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Abstract - This paper presenmis an exphicit analytical model of the long-channel MOS
transistor vahid m all regions of operanon - weak, moderate and sTong INVETSION. | he drain
cirrent, total charpes and small-signal parameters for guasi-static operation are expressed as
very simple functions of the mversion charge densines ai the channel ends The charge
densities, In tun, are formulated as explicit continuons functions of the termmal volmages,
with contimuous first order dervanives The proposed model 1s precise and very smmpie o be
mcorporated in CAD programs or to be used m designs by hand Moreover, owr model
comtains oniv the classical parameters of the MOSFET theory.
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I - Intredurton

Despit= the cxistence of several MOSFET models, none of them mmciudes simpic
formulse to describe adeguately the transistor characteristics in all operating regioms [1]
inversion are often used m CAD programs Nevertheless, they do not express satisfactorily the
MOSFET behavior [2], mainiy in the so-calied "moderate mversion region”.
regions of operstion Ow model 1s besed on an approxmation of the semiconductor
WBLMWWmWMhhmm
density in terms of the termmal volages The MOSFET static and dynamic Characteristics
anﬁmtﬁImMmmmnf&mmmuﬁtmmm
engs.

Il - Approximation of the Semiconductor Capacitance

Our mode! is based on an approximation of the semiconductor CADACIIENCE PeT Uit ares.
C;,mmun_Thismﬁmﬂyqﬂﬂtm&tmm{l],ﬂl:M(Cf}
and depietion (C ) capacnances:

C.=C;+C,. (1)
which we have written &s functions of the mversion (Q]) and depietion (Q} ) charpe densitics:
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Here &, is the thermal voltage, C. is the oxide capacitance per umit arcs, v is the body
effect factor and Q} is the scmiconductor charge density given by:
Q:=Qi+Q; 2e)
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Egn (2. 2) allows achheving an exphicit formuianon of the mversion capaciance from
convennonal approximanons of the secrmconductor charges. We use here the hincar funcnon
of the channe] potential V. valid i srong mversion:

Q! =CLn(V, - V5)-Qp for Vo<V, (3a)

Qp 1s the value of the mversion charge density m the upper limnt of weak mversion
mﬂhhsh&mﬂiudﬁdEthcfmmuhpm@dEr:fs.H,S]hmﬂmEMam
transition for Q) from strong to weak mversion In eqn (3.2), V: (Table 2) 1s the pinch-off
volage [4, 5] that can be approxmmated bv [5]

] (3b)
where Vo 1s the value of the threshold voliage for V5 = 0 and n (Table 2) 1s the slope factor

Substituting egn (3.2) mto =gn (2.2). we approximate the INVETSION CAPACIEANCS In
strong mversion, including the so-calied moderate mversion region. by-

¥ { y r ' \\
C;=£E‘n(v!=_\rm)f 1“:'QE 1"QP ! }"‘QE for Ve < Ve (4)
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The first t=rm m the ngint hand side of egn (4) prevails deep m stong mversion, where
the term 1+-Qj /Q. can be approximated to 1. The second term predominates near threshold,
where the term 1+Qg /Q. can be better approximated to 2. Assuming that in SITong INVErsion
C! = C!, we can, therefore, write:

C: EC[EC:_nE]:—z?GB—J+{n—1)C; . for V< Ve (51a)
winch 1s 2 slight modificaton of the scmiconductor capacitance model used m ref [3]
determine the harmomc distornon m MOS gtz capaciors m strong mversion Egn(S.a)
represents the fundamental approximation to be used throughout this work m order 1o achneve
exphicit expressions that represent the stanc and dynamic behavior of the MOS mansisior The
term (n—1)C._ guaramees contimmty between egn (5.2) and the classical approxamanon of
the ssuconductor capacitance In weak Inversion

C.=C,

Cc. =(n-1)C_ for Ve=V: (5.b)

Y
2J2¢,.+ V,
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Fig 1 shows the values of the gate capacitance (C_ ),
LS U
. © C.

B =

(6)

computed from the exphicit expression of the semiconductor capacitance, eqns (5), from the
theorenical mplicit expression of C. [1] and from the wsual approximaton assummng infinie

IIl - Approximation of the Inversion Charge Density

The mversion charge density Q] can be determmed from:

Vo
Q= Qs+ | fodVar (7.2)
Ve
where
dQ; Y ) C: :
) e —m— (7.b)
Na | T2, JTeC e

and ¢ is the surface potenual
Substtuting egn (7.b) mio egn (7.8) and approximsating ¢ by s vaine 2¢: + V. &t
pinch-off, we obtamn:

Ve
cr
e

In order to evaluate the imtegral In egn (7.c) we have used the swong mveTsion
approximetion of C. and C! given by egn (5.2), which leads to the expression of Q; presented
m Table 1 For weak mversion. we have adopted here the convennonal expression for the
inversion charge density [1, 4, 5], also presented mn Table 1.

The expressions of Q) mn Table 1, In weak and strong INVETSiOn, FTEPresSent & PICCOWISC
but smooth funcnon They provide & continuous transition from weak to strong inversion s
well 2s from conduction w samrstion for Q] and 1ts first order partial dervatives with respect
10 Vgs and Vg (Table 1)
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IV - Drain Current and Tetal Charpes

A hncanization of Q] (¢, ) about 2¢, + V, gives:

ae
The use of egn (8) aliows changing the variabic ¢ to Q] m the integral expression of
the draun current [1]
uow :
I,=— T— f .
D nCo L‘[Ea- nC_e, )dQ )

where Qp and Qp, are the mversion charpe densites &t the sowrce and dramm ends,
respectuively, u is the carner mobility, W 1s the channe] wadth and | is the channe] length

Q. =Qi-nCle,, (10)
egn (9) becomes:
B WIS B WO -QF «
I, =- P = 11
®T TaCL L E'dq’ C_. 1L 2n a2

where Q; and Q; are the vaiues of Q] evalusted &t the source and drain ends, respectively
(Table 2). In Fig 2, the current computed from egn (11). together with the approximation of
Q; given in Tabie 1, is compared 1o that evalusted from the Brews model [1]

Through an analogous procedure, we find the total mversion (Q,) and depienon (Q;)

charges _
(207 +QiQ + Q7 | |

Q,=WL nC._e, | (12a)
|3 Q: +Q; ]
Q: =Q, - "; 101 (12.b)
where
Q, = WL[Q'. + n; I Qi.—l (12.c)
and ) }

Qe =—CLY Jity +V, (12.d)
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V - Small-Sigual Parameters

differentiating the expressions of the 1otal charges dertved m the previous Secton The resulis
are presented m Tabie 3
Iin order 1o obtain the MOSFET sowrce, dramn and gmic transconductances we have
adopted the expression [1]:
W Ve
In=u—j(—Q;)de (13)
L e

Differentiating egn (13) with respect to the termunal voltages, we find the expressions
for the transconductances presented m Tabie 3.
We heve used the relanonship

Q| __12Q

. : (14)
avﬁ Ir\rcv‘ n av[— Liﬁﬁ

to derive the expressions for C,, and g Egn (14) follows directly from the expressions of Q]
in Tabie 1 for both song and weak mversion if we assume that the vananon of n With Vg IS
neghgibie [4, 5]

The MOSFET small-signal perameters (Fig3) are represemted by simpie and
Symmetric cxpressions that are accurate explicit functions of the torminal voltages if the
mversion charpe density and its derTvatives are evaluated at dramn and source accordng 1o the
expressions dertved m Sechon [I1. Tabies 1, 2 and 3 summanze the formulac of the proposed
model

VI - Comcimsions

We have accompiished & peneral exphicit mode! very approprate for the simulation of

smooth vanaton of the MOSFET characteristics, mciuding small signal pamameters, s
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guaranteed through the entire mversion rcgion (weak, modersts and strong  inversion)
Morcover, our mode] contams only the classical parameters of the MOSFET theory.

REFERENCES

[ 1] Tstvadis, Y "Operation and medeling of the MOS tramsistor”, McGraw-Hill New
York, 1987

[ 2] Tstvacis, Y and Masem  G. "Problems in precision medeling of the MOS tramsistor
for analog applications”, /EEE Transactions on Comgnaer Aided Design, vol. 3, N° 1,
January 1984 pp. 72-79.

[ 3] Betwr, AT, Schoemider, M.C., Noceti Filtho, S and Galup-Montoro, C. "Harmesic
distortion camsed by capacitors implemented with MIOSFET gates”, [EEE Jownal of
Solid-Siate Crrcuats, vol. 27, N° 10, Ociober 1992, pp. 1470-1475.

[ 4] Enz C. "Hagh-precision CMOS micropower ampilifiers™, Ph-D Thesis N° 802, EPF-
Lapsanne 1989

[ 5] Vittoz. E "intemsive summer course on CMOS VLSI design - Anslog & Digital™,
EPF-Lausanne 1989

Vi Vs Ve Vis Vi Va
=—= Uy =— =12 g __5BB = =
Ugs . ==, U e, D e, Urs .. Urp ..
aw LW



B &z &l Bar TDC 120 LS S &L LY - ran o
Ugs - Uss
Fig | Normalized gate capaciance per umil fes VETSUS NOTMAIZed gate voltage compured from

Our moae!
The theoretical mmphcst expresson [1]
------- The convermonel modsl (mfinne semiconducior CEDEBCIIENCE IN SUONE IVETRON )
ID,’I{‘ -
1w
L — %
r. lr
5 ‘g r' ‘r l-l" EI!
N L o
w ' — . & .
—_— 3
2 ° 3
w S — g~ U *
- ]
- = >
&L vi - -
w
=100 00 SLo0 10000 Z00 oo o000



(a)
e/8.
10 2 —
g ==
10 2 —
10 =
10 = 10 2 0 ° 10 2 10 4 b)

Ipfle

Fig 3 Normahzed small-signal parameters for ug = 0 and tge = 20
(a) Imminsic capaciances versus normalized gate-to-source voltage
(b) Transconductances versus normalized dram cimrrent
Our model
or 0000 o Charpge sheet model
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Table 1 - Inversion Charge Density (Q ;) and Irs Derivative (D' ) with respect to Vo

! Expression
Quanoty Vg 2 V; (weak mversion) 1 Vi3 < V, (strong mversion)
| . \
Q(Va.Va) | — (m— [V New b | . . o e N ]
= Caln=1)e | —Cof 8V~ V) 2400 1+ 2V | (a1, |
| | 1 ) L 2‘ J
| , L :
? - _ .
) : \‘ | :r V.-V v
D'V .V | [ -Q (Ve \’m];"; : C-!n_il-‘- 2. - | :
: E L h 1 §
. ]
Tabile 2 - Auxiliarv Functions snd Parameters
Quamtiy t Topressior Quantity | Expression || Quannry | o——
|
Q| QilVa.Va)-nCus, e
| A 2w : 226V,
D: | D' (Vg .Ve)
1 1
Q: |Q V. Vg -nCLé ' : - Y
| B W Voo || VeV l-1 | -2,
D, | 1 o S o -

Tabie 3 -Drain Current and Small Signal Parameters

| | | |
b | (Qf-q) B | -BCL(Q;+nCé,) | 8w | -BCL(Q;-nCle.)
- !
[ . T : 1 [ 2 ] | m—1y
(A ip, Al & \Ca-Cp-C
&~ B (Qp+Qu) | - o (@) - | ’
’ Eu Euw
G | (n-1)C,, G | (a-1)C,, B n
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