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Abstract—A performance constrained minimum power-area
optimization is introduced to project the physical gate oxide
thickness( OX) scaling limit from a circuit-level perspective. The
circuit optimization is based on the recentphysical alpha-power
law MOSFET model that enables predictions of CMOS circuit
performance for future generations of technology. The model is
utilized to derive an equation for propagation delay including the
transition time effect. A physical compact gate-tunneling current
model is also derived to analyze ultrathin oxide layers. Results
indicate that the gate-tunneling power issubstantially less( 5%)
than the drain-to-source leakage power at the oxide thickness
required for optimum CMOS logic circuit performance. As OX

is scaled below 3.0 nm, the MOSFET performance improvement
resulting from OX scaling diminishes due to an increasing effect
of the polysilicon gate depletion depth on the electrical effective
oxide thickness. The gate-tunneling power, however, remains
exponentially dependent onOX, thus resulting in an optimal value
of OX where the gate-tunneling power is negligible in comparison
to the drain-to-source leakage power. The scaling limit of OX is
projected as 2.2, 1.9, and 1.4 nm for the 180, 150, and 100 nm
technology generations, respectively.

Index Terms—CMOS scaling, gate oxide thickness scaling, gate-
tunneling current model, low power optimization, physical alpha-
power law model, propagation delay model.

I. INTRODUCTION

T HE thickness of the silicon dioxide (SiO) layer between
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 thickness imposes one of the
most restrictive barriers to achieving future gigascale integration
(GSI). The International Technology Roadmap for Semiconduc-
tors (ITRS) [2] projects the thickness of an effective to be in
the range of 1.0–1.5 nm for the 100 nm technology generation,
which is expected for the year 2005. The ITRS, however, em-
phasizes that there are currently “No Known Solutions” for this
forecast. To achieve this aggressive scaling of effective, the
ITRS assumes the development of new innovations such as re-
placing SiO with a high- gate dielectric. This may be a valid
assumption [3] since the semiconductor industry has overcome
many previous obstacles to maintain Moore’s Law [4]. Since
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a replacement for SiOis yet to be accepted [1], [2] and the
time interval for integrating this replacement into a 2005 manu-
facturing process is short, the importance of understanding the
scaling limit of is crucial to future integrated circuit designs.

Historically, the scaling limit of has been defined by
equating the gate-tunneling current to the subthreshold drain-to-
source leakage current [5]–[8]. For example, assuming a sub-
threshold leakage current of nA/ m, the oxide thickness
limit occurs for 0.1 m gate lengths at a tunneling current den-
sity of A/cm [5]–[8]. This “rule of thumb,” however, is
strictly limited to a device perspective and does not consider the
impact on circuit behavior. Using a previously derivedphysical
alpha-power law MOSFET model along with a newly derived
gate-tunneling current model, a performance constrained min-
imum power-area optimization is utilized at a worst-case tem-
perature to quantify the scaling limit at a circuit level for
future technology generations outlined by the ITRS [2].

The circuit-level optimization is discussed in Section II by
first explaining the physical device and circuit models and then
utilizing these models to analyze a performance constrained
minimum power-area optimization. In Section III, the circuit
optimization of Section II is employed to evaluate the gate
oxide thickness required for optimum CMOS logic circuit
performance. Finally, concluding statements are offered in
Section IV.

II. CIRCUIT-LEVEL OPTIMIZATION

Circuit- and system-level optimizations provide valuable in-
sight into maximizing the performance of future integrated cir-
cuit designs based on a set of material, device, circuit and system
constraints. Typically, these optimizations require many iter-
ations because of the large number of variable combinations.
Circuit simulators such as HSPICE [9] provide accurate results
and are commonly utilized to verify a final design. Circuit sim-
ulators, however, are costly in computation time and overall
efficiency. Moreover, circuit simulators require a technology
process file that is based on a considerable number of empirical
parameters. 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
circuit models are required to enable expedient calculations of
circuit performance for future generations of technology.

The remainder of Section II is divided into Sections II-A–E
as follows. Section II-A reviews thephysicalalpha-power law
MOSFET model [10], which describes the MOSFET drain cur-
rent in the subthreshold, triode, and saturation regions of oper-
ation. Then Section II-B utilizes thephysicalalpha-power law
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Fig. 1. PhysicalAlpha-Power Law MOSFET model.

model to derive an inverter propagation delay model. Section
II-C describes the physical gate-tunneling current model that
enables projections of circuit performance for ultrathin oxide
layers. Employing the models in Sections II-A–C, Section II-D
discusses a generic critical path model including the necessary
equations to evaluate logic gate delay, power, and area. Finally,
Section II-E provides a thorough explanation of the performance
constrained minimum power-area optimization.

A. Physical Alpha-Power Law MOSFET Model

The alpha-power law MOSFET model [11] is one of the most
widely utilized compact drain current models due to its simple
mathematical form and high degree of accuracy. The model
has been used to derive many expressions for evaluating cir-
cuit performance. Due to its empirical nature, however, sev-
eral key parameters of the model are measured values, which
largely precludes projections of circuit performance for future
generations of technology. Moreover, the model does not de-
scribe the subthreshold region, thus prohibiting a thorough anal-
ysis of on/off drain current tradeoffs. The low power transre-
gional MOSFET model [12] describes all regions of operation
(subthreshold, triode, and saturation). The drain current equa-
tions are rigorously derived and provide insight into the phys-
ical basis of MOSFET behavior. Therefore, the low power tran-
sregional model is an advantageous choice for predicting per-
formance of future technology generations and, in particular,
for analyzing on/off drain current tradeoffs. The disadvantage
of the low power transregional model is its relatively complex
drain current equations. Coupling the alpha-power law and low
power transregional models enables a new compact physics-

based alpha-power law MOSFET model [10]. Salient features
of this new model include 1) extension into the subthreshold
region of operation, 2) the effects of vertical [13] and lateral
[14] high field mobility degradation and velocity saturation,
and 3) threshold voltage roll-off [15]. The completephysical
alpha-power law MOSFET model is provided in Fig. 1.

Fig. 2 compares the model against HSPICE simulations [9]
for a 0.25 m ( m) technology generation in the (a)
superthreshold region ( versus ) and (b) subthreshold re-
gion ( versus ). Excellent agreement is demonstrated be-
tween thephysicalalpha-power law model and HSPICE simu-
lations. Fig. 3 demonstrates that the model is in good agreement
with measured data for submicron technology generations: (a)

m [16] and (b) m [17]. Thephysical
alpha-power law model retains the simplicity of the original
alpha-power law model while providing a physical basis for the
model parameters that enables circuit performance projections
for future generations of technology including on/off current in-
terdependence for low power GSI.

B. Inverter Propagation Delay Model

The CMOS inverter propagation delay model is an ex-
tension of two previous model derivations [11], [18] that used
the square-law model [19] and the original alpha-power law
model [11], both of which include the input transition time
effect. During a rising V or falling (
V) input voltage with a delay of is the time re-
quired from to , where
is the output voltage. The model analyzes the NFET drain cur-
rent while neglecting the PFET drain current for a rising input
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Fig. 2. Verification of thePhysicalAlpha-Power Law Model against HSPICE simulations for (a)I versusV and (b)I versusV .

Fig. 3. Verification of thePhysicalAlpha-Power Law Model against measured data for (a)L = 0:38 �m and (b)L = 0:18 �m.

transition and vice versa for a falling input transition; these are
valid assumptions for fast switching circuits [11], [18]. An im-
portant simplification results from analysis of short channel de-
vices where the saturation voltage is limited by car-
rier velocity saturation. In this regime, the saturation voltage is
typically less than [20], thus allowing the derivation of

to evaluate only the saturation drain current of the driving
MOSFET. is derived for a rising by equating the NFET
drain current to the discharging current at the output node

(1)

where is the total output load capacitance,
is the NFET saturation drain current [10],

given in Fig. 1, with , and is the variable delay.
The input voltage is assumed to increase linearly during the
rising transition time [11], [18] as

for
for

(2)

Assuming worst-case mobility degradation models during the
input transition, the propagation delay model as a function of

is derived as

(3)

where is a physical device parameter that models a portion
of the NFET carrier velocity saturation [10], given in Fig. 1, and

is the NFET effective threshold voltage including threshold
voltage roll-off [15] and temperature degradation effects.

A realistic input waveform is approximated by calculating the
normalized delay required for to transition from
to with a step-input voltage [11],

(4)
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Fig. 4. Comparison of the inverter propagation delay model with a
SPICE-equivalent circuit simulator.

and are the delays required for
to equal 90% and 10% of , respectively. This method

of calculating simplifies the nonlinear discharging ranges of
and V. The transition time model

is derived in both the saturation and triode regions of operation
as

(5)

where is the NFET saturation drain voltage with
[10] and is the subthreshold slope factor, both provided

in Fig. 1.
The expressions for , (3), and (5), simplify to the pre-

viously derived equations that used the original alpha-power
law model [11] if . Since thephys-
ical alpha-power law model [10] demonstrates better agreement
in the triode region of operation than the original alpha-power
law model [11], the model in (3) and (5) should provide
improved accuracy in comparison to the model using the
original alpha-power law model [11]. Moreover, the newly de-
rived model is based on physical device and circuit parameters
that allow projections of circuit delay for future generations of
technology. Fig. 4 compares the model, (3) and (5), with
a SPICE-equivalent circuit simulator [9] for a 0.25m tech-
nology process file. In simulating the circuit, a chain of sym-
metrical (equal rise and fall time) inverters are cascaded with a
step-input voltage applied to the first inverter. The propagation
delay through the first inverter is much faster than the other in-
verter stages, however, the propagation delay converges to a rel-
atively constant value by the second inverter. The average prop-
agation delay from the second inverter to the end of the chain is
plotted in Fig. 4. Good agreement is achieved between the delay
model and the circuit simulations for a large range of .

C. Gate-Tunneling Model

Several physics-based gate-tunneling current models [7],
[21], [22] have been proposed to examine the impact of ultrathin
oxide layers on MOSFET designs. These models demonstrate a
high degree of accuracy by numerically calculating the electron
distribution at the Si/SiOinterface to determine the gate-tun-
neling current. The numerical computation, however, is too
time-consuming for a circuit-level optimization. To alleviate
this problem, compact gate-tunneling current models [23], [24]
have been developed that also exhibit good agreement with
measured data. These models, however, are based on empirical
parameters, limiting their ability to predict gate-tunneling
current for future technology generations. In this section, a
compact gate-tunneling current model is derived from first
principles of physics to enable device and circuit optimizations
for future generations of technology.

The gate-tunneling current model is derived by calculating
the electron distribution at the Si/SiOinterface and the cor-
responding probability of those electrons to tunnel through an
oxide barrier. The probability of an electron with energy
tunneling through a barrier of height and width
is approximated from the Wentzel-Kramers-Brillouin (WKB)
method [25], [26] as

(6)

The parameter is defined as

(7)

where [22], [27] is the effective electron mass
in the oxide, is the electron rest mass, andis Planck’s
constant. The actual oxide barrier is approximated by an average
rectangular barrier height calculated as

(8)

where
electron charge;
modified electron affinity in Si;
voltage drop across the oxide layer.

The direct tunneling current density is then given by [28]

(9)

where is the electron transverse mass and
and are the electron distributions at

the Si/SiO interface and gate, respectively, calculated by
Fermi–Dirac statistics

(10)

and

(11)
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and are the Fermi levels at the Si/SiO
interface and gate, respectively,is Boltzmann’s constant and

is temperature inK. The total energy is calculated as
the sum of the energy in the direction of tunneling and the
energy transverse to the direction of tunneling

(12)

Assuming is sufficiently larger than , the
Maxwell–Boltzmann distribution can be used to simplify (10)
while substituting (12) as

(13)

For a positive gate-to-body potential for the NFET,
is sufficiently larger than leading to

. Performing a two-term Taylor series expansion of
(6) around , gives

(14)

Substituting (13) and (14) into (9) and utilizing the bias con-
dition of , the gate-tunneling current
density is simplified as

(15)

The Fermi level at the Si/SiOinterface is given by

(16)

where is the surface potential and is the Si band gap en-
ergy. The parameter is the Fermi energy level either in the
Si substrate for the gate-tunneling current through the channel
or in the source/drain region for gate-tunneling current through
the source/drain overlap. Since the electron distribution is ap-
proximately zero for large , the integral in (15) is simplified
by evaluating from 0 to . Substituting (16) into (15), the inte-
gral in (15) is solved from 0 to to derive the gate-tunneling
current density as

(17)

Fig. 5 compares the gate-tunneling model (17) with mea-
sured data (2.9–3.6 nm) and numerical simulations (1.5–2.5 nm)
[7]. The model demonstrates excellent agreement with both the
measured data and numerical simulations for a large range of

Fig. 5. Gate-tunneling current density(J ) versus gate-to-source
voltage (V ) for various values of gate oxide thickness(t ). Compares
the gate-tunneling model with measured data (2.9–3.6 nm) and numerical
simulations (1.5–2.5 nm).

Fig. 6. Critical path model, wheren is the number of average gate delays.

and . 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 Si/SiOinterface
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
logic critical path with a number of identical two-input
static CMOS NAND gates with a fan-out of three [30] as illus-
trated in Fig. 6. Each logic gate drives an average wiring capaci-
tance 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

(18)

where is the effective fan-in factor [33], [20] for series
connected MOSFETs and is the NFET propagation delay,
(3) and (5). The PFET propagation delay is calculated
through (3) and (5) by substituting the corresponding PFET
parameters for and . The cycle



BOWMAN et al.: CIRCUIT-LEVEL PERSPECTIVE OF THE OPTIMUM GATE OXIDE THICKNESS 1805

time for the critical path in Fig. 6, which is defined as the recip-
rocal of the clock frequency , is described as

(19)

where is the clock skew factor .
The four major sources of total power consumption consist

of 1) dynamic load power , 2) dynamic short-circuit
power , 3) static drain-to-source leakage power

, and 4) static gate-tunneling power . For
the analysis of high-performance logic critical paths in which
the logic gate is sized to maintain equivalent rise and fall delays
and the output load capacitance is substantially large, short-cir-
cuit power is assumed negligible [34] in comparison to the total
power dissipation. The total power is then represented as

(20)

The dynamic load power is given as

(21)

where is the activity factor . The static drain-to-
source leakage power is given as

(22)

where is the average NAND gate leakage current
for a chain of logic gates as given in Fig. 6. and
are the NFET and PFET subthreshold drain currents [10] with

and as provided in Fig. 1. Since the
critical path is modeled as a series of cascaded NAND gates,
the probability of a binary “1” or “0” at the output node ap-
proaches 50% for the entire critical path. Thus, is
calculated as the average leakage current through one NFET
plus the leakage current through two PFETs. Neglecting the
PFET contribution to gate-tunneling power due to the larger ef-
fective mass and barrier height for holes compared to electrons
at the SiO/Si interface [35], the gate-tunneling power is calcu-
lated by averaging the total NFET gate-tunneling power using
the same method to calculate (22),

(23)

is the average NAND gate-tunneling current,
is the NFET gate-tunneling current through the

source/drain overlap regions and is the NFET
gate-tunneling current through the channel. The fractions

and represent the percentage of and
, respectively, corresponding to the input combina-

tions required for a two-input static CMOS NAND gate to
produce a binary “1” at the output node; the factors 4 and 2
correspond to a binary “0.” Both and
are calculated from (17) using the corresponding doping
concentrations and gate-tunneling area.

The equation for describing the logic gate area is given as [36]

(24)

where
NFET width;
minimum feature size for a technology;
area of a minimum size inverter with re-
spect to ;
aspect ratio of the logic gate;
number of inputs;
ratio of the PFET width to the NFET
width.

E. Performance Constrained Minimum Power-Area
Optimization

The circuit-level methodology minimizes the product of total
power consumption and logic gate area for a generic critical
path by simultaneously optimizing the supply voltage ,
the long channel threshold voltage , and the NFET and
PFET channel width-to-length ratios, and , respec-
tively, while satisfying a desired clock frequency. This optimiza-
tion is an extension of a previous technique [20], [30], which is
performed at a worst-case temperature of 400K to evaluate the
worst-case delay and power constraints. The technology param-
eters are determined by using the ITRS [2] as a guideline.

Figs. 7 and 8 elucidate the simultaneous optimization of
, and to minimize the and

product. Fig. 7(a) illustrates the optimum in by plotting the
contributions of , and for
constant values of and , thus logic gate area, in
a 180 nm technology generation. As decreases through a
reduction in channel doping concentration, increases
resulting from the leakage current’s exponential dependence
on , the effective threshold voltage including roll-off [15]
and temperature degradation. Accompanying the reduction of

decreases to maintain a constant , as shown in
Fig. 7(b), leading to a decrease in dynamic power. The optimal
long channel threshold voltage is defined as the value
of at which is minimized.

The optimum NFET width-to-length ratio is evaluated
in Fig. 8(a), where the left axis plots versus
for a constant value of . increases along with an
increasing to satisfy equal worst-case two-input NAND
gate rise and fall times. As increases, decreases
to maintain the desired , as shown in Fig. 8(b). Initially,
increasing leads to tremendous power savings. As
indicated in Fig. 8(a), however, the power reduction resulting
from an increasing starts to “saturate.” As
continues to increase from this saturation area, the total power
dissipation reduces at a relatively slow rate. The optimum

for minimum total power is approximately 50% greater
than the at which “saturates.” To achieve the
value of for a minimum , a significant increase in
logic gate area is required with a negligible reduction in .
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Fig. 7. (a)P ; P ; P , andP versusV . (b) V
versusV .

The physical reason that “saturates” is understood
through Figs. 8 and 9 by describing the critical path cycle time
(19), the reciprocal of , as

(25)

is the logic gate overlap, junction, and fan-out capaci-
tance per and is the wiring capacitance. In Figs. 8
and 9, as is increased initially, is dominated by
and a small increase in provides a significant decrease in

, and consequently , to achieve a constant . As
the ratio continues to increase, however, becomes a
smaller percentage of and further increase of gives
only a small reduction in .

Fig. 8(a) also plots on the right axis the product of
and versus . The value of
at which “saturates” is approximately equal to the value
of at which the minimum in occurs. The
optimum is defined as the value of at which

Fig. 8. (a)P andP A versusW =L. (b)V versusW =L.

Fig. 9. Load capacitance(C ) and ratio of wiring-to-load capacitance
(C =C ) versusW =L.

is minimized. As illustrated in Fig. 8(a), mini-
mizing results in a significant reduction in logic
gate area with a negligible cost in in comparison to just
minimizing , thus resulting in a more efficient design.
Moreover, constraining the logic gate area enables additional
silicon real estate to be utilized for other design opportunities
such as repeater placement.
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Fig. 10. (a)P A versust . (b) P ; P ; P ; P , andA versust . (c) Log scale ofP ; P ; P , and
P versust .

III. GATE OXIDE THICKNESSSCALING LIMIT FOR OPTIMUM

CMOS LOGIC CIRCUIT PERFORMANCE

Employing the circuit methodology in Section II, the
optimum physical gate oxide thickness from a circuit-level
perspective is determined. The gate-tunneling current model
uses the physical oxide thickness for the barrier width as
mentioned in Section II-C while the electrical effective oxide
thickness is calculated by including the gate-depletion
effect [37] given as

(26)

where and are the permittivity of oxide and silicon,
respectively, and is the gate polysilicon depletion depth.
For is derived [37] as

(27)

where is the flatband voltage and is the gate polysil-
icon doping concentration. The effect of inversion layer quan-

tization is omitted in the expression (26) as previous re-
search [6] has demonstrated that the polysilicon depletion has a
significantly greater impact as is scaled to extremely small
dimensions (1.5–2.0 nm). The voltage across the oxide in the
gate-tunneling current model is also calculated by including the
gate-depletion effect [37].

To quantify the physical oxide thickness for optimal CMOS
logic circuit performance, Fig. 10(a) plots the power-area
product resulting from the performance constrained minimum
power-area optimization for each 1 nm interval of from 1.0
to 3.5 nm. The parameters of , and are
simultaneously optimized for each value . Thus, Fig. 10(a)
illustrates the minimum product of total power consumption
and logic gate area for a generic critical path by optimizing

, and , while maintaining a spec-
ified clock frequency at a worst-case temperature of400 K.
The optimal oxide thickness is defined as the value of

at which the power-area product is minimized. Fig. 10(a)
indicates that is 2.2 nm for the 180 nm technology
generation. Fig. 10(b) provides a physical interpretation of
the optimum by plotting the individual components of
power dissipation and logic gate area from Fig. 10(a). As
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Fig. 11. Electrical effective oxide thickness(t ) versus physical oxide
thickness(t ).

increases, increases linearly corresponding to a required
increase in to maintain balance in the device-to-wiring
capacitance ratio as discussed in Section II-E. Asdecreases,

increases exponentially, thus increasing . For
greater than , the optimum values of and

remain relatively constant with respect to as indicated by
and , respectively. In this regime, and

the magnitude of threshold voltage degradation due to roll-off
and temperature both decrease resulting in a relatively constant
value of . As Fig. 10(b) confirms, is significantly
less % than and at the optimum
of 2.2 nm [38].

To explain this result, Fig. 10(c) plots the power curves from
Fig. 10(b) on a logarithmic scale to demonstrate ’s ex-
ponential dependency on . The optimum occurs for the
derivative of with respect to equal to zero,

(28)

Since the derivative of power may be expressed as

(29)

and the rate of change of is vastly larger than the
rate of change of and with respect
to as illustrated in Fig. 10(c), is considerably less

% than and at the optimum .
For an additional insight of this result, Fig. 11 plots

versus to illustrate the increasing impact of on
as is reduced. As decreases below 3.0 nm for a con-
stant and (27) contributes a significant por-
tion to . Since saturation drain current is inversely pro-
portional to , the advantages of reducing for the logic
gate delay starts to saturate in this ultrathin oxide regime. For

Fig. 12. Results of the minimum power-area oxide thickness optimization for
the 180, 150, and 100 nm technology generations.

a constrained performance, the reduction in logic gate area cor-
responding to a reduction in also starts to saturate in this
regime as illustrated in Fig. 10(b). The gate-tunneling current,
however, remains exponentially dependent on so that the
gate-tunneling power continues to increase dramatically with

scaling, as illustrated in Fig. 5.As enters the ultrathin
oxide layer regime( nm), the MOSFET performance gain
resulting from further scaling of diminishes due to an in-
creasing impact of the polysilicon depletion, while the gate-tun-
neling power remains an exponential function of . Thus, the
optimal value of results in a gate-tunneling power that is
much less than the drain-to-source leakage power. Note that
even though the effect of inversion layer quantization was not
considered in (26), the same conclusion would still be
reached since this effect would add to as 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
current when evaluated at a circuit-level perspective. Also,
notice that the gate-tunneling current through the source/drain
overlap region is larger than the gate-tunneling current through
the channel [39] even though the overlap length ( F) is
much smaller than the channel length ( F). Fig. 13 projects
the scaling limit of as 2.2, 1.9, and 1.4 nm for the 180,
150, and 100 nm technology generations, respectively, while



BOWMAN et al.: CIRCUIT-LEVEL PERSPECTIVE OF THE OPTIMUM GATE OXIDE THICKNESS 1809

Fig. 13. Optimum physical(t ) and electrical effective(t ) oxide
thicknesses and ratio of tunneling to leakage power versus technology
generation.

the corresponding is calculated as 3.1, 2.7, and 2.4 nm.
The ratio of to is 0.14, 0.32, and 4.5% for
the 180, 150, and 100 nm technology generations, respectively.
These results indicate that aggressively scaling into this
ultrathin oxide layer regime does not provide the typical device
performance improvements as those demonstrated in past
technology generations. A recently manufactured MOSFET
[40] with a of 0.8 nm supports this conclusion with a
corresponding of 1.8 nm at a 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 areas
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 channel
length using a gate oxide thickness of 1.5 nm along with novel
channel engineering techniques. This type of MOSFET design
philosophy seems to have a greater potential for impacting
future GSI circuits.

IV. CONCLUSION

A performance constrained minimum power-area opti-
mization is introduced to predict the physical oxide thickness

scaling limit from a circuit-level perspective. The
circuit optimization is based on thephysical alpha-power
law MOSFET model that enables projections of CMOS logic
circuit performance for future generations of technology by
linking the simple mathematical expression of the original
alpha-power law model with their physical origins. Using the
physicalalpha-power law MOSFET model, an expression for
propagation delay including the transition time effect is devel-
oped. Also, a physical compact gate-tunneling current model
is derived to evaluate ultrathin oxide layers. Results indicate
that the gate-tunneling power issignificantly less %
than the drain-to-source leakage power at the oxide thickness
required for optimum CMOS logic circuit performance.As

is scaled below 3.0nm, the MOSFET performance gain
resulting from further reductions of diminishes due to an

increasing impact of the polysilicon depletion depth on the
electrical effective oxide thickness. The gate-tunneling power,
however, remains an exponential function of , thus resulting
in an optimal value of where the gate-tunneling power
is negligible in comparison to the drain-to-source leakage
power. The scaling limit of is projected as 2.2, 1.9, and
1.4 nm for the 180, 150, and 100 nm technology generations,
respectively. Until new gate materials become acceptable, the
key recommendation from this work is for future MOSFET
designs to focus more attention on other areas of the device
such as channel engineering or junction depth scaling to exploit
more significant performance opportunities.
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