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Semiconductor device compact modeling

A
gate-level

G.J. Coram, Tutorial: "How to 8 model

(and How NOT to) Write a Compact S compact

Model in Verilog-A", BMAS2004 v model
TCAD
model

accuracy

What is a Compact Model ?

* A model of transistor currents & voltages

* Built from physically-motivated equations

* Intended for use in an analog circuit simulator
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Compact modeling of PDSOI MOSFETSs
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D. Tomaszewski, A.Jakubowski, J. Gibki, "A Small-Signal Non-Quasistatic Model of PD SOI
MOSFETs", Electron Technology, "A Model of I-V Characteristics of Partially-Depleted SOI
MOSFET", Electron Technology, 1999, no. 1/2

H.-K. Yu, et al, "A Physical Model of Floating Body Thin Film Silicon-On-Insulator nMOSFET with
Parasitic Bipolar Transistor”, IEEE TED 1994, No.5

is(t) + ige(t) +ip () +igp () =0

S. E. Laux, "Techniques for Small-Signal Analysis of Semiconductor Devices", IEEE TCAD 1985. No.4

u(t) = U+ u*-eet (S3A)

DC:
AC:

IS+IGf+ID+IGb=IS+ID=O :>VBS
i5+ i+ 13 + i =0 = Vs

J. R. Hauser, "Small Signal Properties of Field Effect Devices", IEEE TED 1965, No.12

ice(0) = {Aro[vE — (vgr — Vine) | + tro [V — (Ve — vine) ]}/ ©¢
iee(L) = A [vs — (vge — Vine) | + e [va — (Var — vine) |}/©¢
Yyy = Oy ° i;‘(/v;; Cxy = Im(YXy)/oo; X,y € {s, gf, d, gb}

D. Tomaszewski, K. Domarnski, L. tukasiak, A. Zareba, |. Gibki, A. Jakubowski, "DC and AC models of
partially-depleted SOI MOSFETSs in weak inversion”, in "Progress in SOI Structures and Devices

Operating at Extreme Conditions", Ed.: F. Balestra, A. Nazarov. V. S. Lysenko, NATO Science Series
(Series 1I: Mathematics, Physics and Chemistry), vol 58, Springer, Dordrecht, 2002
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Compact modeling of an ionizing radiation pixel detector with interleaved pixels

b) Vgnd a) M. Caccia, et al., "Characterization of hybrid pixel detectors with

[0 MO 00 M capacitive charge division” in AIP Conf. Proc.,, 2001, vol. 57
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k-th non-readout pixel:
—Ggng * Vk(©) + Gpp * [Vsup — vik(O] + Cpp * d[Veyp — vi(D]/dt + Zi Co(dyn - d[vi(t) —v(D)]/dt=0
I-th readout pixel:
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Compact modeling of a device for the thermal energy harvesting
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C. Ucke, H.-]. Schlichting, "Revival of the jumping
disc”, Phys. Educ. 44 (6) 612-617, 2009
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0. Puscasu, et al., "An innovative heat harvesting technology (HEATec) for above-

Seebeck performance”, Proc. IEDM, 2012

M. E. Brinson, V. Kuznetsov, "A new approach to compact semiconductor device
modelling with Qucs Verilog-A analogue module synthesis”, INM, 2016; Vol. 28, 2016
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Compact modeling for process/device characterization

Typical elements in the characterization tasks

Puropse of | Characterization of material |Characterization of layers Characterization of devices |Characterization of

characterization interaction between the

Object of oot

characterization

Si wafer resistivity, carrier mobility % % ~
Diffusio ysilicon sheet resistance parameters of resistors and X
resistor groups of resistors

Thin film induction coil X X self inductance mutual inductance

Capacitor carrier lifetime; thickness of dielectric layers workfunction difference;
doping concentration in the charges in the MOS/MIS x
substrate structures
Diode carrier lifetime in the area next parameters of p-n junctions
to the p-n junction; and groups of p-n junctions
X X
doping concentration in the
base region

Gate-controlled diode carrier lifetime in the area next thickness of dielectric layers;
to the p-n junction;

surface generation velocity
carrier lifetime below the gate
dielectric; 2 52

concentration of the doping in
the substrate under the
junction and under the gate

MOS transistor concentration of the doping in  thickness of dielectric layers parameters of MOS transistors parameters characterizing

the substrate under the and groups of MOS transistors short channel effects, latch-up

junction and under the gate effects, and others determining
the design rules

Groups of MOS transistors; characteristics of the statistical
Groups of IC cells % % distributions of MOS transistor %
p : parameters

. _%

Wets

LY}
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Compact modeling for characterization - parameter extraction methods

= Methods based on information in a single point of the electrical characteristics

* Extraction of the MOSFET threshold voltage V,,;: V,,, = Vs @ I/ (W,/Lo)=107 A

6E-4 7

 Extraction of the MIS structure flat-band voltage Vj;: - el
é; SE-4 - " /
Vfb = VGB @ Cgbchb where Cszl/(l/cox+1/cs,fb); Cs,fb = 8s/]-‘D 5 i-c-m-lf(-/-cf’i-l/fsfb)------/—--------
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v" Simple measurement s s //§
x Additional information required s ] S e
. .. . . 5 - 171 €,=5.87-104 F/m?
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 Extraction of the ideality factor n of the I(Vg) characteris-
tics of the p-n junction: n = 1/[max(d In(],)/d V)]

d In(J)/d Vi (A/m2/V)

plane diode current per unit area J, (A/m?)




Compact modeling for characterization - parameter extraction methods

Extraction of the MOSFET threshold voltage V,;:

* V4=V @ max (d?l,/dVg?)

channel current I, (A)

H. S. Wong, et al.,, "Modeling of transconductance degradation and extraction

of threshold voltage in thin oxide MOSFET", Solid-State El, Vol. 30, No. 9

v’ serial resistance, mobility degradation effects eliminated

* Viu=V5s @ max (dC,/dVs)

C.-K. Park, et al., "A unified current-voltage model for long-channel MOSFETs",

IEEE TED, vol. 38, no. 2

v’ serial resistance, mobility degradation effects eliminated

* Vi, = Vgs @ max [ d(g,,/Ip)/dVgs ] = Vs @ max (dCy/dVis)

drain current I {A)
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Compact modeling for characterization - parameter extraction methods

 Extraction of the MOSFET threshold voltage V,: V;,=V;s @ max (dC,,/dV )

D. Tomaszewski, et al,, "A method for combined characterization of MOSFET threshold voltage and junction capacitance eliminating
channel current effect”, EUROSOI-ULIS, 2016
D. Tomaszewski, et al,, "Elimination of the channel current effect on the characterization of MOSFET threshold voltage using junction

capacitance measurements”, Solid-State EL, Feb. 2017

v’ serial resistance, mobility degradation effects eliminated
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Compact modeling for characterization - parameter extraction methods

 Extraction of the FDSOI MOSFET threshold voltage V,;;:

Vin=Vges @ max [ dcgf,s(VGfS)/ dVi |

Vinp=Veps @ max [ dcgb,s(VGbS)/ dVips |

C. Navarro, et al,, "Fully Depleted SOI Characterization by Capacitance Analysis of p-i-n Gated Diodes", IEEE EDL., Vol. 36, No. 1, 2015
S. Cristoloveanu, et al.,, "A review of electrical characterization techniques for ultrathin FDSOI materials and devices", Solid-State El,

Vol. 117, No. 3, 2016

D. Tomaszewski, et al., "FDSOI MOSFET threshold voltage characterization based on AC simulation and measurements”, Proc. 2017
EUROSOI-ULIS, Athens, April 3-5, 2017
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Compact modeling for characterization - parameter extraction methods

electron conc. @ back int. Si/SI0, (cm®)

electron conc, @ back int. Si/Si0, (cm?)

Extraction of the FDSOI MOSFET threshold voltage V,;, (cont'd):
Vinp=Veps @ max [ dcgb,s(VGbS)/ dVips |

Vin=Ves @ max [ dcgf,s(VGfs)/ dVi |
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Compact modeling for characterization - parameter extraction methods

= Methods using a subset of points of the electrical characteristics

 Extraction of the flat-band voltage Vg, and effective
doping concentration in MOS structure
based on C,(Vp) characteristics:

[Cox/(Ce/en/Ac)]” — 1=t (Ve — Vi) /(¥2/4)
y:(z 'q'SSi'Nsub)O'S/Cox

 Extraction of the MOSFET threshold voltage V. :
ID/\/gm = \/(W/L) "Ho - Cox : (VGS - Vth)
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S 6.0E5 = “ Fo015 =@ Rz:g,ggslyf@ i =
£ ] M r "t 3 1064 - . i 0,020
S 4.0E-5 4 L F0010 ~ § ] > R*=0.9996 g SRV . .
| / %&/ 7 = 5 | - = V'serial resistance,
2.0E5 1 L 0.005 5.0E-5 7 - 0010 .1 .
f /ﬁ/ /‘Q : 1 : mobility degradation
] 4 — T [ F
0.0E+0 —+ 0.000 0.0E+0 e 0.000
00 10 20 20 40 T effects reduced
gate-source voltage Vg (V) gate-source voltage Vg (V)
.. 8
Wit

.-

[
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Compact modeling for characterization - parameter extraction methods

* A method for extracting a subset of the MOSFET EKV model parameters:

C. Enz, E. Krummenacher, E. Vittoz, "An analytical MOS transistor model valid in all regions of operation and dedicated to low-voltage and
low-current applications”, J. Analog Integrated Circuits and Signal Processing, Kluwer Academic Publishers, July 1995

{ drain current )85 {V095)

C. C. Enz, E. A. Vittoz, "Charge-based MOS Transistor Modeling:The EKV model for low-power and RF IC design”, Wiley, 2006

Model:
Parameters:

Ve =Vro+ Vp + Ty (VW + Vo — /W)

IS' VTO' 1_‘b' ‘PO

D. Tomaszewski, . Malesiniska, G. Gtuszko, "Simple Methods of Threshold Voltage Parameter Extraction for MOSFET Models", Proc.
MIXDES'2015

Transform:

Extraction of Ig:

JIp =

Cs14 /3 /D3 /E21_50x10

JIs/ QU (Vo — V)

W=50 um

AN | i
[ S S - L=10pm |-
] ‘ ‘ : T=23C
av Vp=5 V
15=24.8 nA

3V

1vg=2v

S . S

(N

5tg(1=|5°-5/(2kT;/q]

S mmE
1.0 2.0 3.0
source potential (V)

Dresden Sept.3, 2017
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S

Extraction of Vp(V), Voo

CS14/3/D3/E21_50x10

Vp + Vo — Vg = 0.5 -T2 /(1 — dVg/dVp) + I}, - /¥,

Extraction of I'}, 'Y,

CS14/3/D3/E21_50x10

gate voltage Vg

w  EeSSDE
= EsSssC

4.0 7
wioo
z 1 points based on
= 11p%5 vs Vs data
° 2.0 EVD rrrrrrrrrr 5”75 rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
Qo 4
iy
- 5 5 5 s
4 ] : : : !
£ 10 e . e e R
5 ] i 5 i 1
S ] . i i W=50 pm
B 0071 g7 S S S L=10 pm
1 i T=23¢C
] Vro=Ve (Vo0 V ) = 0.65 V s=24.8 nA
-1.0 e T
0 1 2 3 4

v)

RC
RC

‘ ‘ ‘ - 0.2

| y=0.3448x+0.7477 | I
............. o R2=09994 . L 00
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, } '0.2
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr L -0.4
S S A | w=s0um I o6

1 ©|L=10pm r

T=23C I
"""""""""""""""""""""" 1,=24.8 nA T 08

| | | |V (VTO)=0.65V i
"""""" fo T, (GAMMA)=0.830V°5 | -1.0

| | ||, (PHI)=0.811V

| 1.2

-6 -5 -4 -3 -2 -1 0

1/(1-dVe/dVy) (-)
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Compact modeling for characterization - parameter extraction methods

 Extraction of series resistances in MOSFETs:
D. Tomaszewski, et al., "A Simple Method for Characterization of MOSFET Serial Resistance Asymmetry", Proc. 28th IEEE Int. Conf. on

Microelectronic Test Structures, Phoenix, 23-26.03.2015
H. Shichman, D. A. Hodges, " Modeling and

In saturation:
_ . . 2 . . . . 2  Simulation of Insulated-Gate Field-Effect Transistor
Ip = B/ 2 (VGS’ VT) - B/ 2 (VGS Vr—Ip Rs) Switching Circuits”, IEEE JSSC, Vol. SC-3, No. 3

Vg Ve
R« L R Rs L R
_ Vs s VAR YA
VI —vB/2-(Vgs — V1) = —+/B/2-1Ip-Rg W T MW= =W =W
Vs | Vb o o Vp | Vs
\ Vg
SCO5/5/ (xy) / np2n_20x10 13-VEO6/ 1/ n-VeSFET
0.0E+0 — - 2E-3 -
1 4V ]
_ ] (i
>,; -4.0E-4 A ﬂy;’ —_ b
K ] / ”., >@ 060 ] Re=119KkQ
FDSOI =% ] ot = 1 Rp=10.5 kQ)
g 804 n-VeSFET %
DMOS QD Vs Rs  Rp <
- 1 M@ (© o 23
-12E3 -4 558 4577 -
1 0 600 496
I 4 563 451 1
A6E3 4 — — 4E3 ————
-4E-6 -3E-6 2E-6 -1E-6 -3E-7 -2E-7 -1E-7 0E+0 1E-7
-(B/2)%3:1, -(B/2)°31p

Concept: W. Maly, et al., "Twin gate, vertical slit FET (VeSFET) for
highly periodic layout and 3D integration”, Proc. MIXDES'2011
Design, proces: D.Tomaszewski, K.Domarnski, G.Gtuszko, et al,
"MOSFETs in the VeSTIC process - fabrication and
characterization”, EUROSOI-ULIS'2017

s %9
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Compact modeling for characterization - parameter extraction methods

= Methods using a series of semiconductor devices

D. Tomaszewski, A. Bqgkowski, J. Gibki, T. Zebrowski, W, Jung, S. Kasjaniuk, "Methods for identification of lifetimes and surface
recombination velocity based on electrical characteristics of semiconductor devices”, ITE Reports, No. 7, 1993 (in Polish)

D. Tomaszewski, T. Zebrowski, W. Jung, |. Gibki, A. Bqgkowski, M. Hornowski, "Methodology of extraction of capacitance parameters in
MOSFET models"”, ITE Reports, No. 5 7, 1992 (in Polish)

A. Czerwinski, E. Simoen, C. Claeys, K. Klima, D. Tomaszewski, ]. Gibki, J. Kqtcki, "Optimized diode analysis of electrical silicon substrate
properties”, J. Electrochem. Soc., Vol. 145, No. 6

* A method for extraction of the ideality factors N,, N, and saturation current densities Iq,,
I¢p of the flat and peripheral parts of the p-n junction

Diodes D, D,
I1/2(VE) = Aq/2 - Ta(VE) + Pz - Ip(VE) la/p(VE) = Isasp - exp|Ve/(Nasp - Ur)]

cs12/5/(51.2;28.8)/ k20d16 / p+n cs12/5/(51.2;28.8) / k20d16 / p+n
1E-2 5 i 1E+6
1 dio 65 um=1040 pm /
1E-3 1 1E43 4
3 / F| %
1E-4 5 V. 1E+0 1 o —]

Il =7.4108A/m> 7 /
iN,= I
1e3 0T b

1E-6 = /

Np=1.14

1 /\
1E-5 <
] / dio 260 umx260 um

current (A))

1E-9 -

current densities |, (A/m2), I, (A/m)

/ lep = 3.08-101 A/m
1E-8 +—+V+—r+ v+ Tt T T T T T T 1E-12 4+4—+—F+r—t+—— "t T
0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
anode-cathode voltage V; (V) anode-cathode voltage Vi (V)

-
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Compact modeling for characterization - parameter extraction methods

 Extraction of the reverse-biased p-n junction capacitance parameters with account for
the plane and peripheral regions

Diodes D, D,

M
Ci/2(VR) = A1/ - Ca(VR) + Py /2 - Cp(VR)  Cayp(VR) = Cyazp/(1+t VR/bpiap) 7"

csld/ 4 /5e /k20d16

—_— D. Tomaszewski, et al., "A method for combined characterization of
] n/pel 2001260 MOSFET threshold voltage and junction capacitance eliminating
= = =n+/pwell 65x1040 "
] p+/nsub 2604260 channel current effect”, EUROSOI-ULIS, 2016
= 2.0e-11 I \ | = = p+/nsub 65x1040
- .
8 ] Extraction of C; ,, M; », Oy
8 LA LA i,A
£ 15E-11 -
g ] =
8 C],A CA(O)
o
5 ]
G 1.0E-11 - — —1 - . —_ .
g or ] VR t: dpia — Mja - Ca/(dCy/dVR)
cs14/ 4/ 5e [ k20d16 cs14/ 4/ 5¢ /k20d16
50E-12 +—+———F+r 25 ‘ ‘ 1.0
-3 -2 -1 0 L 2 3 1. n*/p-well junctions: : b PN p*/n-sub junctions:
¢s14/ 4/ 5e [/ k20d16 2.0 F"3em 260 um x260pm | 05 3% B 260 um x260 um
L p 4Bl ] ¢ o 65 um x 1040 um 1T 65 pm x 1040 um
= : N : £ 154 fecs € =2.7310%F/m? | 0.0 Jmyp/h (" <, Cy = 1.83-10*F/m? |
= ] \ . SR LR = R e M= 052V 1 J—‘"m . M;=041V
L e ) ) F 3E-10 O = 1.0 + et PB=0.80V = -05 H ¥, Dpip =057V
g E P Cop nifp ® & ] ¥, = 1 Tt
= AL Lo - g £ 05 ] i 3 v -10 1 LA
E Teamins o (3 2 ] ] y=-05239x-0.798 "¢y @ ] Y
5 26-4 1-° N sl 2E-10 S 00 ] R2=0.9616 ™. § is ] Rl
a 1 Cap/n r z ] M, /P [ - RN
3 1 I~ g 05 1 ' - 20 1 y=10.4111x+0.572 o2
S 14 ] P 1e10 o ] Oy nE ] RE=0.9789
=1 . n 2 1 = Obi,a ]
E n+/p-well CA p+/n-sub CA :’—J. -1.0 T T T L T T T T T T UL -2.5 T T Tt T T T T
= 3 o ni/pwellcp « pi/nsubcp i g 60 50 -40 -30 20 -10 00 0 1 2 3 4 5
OB+0 " 0840 Ca/(dCa/ dVe) (V) Ca/ (dCa/ dV) (V)
-3 -2 -1 0 1 2 3
voltage Vg (V)
F=
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Compact modeling for characterization - parameter extraction methods

» Extraction of the MOSFET channel shortening AL and total serial source and drain
resistance R¢+R

J. G. J. Chern, et al, "A New Method To Determine MOSFET Channel Length", IEEE Electron Device Letters, EDL-1, No.9, 1980

Rout = Vps/Ip = [(L + AL)/W]/[Kp - (Vgs — V1 — Vps/2)] + (Rs + Rp)

cs15/3/c3/m5tnl ¢s15/3/¢c3/ m5tnl
2.4E+4 150

4 V=0V, Vps=0.05 \ T V=0V, Vpi=0.05 V Ves = 2.0V

1.9E+4 Vo = 2.0V 4 | /74
: 100 5.0V.

g 2.5V g

3 1.4E+4 = K =

: - : s T W=50 um,

Z 90643 - -~ 5 1S / L=50, 10, 5, 3 pum
4] ] / 2 50 ) )y

4.0E43 1 = 1
Z% 1 l -AL cs15/3/¢3/ m5tnl
] ] 1 100

-LOE+3 +—— 0+ LA : T¢—— {Re+Ry 750
OE+0  1E5 285  3E5  4E5  5ES 5E-7 8E-7 1E-6 1E-6 2E-6 1 fof;;m
nominal channel length L (m) nominal channel length L (m) 0 1 AL( Bk el
100 | At -
S. E. Laux, "Accuracy of an Effective Channel Length/External Resistance Extraction % 200 1 Ves=5.0 /. T
Algorithm for MOSFET's", IEEE Trans. Electron Devices, Vol. 31, No. 9, 1984 g ] 4.0v / "
S -300 ] 3.0V
Rout =a- (L + AL) + (RS + RD) =a- L + b 200 ] 2.0v ———>°
1 =-1.083E6x+ 7.245E+1
] R?=9.981E-1
a, b are correlated: b =a-AL+ (Rg+ Rp) 500 e
OE+0  1E+8  2E+8  3E+8  4E+8  SE+8

slope a(Q2/m)

[
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Compact modeling for characterization - parameter extraction methods

 Extraction of fringing capacitances in the MOSFETs: gate-source/drain C,, C

substrate C,, with account for channel size variation

and gate-

gso’ ~gdo

D. Tomaszewski, T. Zebrowski, W. Jung, ]. Gibki, A. Bgkowski, M. Hornowski, "Methodology of extraction of capacitance parameters in
MOSFET models"”, ITE Reports, No. 5 7, 1992 (in Polish)

M. Sadowski, D. Tomaszewski, "An efficient approach to the measurement and characterization of MOSFET capacitances”,
Microelectronics Reliability, Vol. 40, No. 6

Example: Cy,, & AW

D. Tomaszewski, G. Gtuszko, |]. Malesinska, "A method for characterization of gate overlap capacitances and effective channel size in
MOSFETs", EUROSOI-ULIS, March 19-21, 2018, Granada; selected for publication in SSE

Cgb — Cgb,setup +L- Cgbo + (W+AW) - L- Céb(VGB)

CS12 /4 /19/E1 (n-channel) CS12/4/ 19/ E1 (n-channel)
3.0E-11 £ 3.08-11 4 : ‘ ‘ Va5V
1To=62nm - Weto 3 .
T i [ 1 w=10pm s s g
‘u:; 2.5E-11 —\\ L_j.‘nZ.SE-ll B R e e -1V
° ] o ] ! ! ! i
] 1 \ 2 ] | i | i
S 2011 8 20611 e e i m 0 B
] i = | | | |
Data: % ’ C ;2 | | | |
© - o
. o 1T,,=67nm \ . © i : ! ! !
8 1.5E-11 |+= gb,setup © 15611 4 e R e ov
£ 1T, =61nm \\ W=10pm, L=4800um § ] ‘ ‘ ‘ - sy
5 ox \ =
2 1.08-11 ] - - S 10611 e b T
3 W=6um, L=4800pm 3 ] Cgb,sgmp=435fF
£ ] 5 ] 1 : | 5
& S5-0B-12 1 W=TO, L2400} ® 50812 /2 e Sl R— oo
0.0E+0 Frrrrrrrrrbrrrrr e bbb 0.0E+0 e
-5 -3 -1 1 3 5 0E+0 1E-3 2E-3 3E-3 4E-3 5E-3
gate voltage Vg (V) channel length (m)
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Compact modeling for characterization - parameter extraction methods

* Extraction of fringing capacitances in the MOSFETs: C,,, & AW (cont'd)

CS12 /4/ 19/ E1 (n-type channel)
8.0E-9

7 L=4800pum

1 Cyonerp=425fF V=5V

gb,setUp

6.0E-9 +
4.0E-9 4

rough estimation:

(Cgb'cgb,semp)/l- (F/m)

2.0E-9 -

-AW=2.6pm

0.0E+0 1
0E+0

5E-6 1E-5

estimation based on
(Cgb - Cgb,setup)/]-' = C;;b(VGB) W+ Céb(VGB) AW + C
and correlation: b vs a

channel width (m)

CS12 /4 /19/E1 (n-channel)

1.0E-9
16— C(u=9.03-10"°F/m
'g i \\\
- 1 \QA =-2.64um
Hg; 5.0E-10 e
! ( ) ” 1 «
E4 V=0V
a(Vgg) = Cgp (Vg 2 w0
3 0.0E+0 \\
& ] e
L 3 T y =-2.64E-6x+ 9.03E-10
lmpr‘oved TOX estim. ) 1 A R? = 1.00E+0
% -5.0E-10 -
E | .
© 1 L=4800um Ves=-5 \\\
-1.0E-9 — T T T T T —T
OE+0 2E-4 4E-4 6E-4 8E-4

slope of (Cap-Cop serup) /L VS W (1/m?)

.-

[
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= eSS CcCIRC

Dresden Sept.3, 2017

N

€S12 /4/ 19/ E1 (n-type channel)
1.1E-9 - :
1 L=4800um |
ic =425fF

gb,setup

1.0E-9 ]

Caoo Kal
s

--------------------------------------------------------------------

9.0E-10 -

(Cgb'cgb,setup)/l- (F/m)

w

o

m

=

o
I

7.0E-10 +—
2.2E-6

T T T T
2.4E-6 2.6E-6 2.8E-6 3.0E-6

channel width (m)
gbo =—a- W+ b

CS12/4/19/E1 (n-channel)

3.0E-11

2.5E-11

1T,,=56nm

2.0E-11 |

1.56-11 |
1T,.=56nm

1.0E-11

ETUX=55ﬂm W=10um, L=4800um

5.0E-12 W=100m, I=Z400}im

inner gate-substrate cap. WgL-C'gp, (F)

] W=6um, L=4800um
0.0E+0 ++—+r—
-5 -3 -1 1

gate-substrate voltage Vg (V)

3 5

.™.% 8
L TR
.88
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Compact modeling for characterization - parameter extraction methods

= Methods based on optimization

mse(P) = z[ImOd(Vi,P) — Iref(Vi)]z
i=1

* Parameter "local” extraction with use of optimization (MS Excel VBA)

KP=

2.824E-5 VTO=

0.715 VTO=

0.615 VTO=

Dresden Sept.3, 2017

S o e VTO= 0.783 GAMMA= 0.893 GAMMA= 0.930 GAM=
. cs-05M1/(27.6,55.2)e21_80x50; VBS=0V, VGS5=0122345V GAMMA= 0.769 PHI= 0.385 PHI= 0.630 PHI=
] e PHI= 0333 PB= 0600 PB= 0.600 KP=
LEV=3,VMAXAD ]
.:Aéi‘l . — ./ LAMBDA= 0.023 NF&= 1.000E+9 NFS= 1.000E+9 EO=
] /f# uo= 8.817E+2 UD= 6.093E+2 UCRIT=
2 0E-4 ] -~ UCRIT= 2 500E+4 THETA= -0.012 LAMBDA=
] UEXP= 0.110 VIMAX= 1.000E+7 WETA=
—  15E4 p Lt LAMBDA= 0.019 KAPPA= 1.000 LETA=
g 184y === VIMAX=  1.000E+7 ETA= 0.000 Q0=
=] ] MNEFF= 1.000 DELTA= 0.000 LK=
1.0E4 7 DELTA= 0.000 IBA=
3 — IBB=
50ES E Parameters of cs-03/1/(27.6;35.2)/e21_50x50 S
0-0E+0 ‘0 Stucture | Auto | LEVEL=1 LEVEL=2 |iEvEL=3 | | Exv | MASTAR | Diode |
vTo ¥ 0.715 Vmax v 1.000E+5
GAMMA [V 0.893 NEFF ¥ 1.000
Parameters extraction for ¢s-05/1/(27.6:55.2)/¢
‘ PHI ¥ 0.385  DELTA ™ 0.000
1jo ] 1(vGs) I(vDS) WDim.var. ] Diode 1 q e 0.600 Select optimization method @
Eval. Gd NFS | 1.000E+13 Opt. methods -
Optimiz. accuracy: ’W
uo ™ 8.817E-2 * D-F-P
- Max. number of iter.: 200
UGRTT ¥ | 2.500E+4 (H=EE
 Lev-Marg Dir.min. accuracy: [ oomor
UENP ¥ 0.110
LaMeDA [ 0.019
Cancel
Curr.workbook: cs05_221_50%50.xs Progress:
Curraorksheet: | 5 1(27.555.2) e21 504 | | | Start 1 Save ‘ Close |
Cancel Close ‘ 0 0 0
0 0 0
0 0 0
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D. Tomaszewski, A. Kociubinski, |. Marczewski,

K. Kucharski, K. Domariski, P. Grabiec:

"A Versatile Tool for Extraction of MOSFETSs
Parameters”, Proc. 6th Symposium "Diagnostics
& Yield: Advanced Silicon Devices and
Technologies for ULSI Era”, Eds. A. Jakubowski, L.
tukasiak, June 22-25, 2003, Warsaw
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Compact modeling for characterization - parameter extraction methods
* Parameter "global"” extraction with use of evolutionary algorithms
J. Arabas, t. Bartnik, S. Szostak, D. Tomaszewski, "Global Extraction of MOSFET Parameters Using the EKV Model: Some Propertiesd of the

Underlying Optimization Task", Proc. 16th Int. Conf. Mixed Design of Integrated Circuits and Systems MIXDES, £.6dZ, June 25-27, 2009

Evolutionary algorithms have a "tendency” to look for the global minimum of mse

v 9]
© © Q@ Y
- = — o~ — o~
g7 - 7] : £ s £ s
ED — : " ED - * :O‘B o g o
T T T T v ! L L L i N T T T
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0 0.0 05 1.0 15 20
GAMMA (V*?) GAMMA (V*?)
wn wn = r
_ —_ - -
- < -~ o - o~
o o % > > " I
g7 5 7 E g E o
g o ED = ioo 9 5’ ] .
0EO 2E-4 4E-4 6E-4 8E-4 1E-3
KP (A/V?)
v b T
© © - * ®
= = = ™ - o~ _— o~
g e Rl £ s X
E i) ED ] g o ;g; o
< b T T - a3 T . - X T v T
0.00 0.05 0.10 0.15 0.20 6.0 6.5 7.0 7.5 8.0 0.00 0.05 0.10 0.15 0.20 6.0 6.5 7.0 75 8.0
THETA (1/V) IogmUCRIT (V/m) THETA (1/\/) |0g10UCR|T (V/m)
random exploration random exploration
of parameter space of parameter space + N-M
L T
.- ‘\‘:\‘\
- .
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Compact modeling for characterization - parameter extraction methods

* Parameter "global"” extraction with use of evolutionary algorithms (cont'd)

I e S . sl -
- :Jui&‘nﬂ"' v‘r,‘-_{;zq.,ﬁ“~ }

o et B
I R _ g
3 - 7 g .
£ « : £ « :
@ & '
2 % 1 2 3 i
0.2 0.4 0.6 0.8 1.0 1.2 0.4 0.6 0.8 1.0 1.2
VTO (V) GAMMA (V*?)
3 T T i random exploration of param. space +
T i ';:'.-:_fh-rq'w,.-;j(ir.af.v:;w. g \7}‘”" . .
- ; sl e < f
o Sy 5 . evolutionary algorithm +
g © - g .
] g :
§ . g5 . N-M
0.0 0.5 1.0 1.5 2.0 4E-5 5E-5 6E-5 7E-5
PHI (V) KP (A/V?)
o i..:r';nr""‘_""""‘" D 3 53:.'1,1' o .u\j
< . < g ey s St LM
z v z v S M
=Y 3 . v
£ o : E « :
& ; & - ;
2 g 1 2 g 1
0.00 0.05 0.10 0.15 0.20 6.0 6.5 7.0 7.5 8.0
THETA (1/V) log:oUCRIT (V/m)
andom =& lection . random+M i oeal minima rmndom+AE+N M ocal minima
500 -
400 4 ] 50 ] 200 —
300 | _ 600 150
30 4 | : 400
210Dzl minimum .
100 I 200 / [
a0 —— | I 1 1 1 a 4 o | -
: . . . : . ; - -
41 -3 & -5 7 -5 -G .20 <18 -6 -14 12 10 -

m=
[~
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Compact modeling for characterization - parameter extraction methods

= Methods for variability characterization

* Global variability

- Principal component analysis (PCA)

- Forward propagation of variances (FPV)
- Backward propagation of variances (BPV)

C. C. McAndrew, "Statistical Modeling for Circuit Simulation”, Proc. Fourth Int. Symposium on Quality Electronic Design (ISQED’03)
C. C. McAndrew, "Statistical Modeling Using Backward Propagation of Variance (BPV)" w "Compact Modeling: Principles, Techniques and

Applications”, G. Gildenblat (Ed.), Springer 2010

X(P,M,V) = X(Pyory + 6P, M, V) — X(P,yor, M, V) = S(P, o1, M, V) 8P
NP

0%(8X;) = Z[Si,-(Pm,m, M, V)]* - 62(8P); i=12,..,Nx - 02(8P); j=1,2,...,Np

=1 Procedure for Statistical Compact MOSFET Mod
FDSOI CMOS process (UCL) Lol | 1 .

B AN
process parameters: = i ;
In(NSUB), TOX, UO, DW, DL 0l | .
six-transistor op-amp
M-C simulations B U L

.- \“\‘\‘ Y
[ a8 9
Dresden Sept.3, 2017 LRKJ ESsSSDhERC % .
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M. Yakupov, D. Tomaszewski, W. Grabiriski, "Process Control Monitor Based Extraction

0,5

0,4

0.3
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0,1

eling”, MIXDES'2010
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Integrated tools for modeling and parameter extraction

meas. meas.
data data
OCTAVE:

e import of measurement data

e analysis of measurement data

e generation of data describing
meas. setup in Spice-class

program (netlist)

e simulation of measurement
setup - generation of model

characteristics

e visualization of measurement 5>
and model characteristics

e misfit function sampling

e optimization - minimization

of misfit function

D. Tomaszewski, G. Gtuszko, M. Brinson, V. Kuznetsov, W. Grabinski, "FOSS as an Efficient Tool
for Extraction of MOSFET Compact Model Parameters"”, MIXDES'2016
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Compact modeling for IC design

Nominal design

1E+9

Design with account for process variability

1E+5

no. of transistors

Corner/PVT (Process, Voltage, Temperature) method
Monte-Carlo (MC) method
Worst-Case Distance (WCD) method: yield maximization

K. J. Antreich, H. E. Graeb, C. U. Wieser, "Circuit Analysis and Optimization Driven by Worst-Case
Distances" IEEE TCAD-ICAS, Vol. 13, No. 1
H. E. Graeb, "Analog Design Centering and Sizing", Springer, 2007
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1E+1 e
1970 1980

Joo-

O

S eBioes o

257\:&.’ Poces

NPt

= 100

—E 1

0.1

1e®

A
“.ﬁ.-r L '1-,,;@:

9o %

LY

per mm?

critical dimension (pm)

£ 001

—+ 0.001

year of IC introduction
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2020

after https://en.wikipedia.org/
wiki/Transistor_count

* Cummulative distribution function (CDF) - based approach: yield maximization

M. Yakupov, D. Tomaszewski, "Analysis of selected methods for CMOS integrated circuit design for yield optimization”, MIXDES'2011

M. Yakupov, D. Tomaszewski, "Parametric Yield-oriented IC Design Based on Cumulative Distribution Function and Open-Source EDA Tools",
MOS-AK/GSA Workshop at ESSDERC/ESSCIRC, 2012

NP

7. = Z(axi/Pj) .8Pj;i=1,..,Ng;j=1,..,Np

)
NX NX

onint — l_[ Yi = H{FZi [Xi,max _ Xi(Dr M, Pnom)] - l:"Zi[Xi,min — Xi(D; M, Pnom)]}

i=1 i=1
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Compact modeling for IC design - a simple example

>

L)

%

*

L)

%

L)

0’0

CMOS process; Vpp=3.3 V
Globar variability taken into account

Aim: design 5-stage RO (P <P

 f

max’ “mi

C<F<f )

max

for the maximum yield; Ln,p=0.6um; W, Wp=?
BSIM3v.3 model used

|Octﬁ|

random generation of
process parameters

file models.par

.include models.par

file *.cir

design parameters:
WN=..., Wp=...

_|mnl .. bsim3v3_modnml_1lw ..

“Imp3 ... bsim3v3_modpml_1w ...

.meas tran freq ...

post-processing

.meas tran power ...
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Semiconductor device compact modeling - summary

process/device characterization

A
A - I
phases . PDK process process
of technology IC design development improvement  development
gate-level
G.J. Coram, Tutorial: "How to 8 model
(and How NOT to) Write a Compact 2 compact
Model in Verilog-A", BMAS2004 « model
TCAD
model
accuracy
What is a Compact Model ? Compact modeling is a versatile
* A model of transistor currents & voltages tool for development/application
* Built from physically-motivated equations of micro- and nanoelectronic
* Intended for use in an analog circuit simulator technologies
=
a1 ESSCIRC
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