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Unified MOSFET Compaci—V Model Formulation
through Physics-Based Effective Transformation
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Abstract—A one-region compactly, model from subthreshold subject to process fluctuations, and the CM only models the
to saturation, which resembles the same form as the well-known average values of these quantities. Models that are based
long-channel model but includes all major short-channel effects ; Aovi ; _

(SCEs) in deep-submicron (DSM) MOSFETSs , has been formu- gnSI\jlr(ljgle_de/w.ce _?Xtra((j:tl(l?n [6]. [7] trr?a){ no(; be u_seIuI fo(rj
lated through physics-based effective transformation. The model evice/circuit moaeling _smce EEn .nO\_/v ISSIOWar
has 23 process_dependent f|tt|ng parametersy which requires an teChnOIOgy, I’ather than tl‘anSIStOI‘, Chal‘aCterlzatlon. In Other
11-step, one-iteration extraction procedure. The new approach words, the CM for DSM devices should be developed for, and
to modeling channel-length modulation (CLM), subthreshold its parameters extracted from, a given technology of varying
diffusion current, and edge-leakage current, all in a compact gate lengths, with short-channel effects (SCEs) “calibrated”

form, has been verified with the 0.25xm experimental data. The to the | th-ind dent | h | devi fth
model covers the full range of gate length (without “binning”) and 0 he lenginsindependent 1ong=channel devices oline same

bias conditions, and can be correlated to true process variables for technology (wafer).
aiding technology development. In this paper, the approach to formulating unified CMs for

Index Terms—Compact model (CM), effective transformation, DSM MOSFETS IS pre_sented, which is based on phyS'CS't_)ased
MOSFET, parameter extraction, process correlation, technology “€ffective transformatioh,a step-by-step process of adding
development. higher order effects to the well-known long-channel MOSFET
equations. The idea is similar to the “effective voltage transfor-
mation” [8], and has been demonstrated in our previous work
on compact threshold-voltage formulation [9]. The approach is

DVANCES in technology scaling have been the drivingased on the belief that the SCE demonstrates itselfjescaal

forces for MOSFET miniaturization, which also leackffect as the gate length alone is decreased and, thus, modeling
to increasing challenges in compact model (CM) developf which must be separated from (and can be calibrated by) its
ment. The current trend shows a rather disturbing version lohg-channel counterpart. The general procedure is to incorpo-
“Moore’s Law"—the number of CM parameters doubles eversate physically-derived or empirically-based equations for each
decade. There exists a large body of literature on MOSFHEdividual SCE with effective quantities that contain process-
CMs [1]-[7], [27]. Among them, BSIM3v3 [1], [27] has beendependent fitting parameters, which also approach the values
considered as thae factoindustry standard in deep-submicrorof their long-channel counterpart in the long-channel limit.
(DSM) MOSFET circuit simulation. However, the philosophyall the fitting parameters have their physical meanings, and
for BSIM parameter extraction is based on local/group-devigkeir extraction follows a uniquene-iterationprocedure at the
optimization [1], [27], which may lead to unphysical parameteboundary” condition at which their effect is most pronounced.
values. The requirement for “binning” effectively makeghe sequence of model parameter extraction should be such
the model “piece-wise” although it is one-piece for all biaghat when a parameter is to be extracted, those that have not
conditions. Moreover, it is difficult to relate the model directlybeen extracted should have little effect; and once extracted,
to process variations, which becomes increasingly demandiggvalue should be fixed in subsequent extraction. In addition,
for DSM technology development and early success in circuiird-order effect should only be considered after first- and
design. second-order effects have been accounted for. The general

Another observation in DSM device modeling that deguide in the tradeoff between detailed physics and compact
parts from conventional long-channel models is the fact thiirm is what Albert Einstein described: “Everything should be
fluctuation of device geometrical and structural parametefdade as simple as possible, but not any simpler.”
which is unavoidable, has major influence on its electrical Our unified compacl,, model is developed with the help of
characteristics. Unlike for long-channel devices, “precised set of experimental data of a 0.25 CMOS shallow trench
determination ofindividual device critical dimension (CD), isolation (STI) wafer with drawn gate lengthf faw.) from
oxide thickness, channel doping, junction depth, etc., may nm m down to 0.2:m. Section |l describes the model-equation
make sense for DSM CMs since these quantities are strongdymulation with a step-by-step effective transformation that re-

sults in a one-region equation from subthreshold to saturation
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variables. Results of the developed model are demonstrated aeres, is the (short-channel) surface potential at strong inver-
discussed in Section V. Finally, Section VI concludes the papsion.é (for DIBL) is approximated by a linear function &f,,

The way our CM is formulated as well as the sequence the CM

parameters are extracted also demonstrates the principles be- 6 = bo + 01 Vis. (2b)

hi I h ling.
ind our novel approach to compaigt, modeling Replacingy in (1) by the effective body factoy.y in (2a), V;

Il. COMPACT MODEL FORMULATION remains the same form as in the idéalequation (1a)

The rationale on the sequence of our model formulation Vi =Vrp 4+ ¢s + Yer vV P50 — Viss- (3)
is the following. Accurate modeling of the threshold voltage )
(V4) [9], including V; roll-off SCE and roll-up reverse SCEForé = 0, (2a) becomes the one presented in [9].
(RSCE) as well as drain-induced barrier lowering (DIBL) and Fromthe quasi-2D model [15], the surface potential (at strong
body effect, is first carried oul; represents a critical point on INversion) in short-channel devices is loweredy, from the
the I,—V,s curve and is relatively independent of the channéng-channel one2¢ )
mobility and S/D series resistance. The (electrical) effective
channel lengthL.z), which also appears in the short-channel s = bs0 = Ads =205 — Ads. (42)

V; expression, is modeled with a simple conceptual model f@f high v;,., the channel surface potential becomes asymmetric
the bias-independent metallurgical channel lendth() with 504 the minimum potential is no longergt= L.g/2 [15]. It
CD correction and lateral lightly-doped drain (LDD) diffu-c5n pe shown [16] that )

sion. Mobility due to the vertical field) is then modeled

semi-empirically [10], followed by a separate, semi-empiricaly 5 _ 1

gate-bias-dependent S/D series resistanBg;)( modeling * cosh(Leg/21,)

[11]. Next, the turn-only (“first-order”) is formulated by the ) Leg 2
conventional approach with a two-region velocity—field model 2\ ¢Vas sinh <21 2)
and a newly-derived saturation voltag€(,.), followed by X | (Vbi—¢s0) cosh (Q)JF 2 Lot
channel-length modulation (CLM) modeling [12] described Sinh< )
by an effective Early voltageWs.gx). Subthreshold current

(“second-order”) is then formulated by a modified effective

gate overdrive ¥,.) for the correct diffusion current and awhere

novel transformation to retain the compact form. Edge-leakage

current (eqge) in STI structures [13] (“third-order”), together 2 =1n <w> (4c)
with diode-leakage current/{.q.), is finally added to the Vii — ¢s0

main MOS currentf...), which “borrows” the same MO%, lo = a(s0 — Vi) 0% (4d)

model. Vii = (kT/q) In(NeaNe, /n2). (4e)

A. Threshold Voltage and Effective Channel Length In (4b), a fitting parametep (for DIBL) is added, which is ap-
The complete; model has been presented [9]. In this suproximated by a linear function dfy,s:

section, we present an enhanced version with a different, more

accurate, DIBL modeling. © = o+ @1Vhs- (4f)

The ideal threshold-voltage equation is given by Wheny = 1 andzin (4c) is small, (4b) reduces to that presented

V, =V, Vb0 — in [9].
' _ " J_r P F 7V o0 = Vi 02 For completeness, the empirical RSCE maod¥ef: in [9] is
d)sO - 2¢F)’ - 2(/€T/Q) hl(-zvsub/ni) (1b) H H : ;
shown below, which replace¥,, in the previous equations

Y=V 2q55iNsub/Cox (1C) N
where symbols have their usual meanings. The basic idea in Nem = Na, + m (5a)
[9] is first to transform the uniform substrate doping,,, to Ly = B(do — Vi )0.’25 ’ (5b)
an effective vertical nonuniform dopind., [14], which also s 20 7 bs
extends to short-channel devices; and then, transfégpto an Npite =K Ney (5¢)
effective lateral nonuniform dopind.r [9]. Kk =k + K1 Vhs- (5d)

To model the charge-sharing effect including the effedtof ) _ N
[15], [16], the average source and drain depletionwidihgnd ~ The effective channel length is a critical parameter that
X,) is modeled, with two fitting parameters, (major) ands  influences the electrical behavior of a compact termihal

(fine-tune) model. For DSM devicgs, cqnventional approach to ext_racting
L.g starts to become invalid because of the nonscaling be-
_ (@ _ A X+ Xy havior of the total linear resistance [17], and the partition of the
Vet =7 =71 e . . .
Q Len 2 intrinsic channel resistance and S/D series resistance becomes

A 255i

< (/)S_Vbs"_

OVas 2a strongly definition dependent. In our CM, we use a very simple
Vs — Vis (22) model [18] for the actual poly-gate length with a constant CD
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correction A¢p) to account for poly-gate lithography andgion piecewise velocity-field relation, the drain current is given

etching variations by [21]

Ly = Larawn — AcD (6a) Laso = GemoVas (9a)
and a simple model fak,,.; with a fitting parametes to model Cetro = Meﬂocoxgg//Leﬂ)[(%S — Vi)~ AVas/2] (9D)
the lateral LDD diffusion Heil) = Ty Tom) (9¢)

Lyei =Ly — AL =L, — 20z, (6b) Esat =205t/ o (9d)
wherea:].» is the LDD'junction depthL.g is then assumed to bewhere the subscript "0” denotes the condition fg = 0.
Lnet, With two physical parametersycp andx; Ay =14¢ 5 ¢:_ = 9e)

Le = Lme =L rawn A — 2015 6¢C . . o e
g ‘ 4 b T S (6c) is the bulk-charge factor [22, p. 128] in whichs a fitting pa-

and a new method of extraction together with (see Sec- rameter. The effect aR.q is modeled by the conceptual total re-
tion 11). This bias-independent.; model makes subsequensistance {us/1us) partitioned into the channel resistandé:()
I4 modeling and parameter extraction much simpler. THd the S/D resistancéi(,)

bias-dependent two-dimengi_onal (2-D) SCE is modeled by Vi Vie/Ren Lo

V; based on the new “critical-current at linear-threshold” 145 = R R I R R 13 (Rl v
definition [19] as well as separate modeling Bf, [11] (see ol F fsd + Faa/Ra + (Rsaluso)/Vas
Section II-B). (10)

wherelyso = Ias(Rsa = 0) = Vs /Ray. Substituting (9a) into
(10), with some algebra it can be shown that (10) becomes
Our CM adopts a separate and physical modeling of the ef-

B. Effective Mobility and Series Resistance

fective mobility [10] and series resistance [11]. In [10], the ver- Los = GenrVais (11a)
tical-field channel mobility is modeled semi-empirically, with a Get = petCox(W/Let)[(Ves — Vi) — % AyVas] (11b)
compact form to minimize correlation among the three fitting _ Lell0 11

parametersyiy, pi2, andyz el = ReqGomo” (11c)

(7a) This formulation, however, wilhot be used as our finalys

_ 251
o= 1+ (ul/uz)Eif/f?’ + (p1/ps)E2g model but only for deriving a consistent saturation voltage
(Viasat), a@s detailed below.

where the effective (vertical) field is given by the well-known when R, is ignored,l,, in saturation can be obtained from
expression [20] the well-known gradual-channel approximation

Eeﬂ = (QB + nQiﬂV)/ESi = (‘/gs + W)/Gtox' (7b) IdsO = UsatWCOX(V;gs - ‘/t - Abvds) (123.)
Each fitting parameter has its own physical meaning relateddad whenV,, = Vit
doping or temperature [10], and tlrg model will be extended
to short-channel devices. Liacaro = Vsar W Cox (Vs — Vi — ApViaear)- (12b)

Likewise, source and drain series resistance is modeled ph
cally by a bias-independent (extrinsic) part arid,adependent
(intrinsic) part as [11]

W‘hen R,q is consideredVy, in (12a) should be replaced by
Vs — Lus R, andVy, replaced by, — 1y (Rs + Rq). Although

we have assumed symmetricdl and R,(R, = R4) based
on their physical interpretation, their electrical effect (voltage
drop) is different for source and drain, which will be included in
the Vs, expression. Denotindy..; for I,s whenVy, = Vgt

with two fitting parametersy andv, to be fitted to the short- jn saturation, with the above replacement ¥or and V., it is
channel lineadq, data.p represents some effective resistivityfound from (12a)

in the LDD region with a spacer thickness®fA first-orderz;;
andW dependence is also built into th&, model. Sincel. g

is modeled/extracted separately frdRg,, what is modeled is
actually the voltage drop across the LDD region [11], leaving
the correct intrinsic voltage drop across the MOSFET effectivifter some algebra,
channel.

208 v
_l’_
HW Ve -V

de = Rext + Rint = (8)

Idsat :UsatWCOX{(‘/és - IdsatRs) - ‘/t
- Ab [Vdsat - Idsat (Rs + Rd)]} (133.)

IdsatO
1-— UsatWOox[(Ab — 1)R5 + Ade]

Idsat = (13b)

C. Turn-on Current and Effective Saturation Voltage

Like V; model formulation, ouf s modeling also starts with where I, iS given by (12b). This newly-derived saturation
the well-known long-channel equation. Assuming the two-reurrent should “join” the one in the linear region. Equating (13b)
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t0 J4s(Vas = Vasar) In (11@), and extractind’ys.: out of the We assume that the saturation field,; in (14a) (without

equation, it can be shown that CLM) is replaced byFE,, (with CLM based on the quasi-2D
solution). The physics behind this assumption is to model the
_ —b— b —dac voltage drop across the VSR such that the voltage across the
Vdsat = (13C) . L. . .
2a intrinsic channel can be modeled correctly, with length and bias

dependencies (see [12, Figs. 9 and 10]). With this replacement,
it can be shown that (14a) becomes
a = UsatWCOXAbRS

Vas — Ve
b= Vg = Vit e W Cox(Vies = Vi)(2R. + Ay Roa) Taen = <1 L W ) Taso (163)
A Esa_ Le . . . oy
+ AvEoai Lest] 5 wherely,g is given by (14a), which takes the familiar form of
¢ = (Ves = Vi) Bsar Lot + 2050 W Coxlsa(Ves — V)" the “pinch-off” model. The effect of CLM due to increasgg,
(13d) atdecreasind.. is included in areffective Early voltaggiven
by [12]
This formulation (as well as result) is different from, and simpler
than, the BSIM3v3 expression [1], [27]. Vit = Esar Lt (Esat Lest + Vas) (16b)
To achieve a smooth transition from linear to saturation re- © EVaett
gion, the smoothing function in BSIM3v3 [1], [27] in which¢ is a fitting parameter. As (14a) changed to (16a) with
L the inclusion of CLM, (14b) is then changed to
‘/deﬂ = Vdsat -3 |:Vdsat - Vds - 65 I
dell (16C)

Iy =
+ \/(Vdsat_Vds_65)2+4(ssvdsat :| (136) d 1 —+ (deIdeff)/‘/deff

is used to replac,. in (9), wheres, is chosen as a fixed pa- which will not affect the characteristics in the linear region.

rametereq approachey, whenva, < Vs andVas when o Subthreshold Current and Effective Gate Overdrive
Vias > Vasat- Then, (9) becomes a unified one-region equation
Accurate subthreshold modeling (second-order) is only

Liso = 10C. w 1 meaningful after threshold voltage, mobility, series resistance,
Lest 1+ Vaett / (Fat Leit) CLM, etc., have been modeled accurately from turn-on cur-
X [(Vas — Vi) Vet — %Abvjeﬂ] (14a) rent (first-order). In order to obtain a unified equation from

subthreshold to strong inversion, the smoothing function
which joins (13b) forVy, > Visat. Similarly, (10) becomes  in BSIM3v3 [23], [1], [27], for an “effective gate overdrive”
(Vyerz) is adopted to replace dli,—V; in the previous equations

IdsO .
Iy, = . 14b) such thatlys in (14a) becomes
d 1 + (de-[dso)/‘/deﬂ ( ) W
— 1 2
Strictly speaking/4s0 # Vas/Ey, when Ry, is not ignored Taso = prenrCox Lot [Vaert Vaert — 546 Vigert] (17a)

and, hence, (14b) is not accurate sihGg: containsRqy. This

is the real case whet,, # 0, even for long-channel devices.
However, as will be shown in Section Ill, our separateand 2nvy, In (1 + e(v;;s—%,)/(2nr,,-t,b))
R4 extraction makes the error involved to be minimal. Vet = 1+ 2n(Con Ca)a= Ve —Vim2Ver) [ @rvan)

D. Channel-Length Modulation and Effective Early Voltage with V. as a fitting parametew,;, = k7'/q is the thermal

So far, (14b) has included the effects of vertical- and payoltage, and
allel-field mobility, bulk charge, velocity saturation, and series

whereV,s is given by [23]

(17b)

resistance, but no CLM. A new approach to modeling CLM in- n =1+ Ca/Cox (17¢c)
cluding high-field effect based on the quasi-2D formulation [21] C, - ¥Cox (17d)
has been developed [12]. T 20756, — o

The piecewise velocity—field relation assumes that when t
electric field E > Fg,;, electron velocity saturates, = vgat.
However, the quasi-2D solution [21] reveals that the electr
field in the velocity saturation region (VSR) of lengtkl in-
creases exponentially &, cosh(y/l). Since it is not prac-
tical to include “local” quantities in a CM, an “effective averag
field” is introduced [12], defined as _ Ho

flett 1 + ‘/deﬂ/(EsatLeﬂ) ' (176)
. Vyeg In (17b) is based orcharge smoothingn linear region
(smallVys) [1], [27], [23], i.e.,Cox Vyer Qives the correct inver-
(15) sion charge in both strong and weak inversion regimes, but only

2% employs a modified expression ([22, p. 139]) for the surface
otential at weak inversiorp(o = 1.5¢ 5 instead oR2¢ ). The
gngth-dependent SCE in(or N.g) andg,, respectively, given
by (1c) and (4a), are supposed to be included'jn Similar to
GS9c), werr IN (17a) is given by

Logr—Al Logr
/ FEoo dy + / Eyy cosh(y/l) dy
0 Lo —Al
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in linear region without considering the effects of bulk charge athere W, and ¢, are two fitting parameters to be extracted
highVys. Vyenr approache¥,, —V; whenVy, > V;, which gives from thel,, data whernl.,,. is most pronounced (Section IIl).
the correct drift current. In the subthreshold regifig (< V;), Together with a simple model for the diode-leakage current
however, it leads to an incorrect expression for the diffusion cur-
rent. According to the BSIM3v3 manual [27, eq. (2.7.1)] the dif- Liioge = Lo [e%s—"ds)/"w - 1} (19b)
fusion current (including the effect of highy,) is given by

wherel is a fitting parameter, the final compact drain current

tenCox K s Cy eVes =Vi—Vorr)/ (nvin) (1 _ C—Vds/'u“,) ] is given by

Leff Vil COX
(183.) Iys = Inos + Iedge — Ljiode- (19C)
(17a) can be rewritten as
W Ay Viest [1l. M ODEL PARAMETER EXTRACTION
Tas0 = peitCox Leg VoerrVaen <1 2 Vgeﬂ> The philosophy behind our model parameter extraction
|54 is based on three principles: 1) minimum measurement data
:“eﬂOOXL—eﬂVgeﬂVde (18b) requirement; 2) separate fitting and physical parameters;
) ) . . and 3) one-iteration extraction. Process-dependiting
in which V. is defined as parameters (“unknown”) should be extracted at the average
Ay Vierr values of the process-variabfghysical parameters (“known”
de = Vaem | 1 — — . or estimated), and the former should be fixed in subsequent
Vie = Ve 12fo (18c) i d), and the f hould be fixed in sub
ge

application of the model with the latter varied for statistical
Through a novel idea for a modified effective gate overdrive analysis of process fluctuations.
The unified 74, model requires 11 steps to extract its 23

v 2nvgy In (1 + Vo™ V0)/ vy 7, (18d) fitting parameters, which will be detailed in this section. The
58 20Ol / Cg) e~ Vs = Vem2Vorr)/ 2nvan) idea behind our one-iteration extraction is to “calibrate” (or
1+ Ve o (1 _ e—m/m.) fit) the model at “extreme” (length and bias) conditions—the

model already had the correct physics built in but it needs to
for current smoothingit can be seen that wher,, > V;, V,, fit to the “particular process” at hand, and this needs to be
approaches done only at the “boundary” cases. Of course, the technology
L ) data must include a full range of gate lengths (down to the
(Ves = Vi)Vae = [(Ves = Vi)Vaes — 34 Vier]l  (18€) v, roll-off region) from the same wafer. In this papdeV
data are based on ten deviceslQf.., = 10, 3, 1, 0.8, 0.5,
0.34, 0.26, 0.24, 0.22, 0.2 pum (W = 20 upm), and the fol-
lowing “extreme” conditions are used: the longest ghte =
10 pm, the shortest gaté, = 0.2 um, the medium gate
(with maximumV;) L,,, = 0.8 um, low Vs = Vo = 0.1
as in (18a). By replacingjeqVae in (18b) with Vy,, the fol- v/ high v, = V44 = 2.5V, low Vie = V4o = 0, and high

as in (14a), and wheW,, < V;, V,, approaches

Vth

2 Cd G(Vgg—V,—Voﬂ)/(n'nt],) (1 _ e—Vds/”th) (18f)

ox

lowing unified one-region expression Vis = Vi, = —2.7 V. We had altogether 200 sets of measured
W I-V data.
Lyso = perCox I Ves (189) There are four independent variables (iNPufS);awn, Ves:

Vas, andV,,s. The process fitting parameters will be extracted
leads to correct currents for both strong-inversion and sulith the assumed (measured or estimated) “average” values of
threshold regions. The final complefg, model including the the physical parameters, mainty, = 59 A, z; = 75 nm,

effect of CLM andR, is then given by (16c). and secondarilyAcp = 0, Nyg = 10%* cm™3, S = 120 nm,
_ Usat = 8 X 10% cm/s, andV,, = 3 x 10*° cm™2.
F. Edge- and Diode-Leakage Current The principall-V sweep that is required is the linefr—V,

Since the experimental data of our STI wafer exhibit signifurve (atvuo andV,) for each device. From these curvisear
icant edge-leakage current, a novel approach to modeling dRegshold voltagg}so) is extracted based on the maximuym-
extractingl... is developed. We first rename our developgd definition, and the correspondiregitical drain current(Z.i; =
model asl,,,.s for the main MOS current. Knowing the fact thatldas) at Vs = Vio is interpolated (i.e., “measured”) for each
edge-leakage currentin STl structures is due to the parallel pa#gvice. The threshold voltage based on the;f@V;o" defini-
sitic MOSFET along the edge of the channel [13], it is assum&@n [19] includes the effects of mobility and series resistance at
that I, should have the same length and bias dependencles = it [18], which is a key to the success of the model. In
as the main MOSFET but with a different channel widtf.¢) ~ Principle, all other required; data are “point measurements,”

and a scaled threshold voltageqV;), as modeled by the samel-€., one pair of{, V) data, similar to constant—current method.
completel,,os model After I..;;@Vio determination, the required measurement data

and the sequence of parameter extraction are described as fol-
Iedge = Imos(W607 gUO‘/t) (193.) lows.
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1.2 proven to be simple and efficient, which gives a bias-
0 2:1,¢,B,x, (0) R A independenL. thatis supposed to be closelig,.
$ 40 27 | since i_t is extracted aty, = Vi (i.e., zero gate
; ] Voo =-16| O overdrive). _
5 Step 4) At eactL(‘l;a(“zl: Blas;ed avd?/: gd a}debS =IVbo,
2 0.8 _ measure Vi( Ldrawn = gs ds = crit.
g | el b Fit Vi = f(Lasawn; New 00 A, @, 5, 1) to the
> 056 . v o Vi(Vaa, Vio) — Larawn data to extract the first set
S Vgg=25 — » of the DIBL parameterss(, ¢').
2 Vgo=0.1 Step 5) At eachlg,,wn: Biased atVy, = Vyg and Vi,s =
‘l.E‘ 0.4 1 v 4s,¢ O 1: Ney, 0y Vob, measureVy(Lavawn) = Ve @ Las = Iovit.
Vag=25 Symbol: Measurement Fit Vi = f(Larawn; Nen, o, A, o, 3, 5) to the
0.2 L'"e-"M°de' ' Vi(Vaa, Vi) — Larawn data to extract the second
0.1 1 10 set of the DIBL parameter&”, '), which com-
Drawn Gate Length, Lyaun (M) pletes extraction of th&j,;-dependent in (2¢):
So=108; 6.=(8"-8)/Vin, (2d)
Fig. 1. Measured (symbols) and modeled (lin&%}-La,awn CUrves at the
indicated bias conditions showing the 5-si€épand L., parameter-extraction and in (4f):
procedure.
vo=¢"s 1=(¢" —¢)/Vin (49)

A. Threshold Voltage and Effective Channel Length and, hence, the completé model.

Threshold voltage is the most sensitive parameter ofyan
model, whose formulation and extraction are independent Bf Mobility

mobility and series resistance based on Budefinition. Our Vertical-field mobility (110) should be determined at long

Vi model attempts to build in all major SCEs and RSCES Witth4nel in linear mode aftéf, characterization. This is shown
its 11 fitting parametersVey, ¢m, A, o, 3, ko, K1, b0, 61, Yo,

and ; together with the. . parametery. The extraction fol-
lows a five-step procedure, as illustrated (with real data) in Fig. 1
and detailed below.

Step 1) At the longest gatk,.: Biased atV;; = V9, mea-
sureV; (Vi) = Vi @ 1ys = I for afew values of
Vis. Fitthe long-channél;, = f(Vi,) to theV; — Vi,
data to extract the channel-doping paramebéy,j
and workfunction§,,), which are then fixed. Values
of all other parameters are irrelevant and set to zero.
Step 2) At eachly.wn: Biased atVy; = Vo andVy,s =
Visbss measure‘/t(Ldrawn) = ‘/gs @ lys = Ieig.
With a few trial values ofr (ranging, for example, c. Bulk Charge

from 0.5 to 1), fitV; = f(Larawn; Nen) to the , , .
Vi(Vios Vi) — Latzawn data to extract the parame- With the fixedp from step 6, bulk-charge effect is then char-

ters for charge-sharing\, barrier-lowering ), and acterized from long-channel device at high, where the effect
RSCE(3, #'). Values of'Ehe DIBL parametéﬁ’@and is most pronounced, as shown in Fig. 2 by the solid squares.

¢ are set to zero and to be fine-tuned in step 4. The Stép 7) At the longest gate..: Biased atys = Vaa and

in Fig. 2 by the solid circles.

Step 6) At the longest gaté..,: Use the measured;s —
Vas (@Vao, Vio) data (forVy, > V). Fit Iy, =
f(Vas; V) to thely, — V. data to extract the mo-
bility parametersg:, w2, 13), which are then fixed.
At long channel and low, bulk charge, series re-
sistance, and CLM are negligible, hence, the long-
channelly,o (with ¢ = 1) can be used. This step has
the most parameter dependency among all the steps.
The formulation as a ratio (7a) helps to reduce cor-
relation in nonlinear regression [10].

V, equation has good properties in nonlinear regres- Vis = Vi, measurelys — Vg, (for Vs > V3). Fit
sion for any practicaV; — Leyawn data [9]. las = f(Vgs; Vi, o) to thely — Vi, datato extract
Step 3) Fromthe extractddo(Vao, Vio) — Larawn data: For the bulk-charge parametef)( which is then fixed.

each value of as well as the extracted ( «, 3) in

step 2, fitV, = f(Larawn; Nens 0, A, «, 3) to ex-

tracts’’. The bestparameterset (), «, 3, x’)isse- Once the mobility (o) and bulk-charge factot4;) are char-

lected with minimum error in alV; (L4..wa) Values acterized, they are extended to short-channel devices. Series re-

in the extraction of:”, and fix the extracted in (5d) ~sistance {.q) is then extracted from short channel in linear
mode, as shown in Fig. 2 by the solid triangles.

D. Series Resistance

ko =k"; k1= (K —K")/Vip. (5e) Step 8) At the shortest gate,: Use the measuredy, —
Ves (@Vao, Vio) data (forVy, > Vi), Fit Iys =
Steps 2 and 3 are the only steps involving the concept F(Vasi Vi, o, Ay) tothel s — Vi, data to extract the
of optimization, but it is done with a few trial values series resistance parametess ), which are then

and one iteration. This novélg extraction has been fixed. In linear mode, CLM is unimportant, o= 0.



ZHOU AND LIM: UNIFIED MOSFET COMPACT I-V MODEL 893

70 (Vo ), which is then fixed. At this condition, edge-
Symbol: Measurement s15} 05 and diode-leakage currents are negligible (third
o _ order), thusJ¥., andI,, can be set to zero.
< 50 04 %
= ko=02 10l o G. Edge- and Diode-Leakage Current
5 40 ] Vo =01 08 2
£ 3 V"°f° — T After the complete MOS current has been characterized,
g 1 M \'7 2‘25 o5 1 02 § edge-leakage current in STI structures is extracted at the
© 204 Vig=0 . ©  condition when itis most pronounced, i.e., when the main MOS
T 4o L=10 ®7:C 04 ® 14 is much smaller thatfi.qe.. The real data for this excellent
e ] Vao =0.1 0.0 ] 8 example of extraction (i.e., extrat,, which is embedded in
0 “W;lﬂ,uz’ " vy [ 00 145) is shown in Fig. 3 by the solid triangles.
0.0 05 10 15 20 25 n Step 11)LAt ‘t/he cor:jd|‘t;on. wher, IS] maX|mVum (()l.e.,
Gate Voltage, Viq (V) m; Vao, and Vi,): measurely, — Vi,. One
simple nonlinear regression is used to fit
Ids = Imos(vvgs; Vvta Ho, Ab, dea VAeﬂa Vvoff)
Fig. 2. Measured (symbols) and modeled (lineg)-V,, characteristics at the +ImOS(VgS; cwoVi, Weo)  +laicae(ds0) to  the
indicated length and bias conditions showing the A., andR.4 parameter- lo ‘(I ) — V,, data to extract the edge-leakage
extraction procedure. Bllds 88 -
(sv0, Weo) and diode-leakag€l;) parameters.
In summary, to extract the 23 parameters used in the model,
. assumingV devices of varying gate lengths on the same wafer,

10% 1@ 10 only (N +3) I-V sweeps plug4N +2) point (I, V) measure-

103 | ments for the variou$}s andly.,; are needed. This compares
< 104 | favorably with BSIM3v3 [1], [27], which requires a minimum
8 of 18 I-V sweeps (three devices, each at six different bias con-

- 5 "
g 10 ditions).
E 10° 4
O o7l IV. EMPIRICAL PROCESSCORRELATION
(=
@ 10 One major objective and application of the developed model
o ] ¥ 1:5,0, Weor lsp 0.4 1 0 is for empirical process correlation, which has been demon-
10° 1 Symbol: Measurement Larawn (0m) strated previously [9], [24]. In Section I, our model is extracted

1010 __Line: Model , , based on data from wafer #15, which ha$aimplant dose

0.0 0.5 1.0 15 20 25  of ® = 2.5 x 10'? cm—2. We have measurement data from a
Gate Voltage, Vg, (V) split-lot with only ® varied as 0, 1, andlx 10'2 cm~2 for wafers

#17,#18, and #19, respectively. There are 17 sites on each wafer
from which E-test data have been measured. In this section, we

Fig. 3. Measured (symbols) and modeled (lingg) — V. characteristics at present the prediction of our model withas input on threshold

the indicated length and bias conditions (inset shéws, — Larawn) Showing

the Viaetr. Vorr, andl.ug. parameter-extraction procedure. voltage, on-state saturation curreit,(), and off-state leakage
current (g), compared to the averaged values from those 17
E. Channel-Length Modulation sites. The original measured data have been presented in [9],

24].
CLM is next characterized from saturation currents for all By extracting thé/; model parametefV.y,, of wafers #17 and
gate-length devices, which is shown in the inset of Fig. 3. 419 from its long-channel (1pm) V,(V;,.) data, a one-to-one
Step 9) At eachLy,..wn: Biased atVy, = Vi = Vaa  correlation of N, to @ has been found [9]:
and Vi,s = Vi, measure yeai (Larawn)- Fit Los =

f(Ldrawn; ‘/tv Ho, Aln de) to the Idsat - Ldrawn NCh = 1.426 x 1017 + 7.231 x 104(1) (Cm_g) (20)
data to extract the CLM parametg) for the effec- o ., o _ i _
tive Early voltage, which is then fixed. Where<1> is in cm7, and it is plotted in the inset of Fig. 4.
Without using any other measurement data from wafers #17
E. Subthreshold Current and #19 (and none from wafer #18), excellent prediction of our

. model (with L4, .wn and® as inputs) to the (average) measured
After characterizing the turn-on current, subthreshold curre > andI,,,, are shown in Figs. 4 and 5, respectively.

is then extracted, which is second order compared to the turn-on- Is prediction, increase Mg due toV; roll-off at

current and, hence, it will not influence what has been Charé}fécreasinng should be equally-well modeled by the

terized. This is shown in I?i.g. 3 by the 59'id circl.es. . V: model correlated t@ by (20). However, since our diode-
Step10) At the condition wher¥; is minimum (i.e., |eakage modeling is too simple, long-chanfigl data from the

Lo, Vaa, and Vo). measurely. — Vie. Fit los = four wafers are taken to formulate an empirical relatign— @
f(‘/gsy ‘/tv Ho, Aln de7 VAeH) to thelog(-[ds)_‘/gs

data to extract the subthreshold-current parameter Is0 = 1/(0.07 + 0.3526®) (pA/pm) (21)
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0.8 —_ V=0, Vys=25V (Vps =0)
Nep, = 1.426x1 07 + 7.231x10% Symbol: Measurement (average) E:. 107 & ds bs 15
pabls :
__ 07 g o ne: Model 2 100 ] v . leo = 1/(0.07 + 0.3526®)
2 0.6 = E:_ 10 | e #159=25
> 0 5 #7:®=0
> —? 10° 4 %_ MET -
o 05 4 £ o =~ 5 o #HBEO=1
8 at: 104 4 2 —— 1o Model
S 04 - =] ]
S 04 O 10° ] . : : '
o) e 1 4
s 03 T 5 o #15:0=25 2 102 ] OV é __23
< 5§ 4 v #17:9=0 & ® (105 cm ™)
Q 0.2 ~ 3 m #H9:d=4 o
£ =) » * :18:@:1 2 101 ] > N
z 4 —— N¢n Model
= 0.1 {Vy =01V 5 1) ° % 100 fgo =
=z 1+ s i
(Vps =0) 0 1 2 3 4&(10%em? @ X g )
0.0 . — = 10 Symbol: Measurement (average), Line: Model
0.1 1 10 O o4 ) 10

Drawn Gate Length, Lz, (1m) Drawn Gate Length, Ly un (1m)

Fig. 4. Threshold voltage prediction of the model (lines) on the four wafef§g. 6. Leakage current prediction of the model (lines) on the four wafers
with differentV;-implant doseP shown by the average from 17 sites (symbols)symbols) in Fig. 4 using the sanié — @& empirical model together with a

through a simple correlation of the long-channel param¥tgrto ® (inset). simpleI.o — & correlation (inset).
10° 15 Symbol: Measurement L=02
=V, = = Vgs=25V - =0.2pum
= Vgs = Vs =25V (Vs = 0) : vg: =2v | Cross: Without CLM (£ = 0)
1S Symbol: Measurement (average) o Vgs=15V | Line: With CLM (£ = 0.16)
éj Line: Model z o Vgs=1V .
~ g 10 4 (Vps =0} e TTITTTIIET IO b+t btretss
c 9 _o®
S 5
£ o N s cssvee
= AN NN A S EY - L —" 5>
S 102 o -
5 5
3 [ I ™ N ———
© ] 12 -2 c 54  FF  _ oopogngoonoooopodfQusd
S (Dose @: 10'“cm™) ‘& | ¥ _peestd
-—— j o
=3
g S Wreno ° 0H0000RI0PRPEPOR0RE0RI0E0000
® O M9 d=4 5660
[75] o #8:d=1 o0 A (W =20 um)
. T - T
10 ' ' 0.0 0.5 1.0 15 2.0 25
0.1 1 10

Drain Voltage, V4 (V
Drawn Gate Length, L, (0M) ge, Vys (V)

Fig.7. Modeled;— Vs characteristics with (solid lines) or without (crosses)
Fig. 5. Saturation current prediction of the model (lines) on the four wafef3LM for the 0.2 m device compared to the measurement data (symbols).
(symbols) in Fig. 4 using the sani¢@ — ® correlation.

Fig. 7 shows the modeleld; — Vs curves with two values of
where® is in 102 cm~2, which is shown in the inset of Fig. 6. = 0 (crosses) ang = 0.16 (solid lines) for the 0.2:m device
Using (20) and (21) witl® as input, our model prediction to thecompared to the measurement data (symbols). Vigherd (no
measuredos — Larawn iS quite well, as shown in Fig. 6. CLM), the small finite drain conductance in saturation is due

The excellent prediction of our model with a very simpld® inclusion of the bulk-charge current. It can be seen that the
process correlation is the result of the correct physics that Has-dependent’s.; model (see [12, Fig. 5]) can predict CLM
been built into the model. This approach, combined with a canéery well.
fully designed wafer split, can be very efficient and useful in Fig- 8 compares the ned,, model (18d) befordeqge ex-

reducing experimenta| wafer Sp“t_'ot traCtion (dOtted |ineS), Wh|Ch iS f|tted to theg(-[d';) - vas (@
Vaq) data (triangles), with the BSIM expression (17a) (crosses),

which is fitted to thdog(/qs) — Vis (@ Vao) data (circles), with
separate extraction df,y (after the same turn-on current ex-
Besides the presented unique approach to CM formulatitraction). For the BSIM expression, a thermal voltégg, ) has

through effective transformation, we proposed three newbe added t&.5 [1], [27]in order to get the correct slope, but
models: CLM (withV.4.¢), subthreshold modeling (with,,), the extracted, s = —0.1744 V fails to predict the data well at
and edge-leakage prediction. These results will be presentegh V., asitis only valid at low/ [1], [27]. Our new model,

in this section. Other sample results based on the same mduakever, can easily fit the data with the correct slope at kigh
have been presented in [24]. (in Step 10) when edge leakage is negligible, and further extract

V. RESULTS AND DISCUSSION
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102 10 bol: M t
= 'mboi: Measuremen
jos || © veszoav L=0.2 pm Y o Dot Mode
< 10*- <
2 2 10
— -5 S
= 10 °
S 10¢ &
3 3
= 107 % 10° § 02um = Ly =034 pum
£ 7. >
o 1084 - Symbol: Measurement e [Vds=01V| o
" Dotted Line: New Vo Model (before lgqge extraction) I Bvieke M B Ty
10 3 Solid Line: New Vg4 Model (after lggqe extraction) | 1| Vds =25V { ovoree (Vie = 0) ¢
° Cross: BSIM Ve + Vi, Model (fitted to Iyg @ Vo data) 10 . — k7 ,
10 oo o 1o 0.0 05 10 5 2.0 25

Gate Voltage, V (V)
Gate Voltage, V4 (V) gs

Fig. 10. Measured (symbols) and modeled (lineg)./las — Vi
Fig. 8. Subthresholdbg(7y,) — V,. characteristics of the neW;,, model characteristics in linear and saturation mode for two devices.
before (dotted lines) and after (solid linds),. extraction, and compared with
the BSIM V. expression (crosses).

saturation regions, which demonstrates smoothness of our one-
region model.

Symbol: M Line: Model, Cross: BSIM .

o e SYmbon Hessuremert, Jnor Hof, o5 So far, our model does not include many effects, such as

w0l s narrow channel, substrate and gate leakage, poly depletion,
Z 10— z quantum effects, etc., which can and will be formulated fol-
£ qo2] £ lowing the same approach.
3 qos] 3 With the separation of process and physical parameters, de-
*q:‘; 104 E  vice performance fluctuations due to statistical process varia-
t 103, £ tions can be studied following the approach in [25]. For ex-
L:) 100 4, 8744 LC’ ample, after process-dependent fitting parameters have been ex-
g 1074, + 1 “D& tracted and fixedy;, I,,,, and g fluctuations can be related

LS FSJOvE Y sl to variations intox, z;, Acp, S, etc., which, in turn, are due to

‘ofo' il die 2.7\,, Vg =25v[ © process variations. This further research will be carried out as a

R Y 7 e 20 e novel application of the developed model.

Gate Voltage, Vg (V) The model has been formulated and demonstrated with

NMOSFETSs. A direct application of the model following the
_ - described extraction has been applied to the pMOSFETSs on the
Fig. 9. Pred|<_:t|on of the Iength—depe_ndent _subthreshold and edge—leaka%e . )
current (left axis) and turn-on current (right axis) of our one-redignmodel same wafer (#15), which demonstrated equally-well accuracy.
(lines) on the measurement data (symbols) for five devices, and compared tae model has been automated and can be applied to automatic
the BSIM3v3 prediction (crosses). wafer test systems as a quick and reliable aid to technology de-
velopers, at least in the 0.28m regime. This unified compact
Leqge at highV; (in Step 11), which has little influence on thelas model has been namedésim, which will be implemented
extracted subthreshold slope at I3, as shown by the solid in the mixed-mode circuit simulator (Xsim) [26].
lines in Fig. 8.
The best prpo_f of validity and accuracy of our mode_l is the VI. CONCLUSION
excellent prediction of the edge-leakage currents at various gate
lengths and biases. A sample result is shown in Fig. 9 (solidin conclusion, a unified one-regiah;s equation for DSM
lines) in whichnoneof the data (symbols) has been used in pMOSFETs has been developed and verified through physics-
rameter extraction. Also shown (crosses) as a comparison based effective transformation. The novelty lies behind the
the BSIM3v3 results whose parameters are extracted automplilosophy of one-iteration parameter extraction, which
cally by BSIMPro usingll (200 sets) of the available-V' data. follows a prioritized sequence for extracting the parameters
Excellent predictions of thi,;-dependent subthreshold currenbeing modeled at the condition when their effect is most
(“hump”) at fixed gate length have also been obtained, one fonounced, with process-dependent parameters fitted to the
which was reported in [24], which further validates our unifietheasured terminaly, data with assumed average physical
model and the approach to STI current modeling. This is bparameters. The simple form of the formulated equations is a
lieved to be the first one-region CM for STI edge-leakage curesult of building SCEs into long-channel models, resulting in
rent, which has only two fitting parameters and one extractioa.true single-piecé,; model for all gate lengths (no binning).
Due to length limitation, we show in Fig. 10 one sample resullevelopment of technology-dependent CMs for circuit-level
of the g,,/14s VersusV, curves for two devices in linear andsimulation becomes one of the grand challenges for thg:1-
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technology node. The demonstrated approach in model formyzts]
lation and process correlation will prove to be extremely useful
for DSM technology modeling, process monitoring, as well agy7]
in bridging technology developers to circuit designers.
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