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Abstract—A performance constrained minimum power-area a replacement for SiQis yet to be accepted [1], [2] and the
optimization is introduced to project the physical gate oxide time interval for integrating this replacement into a 2005 manu-
thickness(tox ) scaling limit from a circuit-level perspective. The facturing process is short, the importance of understanding the

circuit optimization is based on the recentphysical alpha-power N . . . L .
law MOSFET model that enables predictions of CMOS circuit scaling limit oftox is crucial to future integrated circuit designs.

performance for future generations of technology. The model is ~ Historically, the scaling limit oftox has been defined by
utilized to derive an equation for propagation delay including the equating the gate-tunneling current to the subthreshold drain-to-
transition time effect. A physical compact gate-tunneling current - source leakage current [5]-[8]. For example, assuming a sub-
model is also derived to analyze ultrathin oxide layers. Results threshold leakage current 6f1.0 nA/um, the oxide thickness

indicate that the gate-tunneling power issubstantially les§ <5%) . . .
than the drain-to-source leakage power at the oxide thickness “_m't occurs for 0.1um gate lengths at a tunneling current den-

required for optimum CMOS logic circuit performance. As tox  Sity of ~1.0 Alcm? [5]-[8]. This “rule of thumb,” however, is
is scaled below 3.0 nm, the MOSFET performance improvemenstrictly limited to a device perspective and does not consider the

resulting from ¢ox scaling diminishes due to an increasing effectimpact on circuit behavior. Using a previously deriyed/sical

of the polysilicon gate depletion depth on the electrical Eﬁemivealpha—power law MOSFET model along with a newly derived
oxide thickness. The gate-tunneling power, however, remains

exponentially dependent otox , thus resulting in an optimal value gate-tunnellng CurrenF mod_el, a per_fprmance constrained min-
of tox Where the gate-tunneling power is negligible in comparisonimum power-area optimization is utilized at a worst-case tem-

to the drain-to-source leakage poweThe scaling limit of tox is perature to quantify thégx scaling limit at a circuit level for
projected as 2.2, 1.9, and 1.4 nm for the 180, 150, and 100 nmfyture technology generations outlined by the ITRS [2].
technology generations, respectively. The circuit-level optimization is discussed in Section Il by
Index Terms—CMOS scaling, gate oxide thickness scaling, gate- first explaining the physical device and circuit models and then
tunneling current model, low power optimization, physical alpha- ytilizing these models to analyze a performance constrained

power law model, propagation delay model. minimum power-area optimization. In Section llI, the circuit
optimization of Section Il is employed to evaluate the gate

|. INTRODUCTION oxide thickness required for optimum CMOS logic circuit
performance. Finally, concluding statements are offered in

HE thickness of the silicon dioxide (SiPlayer between Section IV.
the gate electrode and the channel region of a MOSFET is
the smallest dimension in present-day silicon integrated circuits
[1]. Scaling of gate oxide thicknegsox) imposes one of the
most restrictive barriers to achieving future gigascale integrationCircuit- and system-level optimizations provide valuable in-
(GSI). The International Technology Roadmap for Semicondugight into maximizing the performance of future integrated cir-
tors (ITRS) [2] projects the thickness of an effectiyg to bein  Cuitdesigns based on a set of material, device, circuitand system
the range of 1.0-1.5 nm for the 100 nm technology generatigignstraints. Typically, these optimizations require many iter-
which is expected for the year 2005. The ITRS, however, etions because of the large number of variable combinations.
phasizes that there are currently “No Known Solutions” for thigircuit simulators such as HSPICE [9] provide accurate results
forecast. To achieve this aggressive scaling of effec¢tive the and are commonly utilized to verify a final design. Circuit sim-
ITRS assumes the development of new innovations such as\&tors, however, are costly in computation time and overall
placing SiQ with a high+ gate dielectric. This may be a validefficiency. Moreover, circuit simulators require a technology
assumption [3] since the semiconductor industry has overcoff@cess file that is based on a considerable number of empirical

many previous obstacles to maintain Moore’s Law [4]. Sindearameters. It is unclear how these empirical parameters scale
with technology, significantly limiting the simulator’s ability to
project future circuit performance. Thus, physical device and
Manuscript received December 20, 2000; revised February 27, 2001. Taiscuit models are required to enable expedient calculations of
work was supported by the Semiconductor Research Corporation and the B uit performance for future generations of technology.
fense Advanced Research Projects Agency. The review of this paper was ar- . . . . .
ranged by Editor G. Baccarani. The remainder of Section Il is divided into Sections II-A—E
K. A. Bowman, L. Wang, and J. D. Meindl are with the Georgiaas follows. Section II-A reviews thghysicalalpha-power law
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Fig. 1. PhysicalAlpha-Power Law MOSFET model.

model to derive an inverter propagation delay model. Sectibased alpha-power law MOSFET model [10]. Salient features
[I-C describes the physical gate-tunneling current model thait this new model include 1) extension into the subthreshold
enables projections of circuit performance for ultrathin oxideegion of operation, 2) the effects of vertical [13] and lateral
layers. Employing the models in Sections II-A—C, Section II-[P14] high field mobility degradation and velocity saturation,
discusses a generic critical path model including the necessang 3) threshold voltage roll-off [15]. The complgtlysical
equations to evaluate logic gate delay, power, and area. Finadlijgha-power law MOSFET model is provided in Fig. 1.

Section lI-E provides a thorough explanation of the performanceFig. 2 compares the model against HSPICE simulations [9]

constrained minimum power-area optimization. for a 0.25um (L = 0.20 zm) technology generation in the (a)
_ superthreshold regiod {, versusVps) and (b) subthreshold re-
A. Physical Alpha-Power Law MOSFET Model gion (I versusVas). Excellent agreement is demonstrated be-

The alpha-power law MOSFET model [11] is one of the modtveen thephysicalalpha-power law model and HSPICE simu-
widely utilized compact drain current models due to its simpl@tions. Fig. 3 demonstrates that the model is in good agreement
mathematical form and high degree of accuracy. The modiith measured data for submicron technology generations: (a)
has been used to derive many expressions for evaluating dir= 0.38 um [16] and (b)L = 0.18 pm [17]. Thephysical
cuit performance. Due to its empirical nature, however, se@lpha-power law model retains the simplicity of the original
eral key parameters of the model are measured values, whipha-power law model while providing a physical basis for the
largely precludes projections of circuit performance for futur@odel parameters that enables circuit performance projections
generations of technology. Moreover, the model does not det future generations of technology including on/off current in-
scribe the subthreshold region, thus prohibiting a thorough ant@tdependence for low power GSI.
ysis of on/off drain current tradeoffs. The low power transre-
gional MOSFET model [12] describes all regions of operatloﬁ
(subthreshold, triode, and saturation). The drain current equaThe CMOS inverter propagation delé¥>p) model is an ex-
tions are rigorously derived and provide insight into the physension of two previous model derivations [11], [18] that used
ical basis of MOSFET behavior. Therefore, the low power trathe square-law model [19] and the original alpha-power law
sregional model is an advantageous choice for predicting paredel [11], both of which include the input transition tif#&r)
formance of future technology generations and, in particulaffect. During a rising0V — Vpp) or falling Vpp — 0
for analyzing on/off drain current tradeoffs. The disadvantag8 input voltage(Vix) with a delay ofZr, Trp is the time re-
of the low power transregional model is its relatively compleguired fromViy = 0.5Vpp to Voyr = 0.5Vpp, whereVoyr
drain current equations. Coupling the alpha-power law and lag/the output voltage. The model analyzes the NFET drain cur-
power transregional models enables a new compact physiesat while neglecting the PFET drain current for a rising input

Inverter Propagation Delay Model
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Fig. 2. Verification of thePhysicalAlpha-Power Law Model against HSPICE simulations for{g)versusVns and (b)Ip versusVgs.
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Fig. 3. Verification of thePhysicalAlpha-Power Law Model against measured data forl(a} 0.38 pm and (b)L = 0.18 um.

transition and vice versa for a falling input transition; these afssuming worst-case mobility degradation models during the
valid assumptions for fast switching circuits [11], [18]. An im4nput transition, the propagation delay model as a function of
portant simplification results from analysis of short channel d&= is derived as

vices where the saturation voltageps,,..) is limited by car-

rier velocity saturation. In this regime, the saturation voltage is Tpp =T <1 __ 1 Von- VT“)

typically less thard).5Vpp [20], thus allowing the derivation of 2 ant+l Vo

Tpp to evaluate only the saturation drain current of the driving + CrVop 3)
MOSFET.Tpp is derived for arising/1y by equating the NFET 21 Ds arn [ves = Vo

drain current to the discharging current at the output node wherea,, is a physical device parameter that models a portion

of the NFET carrier velocity saturation [10], given in Fig. 1, and
dVOUT (t)

Ipearilvi v W= -y, 1) Vin is the NFET effective threshold voltage including threshold
TnesTIe dt voltage roll-off [15] and temperature degradation effects.
where C; is the total output load capacitance, Arealistic input waveform is approximated by calculating the

Veevin(o) is the NFET saturation drain current [10],normalized delay required fafoyr to transition from0.9Vpp

IDSATn

given in Fig. 1, withVgs = Vin(2), andt is the variable delay.

The input voltage is assumed to increase linearly during the

rising transition time [11], [18] as

(Vop/Tp)t for0 <t < Ty

Vb fort > Ir (2)

Vin(t) = {

to 0.1Vpp with a step-input voltage [11],

_ Voo
0.9Vpp — 0.1Vphp

X (TVOUT=0~1VDD - TVOUT=0~9VDD)
1

T 08

T

4)

(Lvour=0.1vop — LVour=0.9Vp ) -
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80 C. Gate-Tunneling Model
or S evorter Propagation Delay Model Several physics-based gate-tunneling current models [7],
60 L . [21], [22] have been proposed to examine the impact of ultrathin
- L oxide layers on MOSFET designs. These models demonstrate a
ﬁ 50 [ high degree of accuracy by numerically calculating the electron
§ e distribution at the Si/Si@interface to determine the gate-tun-
¥ L neling current. The numerical computation, however, is too
§ 30 [ Lo138um time-consuming for a circuit-level optimization. To alleviate
= 0l ,v:='4_z,,‘.i, this problem, compact gate-tunneling current models [23], [24]
e have been developed that also exhibit good agreement with
10 [ an/t:;gs measured data. These models, however, are based on empirical
0 v . 1 2 ' . . . parameters, limiting their ability to predict gate-tunneling
0.8 1.2 1.6 2.0 24 28  current for future technology generations. In this section, a
Supply Voltage (V) compact gate-tunneling current model is derived from first

principles of physics to enable device and circuit optimizations
Fig. 4. Comparison of the inverter propagation delay model with gy future generations of technology.
SPICE-equivalent circuit simulator. . . . .
The gate-tunneling current model is derived by calculating
the electron distribution at the Si/SiOnterface and the cor-
Ty, ur=0.9ven aNd Ty, =011, are the delays required forresponding probability of those electrons to tunnel through an
Vour to equal 90% and 10% 6fpp, respectively. This method oxide barrier. The probability of an electron with enefgy, )
of calculatingZ simplifies the nonlinear discharging ranges ofunneling through a barrier of heigfitZz) and width (tox)
Vbp — 0.9Vpp and0.1Vpp — 0 V. The transition time model is approximated from the Wentzel-Kramers-Brillouin (WKB)
is derived in both the saturation and triode regions of operatiamethod [25], [26] as

as
D(E,) =exp{—-vVEp — E.}. (6)
Ty = CrVbp 0.9  Vpon The parametey is defined as
Iporeve—von 108 T 0.8Vop
SATn | Vag= drto \/W
X [VDD — Vru — (1/2)Vbon 7= % (")
Yoo = Ve where (=0.32mo) [22], [27] is the effective electron mass
10Vpon Vo — Vi O ) e :
X 111<V i DE ‘[/ DD_ ( /T2)]V ]> — 1}} (5) in the oxide,my is the electron rest mass, ahdis Planck’s
PRLYDD = Vin = A7/ 2) ¥ Don constant. The actual oxide barrier is approximated by an average
rectangular barrier height calculated as

whereVpy,, is the NFET saturation drain voltage witlhys = 1
Vbp [10] and7 is the subthreshold slope factor, both provided Ep=q <X - §VOX> (8)
in Fig. 1.

The expressions fdfpp, (3), and (5), simplify to the pre- where
viously derived equations that used the original alpha-powerg electron charge;
law model [11] if Vpp — Virn 3> (7/2)Vbon. Since thephys-  x  modified electron affinity in Si;
ical alpha-power law model [10] demonstrates better agreemen?ox  voltage drop across the oxide layer.
in the triode region of operation than the original alpha-powdihe direct tunneling current density is then given by [28]
law model [11], thelr model in (3) and (5) should provide

* F oo
improved accuracy in comparison to tliep model using the JTunnel = M—ﬂ;q/ ’ {/ [fsi/sio, (E)
original alpha-power law model [11]. Moreover, the newly de- h 0 0 ’
rived model is based on physical device and circuit parameters _ fGate(E)] dEt} D(E,)dE, 9)
that allow projections of circuit delay for future generations of

technology. Fig. 4 compares Ui, model, (3) and (5), with where m*(= 0.19my) is the electron transverse mass and

a SPICE-equwaI_ent cireut smulator [9.] fo_r a 0'257.1 tech- mei/Sio (E) and faat.(E) are the electron distributions at
nology process file. In simulating the circuit, a chain of synr; 2 :
- . . . ..the Si/SiQ interface and gate, respectively, calculated by
metrical (equal rise and fall time) inverters are cascaded Wltf“:a . .-
. . . . Fermi—Dirac statistics
step-input voltage applied to the first inverter. The propagation
delay through the first inverter is much faster than the other in- e (E) = 1 10
. fSI/SIOQ( ) - E—FE e o e ( )
verter stages, however, the propagation delay converges to a rel- 1+ exp(%/m%)
atively constant value by the second inverter. The average pro%-d
agation delay from the second inverter to the end of the chairfi
plotted in Fig. 4. Good agreement is achieved between the delay Jfaate(E) = EEr o

model and the circuit simulations for a large rangépf;. 1+ eXp(ikT )

1

(11)
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EFO,Si/Si02 and Erg gate are the Fermi levels at the Si/SIO
interface and gate, respectivelyjs Boltzmann’s constant and
T is temperature ifK. The total energy E) is calculated as
the sum of the energy in the direction of tunneliifg, ) and the
energy transverse to the direction of tunnelfdg),
E=FE,+E,. (12)

AssumingE — Erg si/sio, is sufficiently larger tharkT’, the

Maxwell-Boltzmann distribution can be used to simplify (10)

while substituting (12) as

E. + Ey — Erosi/sio,
kT

fsissio, (E) ~ exp <—

) . (13)

For a positive gate-to-body potential for the NFEgo s;/sio,
is sufficiently larger tharE ko cate l€adIiNg t0fsi/sio, (£) >
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faate(E). Performing a two-term Taylor series expansion afiy 5. Gate-tunneling current densit§imume) Versus gate-to-source

D(E,) (6) aroundE, = 0, gives

D(E,)
_ 1 dD(E,)
= D(0) + Emﬁ 0B |y
=exp{—-vV Ep} + EmQ\/LE_B exp{—yvVEp}+---

(14)
Substituting (13) and (14) into (9) and utilizing the bias co

density is simplified as
drm*q Ero si/sio
T - w2
P eXp{ KT

EB El
_== 1
S ool (1

The Fermi level at the Si/Siinterface is given by

JTunnel =

}eXp{—’Y\/E_B}

y
2V Ep

E,,> dE,.
(15)

Erosisio, = a¢s — qor — Ec/2 (16)

wheregs is the surface potential arfel; is the Si band gap en-

ergy. The parameteys r is the Fermi energy level either in theIo
Si substrate for the gate-tunneling current through the chan

voltage (Vas) for various values of gate oxide thickne§sx). Compares
the gate-tunneling model with measured data (2.9-3.6 nm) and numerical
simulations (1.5-2.5 nm).

DD

L R rl:I . 6. Critical path model, where.,, is the number of average gate delays.
dition of fsi/sio, (&) > fcaie(£), the gate-tunneling current g P v 9e9 Y

Vas andtox. Fig. 5 demonstrates the validity of calculating
the gate-tunneling current without including the effect of quan-
tization of electron energy levels. Modeling the gate-tunneling
current using a quantum mechanical quantization predicts more
band bending and less electron density at the Sy $i@rface
than the classical electron distribution model. These two ef-
fects, however, produce opposite contributions to the tunneling
current, thus rendering the quantization effect negligible in the
gate-tunneling current [22], [29].

D. Generic Critical Path Model

The device and circuit optimization is performed on a generic
ic critical path with a numbe¢r.,,) of identical two-input
tic CMOS NAND gates with a fan-out of three [30] as illus-

or in the source/drain region for gate-tunneling current throuq&ted in Fig. 6. Each logic gate drives an average wiring capaci-

the source/drain overlap. Since the electron distribution is

proximately zero for largé”,., the integral in (15) is simplified
by evaluating from O t@c. Substituting (16) into (15), the inte-
gral in (15) is solved from 0 tec to derive the gate-tunneling
current density as

4rm*q 9 ~vET
Itunnet = 5= (KT) <1 i w—E—B>
- — FEq/2
X exp<q¢s q(zl; c/ ) exp(—vyvV Ep).
(17)

Ince calculated from a stochastic interconnect distribution [31],
which utilizes the ITRS projections [2] of chip area and number
of transistors per chip. The static CMOS logic gate was chosen
for its low standby power drain, large operating margins, scala-
bility, and flexibility of logic functions [32]. The average prop-
agation delay through a two-input NAND gate is modeled by
averaging the delay through two series-connected NFETs and
the delay through one PFET given as

— fineffTPDn + TPDp
2
where fi,.r IS the effective fan-in factor [33], [20] for series

Trp,NAND (18)

Fig. 5 compares the gate-tunneling model (17) with meaennected MOSFETs ai¥d-n,, is the NFET propagation delay,
sured data (2.9-3.6 nm) and numerical simulations (1.5-2.5 n{8) and (5). The PFET propagation del@gp,,) is calculated
[7]. The model demonstrates excellent agreement with both tiiieough (3) and (5) by substituting the corresponding PFET

measured data and numerical simulations for a large rangepafameters fofp, ..,

ras =Vop » On, Vo @andVpg,. The cycle
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time for the critical path in Fig. 6, which is defined as the recip- The equation for describing the logic gate area is given as [36]
rocal of the clock frequenclfcik ), is described as

G
1 T : Acate =kr [ 14+4y/ = (fin — 1
Teyele = _ "cpdPD,NAND (19) Gat 7 < . (f ))

Jerx ’ 1+ Pa) (W
whereb is the clock skew factof=0.9). X <1 + FGG <7" - 1)) F? o (24)
The four major sources of total power consumption consist IHar
of 1) dynamic load powetPpynamic), 2) dynamic short-circuit where
power( Psyort—circuit ), 3) Static drain-to-source leakage power W, NFET width;
(PrLeakage), and 4) static gate-tunneling powePrynye1). For g minimum feature size for a technology;
the analysis of high-performance logic critical paths in which k7 (= 102) area of a minimum size inverter with re-
the logic gate is sized to maintain equivalent rise and fall delays spect toF?;
and the output load capacitance is substantially large, short-cirGa.; (= 17/6)  aspect ratio of the logic gate;
cuit power is assumed negligible [34] in comparison to the total fin (= 2) number of inputs;
power dissipation. The total power is then represented as Ba ratio of the PFET width to the NFET
width.
PTotal ~ PDynamic + PLeakage + PTunnel- (20)
The dynamic load power is given as E. Performance Constrained Minimum Power-Area
Optimization
PDynamic = CL(]-/2)6(11‘/]§DJ(‘CLK (21)

The circuit-level methodology minimizes the product of total
where () is the activity factor(= 0.1). The static drain-to- Power consumption and logic gate area for a generic critical

source leakage power is given as path by simultaneously optimizing the supply volta@én),
7 o] the long channel threshold voltag®r:.), and the NFET and
Pleakage = VDD Dore xaxn = VDD Doren T 2L Dorr, PFET channel width-to-length ratidd, /L andW,,/ L, respec-
2 (22) tively, while satisfying a desired clock frequency. This optimiza-

tion is an extension of a previous technique [20], [30], which is
wherelp, .. .., IS the average NAND gate leakage currerferformed at a worst-case temperature of 2Q@ evaluate the

for a chain of logic gates as given in Fig.6,,,. andlp,,,, Wworst-case delay and power constraints. The technology param-
are the NFET and PFET subthreshold drain currents [10] wigiiers are determined by using the ITRS [2] as a guideline.
|Vas| = 0V and|Vis| = Vbp as provided in Fig. 1. Since the Figs. 7 and 8 elucidate the simultaneous optimization of
critical path is modeled as a series of cascaded NAND gat&®p, VrL, Wn/L, andW, /L to minimize thePro. andAcate

the probability of a binary “1” or “0” at the output node ap-Product. Fig. 7(a) illustrates the optimumiify.. by plotting the
proaches 50% for the entire critical path. ThilB,. s, is  CONHDULONS Of Proiar, Poynamic, Fleakages 8N Prunne for
calculated as the average leakage current through one NFgOPstant values ofV,, /L and W, /L, thus logic gate area, in
plus the leakage current through two PFETs. Neglecting tRel80 nm technology generation. A, decreases through a
PFET contribution to gate-tunneling power due to the larger gduction in channel doping concentratidf.caxag. increases
fective mass and barrier height for holes compared to electrdg§ulting from the leakage current's exponential dependence
at the SiQ/Si interface [35], the gate-tunneling power is calcuen Vr, the effective threshold voltage including roll-off [15]
lated by averaging the total NFET gate-tunneling power usi@d temperature degradation. Accompanying the reduction of

the same method to calculate (22), V1, Vpp decreases to maintain a constgat i, as shown in
Fig. 7(b), leading to a decrease in dynamic power. The optimal
Prunnel long channel threshold voltag&rr. opt) is defined as the value
= VoD I Tunnel, NAND of Vi, at which Prys; is minimized.
1 5/3)  rwmmel—s/D + (2/3) I Tummel o The optimum NFET width-to-length ratio is evaluated
= Vbp <§> { I _{_[iﬁunneizg + é_féuinel_c] ] - in Fig. 8(a), where the left axis plot&ro.1 versusW,,/L

(23) for a constant value o¥rr. W,/L increases along with an
increasingV,,/ L to satisfy equal worst-case two-input NAND

Itumel nanD 1S the average NAND gate-tunneling currentgate rise and fall times. A8, /L increases}pp decreases
Itynnel—s/p IS the NFET gate-tunneling current through théo maintain the desiredcr.k, as shown in Fig. 8(b). Initially,
source/drain overlap regions anbrunnel—c IS the NFET increasingW,,/L leads to tremendous power savings. As
gate-tunneling current through the channel. The fractionmsdicated in Fig. 8(a), however, the power reduction resulting
5/3 and 2/3 represent the percentage Ofunn.—s/p and from an increasingW, /L starts to “saturate.” AsW,, /L
ITunnel_c, respectively, corresponding to the input combinasontinues to increase from this saturation area, the total power
tions required for a two-input static CMOS NAND gate talissipation reduces at a relatively slow rate. The optimum
produce a binary “1” at the output node; the factors 4 andV¥,,/L for minimum total power is approximately 50% greater
correspond to a binary “0.” Bothrnne1—s/p and Itunnel-¢ than theW,, /L at which Pr.,1 “saturates.” To achieve the
are calculated from (17) using the corresponding dopinglue of W, /L for a minimumPr.;.1, @ Significant increase in
concentrations and gate-tunneling area. logic gate area is required with a negligible reductio®if; ;.
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The physical reason thaPr.:., “saturates” is understood [ ;;l‘;f;;“m 1 40
through Figs. 8 and 9 by describing the critical path cycle time 200 | Vr=0.12v 1
. n:p=12 d 30 (o]
(19), the reciprocal of c1.x, as o~ N
= 150 L 1 iy
1 L (Wn/L)CDeVO + Cw e F A —— - 420 ¥
TCycle = [os = 100 | ’ =
fok — (Wa/L) (W /L) [ -
CVV 50 - 10
= Cpevo 4+ -V (25) i
T (Wa/L)
o L N g 1 2 z M 0
Chevo IS the logic gate overlap, junction, and fan-out capaci- 0 20 40 60 80 100

tance peW,,/L and Cy is the wiring capacitance. In Figs. 8 WL

and 9, a3V, /L is increased initially(y, is dominated byC'y

and a small increase i, /L provides a significant decrease infi9- 9. Load capacitancéC’;) and ratio of wiring-to-load capacitance
Vbp, and consequentlir..1, to achieve a constarft k. As (Cw/C1) versusiV, /L.

theW,, /L ratio continues to increase, howev€ry becomes a
smaller percentage @, and further increase d¥,,/L gives

only a small reduction inpp.

Priia1Acate 1S minimized. As illustrated in Fig. 8(a), mini-
Mizing Prota1Acate results in a significant reduction in logic

Fig. 8(a) also plots on the right axis the productif...,1 gate area with a negligible cost .., in comparison to just
and Agate (ProtalAcate) VErsusw, /L. The value ofiW,,/L  minimizing Pr.t.1, thus resulting in a more efficient design.
at which P4 “saturates” is approximately equal to the valudloreover, constraining the logic gate area enables additional
of W,,/L at which the minimum inPr,;,1Agate OCCUrs. The silicon real estate to be utilized for other design opportunities
optimum W,,/L is defined as the value d, /L at which such as repeater placement.
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I1l. GATE OXIDE THICKNESS SCALING LIMIT FOR OPTIMUM
CMOS Loaic CIRcUIT PERFORMANCE

tization is omitted in theéox.x €xpression (26) as previous re-

search [6] has demonstrated that the polysilicon depletion has a

Employing the circuit methodology in Section I, thes!gmﬂcgntly greater impact @y is scaled to extremely sm.aII
ploying 9y g|men3|ons (1.5-2.0 nm). The voltage across the oxide in the

optimum physical gate oxide thickness from a circuit-lev ot i t model is al lculated by including th
perspective is determined. The gate-tunneling current modd e-tUnneting current modetis aiso calculated by including the

uses the physical oxide thicknggsx ) for the barrier width as gate-deplet_ionr?ffeﬁ [3,7]'| ide thick ¢ imal
mentioned in Section 11-C while the electrical effective oxide 1° auantify the physical oxide thickness for optimal CMOS

thickness(foxer) is calculated by including the gate-depletioriP9IC Circuit performance, Fig. 10(a) plots the power-area
effect [37] given as product resulting from the performance constrained minimum

power-area optimization for each 1 nm intervatgf from 1.0
to 3.5 nm. The parameters bhp, Vi, W,,/L, andW,,/L are

o . . simultaneously optimized for each valtgx. Thus Fig. 10(a
whereeox andes; are the permittivity of oxide and silicon, imu usly optimiz valtigy. Thus Fig. 10(a)

. . o . illustrates the minimum product of total power consumption
respectively, andcac is the gate polysilicon depletion deF)th'and logic gate area for a generic critical path by optimizin
For Vas > Vir, Xaate IS derived [37] as gic g 9 P y op 9

_ 1}

X XGate (26)

€Si

toxet = tox +

Voo, Ve, W, /L, W, /L, and tox, while maintaining a spec-
Xaate ified clock frequency at a worst-case temperaturet@d °K.
_ < €si ) . 14 2e2«(Vas — Vis — ¢s)
“\eox/) qNGateEsitdx ;O )
indicates thatox opt IS 2.2 nm for the 180 nm technology
(@7) generation. Fig. 10(b) provides a physical interpretation of

The optimal oxide thickneg8ox ot ) is defined as the value of

tox at which the power-area product is minimized. Fig. 10(a)
whereVrg is the flatband voltage anl . is the gate polysil- the optimumtox by plotting the individual components of
icon doping concentration. The effect of inversion layer quapower dissipation and logic gate area from Fig. 10(a)t4s
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F(nm) 180 | 150 | 100
- L (nm) 144 | 120 80
5L
fork (MHZ) 1250 | 1767 | 3500
. ) nep (# gates) 12 10 8
tOX,opt(nm) 2.2 1.9 1.4
£ s asymptote toxermopr (NM) 31 | 27 | 24
g Voo,op (V) 15 | 12 | 12
2 | V1 0pe (V) @ 300°K 012 | 0.11 | 013
L Wh,ope/L 34 32 42
1k Vpp=1.5V Wo,opdL 41 38 50
N,=4x10"7¢m-3 o
L N:m=5x 10"%em Poynamic (1Wigate) @ 400°K 16.36 | 11.25 | 15.89
0 e —— . —— PrLeakage (WWigate) @ 400°K 17.83 | 18.25 | 20.06
(] 1 2 3 4 5 6
Prunne (1Wigate) @ 400°K 0.03 | 0.06 | 0.91
tox (nm)
Prota (1W/gate) @ 400°K 34.22 | 29.56 | 36.86
Fig. 11. Electrical effective oxide thickne$sox.cc) versus physical oxide Acad/F? 746 711 887
thickness(tox). a
Ip,,,. /W, (nAlum) @ 300°K 289 | 518 | 666
increasesAgate increases linearly corresponding to a required o /W, (nAlum) @ 400°K 2486 | 4.023 | 4.898
increase in¥,,/L to maintain balance in the device-to-wiring Dorm [0
capacitance ratio as discussed in Section |I-E:4sdecreases, Irunnerc/W, (NAlum) @ 300°K | 0.11 | 0.53 | 14.74
Prunnel increases exponentially, thus increasiRg,i,. For Trunmet-s/Wy (NAlum) @ 300°K | 0.62 | 2.49 | 37.89
tox greater thartox opt, the optimum values ofpp and Vi

remain relatively constant with respect#gx as indicated by

Ppynamic and P eakage: respectively. In this regimé;ry, and Fig. 12.  Results of the minimum power-area oxide thickness optimization for

the magnitude of threshold voltage degradation due to roll-gff 180 150 and 100 nm technology generations.

and temperature both decrease resulting in a relatively constant

value of Vr. As Fig. 10(b) confirms Pruuqel iS significantly —a constrained performance, the reduction in logic gate area cor-

less(<0.2%) than Ppynamic @Nd P eakage at the optimunmtox responding to a reduction ityx also starts to saturate in this

of 2.2 nm [38]. regime as illustrated in Fig. 10(b). The gate-tunneling current,
To explain this result, Fig. 10(c) plots the power curves frofowever, remains exponentially dependenttgn so that the

Fig. 10(b) on a logarithmic scale to demonstr&g.,i's ex- gate-tunneling power continues to increase dramatically with

ponential dependency a@px. The optimumtox occurs for the fox scaling, as illustrated in Fig. Bstox enters the ultrathin

derivative of Pro;a1Acace With respect tdox equal to zero,  oxide layer regimg<3.0 nm), the MOSFET performance gain
resulting from further scaling ofox diminishes due to an in-

A Pynamic Acate) | I Pleakage Acare) creasing impact of the polysilicon depletion, while the gate-tun-
dtox dtox neling power remains an exponential functiort@f. Thus, the
d(PramerAcate) —0. (28) optimal value oftox results in a gate-tunneling power that is
dtox much less than the drain-to-source leakage povidate that

even though the effect of inversion layer quantization was not
considered intox.a (26), the same conclusion would still be
reached since this effect would add#ex.q astox is scaled
below 3.0 nm.

Fig. 12 tabulates the results of the minimum power-area oxide
thickness optimization for the 180, 150, and 100 nm technology
generations. Fig. 12 indicates that the drain-to-source leakage
current is significantly larger than the channel gate-tunneling

For an additional insight of this result, Fig. 11 platsx.r current when evaluated at a circuit-level perspective. Also,
versugox toillustrate the increasing impact &f;,:.. ONtoxexr  Notice that the gate-tunneling current through the source/drain
astox is reduced. Asopx decreases below 3.0 nm for a coneverlap region is larger than the gate-tunneling current through
stantVpp and Ngaie, Xaate (27) contributes a significant por- the channel [39] even though the overlap lengt#9.( F) is
tion to toxen. Since saturation drain current is inversely promuch smaller than the channel lengtX8 F). Fig. 13 projects
portional totoxerr, the advantages of reducingyx for the logic  the scaling limit oftox as 2.2, 1.9, and 1.4 nm for the 180,
gate delay starts to saturate in this ultrathin oxide regime. Fi60, and 100 nm technology generations, respectively, while

Since the derivative of powé’) may be expressed as
dP _ ,dn(P)
dtox dtox
and the rate of change &f( Prynne1) is vastly larger than the
rate of change of(Ppynamic) aNdIn(Frecakage) With respect

to tox as illustrated in Fig. 10(C)Pruune IS considerably less
(<0.2%) than Ppynamic @Nd Pl eakage at the optimuntox.

(29)
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35 y ™ increasing impact of the polysilicon depletion depth on the
electrical effective oxide thickness. The gate-tunneling power,
however, remains an exponential functiort@f, thus resulting

T 301 in an optimal value oftox where the gate-tunneling power
= o is negligible in comparison to the drain-to-source leakage
2 25| § power The scaling limit oftox is projected as 2.2, 1.9, and
g 3 1.4 nm for the 180, 150, and 100 nm technology generations,
§ ; respectively. Until new gate materials become acceptable, the
E ool ] 9% key recommendation from this work is for future MOSFET
3 g designs to focus more attention on other areas of the device
g such as channel engineering or junction depth scaling to exploit

15t 11 more significant performance opportunities.
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Fig. 13. Optimum physicaltox) and electrical effectivetox.rr) oxide
thicknesses and ratio of tunneling to leakage power versus technology
generation.

(1]
the correspondingoxer is calculated as 3.1, 2.7, and 2.4 nm. 2]
The ratio of Prunnel 10 Preakage 1S 0.14, 0.32, and 4.5% for 3]
the 180, 150, and 100 nm technology generations, respectively.
These results indicate that aggressively scatigg into this
ultrathin oxide layer regime does not provide the typical device [s5)
performance improvements as those demonstrated in past
technology generations. A recently manufactured MOSFET!!
[40] with a tox of 0.8 nm supports this conclusion with a [7]
correspondingoxer Of 1.8 nm at aVpp of 0.85 V. Until new
gate materials are available, this analysis suggests that the focus
of future MOSFET designs should be invested in other areagg;
of the device such as channel engineering or junction depth
scaling to exploit more significant performance advantages.[ !
Previous research [41] has simulated a 25 nm effective channgg]
length using a gate oxide thickness of 1.5 nm along with novel
channel engineering techniques. This type of MOSFET desig
philosophy seems to have a greater potential for impactin
future GSI circuits.

1]

[12]
IV. CONCLUSION

A performance constrained minimum power-area opti—[13
mization is introduced to predict the physical oxide thickness
(tox) scaling limit from a circuit-level perspective. The

SON ST . [14]
circuit optimization is based on thphysical alpha-power
law MOSFET model that enables projections of CMOS logic
circuit performance for future generations of technology byl15]
linking the simple mathematical expression of the original
alpha-power law model with their physical origins. Using the[16]
physicalalpha-power law MOSFET model, an expression for
propagation delay including the transition time effect is devel-[17]
oped. Also, a physical compact gate-tunneling current model
is derived to evaluate ultrathin oxide layers. Results indicaté!8l
that the gate-tunneling power isignificantly less (<5%)
than the drain-to-source leakage power at the oxide thicknesso]
required for optimum CMOS logic circuit performancas 20]
tox is scaled below 3.0im, the MOSFET performance gain
resulting from further reductions afx diminishes due to an
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