THE ACM MOSFET MODEL: A CHARGE BASED COMPACT MODEL FOR
CIRCUIT SIMULATION

0. C. Gowveig Filhe'", 4.1 A. n—u’.u.cu-ib‘_ﬁaﬁph--‘

1. LINSE - Depanamenio de Engenharis Elérics - [IFSC - CP 476
88040-900 Flonandpolss - 5C - Brasil
F-mail opouveis@imse wie b
Phone: 55-48-231-9504
FAX: 55-48-731-9091
2. CEL - Depanamenio de Enpenharia Elémcs - [FPR - CP. 19011
81531970 Cumstibe - PR - Brasil

3. Deparsmemo de Enpennsns Eiétncs da Escola Polnécmce - UFBA
402 10-630 Saivador - BA - Brasil

Abstract - Thas paper reviews the AOM MOSFET modcl. & physicaliv hased mode] for the MOS mansssior,
and dvmamac chascterstcs of the MOSFET are described by single quece fomctions wath mfimite order of
comtmumty for all regions of opccaton. The proposed made] preserves the stucural sowrce-dram symmery of the
tERsisir and wses 2 Toduced momiber of physical parameters. It i aleo charpe-conserving and has exphicn
equations for the MOSFET capacusnces The shor chanme! sffscic are mmpiememied wsing & compect and
physical approach The appropristensss of the mode! for crcun soomisnon hes peen cvalumed throush several
SUMUIENON CRAmpss.
LINTRODUCTION

MOSFET models moinded m corom! smuisors can be cisscified mo e foliowing three caegories:
ansivical models, table iookup models and coyuncal models Pracucaliv all the models m corrent pse me
‘enaivical

MOSFET analvucal models 2re based on cnther tie regional approach or surface potential formuiations.
of sems-empirical squsbons [1-8] Mooois based on the T=monal approach mse different == of sguanon: 1o
GescTibe the device behavior i different regions In the regional approach the weak apd srong mversion rezon:
arr geneally bndged by usmy s non-physical curve fumng . Models besed on suriace potential formulation are

miheremtly contmuous: however. hey demand the solonon of an mmphcn cguation for the suriace poteatal Semi-
cmpancal modeis ke the sk of becommg nesther scaiabic nor surted for stsucal anaivss.

ACM mode] is 2 charge haeed phvacal model [1-3, 7.18] All the jarge signal charactenistics {cumenis
and charges ) and the small senal parametsrs ((rans conductmees and (rans icapaciiances) are given by single-
pecor Cxprossions with mimae order of communy (C= fomcuions) for all repons of operation. ACM mode!
preserves the structural source-dram symmery of the mansisor and wses @ reduced number of physical
parmmeers, 11 15 aiso charge-conserving and has cxphicit eguations for the 16 MOSFET (manscapaciances.

2 FINDAMENTALS
mh.——ndmﬂﬂsthmnﬂk“nhg Q;
on e surince poental §s [1. 5]

Thes assumption hes sliowed the mode! m [1] 1o be fuolly formulmed m werms of the mversion charge
densiies & fhe sowrce () and dran (QL, ) chanmel ends. The relstonsiup between fhe mversion charge

density and The tormmal volimprs 1s [3]
V. = )
V, -V, ¢,H: -y { ]] m

where Ve 15 the channc] voliagz. Vy 15 the pmch-off volinge. ()'p 1= the mversion chargs density &t pinch-off b
the siope factor and @, = the thermal voltape. All the voliapes ave refirred 10 the docs] substrate_as i [3-5] Thas
reiationsinp. sise inown s< “Limrfied Charge Control Mode! (UCUMYE, 19] can be deduced from Bolzmann
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pozmsl. &= shown m [3].

Enuanon (1) = not exphcn for ', and ACM mode] uses the analynca! approxmmanon for 7 shown m
.
ASHORT CHANNEL EFFECTS

The common approach o mode] second onder effects m MOSFET:, also emploved m ACM. = ©©
decorsts the jong-channel mode] with & hist of correcuons relmed 10 these cfficcs. All the cxpressions are derved
from the charpe-besed physical model of the long-chanme! MOSFET reponed m [1 - 3) and s vaid for any
mesTROn Evel
31 Charpe sharmy and drain mtored barrer lowering

H welocny ssmranon effects are neghpibie. the dram corrent of 2 MOS wanosmor can be wrten 2

l_p =fwrrv;}"pr.vn] E}

For & iong snd eatle Tansisor. the pnch-0fT voltapr < & function of Ve oniy. b for shon sed nemow chemme]
devices Vy s & function of Vg Ve and Vi To keep the symemetry of sguation (2], Ve s modcled »s

"!(vn NV }= V;IWG 3“'%“1} * vl} 3
Vo[ V) 25 the pimch-off voltage & equiltbrium (V=" =0) and 1 given by
2 ,'}3
V.=[J"r¥mﬂ.ﬂ§: +{§] = | G
. . E '!-2:%_ I NP,
L e -

where & 5 & fUnap parameter whose valse = Sbow Twice the Ferm potemual (26y) and Vop 1= e threshoid
wvoltapr & aguilibriem ¥y 5 the body offery corfficeew of & wate iong-channel device ¥ = The body offecs
cocfficeen! modified 1o mcinde short and narrow channe! effects T, =nd Ty 2rc parameters 1o be adpsted: 1
d‘--ﬁﬁt_—ﬂ.n’u’ﬂ.m_ﬂ_iﬁ drmir: imginced hammer
iowenng (DIBL) 6] and 1= propovoonal 10 171"
32 Mohility reduction

The ciectron mobility m the mversion isver dopends or the tansverse ciectnic ficld [E] The offectve
mobiiny s dependen: on all ermmsi voliape: bo 15 modeled Rere by

B

= )
¥ I8y Ve +#, a

wiere 31 15 e o0 baes mobility, and 6 1= 2 fiong parametsr . (4) has been derrved sssouRg that the Tansverse
#ieid s mamiv determmed by the average deplenion charge . 2 guite reasonabie sssumption for low and moderat-
EmvCTSION fovels.

313 Velodty sstmration

The welocsy satrston 15 modeled 8 3 finchon of the longuudme! slectre fiedd 2com [S] Appivmg thes
‘moate! ingether with the basi: sssmption of our mode] 1o the differennal couaton of the dram corrent icads. afier

Imepranon sbomg the chamme] [7]. 10
Lete 1 D) Cee - ®
fi:l-.]lmfﬂ’.l =

<
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u;uqti.l;ut:.l_.m ®

Vigm, 75 The saturation veioony and 1 =1 p- Al whers Al & the channel shrimiage due 10 OLM {(section 3.4},
Thhe maximum current that can fiow mn the chanee| ocours when satmranon velocy s reached:
Ip =W Om N

Equming (7) 1o (5) aliows onc w0 calculaer the value of Q' which comresponds 1o the onset of
sawranon. for any regmme of operason [T}
] - |
= =" - - - -} mﬂ_i;‘l},kiﬂ'|f y
Qs = Q. —nCoie, ’Q*[] { Q. * Q- J (&)

The mversion charge densty at the onset of saumanon (' pegy) 5 2 foncion of the sowce and gme
voltages through (. and of the channe] length. through 7,

tht:m:_)mbyﬂr-_ﬂyﬂ-\?m,tﬂ-m
voltape for wiich the charge density &1 the dram £nd corresponds (0 the onset of sstoranon

e ) >

34, Channei-length moduiation (C1LM )

For s MOSFET operatmg i the SEuraton repmme. the pradusl chenne] spproxmmanon becomes less
vahd, specaally m the vicmity of the dram junchon. whore the rwe-dmmensional namre of the space-charpe T=gion
must by comsadered [B]. Therefore. an ansiviical formulation of the saurmed pant of conducung channe! 15 not an
casy iask. 55 3 COmMSEgUERCe, Tmany semi-empinical models have been mied o describe CLM. The approach
emploved here divades the Togion betwesn dram and sowrce o two parts, the non-suurated pant of the channe!.
closer 10 1he source . and the sHurated part . cioser 1o the dramn in the satrated pan of the channel. fhe camer
weiooiy i asiumed o be constan and equal 10 the smormion velocny The chanme] lenpth L, i €., the non-
saturated part of the channe], 15 gencrally wnnen 2s L, =1-Al . where Al s the channe] shrinkags doe 1o CLM
Here we mode] the CLM as i [4]

4.5MALL -SIGNAL PARAMETERS

4.1. Tramsconductances
Al low freguencyec the vanstion of the dram current due 1 small vanstions of the gme . somee and
dram voltages 15

dl, a, al, a,
Al = —l AV, v—L AV, «v—L AV, 1——{ AV, (10m)
N Ny Ny Ny S Ny Ny g Ny N, g v N
5,‘ il..| i.] 5]
e = :
Eu N, - = - N, . ¥ . N, . Y T - (1)

arT e pEtr sDoree | frem snd boll mEnsconiuctances . respectrvely (4]

H the vanaton of the gat. sowrcs. drasn and bulk voltages is the same. Al=0 Therciore, we oan
Comchade That

By B T Ba =8 (1)

Thes, 3 mansconductsnces are enough to characterize the low-freguency small-sgnal behewvor of the
MOSFET.

Appiymg the defmmon (105 of soorce and dram ranscondactances o e SQUAGOR Of the drain curren
together with eguanon (1) aliows one 10 deduce smple expresaons for the mansconductances [3]
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q,=.r,',_1,_,%=-.q;_- ®)

Vi, 35 e SHtranon velocity and | _ =1 g - Al where Al i the channel shrinkage due 10 CLM iscction 341
Ip =—Wvi Op m

Equanmg (7) w0 (5) sliows onc © calculsie the walee of Q'p which comesponds © the omser of
salurairon., ‘for any rogmme of operanon 7]

T 1 ]
-0 - o i Q) o ¥
Qs =0 —al 8, Q;f-l .‘h Q. Q:E B

The mversion chargr doesiy at the ons=t of satwranon (' mser) @5 2 function of the source and gate
voltapes, through ', and of the channe! jength through Q' .

From the charge.voltapge reistionshap grven by (1) one can teadily calcuiste Vg . the dram-to-sonrcs
valtagr for wiuch the charge density & the drass ead comrsponds o the onse: of samranen:

N _‘IQ_-Q, +JQQ-‘- ]] ",

34 Chansel-iength motmiation (CLM |

h-mmhtmmm.&;ﬂ“#“ﬁ
valid, specaally m the vicmaty of the dram punction. where the two-dimensions! nature of the space-charge region
st be conssdered [B] Therefore. an anaivaca! formulstion of the satwraied pan of conducting channe] 1 not an
mtlamqwmhhuﬂw“uhw
empioved here drvides the T2gi0n betwers dram and source milo Iwo pErS. the ROT-sanrated part of the Channel,
cioser 1o the source, and the smiurmed pant. closer 1o the dram. in the saummed pan of the channel. the camier
velociy 15 assumed o be constamt and egual 10 the saturation velocity. The chanme] bength L. i =, fhe non-
samrated part of the chamnel, 15 generally wonen 2s 1 =1 -Al wihers A% 15 the chonne] shrinkage dur o CLM.
Here wee mode] the CLM a5 in 2]

4. SMALL-SIGNAL PARAMETERS

4.1 T ranscontnctances

A1 low frequencses the vanation of the drain currem dee o small vanatons of the gmte. source and
dram voliapes 1

Al =—l:’ AV, N AV, 4—'2" AV, *—!l“ AV, (10a)
Gy g, ey Shig vy vy By g vy N Ny v g
anc ,_,5_{‘ ?L = - =—L e =!'-L (10b)
Jur. Elhwg vp v T NN

Zre the pase sowrce dram and bulic transconductances, respecuvely (4]

I the vanaton of the gmc, source, dran and bulk volingss is the same, Al=0 Therefore, we can
conciude tha:

By B B = (10c)

h3m-:#-:m&h-_3#hd*
MOSFET.

Appiymg the defmuon (10b) of soarer and dram emsconduciances 1o the sguanon of the dram comem
ingether with equanon (1) aliows one 10 deguce sTmpie sxpresaons for e TERSConductances [3]
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simos mtdependen of the corment level m weak mversion and moressec m moderse and SITORP MVETSION. a5
predicied by (12).

Fiz 4 shows thar the Eariy vohape = aimos mdependem of Vi, m weak mversion bun moreases sisghtiy
with the dram volizge m strong mversion. This diffcrence can e cxplamed wath the iclp of caxpression (12).
where one Can notr that the miluence of DIBL on the Early voltage = more smportam &t low corren! densies.

: =
. 1
g !
n! 1
nrf 1
w

I i
-l s ¥ = F 25 ] az A 4=

Fz 2 Owutpst charactersstics of an NMOS tensisior (L= 1 25pm) for Vg=035.06,07.09.12 1620 24,
2E32.36,40.44V

o=l (W-1) TV = gl TV
‘1 “1'! - }
je L=075mm . Ll=l0mm ! i = =25V |
e L=125mm *L=15mm | i — V=30V |
-,%_ I.-IT!-- _____- n. o Np=35V
i - i : \ - Np=dDV
H e ® = = - = s _4_' -
i om == - - - N o = 1 o
o . % :
| Vpma0V ' \ 1 =" *&3eSa
‘;' w” - w" - s 5 3 = 3 8« 4; t:r
b R
Fig3 The ompm conductancedo-curent mano of Fig4. The omput conductance-1o-Cument THIO VS Saic
NMOS ramssiors v dran  curent for voliag: of an NMOS ssssstor (1=125um).
MOSFETs whos: channel iength: range from with WV, varymg from 2 5V o 20V
0. S 0 1 7SEm
43 lntrimsic Capacitances
90y
me—= =Y i

Cxx =%L (15)

wiere (), can be any of the charges Q. Qp. Gy or Qp and 'V and Vy can be any of the volmges V, Vi, Vpor
Vi The notavron 07 mcdicetes that the denvauves are ovainmed at the tisc pom: Becaser the MOSFET & an
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mcuve device the capacsances [, are non-recyprocal. that 5. m pemeral. T, =C . Takng mto account chargr
conservation. Qs+Qr-+(s+0o=0. and that omly three voliage differemces ow of four can e chosen mdopendentiy.
o foliows thm the MOSFET & chamacerred by mine mdepentent capacitances [B). From the defininons of
capacusnce mn {14} and (15) and the expressons of the MOSFET charpes [18] we can derive formulsc for the
ngether describe accurately charge storags m MOSFETs op to modorate freguenoes and can be calculmed
dmectly from the g and bulk charges 4. £]. T shonld be vecalied. however, that 8 MOSFE T mode] contaimmg
omiy these frve capacitances doss a0t conserve charge. Thersfore, fior the elecimcal ssmotation of chargs sensinve
CITCuNs SuCh as switched-capacior or swiiched-curent filters. fhe compiee guasi-static mode] st be taken o
accoum [E]. Considering thet in oor mode] C=C,. only three more independent capacitances must be added 1o
the basic MOSFET model m order 10 sitsm = mode] tha conserves charge. To keep the symmetry of the device
m the small-spnal schemanc we heve chosen T G, and Gy 1o compier: the guasi-sisuc MOSFET model
Small-signal anslysic shows thal the effects of O, and Gy can be combined smd replaced wath O, and
ranscapaciamce O, (see Fag. 5) where:

Ll GG (1)
It can e readily venificd that Ca=(Cor-Coin. Conscquently, the smuli-signal schemaic of Fig 5, constinted of

MOSFFET.

B a v':'.%
I.r‘r.*ﬂ.—:‘

s {ﬂ} » e
—(D>-

" P

Jlt
¢

5
|
I

|
I
P

e —

Fig 5 Small-signal MOSFET modcl.

The MOSFET nosc can be comsidersd s composed of fhermal (winie) moisc and flicker (low-
freguency ) moese [E. 10]. b s psueliy modeled by mcludmg & corren: saree herwesn souree and dram

The expression of the 1ol curreny. mciudmg both diffesion #nd drifi componenn. Ingether with Nyguis:
reianonship [E. 11) aliow calcuiatng the PSD of the thermal noisc:

Sme= TG’ am
were k15 the Bolrmenn constant. T the ahsolute tmpersm_e and (; the 1l mversson chargs. Equanon (17) 1

ﬂhdh"_d-—ﬂhm 17}, mchudes the comribmion of shot noise m weak
mveTsIon.

From eguation (17}, = foliows that the MOSFET thermal moise s the same as the onc produced by 2

conductance G, whose valne s
G =4iQ,|/L° _:"E?I'I a8
g%



In the imesr repion. the mversion charge densaty % simos uniform. ' =0/WL. and the conductamcr
u__umm.hmumms_-n;.h_ 12 m wesak
For ‘both the caiculston of the thermal noise in the imear region o s eSHMELON in SAWTAON. ORE CaN

S e =4k, (19

h-ﬂ:u-%“m“kﬂ)ﬂhﬂ-ﬂ:i—ﬁn“
mversion (2] B for the accurair calculanon of the thermal nousc. the cxpression of the ol charpe ; mos be
used

Flicker notsc m MOS ranaisions = generally assocmted with chargs fiucruanon ansmg from dynem
trappng of ekectrons by mieriace states. As shown m [10] the PSD of the dramn currem: is given by

KFg:
W )
WLCS i

where KF 15 2 eechnology dependent flicker nosse constant

& SIMULATION EXAMPLES

As long 35 CMDS wecimoiogy 15 wadeh wsed 1 sermconductor industry, MOSFET modeks for corcan
mﬁnn“&ﬂﬂft“ﬁ.mﬂyhuﬂ“-ﬁ:mﬁyﬂ
prescnumg made! benchmarks [12 - 15] Thes sechon shows seversl exampies of smulanon which demonstras
the suntahility of the ATM mode] 10 some of the 151 propossd m [12 - 14]

Thr contmuty dhm-dmm-nﬁumﬁ:mﬁmhw.—-'-tﬁ-
and from weak to strong mversion [ 12] have alrcady been shown m [7].

Th:uﬁ-ianh[M]himMmﬂghmdth,
-uc,.mn_'.u-—anmmﬂ-cm.pusw m the gme WO, ond T, are
mkhﬂmﬂh.&-wﬁmuﬂh#&m&
Tesuls for our mode]

The cocont m Fag. 7. for the Gumme! symmenry =1 [13, 15]. = ms=d 10 show the symmetry of forwand and
TEVErSS modes 0f OpETANOn and the coMmuIn . around the ongm. of the drain coment and charges as well as therr
Gervatves. Fag B shows the first and secomd order derrvatives of the dram current Both = comtimuous and
m“\'ﬂ.hmhnﬁht!ﬂﬂﬂﬂﬂ[lﬁ]hn_-ﬁ-ﬁ
{15}

ospF _[ L ospF
T T -
:ﬂ-ﬂ--ﬁ__l.-_
—
{a) b)

Fag 6 - The curcuit used 1o tes: the symmetry of T, and C_, (a) and the ssmuiation results for our mode! (b).
£29
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Fag. B - Symmetric and connnuoss first and second onder denvatives of the dram current (a) and the derrvative of

the gme charpe (b))

Charge conscrvebon 1 @ veTy ImDOTan: property when somuissmg Charpe semcove Coomts such B
wadely discussed m the inerare there are some MOSFET modeis that do nol conserve chargs ¢ f The wagdely
ms=d SPICE 3 mode]

To demonstrate that the ACM mode] 15 chargs conserving. & basic seaiched capacor corcust (fig. Sa)
mme step has also been modified for cach vakes of the ioad capacior.

Fagures 9b and ¢ show the smmulshon results obtamed fior the ACM model for C, = 26pT The resubs s
mdependent of the micrmal tme step. The voltage a1 nodes 3 and € sre consistent and the ouwipw nises with the
correst time constent | Simustations pang SPICE 3 models a1 the same conditions were done. The resubs o figures
% ¢ and ¢ show that SPICE 3 mode]l gives different results for difierent miernal tme steps and that the tme
constant is not correct. With & small joad capacitance the ACM mode] also presemt comrect resuls bun SPICE 3
mode] gives completsly erroneons resubis (fig o)

e . . - — Erre! Vimenlo néc valide.
. | | — (i 3]
—— 3 &
£ L
T T ow
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=)

Erme’ Vincgio n@o valido. Erre’! Vincuio nSo vilido.
ic) )

Erre’ Vimculo nao vilido. Erre! Vincols nio vilide.
T m

Fig 9 ) Schemanc of a swilched capacior circuit. b) the simulstion results with ACM MOSFET mods! fior
C;=20pF and an micral tme siep of lus: ©) the smuiaton Tesuls wih ACM MOSFET mode] for C=20pF and
an mirrnal tome siep of 10es. d) oo vohege for SPICE 3 mode]l with C,=20pF and for imternsl fime sieps
egual o lps and Mimc ¢) ACM Mosict model resubs for 5=25pF and ) outpe vohape for SPICE 3 for
C.=25pF

Fanally, T 15 Importan? o Aohc: that m oot sumulaton the gatc capaciamce mast be well Topresemeed.
The simulation of a wransstor with the dram. source and bulk tied ingether. shows that ACM mode] yepresenis
well the gate capacuance (fig 10) cven m the sccomuianon regon

4

b
£ nes
fus

o
i
-%"ns

Bt -
1.

oz

=0 aD =14 e 20 an ar 20
s woilmgs V)

&E—w”mmlmﬁﬁ.

7. CONCLUSIONS

The nmjihmm-mlhhhﬂﬁﬂ-q
suitabic to represent both saus and dyvnami: charactenstcs. Several tests appied 1o the mods] demorsmeee thar 1
conserves charge and 1o symmetrc and connnuoss. paruculsrly srmnd V=0

The model 1= svaiizbie m the iast release of the SMASH crcuit simubator]20] and the complcte sct of
equations that describe the model can e found in [18).
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