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A Compact Non-Quasi-Static Extension of a
Charge-Based MOS Model

Alain-Serge Porret, Jean-Michel Sallese, and Christian C, Member, IEEE

Abstract—This paper presents a new and simple compact a description is for example used in the EKV compact model
model for the intrinsic metal oxide semiconductor (MOS) tran- [14]. It has the advantage of being physically based and provide

sistor, which accurately takes into account the non quasistatic gy sje analytical formulations for long channel devices which
(NQS) effects. This is done without any additional assumption S .
are valid in all modes of operation.

or simplification than those required in the derivation of the . .
classical description of the MOS channel charge. Moreover, the  In the context of charge-based models, the drain cuirést

model is valid from weak to strong inversion and nonsaturation written as the difference between a forward composignwhich

to saturation. ) ) is solely dependent on the local charge density at the source, and
The theoretical results are in very good agreement with mea- areverse componefi, which depends only on the drain charge.

sured data performed on devices of various channel length, from Strictl Kina. thi ' fitioningi | lidwhenth bilit

300 4m down to 0.5pm, and in various modes of operation. rictly speaxing, this partiioningis only vall W entnemobiil y

can be assumed constant along the channel, i.e., at low electrical

fields. However, mobility reduction due to the vertical field can

be taken into account by decreasing the mobility globally. Also,

velocity saturation can be dealt with by dividing the channel into

I. INTRODUCTION two sections, one with a constant mobility and another where car-

LTHOUGH the small-signal non quasistatic (NQSjie_:_shtravelatsa;turr]ationyeloci;y[lS],ﬁlG]. d drai d
regime of the intrinsic metal oxide semiconductor (MOS§ e states of charge inversion at the source and drain are de-

Index Terms—Charge-sheet model, compact modeling, EKV
model, MOS transistor modeling, non-quasi-static (NQS).

transistor has already been investigated in several pap ?Eibed by the variableg; andy., respectively, which have no

[1]-[20], these descriptions are often mathematically cumb |_rept physu;al meaning ar_1d are unitlegs 'andx” ten(_j toward
some, so that they give little insight to the circuit designeré/z in weak inversion and increase proportionally with the local

Moreover, the operating frequency of most high frequen harge densme§ att_he .sou(o@c)qrdraln(xr) n str(_)ngmver-
circuits is forced in a range where NQS effects are almo n. The equatioAdinking these intermediate variables to the

negligible(< fr) by the capacitive load of the active deVicesvoltages applied at the transistor terminals are then, from [14],

However, when an inductive load tunes out the capacitance[Jan' or [18]
some nodes, NQS effects might be the limiting factor. Also, Vg — Vro —nVsm) 5 141 1 1
the PMOS biasing current sources of RF circuits might easily nlp =Xy I Xpe) T 5 @
suffer from these effects because of the lower mobility of holes.
Finally, low frequency circuits sometimes require extremelyf"'€® _
long devices, like 10@m, exhibiting an NQS cutoff frequency ~ Vs» Vb, andVe  the source, drain, and gate voltages referred
much lower than 1 MHz. to the bulk;

If the NQS regime must be checked for, a well known, but Y7o threshold voltage &t = 0;
crude, first-order approximation can be used [11], [12]. How- UT = k5T/qe thermodynamic voltage;
ever, there is no fundamental reason for banning devices oper? transistor slope factor due to the body effect
ating in this mode, provided that they have not to be active at (see [11] and [14] for an expression of this
high frequency. The goal of this paper is therefore to provide a parameter, or [19] if polysilicon depletion is

simple model to accurately predict the small signal behavior of not negligible in the gate). _
a MOS transistor at any frequency. With x s andx, given, the dc current becomes simply

1
A. DC Model Ircr) =Is <Xff<1w> - 1) » I=Is-(xj-x7) @)
This work is based on a charge-based description of the MOS . _ , g Wes
transistor as was first proposed by D. E. Ward in [13]. Such with  Is =2n - pCox - Ur - Leg ®)

where

Mganuscript received August 25_, 2000; revised March 19, 2001. The review Weog andLog effective width and Iength of the device,
of this paper was arranged by Editor A. Marshak. . . .

A-S. Porret is with UKOM, Inc., San Jose, CA 95114 USA. including channel length modulation

J.-M. Sallese is with the Electronics Laboratory, Swiss Federal Institute of (CLM);
Technology (EPFL), Lausanne CH-1015, Switzerland.

C. C. Enz is with the Swiss Center for Electronics and Microtechnology To avoid any unnecessary repetition, only the expressions related to
(CSEM), Neuchatel CH-2007, Switzerland. the source will be given. Use subscripts in bracket to get the expressions

Publisher Item Identifier S 0018-9383(01)05727-6. corresponding to the drain

0018-9383/01$10.00 ©2001 IEEE



1648 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 48, NO. 8, AUGUST 2001

v n-1{.Q
i DB<]/ T‘(Jg—ycs—ycn)
n-1 n

'ycS[[-I n—1

n * YD
n

Bo

Fig. 1. Small signal NQS equivalent circuit.

ChHx gate oxide specific capacitance; TABLE |
L effective average mobility, possibly taking NORMALIZATION FACTORS
|Cr;ttg ;ccount the high field effects previously Symbol | Normalization factor | Units
Finally, the dc source, drain and gate transconductagses Voltage v=V/Ur Ur = kgT/q. \Y
dmp andg,,q are given by W
oI Is 1 Current i=1/Is |Is = 2nuChyxUt - A
ImsD) = —(H)me— =7 | X5 — 5 (4) Let
8VS(D) Ur 2 -
9 gus — Gmp Admittance | y=Y/Y, Yo =I5/Ur S
m m
ImG = Ve = n : ©) Capacitance||c = C/Cgp|Cgp = 2nChx - WeggLeg| F
The low frequency transcapacitances are not listed here, Frequency | Q=w/wp wo = uUr/LZ rad/s

since they can be deducted from the general NQS expressions

or found in [9], [12], [14]. This simple and efficient formulation .

gives a good description of the MOS operation, from weak {65+ ¥ms» ¥en, andy.,n. The complete expression for these
strong inversion and nonsaturation to saturation, and can @#antities can be found in the appendix.

extended to introduce advanced features [14], [18]-[20]. Note that, from this point, all quantities (currents, voltages,
frequencies, impedances) are normalized according to Table I.
B. NQS Small Signal Operation Normalized, unitless, quantities will be denoted by using lower
Keeping the same framework than for the dc equations,cﬁf‘se letteréi, v, y), as opposed to “normal” variables written in

has been previously shown in [9] that a compact formulatiocr?p'tals(l’v’y)'_ . . .

of NQS effects can be derived without any additional assump—Thalnks to the mtrmsm_dewce symmetry, the expressions of

tion. These results, which are briefly reminded in an appendik:P and_ch can be obtained by exchanging andy. in the

are at the root of the derivation presented in the next sectio ‘mulation ofy,,s andy.s

prever, the ini_tial formulation is diffiCL_JIt to manipu_late, since Yms =Um (X5 Xr)  Yes = Y X5, Xor) (6)

it is expressed in term of Bessel functions of fractional orders (2 X X 5) — (2 X0 X 1) @)

and of complex arguments. Such functions are not available in YmD ZYmASE Xrs Xg) - Yeb = Yeldh X X )-

most programming environments, and their numerical evalua-Therefore the complete solution of the small-signal NQS be-

tion tends to be slow and have a poor convergence. havior of the MOS model can be reduced to the two functions
Therefore, the results call for a simplification in order to bey,,,(£2, x1, x2) andy.($2, x1, x2)-

come practical. Section Il proposes a simple equivalent small-

signal circuit, where only two fundamental functions of fretl. FURTHER FREQUENCY AND ADMITTANCE NORMALIZATION

qguency are sufficient for expressing the values of all the ele'Afurther step can be achieved by separating each of the two
ments. Then, by using a careful normalization, Section Il shovy

Emaining independent functio andy.,, into two factors:
that these functions can be represented in two simple aba g P i e

. : . o ow frequency term and an NQS term. At the same time, an
Wh'Ch are valid for any transistor operatmg In any state. NeEdditional normalization of the frequency can be introduced in
N S‘?C“O” IV, approximate EXpressions are proposed. Fina Nich a way that the NQS term will depend only on the ratio
Section V compares the model with various measurements. r = x1/x2 (x;/x» at the sourcex,/x; at the drain). The
source factorr = x;/x., is close to 1 in weak inversion or
linear region. In strong inversion mode, it tends towaedin

By studying the relationships between the generic (trans)ddrward saturation mode and toward zero in reverse saturation.
mittances expressions given in [9], the equivalent circuit of Inorderto achieve this simplification, a new normalized char-
Fig. 1 can be deducted, where the only remaining variables aeristic frequency?.,;; is introduced. It corresponds to the

Il. EQUIVALENT CIRCUIT
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Fig. 2. To the left: Normalized,.(€2/Qe.is, r) function forr = 1 (thick gray curve) and for > 1 orr < 1 (thin curve).To the right: Normalized
£.(Q/Qqie, ) function forr = 1 (thick gray curve), for > 1 (lowest thin curve) and for = 0.3,0.1,0.03,0.01 andr — 0 (other thin curves).

first pole of the characteristic function of the systara.(of the ye (€2, x1, x2) — J§ - Ceo- (14)
denominator which is shared by both functiob¥?) in the ap-
pendix) It can be verified that these last results correspond exactly to

. 3 the usual small-signal QS model [12], [14]. In particular, the

15 (xr +xr) (8) imaginary part ofy,, in (13) corresponds to the drain-source

T sy ginary part ofy,, pC _

20X 3G G transcapacitance. It comes from the first-order Taylor expansion

Note that the expression 6F.;, is symmetrical iny; andy,., ©f &m In (9). _ .

so that it is identical for the drain and source transconductances! he two NQS functiong,,(©, ) and¢.(©, r) are plotted in
With this new definition, and from the relations recalled if-i9- 2, versus the renormalized frequefy= €2/€2..;;, and for

chit =

the appendix, one can state different values of the parameter= y1 /x2. The two leftmost
0 plots show that the transadmittance of the MOS device, quickly
Ym (82, X1, X2) =Gmo * Em <Q_~’ ﬁ) (9) degrades with frequency. Indeed, a phase lag slightly in excess
crit X2 of 45° is already observed & — 1 and a factor of 2 is lost

ye(2, X1, X2) =58 - Cop - Eo < & ﬁ) (10) at® = 2.5. Therefore, if NQS effects are to be avoided, the

Qeric” X2 condition® <« 1 must be enforced. Surprisingly, the function
with & appears to be only weakly dependent on parametay that
1 this dependence can almost be ignored in practice.
gmo = <X1 - 5) (11) The two rightmost plots of Fig. 2 show the degradation of
1 Y1+ 2xo the funde_lmental instrinsic capacitance With frequenc_y. I_n the
Ceo = <X1 — 5) . m (12) NQS regime, the channel must be considered as a distributed,

nonuniform, RC line. Soy., which increases proportionally to
gmo @ndc.o are the normalized, low-frequency, fundamental &g at |ow frequencies, start to vary only wit<2. Therefore,
transconductance and capacitance. _ ¢ =1for® < 1and¢, x 1/v/0 for © > 1. The exact factor
At frequencies2 much lower thart..;, corresponding to of proportionality at high frequencies depends on the ratio
quasistatic (QS) operations, the two NQS functignsand¢. | /y,. Forr < 1 (reverse saturation), the10 dB per decade

tend toward unity resulting in slope is only reached at extremely high frequencies, which are
0 1 (13) not of practical interest and are not shown on the plots. Finally,
Ym{$ X1 X2) = gmo - T Qi it must be noted that the curves vary very little between 1,
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corresponding to the linear regime or the weak inversion mode > D J—
(I « Is), andr — oc, corresponding to complete saturation in DUT
strong inversion modélr > Is, Ir =~ 0). Port 1 Port 2
IV. APPROXIMATE EXPRESSIONS
) _ ) —> —[J<—¢
A. Linear Region or Weak Inversion & 1) v v

The special case = 1 is important since, as noted above, ikig. 3. Two-port on-wafer measurement setup.
includes both the triode regime wh&g = V, and, asymptoti-
cally, the weak inversion mode. Moreover, the MOS behavior i 1

saturation mode can be approximately described with the sa
set of functions.
From [9], the following simple equations can be derived:
m @71 :Nrn@ h Nrn@ = 15 F:
n(0:1) =6n(O) wherebn(®) = oy A9 5
. P coshA —1 S Y3
£:(0,1) =£:(0) where () =2- N soh (16) 8 1 =
with A =(1+j)-V30. (17) { | o veo=o2v
J o VGO=05V
A VGO =15V i
B. Forward Saturation{ > 1 andy,. = 1/2) X VGO =25V
For the saturation mode, from weak to strong inversion, a 0.01 4— rrem
proximations which are within an accuracy of a few percen 0 =
can be derived from (9)—(12) and Fig. 2 -
YmsS %< f - _> Srn( ) (18) — -15
o r
o 2@2xs -1 (xs+1) 2 s
Yes RJQ - -£:(0) 19 Z
3(2xs +1) = 30
YmD %07 YeD ~ 0. (20) up
°
C. General Case, Valid in any Mode of Operation < 45
As previously stated, the functiof,, (©,r) can already be
considered as independent gfeven forr < 1 (again, see
Fig. 2). However, this is not the case for the functign the 60 A= S "'“1"00 ) ""1';00
behavior of which varies significantly when — 0. Even so, 0.01 01 91 - o 1910

crit

the following approximation can be used:
Fig. 4. Measurement of thé. function (symbols), deduced from the

En(0,7) %ém( ) (21) normalized drain-to-gate transadmittance in linear mode, measured with an
~ HP4285 LCR-meter. The device i$a0 x 300 pum PMOS transistor. The gate
5 @ 7 (@) (22) overdrive voltage was set to 0.2, 0.5, 1.5, and 2.5 V. The curves correspond to
(el

the theory.
\/ o+ (1-0)&(3)
ith _ 10-7 - (r +2)? 3/2 23 can be ignored, eliminating the need for a manual de-embed-
wi =19 (r+1)-(r2+3r+1) (23) ding. Fig. 4 is an example of such a measurement performed on

Factoro is always comprised between(® — 0) and 1.17 a 300 x 300 um PMOS device integrated in a 0.5 process,
(r — o). The approximation is done in such a way that thand for a frequency varying between 75 kHz and 30 MHz. It
asymptotic behaviors, both f6» — 0 and® — oo, are pre- shows an excellent agreement with theory, for a broad range of

served. The accuracy is always kept better than 1% of the q/erdnve gate voltages, over three decades of frequency. The
ght discrepancies appearing in the high frequency range are
transconductance value.

attributed to the extrinsic elements, mostly due to the packaging
of the device. Note that, since high gate potential where applied,
the effect of mobility reduction had to be taken into account. It
A. Low-Frequency Impedance Measurements was extracted from a standafl) dc measurement.

In order to verify our theoretical approach, low frequenc _
measurements on very long devices have first been undertak®én High-Frequencys-Parameters Measurements
This kind of measurements are relatively easy to realize andn order to verify the validity of the theory for shorter devices
quite accurate, since a precision LCR-meter can be used. Bad at higher frequencies, test structures for on-wafer measure-
cause the device can be made fairly large, the extrinsic elememtsnts were realized. Devices of various length between 10 and

V. EXPERIMENTAL RESULTS
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Fig. 5. Normalized gate transadmittance function, computed from the meagyrearameter of the setup of Fig. 3 , with the device operating in saturation
mode. 10um NMOS device measured between 1 MHz and 1 GHz (left) yrb(center) and a 0.6m (right) PMOS devices measured between 100 MHz and
10 GHz. The top plots represent magnitude, the bottom ones phase in degreesxiis always the normalized frequerfdy= /€. In each case, the gate

overdrive voltage is varied between 0 and about 1 V, corresponding to the moderate and strong inversion regions. The black curves correspong to the the

0.5 um were integrated on a 0.3@m process. The measure-still appears to be the only simple way to capture the intrinsic
ments were carried out by using a standard wafer prober statlmhavior of the device without adding many tuning parameters.
and a network analyzer. This kind &f-parameters measure- In saturation mode and in the linear regifry = Vp), re-
ments are less accurate than with an LCR-meter, but they arespectively, ther’-matrix reduces to

only available technique at frequencies higher than a few MHz.

Note also that the measurements are even made more difficult [Vent] & <X _ 1)
since a wide impedance range is required, in order to cover a 2

large frequency and operating point range. - 0 0 5
The two-port measurement setup is depicted in Fig. 3. The X <§m(@) ) [1 0} + 4 "JjO
selected de-embedding process is two-step. First, as usual
[21], [22], the pad and interconnects contribution must be (x;+D2x;+1) - 10
removed from each device under test (DUT) measurements b T ay? 6:(9) [n }
Yy 4Xf +6x5+1 0 0
subtracting th& -parameters matrix of an “open” test structure (25)
from the Y -matrix of the DUTs. For the frequency range that 1
was required her¢< 10 GHz), the series access impedance [Yiriode] = <X - 5)

can be assumed negligible.
The second step consists in removing the effect of the ex- y <§ ©)- [0 0}
trinsic elements (mostly overlap and junction capacitor). This " 0 1
was done by subtracting twis-matrix of the same DUT, the 5 1
first one with the device biased normally, and the second one + 350 - é’;(@) . |:n_2 ﬁ} . (26)
at a zero gate voltage, in order to almost achieve the flat-band 0 1
condition under the gate.
The resultingY -parameters, normalized fd,, can be ex-
pressed in terms of the fundamental transconductances

Parametety; in saturationy;»> andys»» in the linear region
have been measured on different devices. They are plotted in
Figs.5—7, respectively, and are comparedto the theoretical values

[y] = Y1 Y12 using the following expressions, derived from (25) and (26):
yI= Y21 Y22 Yol sat =
;58 :S (@)
niz ’ (ycS + ch) % “YeD gm0 " 7
= (24) Y12 triode . x
T =350 - (0 ;
% : (yrnS - yrnD) YmD T YcD 9mo 7 5 ( )
This relation assumes that the extrinsic capacitances vary little % =£,(0) + 350 - £.(0). (27)

with the gate voltage. As this condition does not completely
apply to the overlap capacitances, the validity range of this kil each figure, the measured normalized phases and magni-
of extraction is limited. However, if not perfect, this procestides are compared to their theoretical value for artdength
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Fig. 6. Normalized drain-to-gate transadmittance function, computed from the meagsuatameter of the setup of Fig. 3, with the device operating in linear
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Fig. 7. Normalized drain admittance function, computed from the meagudsegarameter of the setup of Fig. 3, with the device operating in linear mode. See
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NMOS device, a 1..xm and a 0.5:m PMOS devices, for fre- formulation. Note that in all these figures, all the measured
guencies up to 10 GHz, and at different levels of inversion. Othenrves fall very close to each other, which confirms the validity
device lengths (5, 1 and Oufn) have also been measured withof the frequency and bias normalization processes.

similar results. For short channels, P-type devices have been se-

lected since their characteristic frequency is lower. VI. CONCLUSION

Fig. 5 shows the evolution with frequency of the gate-to-drain A compact charge-based description of the small-signal NQS
transadmittance (correspondingdinc) at low frequency. For effects inthe intrinsic MOS transistor has been presented. Usinga
the 10m device, a very good agreement is found up to 1§ opernormalization of all quantitiesin the model, itwas possible
times the characteristic frequency, corresponding to a complgigeduce it to a simple equivalent circuit, which could be fully
360° turn in phase. For shorter channels, the trend is also cleagscribed by only two frequency-dependent generic functions.
seen, even though extrinsic elements limit the range of validity Thistheoretical approachwas confirmed by measurements, up
to about @2,;; for the 1.5um device and only 8..;; at0.5:m.  to 10 GHz, of both N-type and P-type MOS transistors operated

The second set of plots, in Fig. 6, describes the drain-to-gétevarious state of inversion, either in triode or in saturation
capacitive coupling. It shows a similar agreement and cleasiyode. For the first time, clean measurements of NQS effects in
validates the proposed normalization. Finally, Fig. 7, displayiregibmicron devices (down to Q.%n) which are not dominated by
the drain output admittance in the linear region, indicates agairtrinsic elements have been presented. They clearly corroborate
that the NQS behavior is well captured by the simple propos#te normalization procedure as well as the proposed model.



PORRETet al. COMPACT NON-QUASI-STATIC EXTENSION OF A CHARGE-BASED MOS MODEL 1653

APPENDIX [11] C. C. Enz, F. Krummenacher, and E. A. Vittoz, “An analytical MOS
transistor model valid in all regions of operation and dedicated to low-
EXACT NQS EXPRESSIONS voltage and low-current applications&nalog Integr. Circuits Signal
Process.vol. 8, no. 7, pp. 83-114, July 1995.

This paper is based on the exact small-signal NQS eXpre?lZ] A.1.A.Cunha, M. C. Schneider, and C. Galup-Montoro, “An MOS tran-

sions given in [9]. All the functions appearing in the equiva- sistor model for analog circuit designEEE Trans. Solid-State Circuits
lent circuit of Fig. 1 can be computed without any simplification vol. 33, pp. 1510-1519, Oct. 1998.
; . [13] D.E.Ward, “Charge based modeling of capacitance in MOS transistor,”
with the foIIowmg. Tech. Rep. G201-11, Integr. Circuits Lab, Standford Univ., Stanford,
CA, 1981.
1 2 .2 3\/3 [14] M. Bucher, C. Lallement, C. C. Enz, F. Théodoloz, and F. Krum-
ymso () = x Xf X (28) menacher. (1997, June) The EPFL-EKV MOSFET model equations
mS(D) Foy = Xsoxr Aw-D(Q) for simulation, version 2.6. EPFL Tech. Rep. [Online]. Available:
1 http://llegwww.epfl.ch/ekv/
) = + - [15] Y. Tsividis, Operation and Modeling of The MOS Transist@nd
Yes () (£2) =tms(o) (1) £ | xr) 2) ed. New York: McGraw-Hill, 1999.

[16] N. Arora, MOSFET Models for VLSI Circuit Simulation, Theory and

% j—1 . Y . Nf(r)(Q) (29) Practice New York: Springer-Verlag, 1993.
2 X () D(Q) [17] A. 1. A. Cunha, M. C. Schneider, and C. Galup-Montoro, “An explicit
physical model for the long-channel MOS transistor including small-
D(Q) =J_o/3[F(Q)] - Joya[F3-(2)] signal parametersSolid State Electropvol. 38, no. 11, pp. 1945-1952,
1995.
= Jays[E ()] - J2/3[Ff(9)] (30) [18] M. Bucher, C. C. Enz, C. Lallement, F. Théodoloz, and F. Krummen-
Nf(,,)(Q) 1/3[Ff(7 (Q)] 2/3[F (f)(Q)] acher, “Scalable GM/I based MOSFET model,’Aroc. Int. Semicond.

Device Res. Symp. (ISDRS'9Dec. 1997, pp. 10-13.
+ J1/3 Ff(v )(Q)] J2/3 F (f)(Q)] (31) [19] J.-M. Sallese, M. Bucher, and C. Lallement, “Improved analytical mod-
eling of polysilicon depletion for CMOS circuit simulatior§blid States
Ff(r)(Q) _ Xf(? (32) Electron, vol. 44, no. 6, pp. 905-912, June 2000.‘ )
Xf(1) [20] M. Bucher, J.-M. Sallese, C. Lallement, W. Grgblnskl, C. C. Enz, ‘and
F. Krummenacher, “Extended charges modeling for deep submicron
CMOS,” in Proc. Int. Semicond. Device Res. Symp. (ISDRSD8ég.

. : - 1999, pp. 397-400.
whereJ, () is the Bessel function of the first kind of order [21] H. Cho and D. E. Burk, “A three-step method for the de-embedding

|n_(29)1 Fhe plus Sign corresponds_, to the eXpreS.SiQm:thh_e of high-frequencyS-parameter measurement$ZEE Trans. Electron

minus sign toy.n. These expressions Ieads(IpO indetermi- Devices vol. 38, pp. 1371-1375, June 1991.

nates Wher)(1 = Xf (tnode mode or asymptotlc weak inver- [22] J.-L. Carbonero, “RF characterization of CMOS and BiCMOS advanced
. . . . technologies at wafer levelMicroelectron. Eng.vol. 38, no. 2-3, pp.

sion reglme). _Use the alternate expressions (15) and (16) given 195206 Nov. 1998,

in Section IV in these cases.
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