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Abstract—Sub-quarter micron MOSFET's and ring oscillators The paper is organized as follows. Section Il, Modeling
with 2.5-6 nm physical gate oxide thicknesses have been studiedand Characterization, is divided into four sub-sections to
at supply voltages of 1.5-3.3 Vla... can be accurately predicted  gise 55 the development of analytical equations of electron and

from a universal mobility model and a current model considering hol bilitv. the drai turati t load it
velocity saturation and parasitic series resistance. Gate delay and ole mobility, the drain saturation current, load capacitance,

the optimal gate oxide thickness were modeled and predicted. @nd propagation delay, respectively, with measurement data.
Optimal gate oxide thicknesses for different interconnect loading Section 11l illustrates the predictive capability of the new gate

are highlighted. delay model and its application in studying the impact of in-
terconnect loading effect on IC speed. Section IV summarizes

the results.
I. INTRODUCTION

ECHNOLOGY road map and strategic planning of future I

MOS device and IC performance has been in high
demand. SQ far there is no ywdely a_c_cepted tools or models Universal Mobility Model Solely Dependent
that can deliver such capability. Empirical SPICE models ¢

. . . . ‘/gsa ‘/t}Ll and Toac

only do well in curve fitting the devices already fabricate , _ o
and characterized. They are unreliable to predict future IC!thas been known that MOSFET's carrier mobility depends
performance with reasonable accuracy. Some physical copfl 9ate voltageV,,, body bias,V;,, gate oxide thickness,
pact models such as BSIM3\&Berkeley Sort-channelGFET 1oz, @and channel doping concentratiaN,,;. The universal
Model 3 version 3.0) [1] may be able to do so, but this i@epgndence c_an_be r_epresented by a_smgle.parameter, effective
yet to be confirmed. Even some two-dimensional (2-D) devidgrtical electric field in the MOSFET inversion layer [3]
simulators have had difficulty in makjng predictions. They are g — NQinv + Q )
even less trustworthy when evaluating IC speed. i T T e

This paper attempts to address this important issue. Predict- . .
ing CMOS ring oscillator (RO) propagation delaty, with where Q.nv and @, are the inversion and body charge den-

gate oxide and voltage scaling is the goal. To achieve tﬁ"'gies, respectivelye, is the relative permitivity of silicon

goal, analytical equations have been developed for 1) univert te;al, _andnt IS a d|mgns[[onlesst_tcop stanti Utnfortunately,
MOSFET inversion layer carrier mobility model solely ex- > £efs 1S NOt a convenient quantily to evaluate.
Based on this concept, a new universal mobility model,

ressed in terms df ,,, V;;, andT,,., 2) the resulting accurate
b g "th ) g solely based on commonplace parameters sucti,asV;;,

drain saturation current{;,.;, including effects of velocity
saturation, mobility degradation and LDD parasitic resistanc%ndvgs has been developed recently [2]. THey ; for NMOS

3) load capacitance’,, and 4) propagation delay of CMOSeIeCtronS and PMOS holes can be expressed as

. MODELING AND CHARACTERIZATION

RO, ¢,4. To confirm the new 4., andt,; models, sub-quarter Vs — Vin LV
micron CMOSFET’s and ring oscillators were fabricated with E..—C 2 e _ gow Vgs + Vin
gate oxide thicknesses of 2.5-5.9 nm and effective channel ff = om €s Tp 26
length down to 0.22um and were characterized at supply Vs +Vig @)
voltages from 1.5-3.3 V. It was shown that gate oxide and - 6T,
voltage scaling as well as interconnect loading effects @md
CMOS speed can be modeled and predicted. Qp
E Nﬁ—i_QbN‘/gs‘i‘l-‘s‘/th_a 3
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Fig. 1. E.rr = (Vys+Vin)/6To. is avery good substitute for the original
E.;y = (Qinv/2 + Qp)/es for NMOSFET. Fig. 2.  New carrier universal mobility model for both NMOS electrons and
PMOS holes are shown to fit experimental data of different technologies.
Wafers were fabricated in six different laboratories.

and buried channel PMOSFET with rpoly, respectively (and

a = 2.7 for nt-poly PMO_SFET without boron implantatit_)n).and buried channel PMOSFET’s observe the same universal

Fig. 1 shows the comparison between the two expressions,@fpility model except that a buried channel PMOSFET has

Ecppin (1) and (2).Qiny @and @, for (1) was obtained from the same mobility as a surface PMOSFET~a V lower

C-V measurement. . N V,s assuming the sam&,, and 7,, [2]. The closed form
Using the new expressions fdf s, new empirical MOS- expressions of carrier mobility degradation as a function of

FET carrier mobility equations similar to that of [4] is foundVgS’ Vin, and T,,, are the corner stones of analytichl,.:

as follows: model to be presented next.
540
TLVS7VL7TO$ = - is . .
Hn(Vgs, Vi ) . <E€ff>1~8° B. Drain Saturation Current/s.:
+ . .
0.9 Among all MOSFET parameters, saturation drain current
540 I,..+ has the strongest impact on circuit speed, therefore,
= T8 4) . . .
Vs + Vi \ V% it is one of the most important device parameters. Yet, the
1 Tsar. following poor approximation forl,,, has been used by
o people in many circumstances to analyze or even to predict
for NMOS electrons and the effect of 7., L.;;, and V4 because no analyticdl,q:
185 model for deep sub-micron MOSFET'’s was available:
Np(‘/gsa Vin, Toa;) = —Eff pl W
1+<€—r> T _ - eff Cox V.. -V, 2 6
0'4018’, dsat 2 Le,ff Heff Toq; ( gs th) ( )
J

v 1oV = (5) whereWeys, Lesy, Tow, €0y Vin, Vs, andpue sy are effective
< gs T+ r.o th a) channel width, length, gate oxide thickness, dielectric constant
75T 0s of silicon dioxide, threshold voltage, gate bias, and a constant
0.45 mobility, respectively. This basic textbook model is very
for holes, where the units fqr,,, E.s¢, Vs andVy,, and;, inadequate for today's MOSFET's because the effects of
are cni/(V - s), MV/cm, MV, and cm, respectively. For thevelocity saturation, short channel effect (e.d/' roll-off”),
first time, hole mobility for all types of PMOSFET’s was foundmobility degradation with the increased vertical channel field,
to observe the same universal mobility equation (5), with ongnd source and drain series resistance of LDD structures,
a switch of ‘«.” Ry = R,, were not considered in this long channel MOS
These expressions have been verified with measuremequation.
data taken from numerous MOSFET's fabricated in different An accuratel;,,; model for MOSFET has been developed
laboratories worldwide [2], as shown in Fig. 2. [5]. The mobility degradation is considered by the models
The mobility being modeled here in (4) and (5) is low1)—(5) discussed in part A above. To account for the short
lateral field mobility. Effect of drain bias is considered througbhannel effect of V};, roll-off,” the V};, used for this study
current modeling to be presented later. Measured mobility ase the measured values for each respective;. Now, the
obtained from measured inversion channel charge (integratia#locity saturation can be considered by the following equation
of split C,.—V,, curve) and the drain current in linear region[6]:
It has been shown that carrier mobility of both NMOSFET .
electrons and all types of PMOSFET holes can be predicted if Lasato =W 0sarCon(Vys = Vir = Vds;t)
physical and process parameters suctiigs V;,, andV,, are =Wus0:Cos Vs = Var) (7)
given. For the first time, it was found that holes of both surface Vos = Vin & EsarLe sy

14
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18 Symbols: M t datz 10— ‘ ‘
ymbols: Measurement data — V,=0.3V _
16 '\ Lines: Model g 0.9} v::d=1.sv z‘"__g";\\// V,=0.5V
v \ I R=200 Q-um 4 ° V,=3.3V
o 14 - 4 R.=300 Q-um  Yad
2 14 R W, 20um E osl ST 400 g
2 q2] T 1 o=29A ] - |
=7 ! AL=0.085um _8 0.7 _ l
® 100 T R7R,=360 c-um J g TSN 7, =6nm
T8 TN ] 8 08 T
e o = . 0xe= nm
: 6 AW ] g s T,,=5.50m
—= 4] 0.10 0.15 0.20 0.25 0.30 0.35
24 Loy (um)
%' Fig. 4. Predicted ., by the new model for current and future technologies

L. (um) as well as various power supply voltagé;;. The V;,, is fixed as constant
4 for the plot because for mature technologi®g, does not change much for

Fig. 3. Diving current prediction by new,,, model fits the measurement Wide range ofL. .
data well for NMOSFET's for wide range aof. ;; with 75, of 2.5 nm at

Vag from 1.5, 2, and 2.5 V. To get a general trend of future technology’s driving capa-
) ) bility, I4sqc versusL. ;s for fixed Vy;, and R, with different

where saturation veloCity,,, = 8 x 106.”“/5’ Vasar, @0d 7 " and power supply voltage are plotted in Fig. 4. For even

Esat = 2vsat/1ieyy are the drain saturation voltage and themaller L., < 0.1 um, velocity overshoot may start kicking

electric field corresponding to velocity saturation, respectively, and the accuracy of this model may need modification

The series resistance at the source efid, are typically accordingly. Fig. 4 illustrates that due to mobility degradation

300-50002-1:m. The effective gate biad§, — Vi) is reduced ang power supply voltage scalindy.: will remain at the

by IgsatRs ~ 0.210 0.3 10 Vs — Vip — Lasar Rs). Hence, the range of 0.6 to 0.8 mA/m in the future.

effect of B, becomes more severe at lowegy. To account o obtain a handy equation similar to (6) for quick evalua-

for the effect of R, on Iyq¢, (7) can be rewritten as tion of device and supply voltage scaling ég,.:, numerous

(Vgs = Vin — TysatRs)? 8 simulation for different conditions using the new accutgtg:

Vys — Vi — LusatRs + EsarLe sy () model has been carried out. It was found that the following

empirical equation is a good approximation 1Qg,; projection

for deep sub-micron MOSFETSs:

Idsat = stat Coac

Solving the quadratic equation fadiy,,:, we obtain [5] as
shown in (9), at the bottom of the page, whéie= (V,, —

Vir)+ EsatLe f . The first order Taylor expansion of (9) leads Lisat = k(R L1505 (Vgs — Vi) (12)
to the following approximation fotsq: (£ ): Comparing (6) and (11) for deep sub-micron and long channel
Igsat(Rs) = Lasato (10) MOSFET’s, respectively, it shows that scale dowpy, or
AT 1 _ 2asato B LasatoRs increasel,, or V4 for deep sub-micron MOSFET’s will gain
Vos = Vi Vs = Vin + EsarLeyy less than the long channel case due to velocity saturation.

where I i = Igsat(Rs = 0) is given by (7). Fig. 3 shows Similar conclusion can be drawn for scaling do@h. due
that the model fits measurement data well for wide range § mobility degradation. Equation (11) also indicates that if

L.s; and V. More verifications of thisl .., model with Less: Tow, and ¥gs — Viz) all scale together with the same
measurement data can be found in [5] and [7]. factor, I4.,; will remain about the same magnitude because

It should be noted that to compare this né,; model the_scgling factor_of these thre_e major parameters cancel out,
with the measurement data of thin gate oxide MOSFET'&S indicated by Fig. 4, to the first order. S
electrical measured gate oxide thickne§s,., instead of !N summary, MOSFET performance with device size and
physical thickness normally monitored by optical measuremefft!tage scaling can be predicted by this né&w,, model. The
or other physical characterizations such as tunneling curréigcussion has been limited for t,he NMOSFET case. Similar
method, should be used. Further discussions on this topic é’&?\rk can _be done for PMOS_FET s as well. A handy equation
be found in the Appendix of this paper and [7] and [8]. Th& conveniently evaluate scaling impactiafy s, Toa, Vys, and
L.ss is determined by the conventional textbook method dgn ON Luser has been given in (11).
described in [9]. Threshold voltagé;, used here was defined ) o )
and characterized as the linear extrapolationZgf versus C- Experimental Characterization of Load Capacitancg,

Vys for small Vy, for relatively long MOSFET’s. For smaller To analytically evaluate CMOS gate propagation delay,
MOSFET's, constant currerit;;, method is recommended init is necessary to develop a closed-form equation of load
order to consider drain induced barrier lowering (DIBL) ocapacitance;’r. This section proposes a simlg expression
other short channel effects dr,. for CMOS ring oscillator propagation delas.f) calculation as

I _ [Vl + 2(Vgs - Vth)RSWUSatCoaz] - \/Vl2 + 4(Vgs - Vth)RsEsatLeffWUS"’tcox
dsat = Q(RS + statCOJCRg)

9)
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Fig. 5. SPICE simulation (device model is BSIM3v3) shows that 3.7. VT e
ox \CM

well as the experimental methods to characterize this propo$éd 6. SPICE simulation (device model is BSIM3v3) yields that= 1.5.
CL expression.

. . . -13
The load capacitance of CMOS ring oscillator can be 5x10 T aon
expressed a¥,.-related and norf,, -related capacitances as ~ ~
follows: 4x107°1 42n

CL201+ +Cintzcl+a

oxeff ozef f
where C;,,; represents interconnect capacitand¢y, ., or
a(W Le,./T,zcpy) represents gate oxide related capacitance
such as gate to channel oxide and gate-to-source or drain |
overlap capacitance where the facta” ‘is a Miller-effect Symbols: measurement data
constant to be determined;,,. is the oxide thickness deter- Lines: fnoarfit |,
mined by C-V technique and is discussed in the Appendix ! 2 3 4
at the end of this paper(; represents the remainder of Vaa V)
capacitance, presumably the junction capacitaffeand L  Fig. 7. The slope of each curve yield¥, corresponding to each, ..
are gate width and length of MOSFET, respectively. Value o . -
constant ¢” should be larger than unity due to Miller effectSTfOpe %f such ﬁ ;)l!ot ylgldé?L,has sfhown ";1 Fig. 7. ;—he s:ope
and fringing capacitance. Once the values @f and C; are g e;CainSsttra:lLlig t :Sesﬁ(')\cveﬁ itn Ié;f %r tehaecsg(i)geé Ink?(r;lsp QIEhe
known for the unloaded ring oscillator, (12) can be substitutesﬁié 9 ore g.8( y ):

. . . : pe and Y-intercept of Fig. 8 yield," and Cy, respectively,
into the following equation to calculate the propagation del&d . oy . .
of CMOS ring oscillator ¢4 [10]; achordmg to (12), iiC;,.; can be ignored for the unloaded ring

oscillators. The measurement data for the particular set of
_ CpVy 1 1 13 wafers presented in this paper yields tkdat = 18.3 fF and
= T " Tooom (13 4 =137 0ra = 283 (fF-nm) [7].
o . . The other experimental method to charactezeand “a”
where *” is a constant which can be determined by SPICE measure the dynamic currehy, and oscillating frequency

simulations. Fig. 5 shows the simulation result of = : . . :
: g of a ring oscillator at different supply volta . Accordin
3.7 for CMOS ring oscillator of fan-out equals to one. Th?o [11],9 PRYY 9614 9

device model of the simulation was BSIM3v3 with parameters
extracted from a typical 0.35:m technology wafer. The L zkaLVddzkf<01+
external load capacitanag,, for each stage of ring oscillator
is varied to gett,q. Simulations with different technologies i is taken to be “1” here because normally the spike (short-
andV,, other than 3.3 V resulted in similar n value. 80= " circuit) current is negligible)C; can be obtained from the
3.7 is relativelyVyy and process independent. slope of the plotlyy/f versusVyy. Then plotCy, against
To determine &,” again SPICE simulation can help. The1/7,,.. “C,” and “a” can be determined from the Y-intercept
T,. in the model card of SPICE input deck was variecand the slope of the straight line as shown in Fig. 8 (open
For each gate oxide thicknesE,., simulation results of the symbol). So two independent methods yield almost the same
following three quantitiest,q, ldsatn, aNd lysqi, Were read. C; anda in (12). Further discussions on the two experimental
ThenCr, = 3.7t,4/[(1/Lgsatn + 1/14satp)Vaa] Versusl,, is characterizations o7, can be found in [12].
plotted as shown in Fig. 6. The slope of this linear plots yields The value of 4" experimentally characterized is close
a =14 forn = 3.7. to the value obtained by SPICE simulation. It should be
To experimentally findC; and “a,” one method is that noted that the wafers of above characterizatiotCgfis C,..
for each gate oxide thickness, measure ring oscillatotfominated. For junction dominated casg, is moreV,, and
tpds Lasarn, andlysqy, at differentVq. When the measurementprocess dependent. More accurate characterizatiof'01is
datantpq/(1/1dsatn + 1/1dsatp) iS plotted against/yy, the an undergoing research.

tpa
P n

A ) Vad (14)

oxre
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Fig. 8. Two independent ways to experimentally charactefizeachieves
close resultCy, = 18+ 283/l,.. (nm) for this particular set of wafers.
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Fig. 9. Thet,; predicted by the new analytical gate delay model fits the 0 52 420"
measurement data well for physical gate oxide thicknesses from 2.5 to 5.9 nm = g
at voltages of 1.5, 2, 2.5, and 3.3 V. The crossovers indicate the existence of E 81 138
optimal gate oxide as shown in Fig. 10. g 441 2 )°>
D. Analytical Propagation Delay Equation 00 01 ) °(-2 )0-3 04
o (UM

and Its Experimental Confirmation

SubstitutingCy, calculated from (12) witha = 1.37 or Fig. 11. Optimall,,.. versusL. at'povyer sgpply voltages of 1.5, 2, and
A = 283 (fF-nm),C, = 18.3 (fF) andC;,; = O into (13), 2.5V for the CMOS ring oscillator wittC;,,; = O.
t,q4 can be predicted for variod&,q., Lesy, Vin, Rs, andVyy. _ _ _ )
The prediction made by this model and the measurement d@f§2 of an inverter, i.e., giverii, + W), a smaller width
are compared in Fig. 9. It shows that accurate prediction &0 Wp/Wn ~ \/Ju/Jp ~ 1.4 minimizest,q.
CMOS speed can be made for a wide range of power supply-ig- 10 shows the prediction for various gate oxide thick-
voltages from 1.5-3.3 V for a wide variation of (physical) gatBesses, supply voltages and threshold voltages, etc. If we
oxide thickness from 2.5-5.9 nm. The crossover of curv@§sume that the oxide reliability limit i5,, <5 MV/cm (the
corresponding differentl,, indicates that there exists andotted contour lines in Fig. 10), it can be seen that minimum
optimal gate oxide thickness for givény,, L.y, andVyg, as tpd MY be reached at a thlcl_@tx than rel'lab|l|ty aIIows..
also experimentally observed in [13]. The existence of optimal Fig- 11 shows how the optimdl,... for different effective
T,. can be understood because two competing processes@@nel lengthZ. s, change with supply voltage. For lower
involved when(,,, is reduced: the increase in channel charg&UPPly voltage, optimal’,, becomes less sensitive to channel
Qins X oz /Tya, is insufficient to compensate for the decread@ngth variation.
in mobility and the increase in gate oxide related capacitance,

A/Toze. B. Interconnect Loading Effects dpq

[ll. PREDICTION AND INTERCONNECTLOADING EFFECT So far, only propagation delay,q, of unloaded CMOS ring
oscillators has been studied. In real integrated circuits, partic-
ularly for the sub-quarter micron technologies, interconnect
capacitance(;,;, can not always be ignored [14].

The experimental confirmation of the gate delay model givesAs mentioned in Section 1I-C above, for the CMOS ring
us confidence to make some projection of CMOS IC speed.drcillators fabricated for this particular study,, = 5 um,
next two prediction plots, we usi,/W, = 1.4/1 although W}, = 10 pm, drawn channel length = 0.4 um, physical
it is common to useW,/W, = J,/J, = 2, whereJ, gate oxide thickness[,,, of 2.5-5.9 nm and different},
and J, are thel,,,: per unit width for N- and P-MOSFET, resulted from differentZ;,, (universalV;;, ion implant was
respectively. It can be easily shown that for the given totaked for allZ,, wafer splits), the load capacitan€e, has

A. Projection of Future IC Speed With Gate
Oxide and Voltage Scaling
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Rt TABLE |
g Leﬂ_=°-3um R, =4500-um GATE OXIDE THICKNESS, 15, CHARACTERIZED BY THREE DIFFERENT METHODS
T 681 4
E 641 b V,=3.3V,V,=0.5V | Wafer #1  Wafer #2 Wafer #3 Wafer #4
c L=0.23um
£ .
% 60+ \.\ 1 Process target (&) 25 35 45 60
Ke) § N
< 56qL-019um s‘. 1 Optical (&) 25 36 47 58
& 1 2 ~ j
E 52 |t z010um E Physical (tunneling current) (&)  25.8 365 455 57
5 484 Tea V,F25V,V,=05v
E T T Electrical (C-V) (&) 29 42 52 65
a 44 L,=0.tum ¥ ,1'?\.\
o) i
40 V, =15V, V,=0.4V
0 8 16 24 32 40 (thicker 7,..). To discern the difference between the t#g,
Ratio of C, /C,, thicknessesy,,,, and7,,. are used to denote the physical and

electrical oxide thickness, respectively. Thus, the electrical
thickness should be used in all equationsigf.:, Cr, and
been measured as: tpq, IN Order to match the measurdgl,, as shown in Fig. 3.

A 283 Furthermore,V,, in (7)—(10) needs to be reduced by the
Cro (F) = C1 + Tove 18.3+ Tove (nm). (15) polysilicon deéletion voltage:
For the loaded ring oscillators, the load capacitance for the g2 E?
loaded ring oscillator(;,, can be expressed as as follows: Vpotydep = m

Cr (fF) = Cro + Cine. (16) where E,,, ¢ = 1.6 x 1071° C, and N,,;, are vertical
When 7, is varied, the percentage of gate oxide thicknegdectric field in the MOSFET gate oxide, Coulomb charge
related capacitance(,,, over the whole load capacitance©f electron, and effective doping concentration of polysilicon
Cy, is varied. For different interconnect loading, the optimaate, respectively. The effective gate bid§,.;;, becomes
gate oxide thickness is different. For heavier interconneldt’]:

Fig. 12. Optimal7,.. as a function of differenC;,+, Vgq, and L. 5y.

17)

loading, thinner gate oxide thickness should be chosen. This qes Npoty T2
X ) N . V _ V + 2¢ + poty-Lox
can be more effectively illustrated by Fig. 12. The window for gseff = Vb b €2
optimal 7,,.. is also narrower for heavier interconnect loading 5
case [15]. For higher power supply voltage, optinial, 1 265, (Vs _Vf";%b) (18)
changes faster (or is more sensitive) withy ; than the lower 4€85s Npoty T3,

Vaa case. For further discussion on the impact of interconngghere Vi, and ¢, are flat-band voltage and substrate body
loading effect on CMOS performance, please refer to [15]. Fermi potential, respectively. This effectively increase the
gate oxide thickness due to the polysilicon depletion effect,
Thotydep. Alternatively, T,,. used in previous equations is

Iy454: and CMOS ring oscillator gate delay can be accdurther increased by the polysilicon depletion layer thickness
rately modeled and predicted. This experimentally confirmefivided by 3,

IV. CONCLUSIONS

accurate model is a new tool to optimiZg,,;, CMOS gate inversion layer centroid Tporydep

speed, and to predict their dependenciesbn Vin, Vaa, L, Tove = Tor + 3 s (19)

and capacitance loading. The factor “1/3” in the second and third term on the right
APPENDIX hand side comes from the conversion from silicon thickness

] to silicon dioxide thickness because the ratio of their dielectric
It has been found that electric&-V measurement of,.,  constant is 1/3.

in the accumulation regime (i.el,, = -3 V, to avoid
poly-gate depletion) is consistently larger than the thickness
measured with the optical method. Such discrepancy between
the electrical and optical thicknesses resulted from the finiteThe authors thank Prof. P. K. Ko of Hong Kong University
thickness of the accumulation layer which is approximately the# Science and Technology, Dr. C. H. Wann of IBM, Dr. J.
same as the thickness of the inversion layer. Fowler—Nordheiduster and Dr. D. Sinitsky of UC Berkeley, Dr. D. Pramanik
tunneling current method originally presented in [16] waand Dr. S. Nariani of VLSI, T. Tanaka of Fujitsu, and M.
employed in this study to characteriZg, and the polysilicon Yoshida of Hitachi for their helpful discussions and help in
gate depletion. The results are listed in Table I. The polysilicgeneral.

depletion layer thickness and voltage may be modeled with a
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