillator vs. Temperature @ VDD=3V

I
o
(9]

iy 15 2 25 3 35 4
T 35
= VDD [V]
> 30
e = Measurements are done at:
g o5 — Meas. max — b 40°C q
= — Meas. min - emoperatures etween - an
T 20 ¢ Meas. median 125°C
.§ —Sim. TT — Supply voltages VDD between
51 Sim. FF 1.5V and 4.0V
S —Sim. S _ _
3 " The models fit well without changes
5 | | inside the given tolerance
50 0 50 100 150 e —
Temperature [°C] o o \
ge 18 /\\d
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Summary/Conclusion

Fab-less companies need control over special devices to
compete with IDMs in the analogue space

The presentation describes a complete modeling flow used by a

fab-less company

Limited access to statistical data prior to volume production

requires careful estimation of production variation

Critical convergence problems occurred with HiSIM HV (different
model versions) in Spectre (different versions). This caused a

delay in very important design activities.

Workaround: Apply old style solution to model drift region using a

resistor.
-_—A
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