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A Physical Alpha-Power Law MOSFET Model
Keith A. Bowman, Blanca L. Austin, John C. Eble, Xinghai Tang, and James D. MeindI

Abstract—A new compact physics-based alpha-power law vertical and lateral high field mobility degradation and velocity
MOSFET model is introduced to enable projections of low saturation, and 3) threshold voltage roll-off. Therefore, the new
power circuit performance for future generations of technology physicalalpha-power law model enables compact projections

by linking the simple mathematical expressions of the original . e . L
alpha-power law model with their physical origins. The new and physical insight into future circuit performance for low

model, verified by HSPICE simulations and measured data, POWer gigascale integration (GSlI).
includes: 1) a subthreshold region of operation for evaluating
the on/off current tradeoff that becomes a dominant low power
design issue as technology scales, 2) the effects of vertical and
lateral high field mobility degradation an(_j ve_Iocity saturation, The new physical alpha-power law model is derived by
and 3) threshold voltage roll-off. Model projections for MOSFET coupling the simple empirical alpha-power law MOSFET

CV/I indicate a 2X-performance opportunity compared to del 11 d th | hvsics-b di
the National Technology Roadmap for Semiconductors (NTRS) model [1] an € more compiex phnysics-based low power

extrapolations for the 250, 180, and 150 nm generations subject to transregional MOSFET model [2]. The derivation of the
maximum leakage current estimates of the roadmap. NTRS and new model begins by equating the saturation drain current
model calculations converge at the 70 nm technology generation, of the alpha-power law model [1], (1) and the low power
which exhibi_ts pronoqnced o_n/off current interdependence for transregional model [2], (2)

low power gigascale integration.

II. MODEL DERIVATION

Index Terms—Alpha-power law, circuit design, CMOS, gigas- Ip Vas —Vr\*° -1Ip (1)
cale integration, physics-based model, technology projections. 0 Vop — Vr sar

where Ipo (5) is a modified drive current that includes
l. INTRODUCTION an effective mobility dependence o¥us. Neglecting the

HE alpha-power law MOSFET model [1] is the mosfmall weak inversion contribution and performing a three-term
widely utilized compact drain current model due to it§inomial expansion of the bulk charge termdj .., the low
simple mathematical form and high degree of accuracy. TRewer transregional model's saturation drain current [2] may

model has been used to derive many expressions for evaluabggsimplified as

circuit performance. However, due to its empirical nature, I ~ (W/LNC v

the parameters of the model are measured values, which Dsar 2 (W/L)Cox et VD55 ar
largely precludes projections of circuit performance for future Was = Vr — (1/2)Vpsgar] 2)

generations of technology. Moreover, the model does norEI1 . . . .
describe the subthreshold region and therefore on/off drdiiyere W/L) is the channel width-to-length ratiGox is the

current tradeoffs cannot be thoroughly analyzed. The |09\§\t_e oxid_e capaqitance per unit arga is Fhe e_ffective mobil_-
power transregional MOSFET model [2] describes all regioﬁ mclud!ng vertical [3] and lateral [4] high field degradation
of operation (subthreshold, triode, and saturation). The drdifiects given as

current equations are rigorously derived and provide insight p= Ho 3)
into the physical basis of MOSFET behavior. Therefore, the © 1460Vas — Vo)1 + Vbseur/(EcL)]

low power transregional model is an advantageous choice . .
for predicting performance of future technology generatior?g'd the saturation voltage is
and in particular for analyzing on/off drain current tradeoffs. 5 Voo V.

The disadvantage of the low power transregional model is Vpg, . = ECL{\/l + < Gs T) — 1}
its relatively complex drain current equations. Coupling the Ecl

alpha-power law and low power transregional models enabl
a new compact physics-based alpha-power law MOSFE
model. Salient features of t_his new modgl include: 1) extension 1,0 — (W/L)Cox pteaVoo[Vop — Vir — (1/2)Vpo]  (5)
into the subthreshold region of operation, 2) the effects of
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Fig. 1. Validation ofa’s constant behavior against;s. (a)log(Ip g 4,/ Ipo) versus logVgs — Vi) demonstrates the power law relationshiplef,, , .

(8) againstV;s — Vi for Vpp = 1, 2, and 3 V. (b) Percent normalized difference ver$igss — Vr indicates thata|VGS (9) varies less than 3%
from o (10) and the effect of this difference afp ., (1) is less than 1%.

Substituting (2) and (5) into (7) gives For added verification of (10), Fig. 1(b) plots the percent
(VoV} Vosarllos— Ve O/AVos] SRR PR O B O
- . - . - 0
Vop — Vr Voo[Vop — Vi — (1/2)Vpo] Gs ' P Gas

) from the constant value of. The effect of this difference
betweenca|y,. (9) anda (10) is observed in Fig. 1(b) by
Solving for the exponent in (8) plotting the percent difference ép, ., («|v.,) andip, ., («)

Visear [Vas — Vo — (1/2)Vpsaar] from (1) normalized by . Fig. 1(b) indicates less than a 1%
1 S AT SAT . . . ;
_ < VoolVob — Vi — (1/2)Viol ) o ;;]aréig;)n forip. ., usingaly,, compared to thex calculated

Gs

In <H) A feature of thephysicalalpha-power law model is that the

bb =T dependence of carrier velocity df s is jointly described by

Equation (9) expresses the parameteras a function of [, (3)—(6), as well as: (10). This yields improved accuracy
Vgs. Given Vr = 04 V and Vpp = 1,2, and 3 V for  of the model forVgs near Vi compared to the original
a = 1.96,1.91, and 1.89, respectively, Fig. 1(a) plots botha|pha-power law model [1] that describes carrier velocity as a
sides of (8) aslog({pg.r/Ipo) Versuslog(Vas — Vr) 10 function of Vi solely throughe. Therefore, the values af
demonstrate the power law relationshiplgf; ,, with respect cajcylated by the physical alpha-power law model are slightly
to Vs — V. Fig. 1(a) exhibits excellent agreement betwe&gger than the measuredvalues of the original alpha-power
the_alpha—power law and low power transregional sqturau% model [1] for short channel MOSFETs.
d,raln current models for a constant value @f Applying o fyrther insight into ther parameter, analyses of the long
L'Hospital's Rule t(,) ©) vern‘les. that the expression has Ehannel MOSFET with negligible carrier velocity saturation
removable singularity at the poiritzs = Vpp. Therefore (EcL > Vi — Vi) and the short channel MOSFET with

ng legélo(g} (gt))(:;mlezﬁ\/”dznznvaccurr:t'eoiocl,lfms%? dg?gn severe carrier velocity saturatiaitcL < Vpp — V) are
y vall s Deweenvr vp (regi uration erformed. In the long channel case, the saturation voltage

assumingVps = Vpp). A simplified and accurate expressio 4) may be simplified by performing a two term binomial
of « is determined by selecting/gs equal to the middle expansion such that

value between the end point¥{p, Vr) such thatVgs = P
(Vpp + Vr)/2. SubstitutingVes = (Vpp + Vr)/2 into (9)
gives VDssar|EcLsvas—ve = A/m)Vas — Vr).  (12)

«

@ =«

‘as=(Vnn+Vr)/2 Substituting (12) into (10) gives

1 2Vpo[Vbp — Vo — (1/2) Vo]

- n (10)
In(2) VpalVbop — Vr — 7VDd]

A EeL>Vhn—Ve & W) 2. (13)

where

Via = VDSsar Vas=(Vpo+vi)/2- (11) Thus, for long channel MOSFET's with negligible carrier
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., (Vas <Vr +1/B: subthreshold region)
Iy =14lo,, (VDs < Vps,,, : triode region)
I

Vbs 2 Vps,,, - saturation reglon)

o, = (W/L)1oCox 512[1 - eXp(‘BVDs)]eXp((ﬁ/Tl)[VGs - Vi - 71/[3])
- Ho Ve
oy = (W/L) [1 +8(Vgs = Vo )][1 + Vos/(EcL)] Cox'los [VGS v (n/Z)VDS]

Ves ~ Vi | Ho
| =l —E—T 1. |, =(W/L Cox Vool Vop = Ve = (n/2)V,
Dgar DO(VDD_VT) DO ( / )[1+8(VGS'—VT)}[1+VDSSAT/(ECL)] ox Do[ DD T ( ) DO]

o= 1 In 2VDO[VDD - Vi —(n/2)Voo]
VDa[VDD - Vi - T\V[)a]

2 (Vas =V
VDSSAT = ECL{J1 + -E———L-[Ln*l) - 1}; Vo = VDSS,\T
o

Vi =V + AV [6]; Vi =Vig +2I¢F| - Qg /Cox
MOSFET Parameters

p= Q/(kT); n=1+Cpe/Cox; Cpo = JESSiNA/[Z(ZId)FI - VBS)]; Cox =Eox/toxs 0= IJ'O/[ZtOXVnorm] [3]
Voorn =22 x10%(cm/s) [3]; E¢ = (Vsat/!»lo)[1+e(vcs - VT)] [4]; Qgo = —qugSiNA(zld)F‘_ VBS)

; Voa =WV,
VGS:VDD ’ ba DSSAT VGs :(VDD+VT)/2

Fig. 2. Physical alpha-power law MOSFET model.
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Fig. 3. \Verification of the physical alpha-power law model against HSPICE simulations [7] fdiajersusV,s and (b)I;, versusVgs.

velocity saturation the exponent converges to the value for Substituting (14) into (10) gives
the classical Shockley square-law MOSFET model [5]. For the 1 3
LV Vi R In(2)%/% = 3/2. 15
short channel MOSFET witls sufficiently larger thar’r, olEcLevop—vr In(2) n(2) / (15)
the saturation voltage (4) may be simplified as Substituting (14) and (15) as well as (3)—(6) into the expression
for saturation drain current (1) gives

ViSear|Ee Lavas—ve & V(2EcL/n)(Vas — Vr).  (14) Ipgar|BcLcvpp—ve @ WCox(Vas — Vr)vsar  (16)
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Fig. 4. \erification of the physical alpha-power law model against measured data fbr=a}).38 um [8] and (b)L = 0.18 um [9].

where v, IS the saturation velocity. Thus, for the short 2g

channel MOSFET with severe carrier velocity saturation the H NTRS Projections
E—EI Physical Alpha-Power Law Projections

drain current in the saturation region approaches a linear
dependence oVgs — Vr [1].

The equations for the triode and subthreshold regions of 15 |
operation are simplified versions of the low power transre-
gional MOSFET model [2] such that the complgibysical »‘;
alpha-power law MOSFET model is defined in Fig. 2. To &
ensure accurate modeling of submicron MOSFET's, a threshS
old voltage roll-off term [6] is included in thé’ formula. o
Fig. 3 compares the newly derived model against level three
HSPICE simulations [7] for the 0.2axm (L = 0.20 pm) 5
technology generation in the: a) superthreshold regibn (
versus Vps) and b) subthreshold region/f versusVgs).
Excellent agreement is demonstrated between the physical
alpha-power law model and HSPICE simulations. A crucial
element of thephysical alpha-power law model is the sub-
threshold analysis, which was neglected in the original alpha-

10}

0 i I n
50 100 150 200 250
Technology Generation (nm)

power law model [1]. Inclusion of the subthreshold region of TG Voo tox | Max o
operation provides key insight into the on/off current trade- (;g(’)) ;Vz) (:";) (”AQ“’“)
off for future technology generations. Fig. 4 demonstrates 180 17 35 3
that the model is in good agreement with measured data 150 14 27 3
for submicron technology generations: &) = 0.38 um 130 1.4 23 3
[8] and b) L = 0.18 um [9]. Therefore, the new physical 100 1.1 18 3
alpha-power law model retains the simplicity of the original gg g'g (135 ]8

alpha-power law model while providing a physical basis
for the model parameters that enables circuit performanigg. 5. Comparison of the physical alpha-power law and NTRS projections
projections for future generations of technology mcludlng’ff‘//f versus technology generation (TG). The model calculatesby

quating({» /W) to the maximum off currenfMax I, ) determined
on/off current interdependence for low power GSI. in the roadmap.,

I1l. PROJECTIONSUSING THE

and supply voltage are chosen in the range of parameters
PHYSICAL ALPHA-POWER LAW MODEL

projected by the roadmap. For the model projections, the
Fig. 5 compares the MOSFET delay metfid’/I as pro- threshold voltage is calculated by equating the subthreshold
jected by the newly derived physical alpha-power law moddrtain current per unit width to the maximum off current
against the National Technology Roadmap for Semiconduddax I.g) specified by the roadmap. Fig. 5 indicates a 2X-
tors (NTRS) [10]. Values for feature size, oxide thicknesperformance advantage for the first three generations compared
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to the NTRS calculations, subject to the maximum allowabladicates a significant on/off current interdependence for low
leakage current. As technology scales, the extrapolations of ffmver GSI.

NTRS converge to the calculations predicted by the physical
alpha-power law model thus indicating a significant on/off
current interdependence. 0
IV. CONCLUSION 2l
The complete physical alpha-power law MOSFET model
is derived to describe all regions of operation (subthreshold,
triode, and saturation) while providing a simple mathematicafs
expression for calculations of circuit performance yet retaining
a physical insight of model parameters. Validated again A
HSPICE and measured data, the model includes the effects
of: 1) vertical and lateral high field mobility degradation
and velocity saturation and 2) threshold voltage roll-off. The[s]
physical alpha-power law MOSFET model describes the entirg]
range of velocity saturation from the long channel MOS-
FET with negligible velocity saturation to the short channel[7
MOSFET with severe velocity saturation. Model projections8l
for MOSFET delay indicate a 2X-performance opportunity
compared to the roadmap extrapolations for the 250, 180, ang
150 nm generations subject to the maximum leakage current
estimated by the roadmap. The NTRS and model calcula-
tions converge at a technology generation of 70 nm, whigio]
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