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Chapter 1 

Introduction 

1.1 Brief History of SOl MOSFETs 

Device size in integrated circuits bas been reduced aiming at both bigb sp<'ed and bigb 

<knsity. Especially, huge investigation by big companies for high density DnAM n•sults in tbe 

gat<' l<'ngtb of i\10SFETs, which arc now most widely used in semiconductor int<'gr<tt<'d circuits, 

having b<:'<'n Y<'<trly reduced as shown in Fig. 1.1. Although the size reduction in1proved the 

density <tnd the performance of th<' intPgratcd circuits, it C<tliS<'d <tdditional problems which 

had b<'<'D negligible before. 

The m<tjor problems <tccompauicd with the size reduction <tre (1) degradation by hot c<trrier 

aud (2) short channel effects. The former one is conventi01mlly solved by, so called, drain 

engineering like LDD (Lightly Doped Drain) technology or supply voltage reduction for deep

sub-micron gate circuits. On the other band , in order to suppress the latter problem , it 

is effective to make shallow junction of source and drain with increas ing substrate doping 

density. However, to reduce junction depth in bulk MOSFETs or to increase doping density 

results in the reduction of break-down voltage and the degradation of carrier mobili ty. 

To solve these problems, a fully depleted SOl (Silicon On Insulator) technology was pro

posed aud it en<tbled to fabricate short-channel gate MOSFETs[l.2] . Although MOSFETs 
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Fig. 1.1 Progressive reduction of fcBture sizes and resolution limits in opticallitlwgraphy[l.l]. 

made by SO! structure had e:dsted before the fully-depleted type w;Ls proposed, their target 

was not su ppression of short channc·l effect, but the study of three dimensional int.c•grat.ed cir-

c:uits or high speed and high voltage device, so that SOl layer on which MOSFETs were made 

was relatively thick, which did not ouly inherit the problems of short-channel bulk MOSFETs, 

but also caused the particular problem of t hick SOl MOSFETs like a kink effect. BS shown in 

Fig. 1.2 (a)[ l.3]. On the other baud , about the reported fully-depleted MOSFETs, where the 

SO! layer thickness was reduced to be fully depleted by inversion layer, they were effective for 

controlling of kink effect as shown in Fig. 1.2 (b) . It is noted that although, at first, it "·as 

found that the thinned SO! layer could suppress only punch-through by buried oxide[L2], it 

was also found later that the kink effect cou ld be also controllecl[1.3] and that the sub-threshold 

characteristics could be improved to the theoreticallirni t[ l.4]. Additionally, the substrate elop

ing density can be reduced in SOl MOSFETs, while it must be kept high in bulk MOSFETs 
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(a) (b) 

Fig. 1.2 Output characteristics of t ransistors made in (a) 450 nm-thick and (b) 90 nm-thick 
silicon fihn [l.2]. 

to reduce short channel effects, which means that the ultra-thin SOl substrate may improve 

the carrier mobility in inversion layer, and reduce wiring capacitance by buried oxide, which 

causes delay t ime degradation in large scale integrated circuits. 

Although fully-depleted SOl MOSFETs arc theoretically superior to couwntiomtl bulk 

i'vlOSFETs, its performance highly depends on the process techuology to make ultra-thin sili

con layer by single crystal on buried oxide. SO! layer was conventionally grown on a sapphire 

substrate, so called SOS (Silicon On Sapphire) , but it was not thin enough to d('plete com

pletely. In 1978, SIMOX (Separation by IMplanted OXygen) technology was firstly proposed 

by Izumi et al.[l.6]. Because buried oxide is made by oxygen implantation and thermal anneal

ing in SIMOX, the ultra-thin SOl layer can be made more easily than by SOS. Its fabrication 

process flow is shown in Fig. 1.4. Recently, by the reduction of oxygen implantation and 

thermal annealing of 1350 ""C, the defect density in the SOl layer was reduced to 102 /cm2 and 

the iuterface quality between the SOl layer and buried oxide was improved to the almost same 
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Substrate 

Fig. 1.3 Cross-section of a SIMOX MOS transistor[l.5] . 

that made by thermal oxidation[1.7]. Cross section of an nMOSFET fabricated with a Sllv!OX 

substrate is shown in Fig. 1.3. Currently, ultra-thin SOl film with under 1000 A has bPen 

amilabk in such large area that integrated circuits can be fabricated using Sl l\ IOX technology. 

For an example, a ring oscillator was fabricated by 0.29 IJ,Jn-gate SIMOX/SOJ MOSFET, the 

delay time of which was 21.5 ps [l.8]. 

1.2 Target and Outline of This Dissertation 

Target of this study is to show the gu ideline of the optimum design for the CMOS circuits 

using ultra-short-channel MOSFETs, the gate length of which is near 0.1 ILm. SO! MOSFETs 

were used in this study because thei r fabrication technology is currently most advanced for 

the ultra-short-channel MOSFET. The target is, however, not only for SOl MOSFETs, but 

also any type of ultra-short-channel MOSFETs including bulk ones when their fabrication 

technology is advanced in future. 

The studies described in this di ssertation is summarized in Fig. 1.5. They will be described 
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fabrication of a SIMOX substrate: 
oxygen ion implantation + high tempreture annealing 

process of silicon island (EB lithography+ mesa etching) 

ion implantation for threshold control (nMOS/pMOS) 

gate process (EB lithography+ ECR etching) 

spacer formation (SiN) 

S/0 ion implantation 

deposition of first insulating layer 

contact hole formation (EB lithography+ AlE) 
l 

I annealing (RTA) I 
formation of first wiring (AlE) 

thru hole formation (A lE) 

formation of second wiring (AlE) 

Fig. 1.4 Fabrication proc('sS flow of ul t ra-thin CMOS/SiiVJOX. 

1 GHs RISC 

high-speed adder 

~-- high-speed frequency divider 
low-power frequency divider 

gate width optimization 

evaluation method for RO 
precise model for MOSFETs 

Fig. 1.5 Ou tlines of this dissertation. 
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from an device level shown at the bottom of pyramid in Fig. 1.5 to a system kvel shown at 

the top of pyramid. At first, modeling of drain current and delay time will be described. In 

section 2, by showing difference of drain current characteristics between long- and short-channel 

~IOSFETs, precise drain current modrl of ultra-short-channel ~10SFETs will b<' proposed. 

Then af1er dday time modeling of a Cl\ IOS inverter is ckscribed in SPction 3, which is the 

basis of design for integrated circuits, the essential parameters determining circuit performance 

such as power dissipation or delay time will be clarified in section 4. In section 5, speed 

optimization method for large scale integrated circuits fabricated on an SOl substrate will 

be proposed using simple gate width optimization theory. Circuit exam piPs .of SOl CMOS 

circuits, which operates at very low power and high speed, will be described in s<·ction 6 and 

7, respectively, taking a frequency divider for one of basic circuits. In s<•ction 8, new high 

speed carry generation algorithm will be proposed for a high spcPd adder. Using all results 

clescrib<'d from 2 to 8 sections, a design of RlSC microprocessor will be reported briefly for 

a practical example so that the feasibility of ultra-short-channel SOl MOSFETs applying to 

the large scale integrated circuits is shown. Finally, all t he studies about ultra-short-channel 

CMOS circuits will be discussed and concluded. 
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Chapter 2 

Drain Current Characterization 

Abstract 

A new drain current model for a short channel MOSFET is proposed , which is named 

non-pinch-off model. In this modo!, the effect of horiwntal electric field is precisely taken 

iuto account to solve the two dimensional poissou 's equation. The pinch-off point, \\'here 

the horizontal electric filed tends to infinity in thP conventional gradua.l-dta.llllCl approx

imation, disappears in tlw non-piuch-off model , so that linear and ~;at nration regions are 

smoothly connected. As a result, the atuhiguity of the boundary between liuear and 

saturation region in a short cba.nncl MOSFET can be understood using a single f'quation 

for drain current. 

Notation 

tc11 effective surface-channel thickness. 

x : distance from source edge. 

Cox : gate-oxide capacitance. 

Fu the coefficient for short channel effect. 

I o drain current. 
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f /Jo : drain curr~nt calculated using gradual-chan nel approximation. 

L : gate length. 

ll ' : gate width . 

Q(T) : total surface charge sheet density. 

Q, (T) : surface charge sheet density corr<'sponding to longitudinal field difkr<'ncc. 

1 ~r 11 threshold voltage. 

l'r; s : ~ate voltage. 

¢>(.c) : surface potential. 

cs; : permittivity of silicon . 

fl o : carriN mobility on low field. 

fl , : carrier mobili ty taking into account transverse field dependence. 

I''1J(1·) : effective mobility; velocity saturat ion and transverse field dependence are taken into 

account . 

0 : coefficient of longitudinal field effect . 

2 .1 Introduction 

Models for current-voltage characteristics of MOSFETs, such as a gradual-channel approxima

tion [2: 1], were conventionally deri ved assuming that boundary of linear and saturation regions 

is clcar[2 .3][2 .2]. These are reasonable when MOSFET in saturation region can be regarded 

as a constant current source with taking channel-length modulation in to account , which is 
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Fig. 2.1 The conventional model of surface carrier in saturation r<'gion. The horizontal dcctric 
fic,ld tends to be infinity at pinch-off point. 
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Fig. 2.2 Comparison of !- V characteristics and drain conductance between (a) 0.1 JLm gate 
length for short channel and (b) 0.8 11.m gate for long channel. Gate voltage is 0.5 V. 
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gate 

D 

~--------------------~ X 

0 L 

Fig. 2.3 The cross-sectional view of smface carrier in the non-pinch-off model. TLe effective 
surface carrit'l' thickness, te 11 is introduced in the new model. 

modulation of distance from tLe pinch-off point to the drain edge as shown in Fig. 2.1. How

ever, such boundary tends to be ambiguous in deep-submicron MOSFETs as shown in Fig. 

2.2. Actual su rface charge never physically disappears even at a pinch-off point. Moreover, 

the concept of channel-length modulation loses its physical meaning for i\JOSFETs on SOl 

substrates with nearly non-doped channel[2.4). 

In this chapter, a novel non-piuch-ofl' gmdual-channel model will be proposed considering 

tlw gradient of horizontal electric field , which is ueglcctcd in the conveutional model , so that 

the surface charge does not disappear aud the ef!'ective chaunel-length modulation factor in 

the conventional models is automatically taken into account . 

2.2 Non-pinch-off Mode l 

In the non-pinch-off gradual-channel model , an effective surface-channel thickness is in

troduced as te 11 as shown in Fig. 2.3. Surface charge sheet density Q(r) is then derived 

as 

(2.1) 
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whcrr 

Q,(:r) = CoxWcs- "1·11 - (1 + Fo )r/>(1·)). (2.2) 

Tbr first trrm in the right side of (2.1 ) is a charge sllf'et density corresponding to the gradient 

of electric field in parallel with channel , while Q1(:r) stands for the surface charge corresponding 

to the conventional gradual-channel model. It. is noted that Q1(.r ) can be negative in the pinch-

off region in conventional sense. \~Then dif!'usion current is negligible , drain current ID is giv('ll 

a,s 

ID = - VI'vQ (x), 

where v is carrier velocity given as 

d rjJ(x) 
tL, ---;y:;:

V=-----"",;-,...-,-
''' d,P(x)' 1+---
V~at dx 

(2.3) 

(2.4) 

By su bstituting (2.1) to (2.3) and integrating with rcs1wct to x, we get the following equation: 

(2.5) 

where I Do is the expression of drain current in linear region in the conventional gradual-channel 

model given as 

w ( r/>(1:) ) I DO= /Leu(x)Cox - Vcs- ll'r11 - (1 + Fo )-- ,P(x) , 
X 2 

(2.6) 

dl r/>1 is the electric field at source edge, which is given as the following equation by assuming 
C X x=O 
the second derivative at source edge is zero so that the electric field at source edge is equal to 

that of the gradual-channel model: 

(2 .7) 
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14 

Fig. 2.4 Comparison of I-V char<lct<'risties bctwe<'n non-pinch-off model and measurement of 
(a) a nl\IOSFET and (b) a pMOSFET. Dotted lines are measured data. Gatr length is 0.1 
J!lll. 11 A is employed for tell · 

and t lw effrctive mobility, J!eiJ(x), is givrn as 

(2.8) 

(2.5) is rewritten as: 

(d¢(x) )2 

2(!/J- IDo)x (d¢1 )2 

(2.9) 
----;:J;- = e:oe:si J!eiJ(x) tc u W + dx , =0 

ln this study, the above equation was solved numerically. An example of current-voltage 

characteristics of a 0.1-Mm-gate-length SOI/MOSFET is shown in Fig. 2.4 , where the effective 

surfilce channel t hickness is assumed ilS 11 .4.[2.5] and !Ls is approximated as 

!Lo (2 .10) 
J!s = 1 + II (Vcs- VTII) ' 

which is independent of the position x. Drain conductance characteristics is shown in Fig. 2.5, 
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1.5 

Fig. 2.5 Comp;uison of drain conductance characteristics between (a) SPICE level 3 for con
vent ional model and (b) non-pinch-off model. Dots are measured data. Gate length is 0.1 
fill I. 
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Fig. 2.6 I- V characteristics and drain conductance for various effective surface-channel thick
ucss. Gate length is 0.1 f.1ll1. Gate voltage is 0. 5 V. 
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wbere t br results obtained by lcvrl-3 model of SPICE3 arc also sbown. The results obtained 

by our model shows better agreement with measured data[2.1] than the conventional model, 

because the I-V characteristics is expressed by single equation for both of linear and saturation 

region. It is noted that I 0 in (2.5) monotonically increases even when I 0 0 decreases in the 

salumi'ion r·egion because the first ternl in (2.5) colllpensatcs the decrease of Ivo- \\"hen fc 11 

goes to zero, I 0 in (2.5) tends to Ioo in linear· 1·cgion aud to be constant iu snluml·ion 1·eg·ion 

as sbown in Fig. 2.6. 

2.3 Conclusion 

A non-pinch-off model was propos('d for drain current of a short cbulllcl MOSFET, in which 

lwrizont;t! rlectric field was takeu int o accouut. It showed the better agreement with t he 

measured data of a 0.1-tnn-gate !IIOSFET than a conventional model. Equation (2 .9) will 

be a good start point for establishing au explicit form , which is desired in dePp-su bmicron 

~IOSPET modeling. 
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Chapter 3 

Delay Time Characterization 

Abstract 

Dyuamic performance of ultra-thin SIMOX (Separation by ll\lplanl<·d OXyg;eu) CMOS 

circuits has been studif'd using ring oscillators . A novel concept of t·urrPnt-drlay product, 

along with an equivalent linear resistance of lVIOSFETs, is applied for deriviug dfC'clivc 

load capacitance of near 0.1 JLITI ga.tC' c:rviOS circuit!;. Calculation results showed qnanti

tative agrcrmcn1 with mcasun.>mrnt data. It was found that the gat l'-fr ingiug raparitann: 

limits I Ju ... delay time in t!Jr casr of tmdrr 0.2 Jl.lll gatP- lf'ngtlt. The lower bound of powf'r

d<•lay product of SIMOX/SOI is <'XJWCI,Pd as low as 0.2 f.J for t he gat.e lPugth of 0.15 Jtm 

• at the "'pply voltage of 1.5 V. 

3.1 Introduction 

18 

Low power operation is one of the serious problrllls in future VLSis. SO! (Silicon Ou Insulator) 

is expected as a promising technology for this problem. These features arc derived from low 

dfcctivc capacitance in circuits. Ev~tluation of effective load cap~tcit~tncr in logic circuits fabri

cated on SOl substrates is, however , a complex problem compared with the convcntion~tl bulk 

cirruits[3.1], bcc~tuse the devices includiug MOSFETs ~tnd wiring arc placed on an iu sul~ttor 

film, which is again placed on a scmicouclnctor substrate. Capacitance of it drain node and 
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step input 

Fig. 3.1 ulVIOS pull-down circuit. 

wiring in bulk circuits can be easily evaluated using conventional junction capacitance mock! 

aud paralld plate capacitance modd [3.2], lwcausc bulk devices arc fabricated on a highly 

doped substrate, where the effect of drp!Ption layer beneath the field oxide is r<'lativdy small . 

On the other hand , ultra-thin SOl devices do uot ne<'d a highly doped su bstratr because they 

arc free from the punch-trough problem of a channel region owing to the iusul>tlor film [3.3], 

so that a lightly- or non-doped and high resistance substrate is frequeut ly used expecting 

both high speed and low power dissipation for their low stray capacitanc<'[3.4]. Such a lightly 

doped substrate , however , is scnsit iV<' to dc• vice fabrication process in terms of impurity profile 

around the interface of buried oxide and tile substra.te, which makes it diAicult to unc!Prstaud 

• the effective depletion layer unde r the buried oxide. 

In this chapter, evaluation method of effective load capacitance will be described from the 

analysis of dynamic operation of CMOS circuits. In the following section , after describing the 

derivation method of effective load capacitance, we will compare the modd and the measured 

data from ring oscillators fabricated on SOI/Si iVIOX substrates. 

3.2 Analytical Modeling of Ring Oscillators 

3.2.1 D elay Time Model of CMOS Inverter Using Equivalent Lin
ear R esistance 



CHAPTER 3. DELAY TIME CHARACTEJIJZATION 20 

In this sPction , the equivalent linPnr rC>sist.nncc of MOSFETs will be derivC>d for an nl\IOS 

pull-down circuit with load capacitancC' CL, as shown in Fig.3.1. Let the somTC>-clra.in voltage 

of an n!VlOSFET be vas- The drain currC>nt, iDs, is given as[3.5]: 

. clvDs 
11Js=-CL~· (3. 1) 

The transition time, t, is given as the followin g <'quation when thC' drain voltag<' is r!'ducPd 

from\ijto\'1. 

(3 .2) 

Defining the equivalent linear resistnncC' as 

_ j''• dvDs R,n= -.-
"~ zos 

, for step input, (3 .3) 

(3.2) is simply written as; 

(3.4) 

It is noted that the equivalent linear rC>sistane<' R rff is directly calcul>tted from IIIC'asurecl I-V 

characteristics of MOSFET using nu!llcrical integrat ion. 

• The input signal to inverters in the rc>tl ring osci llator is not a step function. The delay 

time t,d for the inverter in a ring oscillator is, however, empirically known to I)(' given as tLC' 

following C>quation[3.8] : 

(3 .5) 

where (t09 - t 01 ) arc the 10 %- 90 % transition time of the inverter output in case of the st<'p 

input. By applying this equation to (3.3), the dday time tpd is given as 

(3.6) 

wbcre R D is an equivalent linear resistance' for a ring oscillator defined as follows: 
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510.9\'oo dvos 
Ro =- -.-

8 O.!Voo los 
for a ring oscillator. (3.7) 

Although it was reported that heating effect might degrade drain current stat ically[3.9], the 

error of dynamic delay-time evaluation using (3. 7) is expected to be small becauS<' of the 

following two r<'asons: 

1. Th<' hcating effect is small iti the cas<' of thinned buried oxide. Buri<'d oxidf' of 800 A 

was uscd in this study. 

2. Thc equiwtlent linear resistatJcc is cakulntcd by integrating inve1·t,ed drain currcttt from 

low to high draill voltage, so that the effect of drain-current dcgmclation is small , which 

occurs only in high draiu-voltage and high current region. 

In thc case of thick buried oxidc, it will bc nccdcd to usc a kind of pulsc J -l' mcasurcmcnt. 

It is notccl thnt, howcvcr, the differcucc lwtwcen mcas urecl delay time aucl calculation rcsults 

obtaincd by (3.6) and (3.7) duc to thc hentin g cff<'ct in the ca."' of thick buri!'d oxidc can be 

also evaluatcd from the current dissipation of a ring oscillator, which will ])(' nwntioncd in t be 

nPxt scction. 

3.2.2 R e lation B e tween the Equiva le nt Linear R esis tance and Cur
re nt Dissipation of a Ring Oscilla tor 

In this section , the total current dissipation of a ring oscillntor will be cli scusscd as shown 

in Fig. 3.2. 

The current dissipation is composed of static leak current and dynam ic charging current 

of load capacitance, which is given as 

(3.8) 
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Nstages 

Fig. 3.2 Ring oscillator circuit. 

wlJ['rr ]10101 is th<' total current dissipation of a ring oscillator, CL is a load capacitauce, \ "oo 

is supply voltage, N is the number of stagrs, J is oscillation fr<'qUelJ(·y, and J,,, and it,, art' 

tbr sub- or !War-threshold leak current of a pi\10SFET and an n!vlOSFET at th<' gatt'-sourcc 

volt;cgr of zrro, resprctivcly. It is noti'Cl that the leak current is no mort' nrg!Pct.cd in the 

0.1-Ji.m-clevice r<'gion bt'cause of thl' reduction of the threshold voltage. In (3.8) , the amouut 

of leak current is iuclrpenclent of oscillatiou fn'qurucy, so that the dynamic charging current 

!0 is given as: 

Substitutiug the delay time of an inverter given as 

l 
t,,d = 2Nj' 

(3.9) can be simplified as 

(3.9) 

(3 .10) 

(3.ll) 
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measurement calculation 

(fromFET) ( los· Vos ) 

(fromRO) 

2 fpd 

(from RO) 

Fig. 3.3 Relation between panunelers of a !I!OSFET and a ring oscillator 

Using thP equivalent linPar resistances of an nMOSFET R0 (d) for a pull-down circuit and 

a p~IOSFET R 0 (") for a pull-up circuit, thP av<'rage dday time of an inv<'rt<'r for rising and 

falling output is also given as the following c·quation from (3.6); 

I = C'"(R (d)+ R (u)) 
pd 

2 
D D (3. 12) 

From this <'quation and (3.11) , w<' get finally 

I = lfoo 
o RD(d) + RD<">. 

(3. 13) 

This equation means that the ring oscillator can be regarded as a serial resistor circuit of Ro(d) 

and R/J(u) from a view point of average power consumption. 

From the above derivation, we can get rdation among the equivalent linear resistance, load 

capacitance of a MOSFET, current dissipation, and delay time of ring oscillator, as shown in 

Fig. 3.3. 
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gate poly silicon 

side spacer ( Si3N4 ) 

AI 

active layer 

buried oxide 

substrate 

Fig. 3.4 Schematic cross-sectional view of a l\ IOSFET built with Sl l\IOX su bstrate. 

3.3 Experimental Results 

3.3.1 Process Paramete r s and D evice Features 

24 

StarLing subst rates were nearly iutrinsic , slightly p-type, (100)-oricnted Si wafers. A dose of 

0.4 x 1018 /cm 2 of IGO+ was implanted to tlw wafers with a 100-mA class implanter. Then 

wafers were annealed at 1350°C. Buric·d oxide layers were about 80 11111 t hicklless. SOl film 

wa~ thinned to 50 nm or 30 nm by thermal oxidation and etching. GaLe oxide was about 7 nm 

in thickness grown by dry thermal oxidation aL 850°C. 

Fig. 3.4 shows a schematic cross-sPctional view of a MOSFET. Fig. 3.5 shows dra.in cur

rent 105 and voltage \10 s characteristics of 0.12-JI.m gate n-cbannel and p-cbannel MOSFETs 

fabricated on 50-nm-thick SOl substrates. Fig. 3.6 also shows l os and Vo s characteristics 

of 0.1-ttm gate n-cbannel and p-chaunel MOSFETs fabr icated on 30-nm-th ick SOl substrates. 

The• gaLe width We; is 16 JL!I1 for botb n-chann<'l all(] p-channel MOSFETs. The• effpctivc linear 
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;:( ;:( 
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-1 _a _a 

-0.5 -1 -1 .5 
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(a) (b) 

Fig. 3.5 Drain current-voltage , J05-V05 , charactNistics of MOSFET built with 50-mil-thick 
SOl fil m. Tlw gate length is 0. 12 ftm. (a) n-channel MOSFET. (b) p-channcl MOSFET. No 
substrate bias is applied . The parameter is the gate-to-source voltage, Vcs, in volt. 
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Fig. 3.6 Drain current-voltage, I 05-\'08 , characteristics of MOSFET built with 30-nm-th ick 
SO! film. The gate length is 0.1 ftm. (a) n-channcl !v!OSFET. (b) p-chanud MOSFET. No 
substrate bias is applied . The parameter is t lw gate-to-source voltage, Fcs, in volt. 
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Fig. 3.7 Capacitance elements coutributing the total load capacitanc<'. Iutrinsic gal<'-oxide 
capacit ancc C0 , is omittPd in this figure. 

rrsistancP, as usrd in the following discussions, was num<'rica.lly caknlat<'d using t h<'S<' IJJ8- \ 'IJ.'; 

charactNistics bas<'d on (3.7). 

3.3.2 Calculation of Load Capacitan ce from 3-dimen sional shap e 

Fig. 3.7 shows capacitances contributing to the total load capacit<tllC<' C1" . In a ring 

oscillator, C L is 

(3.14 ) 

(3.15) 

(3.1G) 

where CcJJ, Ccs, C'", Cox and C1 are thr gate-drain capacitance, the g<'ttc-sourcc c<'tpa.citanc<', 
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Fig. 3.8 Calculation results of gat<'-friuging and gat<'-oxid<' capacitanc<'s bas<'d on [7] as a 
function of gatC' kngth. The thickn<'ss of gatC'-oxide capacitance is (a) 7 nur and (b) 3.5 nm. 
Capacitances arc normalized by gat<' kngth , ll 'c;. 

wiring capacitances iududiug drain-substratC' capacitance, gate-oxide capacitance aucJ gate-

fringing capacitance. Indices (n) and (71) r<' Jlr<'seut. uMOSFET aucl plv!OSFET, resp<'dively. 

Three times of C1 should be included in C1" for (•ach of uMOSFET and pMOSFET, because a 

~ I OSFET drives Ceo of itself as w<' ll as Cc;o aucl Ccs of a MOSFET in the next stage. Details 

of calculation of the fringing capacitance C1 is described in Appendix A. The calcu lation results 

arc shown in Fig. 3.8, where gate-electrode height is 350 nm and gate-oxide thickness is 7 nm, 

which is the same value in this process shown in (a) . Results for thinned gate oxide of 3.5 

nm arc also shown in (b) for comparison. The gate-fringing capacitance b<'comcs larger than 

gate-oxide capacitance for under 0.15-IIITI gate length in the case of 7-nm-gatc-oxide thickness, 

which afl'ects the delay time of inverter as described below. In t bP case of thinned gat.c oxide, 

bow<'vcr, the cfl'cct of the gate-fringing capacitance will be kept small CV<'ll for 0.1 I'm gate 
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Fig. 3.9 The dPiay time of an inverter obtaitl<•d by (a) measurC'IllPnt. of ring oscillators and 
{b) calculation from DC characteristics of l\IOSFETs built with 30-nm-thick SOl film. Cbof 

reprPsents drain-substrate capacitance caku latpd using parallel plate modPI. 

drviccs as shown in Fig. 3.8 (b) . C,., conlprises both of metal wiri ng stray capacitance C,r~ol 

and drain-s ubstrate capacitaucc cb""'' thP fonl!Pr of w!Jich is, however, nPgligible in C'<lS(' of SOl 

circuits. 

3.3.3 Comparison with Calculation and Measurement 

Both calculated and measured delay timP bui lt with 30-nm-thick SO! film is shown in Fig. 

3.9 for comparison. Calculation r<>sults both with <llld \\·ithout considering drain-substrate 

capacitance, Cbox• employed for wiring capacitance in {3.14), using the parallel-plate model 

for buried oxide, are shown in Fig. 3.9 (b). The calculation resu lts with Cb07 show better 

agreement than that without Cbon which im plys t !Jat the deplet ion layer under the buried 

oxide• in MOSFET region can bP di fi'erP ut from t he other region like metal wiri11g region and 

the su bstmi.P capacitance may not be Mglect.ed even for the light ly doped substrate . It is 



CHAPTER 3. DELA.)' TIME CHARACTEI/IZATIO:V 

~ 
Q) 
Ol 
."l 
0 
> 
"0 
0 
£ 
en 
~ 

1.0 

0.5 

0 

£ - 0.5 

· · ········-:--········- -----:----- --- -- · . . . . . . . . . . 
nMOSFET .. . .. . .. ..... ... . ...... . .... • .......... . 

gate length [11m] 

Fig. 3.10 Threshold voltage of MOSFETs built with 30-nm-thick SOI film. 
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noted that the mPasurecl delay ti111e is a little larger than that obtained by calculation in the 

case of 0.1-ftlll-gate because th<' int.erual signal swi ng is reduced clue to kak cmTent.. The 

upper and lower bounds as well as the drain current, iDs, in integration in (3. 7) should be 

modified corresponding to the reduced gate voltage, so as to take the swing r<'duction into 

account in th is case. The leak current in the case of other gate length, how<'V<' r, docs uot af!"ect 

the signal swing despite of slightly negative threshold voltage of nMOSFETs as showu iu Fig. 

3.10 because on-current is much larger than leak current. 

Both calculated and measured delay time for circuits built with 50-nrn-th ick SOl film is 

also shown in Fig. 3.11 for comparison, where Cbar is considered in (3.14 ). The cakulatccl 

delay time agrees with measured data. It is also shown that the delay time will saturated as 

the gate leugth is reduced , because C1 and C,. become dominant over Cox unless the scaling 

is carried out vertically,. as well. 

On th<• contrary, the effective load capacitance lHLS been also evaluated from de lay time 
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Fig. 3.11 The delay t ime of an in verter obtained by (a) measurement of ring oscillators and 
(b) calculation from DC characteristics of MOSFETs built with GO-nm-t.hick SOl film. 
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Fig. 3.12 Evaluation of effective load capacitance. Triangles and circles arc cakuht!Nl results 
in the case of 1.5 volt and 2.0 volt supply voltag<' by using (6). Solid line is a calculated result 

from (14). 

and equivalent linear resistance using (3.7) as showu iu Fig.3.12 , in which theoretical load 

capacitance based on (3.14) is a lso shown. 

Currcut dissipation derived from (3.13) aud measured data arc showu in Fig. 3.13. lu th is 

figure, curr<'nt dissipation diH'erencc bctw<'eu calculation and measurenwnt. gives estimation 

of D.C. leak current based on (3 .8). Figure 3. 14 shows leak current directly calculated from 

los- \10 5 characteristics of typical MOSFETs. Comparing Figs . 3.13 and 3. 14 , th is estimation 

shows fare agreement but the current in Fig. 3. 14 was a li ttle smaller than that of Fig. 3.13. 

It is reasonable because distribution of the ntllOSFET threshold voltage ncar 0 volt as shown 

in Fig. 3.10 contribu tes to increase the total leak current of 51-stage in verters. Th<' parasit ic 

bipolar effects in dynamic operation might enhance the leak current, though it is not clear 

quantitatively to get. 
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Fig. 3.13 The curn'nt dissipation of an ring oscillator obtaim'cl when (a) supply voltag<' is 1.5 
\ 'and (b) s tq;ply voltage is 2 V built wit h 30-n tu-tbick SOl film. 
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Fig. 3.14 Evaluation of leak curr<'nt from D.C characteristics of MOSFETs buil t with 
30-nm-tb ick SOl film. 
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3.4 Discussions 

3.4 .1 D erivat ion of the Effective Load C apacitance 

In this section, the derivation method of the effectivP load capacitance will lw discussed, the 

outline of which is shown in Fig. 3.3. 

At first, by .using delaY time and equivalent liuear resistance, eff('ctivf' load capacitance cau 

be givf'u as follows; 

(3.17) 

The efff'ctive load capacitance obtained by this equation shows good agre('Jll('!ll with theoretical 

load capacitance calculated from (3. 14), as shown iu Fig. 3.12. This nH'thod , howewr, Uf'('ds 

1-V characteristics of a typical MOSFET. 

On the other hand , effective load capacitmJCc can bf' also derivc·d front current-delay product 

as follows; 

(3 .18) 

One of advantag('ous feature:; of (3.18) is that the cfff'ctivc load capacil auce can be obtained 

without using D.C. characteristics, which is usually weaBmed using dificreut MOSFETs front 

ring oscillators. Static leak current of a ring oscillator, however , needs to be evaluated precisely, 

for !0 is a dynamic charging current excluding leak. Attention should be paid to the fact that 

the estimation of leak current from D.C. characteristics could be underestimated as shown in 

Figs. 3.13 and 3.14. The d irect measurement of static leak current of the inverter array, which 

has the same number of stages as a ring o:;cillator, will be better evaluation than that from 

. D.C. characteristics, because it contains the effect of leak-current distribution. Finally, both 

evaluation methods of effective load capacitance is expected to show the same result when the 

b1k current is measured precisely, so that it gives us lwtter confidence. 
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3.4.2 Effect s o f Leak Current o n Powe r-De lay Product 

It was found that the leak current was dominant in the total current in d<'ep-submicron-CMOS 

circuits. lu this section, power-delay product. and its theoretical minimum of iuvcrters will be 

discussed. 

\\.hen the power dissipation of an inverter in an N-stage ring oscillator is P , power-delay 

product for each inverter , E, is given as; 

(3 .19) 

lt. is uot.ed that 11at.ol tends to 10 wbeu the kak current becomes negligible, so t bat tLe theo

retical minimum of power-delay product , E0 can be obtained usiug (3 .13) as follows: 

Eo Foofotrd/N 

1'oo2 lpd (3 .20) 

Power-delay product obtained by measured dat.n as well as lower hound of power-delny product 

using (3 .19) nre shown in Fig. 3.15. Although mea>;ured power-dclny produ ct of an iuvcrtcr 

with 0.15- to 0.25-J.tlll gnte length was uuder 1 f.] in measu rement , wh ich is the similar results 

reported in[3.4], it is exp<'cted to be reduced down to 0.2 fJ using SOl invert<'rs with under 

0.15-Jtm gate length at the supply voltage of 1.5 V. 

3.5 Conclusions 

Dynamic performance of ultra-thin SIMOX/CMOS circuits has been studied. An dfective 

load capacitance in dynamic operation has been successfully derived from a uovel concept of 

current-delay product of a ring oscillator. Results obtained from this study are; 

1. Delay time of CMOS inverters cau be accurately estimated from tLe product of load 

cnpacitancc and equivalent linear resistance of MOSFETs, tLe latt<'r of which can be 
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Fig. 3.15 Power-delay product obtained by nl!'asur~d data and lower bound of powN-delay 
product using (20) at supply voltage of (a) 1.5 V and (b) 2.0 V. 

calculated from DC characteristics of IIIOSFETs. This fact also means that the effec-

tiw load capacitance can be accuratdy estimated by measuring the delay t ime of ring 

oscillators, and Ins-Vos DC characteristics of MOSFETs. 

2. Current dissipation of ring oscillators contains static leak current of inwrters and dy

namic charging current of load capacitance; the latter current is equal to the supply 

voltage divided by the sum of equivalent li near resistances of an nMOSFET ami pMOS-

FET. 

3. Finally the effective load capacitance in dynamic operation of CMOS inverters can be 

derived from delay-current product of ring oscillators without using Ins-Vas DC charac-

teristics of MOSFETs, when the :;tatic leak current is measured or estimated separately. 
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By applying the above results to cxpnimetlta.l ring oscillators fabricated 011 S!MOX/SOI, it 

,ras shown that the gate-fringing capacitance will limi t the delay time in the case of under 0.2 

ftlll gate- length. 

Appendix A Gate Capacitance 

Capacitances were calculated taking into account gate-fringi ng capacitance C1 and intrinsic 

gate-oxide capacitance Cox· The para.l lel-platc model were em ployed for Cox and the following 

equations for C f [3 7]: 

Cf = ~[fox {2 - ln(4) + ln (u/a)} + E,; ln (a)J · L a, 
7r 

(3 .21) 

where fo, fox aucl f,; arc the permittiv ity of free space, a relative diell'ct ric constant of the 

oxide and a relative dielectric constant of the nitride used for gate side-spacer , respectively. 

Lc is the gate kngth , while u and a are coustants determined by the following eqtmtions: 

(3.22) 

(3.23) 

where I\ aud R arc calculated as follows: 

f ( = 1 + tm/tox. and (3.24) 

~ . Lr. = a- 1 . __ R __ +In ((t 1
/

2 
R + 1) _ (t + 1 ·In (R + 1) 

2 tox a 112 (R 2 -a) a 112 R - 1 2a112 R - 1 · 
(3.25) 

Here, tm and tox are t he thickness of gate poly-silicon and gate oxide respec ti vely. 
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Chapter 4 

Test Structures for Characterization 

· Abstract 

A reliable characterization method is proposed for evaluating effective load cc:t.paci

tancc•, dfPctive current dri vability and drectivc }C>ak current in dynamic operation. ln 

this method, two t(•st structures are utilizPd in ordf'r to make the eYa.luation rC'li ahlr ; o ue 

is an OJWH-loop itl\·crtcr array for <•xtracling paranH'tC'rs and the other is a COliVC'Illional 

closPd-loop ring oscillator for confi rmation. The method i!-.i eafiily extended for grtwral 

high-speed circui ts such as ECL aliCI compouud-s<'miconductor circuits though Cl\IOS 

circn its an• used in this chaptrr. 

4.1 Introduction 

39 

R.ccmt high-speed circuits, such as ECL or compound semiconductor circu its, consume static 

power as well a~ dynamic power. Even in CMOS circuits, static leak current is not a negligi

ble problem in deep submicron region bC'cnuse of their reduced threshold voltnge for lowered 

supply voltnge. For these statically power-consuming circuits, convention al characterization 

methods were composed of DC and AC measuremC'nt using a single device and fl. ring oscillator, 

rrsprctivC'Iy. I t was difficult , howC'ver , to directly relate measured .data, such as delay time and 

currrut dissipation , with dynamic prrformanc<' j)arametcrs, such fl.S effC'ctivC' load capacitnncc, 
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rffrctive current drivability ;wei effective leak current. In this chapter, a new characterization 

mrtbod of dynamic performance parameters is described using au open-loop inverter army and 

a single ckvice, the results of which can be directly related with AC measurement of a ring 

oscillator in order to make them more reliable . 

4.2 Characterization Method 

4.2.1 Equivalent Linear R esis tan ce 

AI first, it. is noted that delay time and average current dissipation can be derived using an 

rffrctive load capacitance and an equivalent linear resistan<:e [4.1 [ (ELTI ), assurning leak current 

is negligible. ELR in a ring osci ll ator is defined so that delay time of an inverter , t,d , is given 

by Eq. (3. 12). Equations for the ELR is given as the following when the signal swi ngs fully 

from ground to power; 

( 4.1 ) 

for a pull-down device and 

(u) - 510.5\'oD dvo 
Ro -- -.-

4 o - 'lo 
(4.2) 

for a pull-up device , where v0 and io arc output voltage and current, and \ 'oo is supply 

voltage. These equations are derived based on the empirical fact that the delay time, t1,d , is 

about 5/4 of response time of an inverter for step input when the output voltage changes from 

Fo0 to 50% of \100 . Although t,,d was conventionally believed to be about 5/8 of response 

time of step input when the output voltage changes from 10 % to 90 %[4.2] as given by Eq. 

(3 .7), the validity of eqs. (4 .1) and (4.2) will be shown in later section by measurement. 

Current dissipation of a ring oscillator, 10 , is given by the following, as usual: 

(4.3) 
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(a) for CMOS without leakage (b) for circuits with leakage 

• Fig. 4.1 Two evaluation methods for ELR of a CMOS pull-down circuit for 1 IH' case of (a) 
negligible leak current and (b) considerable l<'ak current. 

~ 

where f is oscillation frequency and N is the nu!llber of stages of a ring oscillator. It is noted 

that parameters, Ct and R 0 , can be obtainNI by DC I-F charact cristics of a si ngle device and 

delay t ime of a ring oscillator based ou eqs. (3.12) to (4.2). i\amrly, dynalllic performance 

can be evaluated evrn by conventional test pat terns whrn the lrak current is tH'gligiblc in such 

case likr long-channel C:\!OS circuits. 

4.2.2 E x t en sion for Leaky Circuits 

Wlwn the leak current is consiclrmble, thr above equations should be modified as follows. 

Equations (4.1) and (4.2) are no more valid for leaky ci rcuits because rrduc0<l signal swing 

should be taken into fl.ccount. In this case, the ELR is to be defined as fl.ll integration of output 

current measured as shown in Fig. 4.1 (b), where \'11 and FL are logic high and low voltages, 

respectively. Using the inverter as showu in Fig. 4.1 (b), cqs. (4.1) and (4 .2) arc modified as: 

(4.4) 

for a pull -clown operation and 

(4.5) 
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output 
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Fig. 4.2 A proposed invPrtc•r array to evaluate dyuamic performance of circuits with kak 
currmt. 

for a pull-up operatiou. 

A t.c•st circuit showu in Fig. 4.2 was designed to measure the above paramet.c•rs. This circuit 

consists of an inverter array t.o provide 1'1" or \!11 to the input of the last. stage. Couuectious 

are sLowu in Fig. 4.3 for measuring 1 -1' dmraclerist.ics for the ELRs. 

Leak current needs to be added to eq. (4.3) for current dissipation of a ring oscillator, 11, 

a;; follows: 

(4 .6) 

where his the average of leak current for a pull-up and a pull-down circuit operation. Although 

delay t ime and current dissipation are expressed by eqs. (3 .12) and (4.6), the leak current can 

not be reliably separated from dynamic current if using a ring oscillator, bec<wse oscillation 

frequcucy, J, of a riug oscillator is not cout.rollable. These two compouent.s of current can be 

separated by measuring current dissipatiou at. seventl points of frequency using a tes t circuit 
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VDD 

'a 
+ 

'a 0 

(a) 

VDD 

'a 
0 

(b) (d) 

Fig. 4.3 The circuit diagrams to evaluate ELR of an nMOSFET with leak current. Odd 
number is employed for the stage number of inverter array. The circuit (a) is for pull-down 
operation and (b) is for pull-up opPration. Illustrative 1-\1 characteristics of the output are 
shown in (c) and (d), respectively. ELR for pull-up and pull-down transistors are obtained by 
integrating the hatched area in (c) and (d). 
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Fig. 4.4 The circuit configuration to separate dynamic current and leak current. An illustrative 
CUlT('Ilt dissipation is shown in the graph as a function of operation frequeucy "! ". 

shown in Fig. 4.4 . It is noted that the first stage of an inverter array is added 111 order 

to provide a typical input swing and the last stage is separatNl in power supply to remove 

the effect of parasitic capacitances duP to a measurcnwnt equipment. An illustrative current 

dissipation depending on input frequency is shown in Fig. 4.4. Intercept of y-axis gives the 

static leak current, and its slope is proportional to the load capacitance, which is given by 

rewriting eq. (4 .6) : 

I , -h 
CD= f(VII - VD)N" 

(4.7) 

Although the static leak current can be measured directly by applying DC signals to Fig. 

4.4 as input, the above method is considered more reliable even for t ime-dependent load

capacitance[4.4] or for the case of SOl circuits, where threshold voltage can be changed de

pending on operation frequency by the floating body effect. 
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measurement calculation 

( from array ) ( 1 - t --'---......---------~(capacitance ) 

(from ring) ( IR _ 1pd ) current IR 

I 
delay P 

........ ··-::::::::::::: 

CL 

(leak current ) 

IL 

VH - VL 

/R - /L 

( from array ) ( /0 - V0 -------------~(resistance ) 

Ro(u), Raid) 

Fig. 4.5 Summary of the charactNizaLion method described in thi s study. 

4.2.3 Confirmation M ethod 

-15 

Additionally total current dissipation of a ring oscillator, In , is also related to the ELR as 

follows[4.3): 

"II- VL In= (u) (d)+ h N . 
Rv + Rv 

(4.8) 

The current dissipation from eq. (4 .8), delay time from eq. (3.12), t he load capacitance and 

the leak current from Fig. 4.4 must have good agreement wit h the results obtained by a riug 

oscillator to make the evaluation reliable. Relations of these characterization methods are 

summarized in Fig. 4.5 
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Fig. 4.6 Drain current-voltage, I 0 5 -Vo5 , characteristics of MOSFET on substrate #1. The 
gate length is 0.3 f1m and the gate width is 20 1~m. (a) n-channcl MOSFET. (b) p-channel 
MOSFET. No substrate bias is applied. 

4.3 Experimental Results 

The proposed characterization method was experimentally conf1rmed using ultra-thin SIMOX 

• SOI/MOSFET circuits. The thickness of SOl layer, buried oxide and gate oxide was 50nm, 85 

nm and 7nm, respectively. Two types of substrates were measured, where threshold voltage 

is different. Typical drain current-voltage characteristics for 0.3 p.m-gate length is shown in 

Fig. 4.6. Output current-voltage characteristics of an inverter array is shown in Fig. 4.7 by 

using the circuit shown in Fig. 4.3. Input frequency dependencies of current dissipation of 

0.3-flm-gate inverter arrays are shown in Fig 4.8. It is noted that the intercept of y-axis is 

different from DC leak current, which may be caused by threshold voltage shift due to floating 

body effect. Effective load capacitances ex tracted from the slope of current dissipation in Fig. 

4.8 are shown in Fig. 4.9, where the gate widths of nMOSFETs and pMOSFETs are 2.1 11m 
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Fig. 4.7 Output current-voltage, Io-Vo, characteristics of an inverter array. (a) pull down 
current and (b) pull up current of substrate # 1. (c) pull down current and (d) pull up current 
of substrate # 2. The gate length is 0.3 J.Lm and the gate widths of nMOSFET and pMOSFET 
are 2.1 J.Lill and 3.3 J.Lm, respectively. No substrate bias is applied. 
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Fig. 4.8 Current dissipation of an inverter array on various input frequency on (a) substrate 
# 1 and (b) substrate #2. T he gate length is 0.3 f tm and the gate widths of nMOSFET and 
pMOSFET are 2.1 f.L ill and 3.3 f.Lill , respectively. No substrate bias is applied. T he current 
dissipation of ring oscillators on oscillation frequency arc a lso shown using black marks for 
comparison. 
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Fig. 4.9 Effective load capacitances on various gnte length cxtrncted from Ill(' slope of culwllt 
dissipntion in Fig. 8. The gate widths of niVIOSFET all(] pMOSFET are 2.1 11m and 3.3 p,m 

for all gate lengths, respectively. 

and 3.3 I'm for all gate lengths , respectively. The change of load capacitallce ckpending on 

gfite length bas good agreement with the change of gat<' oxide capacitance. Namely, the sum 

of parasitic capacitances other thau gate oxid<' capacitnuce, such as gate fringing capacitance, 

drain-substrate cnpacitance aud wiriug capacitance, is independent of gntc length iu each 

• substrate. The relationship of ELRs obtained by AC and DC mcasurcmellt is shown in Fig 

4.10. Here t1,d is delay time measured by ring oscillators. Data plotted in Fig. 4.10 is ranging 

from 0.2 p,m to 0.35 p,m in gate length, from 1.5 V to 2.5 V in supply voltage and from about 20 

ps to 100 ps in delay time. The empirical coefficient 5/4 in eqs. (4.4) and (4.5) was employed 

based on Fig. 4.10 (b). It is noted that the coefficient 5/4 is independcut of gate length, 

supply voltage and substrate type. Fill ally, chip micro photographs of a ring oscillator and an 

inverter array arc shown in Fig. 4.11. The details of the circuit performance and fabrication 

technology will be reported in fu turc. 
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Fig. 4.10 The relationship of equivalent linear resis tances obtained by AC and DC measure-
ments using (a) 10 to 90 %[2] and (b) 50 to 100 % of output swing. The equivalent linear 
resistance calculated from DC measurement is the average of pull-up and pull-down cases. tpd 

is obtained from measurement of ring oscillators. 
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(a) 

(b) 

Fig. 4.11 Chip micro photographs of (a) a ring oscillator and (b) il.ll inverter army. 
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4.4 Conclusion 

In this chapter, a characterization method of dynamic circuit performance has been proposed 

using effective lond capacitnnce, effective drivability (ELR), and effective leak cnrrent as pn

rarnctcrs. Experimental results show that the chamctcrization method of the lond cnpncitance, 

the leak curren t and the ELil gives self-consistent results. It is also shown that the ELR s ob

tained from AC and DC mensurcmcnt arc correlated , which is independent of gnte length , 

supply voltage and substrate type. As a result , the proposed method is expected to be a 

possible standard for characterizing high speed circuits, th e lenk current of which is no more 

negligible . 
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Chapter 5 

Gate-Width Optimization 

Abstract 

Simple gate-optimization theory is propos~d for C~!OS circuits. It is found that gat~

width-d~pendent part in the dc·lay time should be ~qual not only for an invert~r array but 

also for all gPneral structured circuits undc•r thr condition of nC"gligible wiriug capacitance. 

This theory is especially useful for the circuit within a module in an integrated circuit. 

5.1 Introduction 

54 

The speed opt i mi~ation is one of the serious problem in CMOS circuits because its delay t ime 

is almost proportional to load capacitance, whi le the delay time of a BiCMOS or a ECL circuit 

little increases even though the lond capacitance increases. Many optimizntion method for the 

gate width of a MOSFET was conventionally proposed . These studies were either too simple 

for the practical circuit because the output ftlld input of logics conn<'ct<'rl one by On(•[5.1][5.2] 

or too complex to be calculated analytically, so that they consumed large CPU time and were 

inconvenient for full custom design[5.3][5.4] . 

In this study, a simple optimization method for gnte widths of MOSFETs will be proposed 

under the condition of negligible wiriug capacitance. It will be a good guiddine to dC'sign the 

module in an integrated circuits. 
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Fig. 5.1 A circuit buffered by inverters without branch. 

5.2 The Case of a Straight Circuit without Branch 

The delay time of CMOS and BiCMOS gates, tw1 can be approximated by Af + B , where A and 

B arc constants and f is fan-out. Af and B arc named size-dependent and size-independent 

delay time hereafter, respectively. 

\Vhen certain m-stage cascade logics are buffered by k-stage inverters without any branch 

as shown in Fig. 5.1, the total delay time, D, is described as 

m - 1 ( ) m+k- 1 ( ) D = I:: B, +A; U!i+l + I:: B, +A, Wi+l , 

i=O Wi i=m 'Wi 

(5 .1 ) 

where w; is the gate width measured by size units, Wm+k is the equivalent gate width whose 

input capacitance is equal to thP load capacitance and the suffix ' 1 ' denotes au inverter. The 

optimum total delay time is given[5.2) as 

m+k- 1 ( Wm+k) 1/m+k 
D = I:: B; +(m+ k) Ao · ··Am- I--

i=o Wo 

The total number of optimum stages, n = m. + k , is given as 

ln (Ao ... Am- I Wm+k) 

n = rn+ k = A1 A1 Wo 

where f 1 is approximated as 

B1 
fl :;,e+-1 c4' 

. .:.L J 

ln/1 

(5.2) 

(5.3) 

(5.4) 



CHAPTER 5. GATE- \I 'IDTH OPTi iiiiZATJO:V G6 

which is ind<•pendent of circuit topology. Each gate width, w;, can be calculated as 

(5.5) 

5.3 the Case of General Circuit with Branches 

5.3.1 Minimum gate width of the first stage 

In this S('Ction, the minimum gate width will be derived wlwu the total dchty time is given. It 

is assmned that t he minimum delay t im<' is dnived as D , when ccr tai11 gate width of the first 

stage is given as IV. On the contrary, if t hP minimum gate width were• kss than IF iu the case 

of the delay time D , the first assumption wou ld be fault because the delay time of the first 

stage can be reduced by modifying the gate width of first stage to 11 · without any clmngc of 

otlwr delays . As a result , the minimum gate width corresponds to the minimum delay time 

one by one. The relationsh ip between the minimum gate width and delay time can be given 

from (G.3) and (5 .2) as 

(5 .6) 

whPre DA is the total size-depcnc!Pnt delay time. T he minimum gate width w0 is given as 

w,. 
Wo = (A JJJ )nAo ···Am-I, (G.7) 

and from (5.3) and (5 .6), the optimum number of stage, n, can be derived as 

(5.8) 

It is noted that this equation means that the optimum stage number for the minimum gate 

width is independent of the ci rcuit topology when DA is given. 
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[i]--- ----

w !1l 
~ m+~1 

--- -- -~-----t>o--:L w!1l 
(2) ;h m+n 

~ wm+~l ---~------------t>o--:L (2) 
;h wm+n 

Fig. 5.2 The circuit model with oue branch. The mtmber of stage bdore branch , m, is fixed . 
Each path is bufi'cred by iuvertcr array. 

5.3.2 the C ase Including Bran ch es 

At first, the case when the hrauch exists after (111 - 1)-th stage is considered, whcrc rn is 

fixed. Wbcu II ';(J) dPnotes j-th gate width in i-th stnge as sho\\·n iu Fig. 3.2 , thc optimum 

delay time is given as 

m -2 A N m + n - 1 (j) m + n - 1 

D = '""' A'o;+t + ~ '""' · Ul + '""' -\ (jJ'lll;+ t + '""' B L 1 _ L wm L · 1. (j) L i, 
i=O Wt 'Wm- 1 j=O 'W; i.=O 

(5.9) 

Ht + u - 1 

where sizc-indepc'ndcut term, L B.;, in each path is approximated to be equal. It is noted 
i ::;::?n. 

that t he delay time after m-th stagc should be equal in each path to miuilllize the delay titne , 

which results that the number of stage iu each path will be also equal as shown in Fig. 5.2. 

The minimum gate width of w!~) cau bc givcn as 

and the sizc-dependent delay timc in each stage is equalized as 

·u/1) 
A~j) ___!±_!_ = AI.ft-

wi 

(5.10) 

(5.11) 
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By substituting (5.10) and (5. 11) to (5.9), 

_ m-
2 Wi+! Am-! N (j) (j) (j) 

D- L A,--. + (A J )" L (A,., · · · Am+n-!Wm+n) 
i=D Wt Wm-1 I I j=O 

m+n-1 

+n(A 1f 1) + L B;. (5. 12) 
i=O 

By difkrPntiating in terms of w; and (AJ!J), (:>. 12) is rPwritten as 

D = (m + n) (Ao ·· · Am- ! t (A~~) · · · A~~~n - ! w~!,~, )) l/ m+» 

1=o Wo 

m + n - ! 

+ I: B;. (5.13) 
i=O 

This Pquation corresponds to (5.2), so that the optimum number of total stagPs lltotal can b" 

given by applying (5.3) as 

In Fv 
11t.otnl = 7n + n = ln !J) 

where Fv is defined as a virtual fan-out in tlw casP of having a branch givPn as 

(5.14) 

(5. 1:>) 

Applying t hese deri vations recursively, t he optimum number of total stages of gPn Pml t ree

structured circuits as shown in Fig. 5.3 can be given by (5 .14) using 

(5 .1 6) 

and the optimum size-dependent delay time in each gate is A 1f 1 . 
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• @-----

Fig. 5.3 A gcucml tree-structured circuit. 

w (1l 
~ m+~l 

·-----~----

5]---- -- -

Fig. 5.4 The case output merges to the same logic. 
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Table 5.1 Calculated A and B for 0.2-Jlm CMOS Gaks 
tpL/1 tp/1 L tpd 

cdl A (ps) B (ps) A (ps) B (ps) A (ps) B (ps) 
INV 21.4 12.3 26.7 14.4 24.0 13.4 f1 = 3.3 
ND2 27.9 21.8 34.4 29.4 31.1 25.6 
l'm.2 33.9 24.8 42.5 25.5 38.2 25.2 

103 34 .0 30.8 41.6 44.8 37.8 37.8 
:'-1113 45.8 38.1 57.6 35.2 51.7 36.6 

5.4 The Case of Merging Output to the Same Logic 

· When the outputs of several paths merges to the same logic as shown in Fig. 5.4 , t.he dda.y 

time can be optimized by substitu ting 'Wm+n to 'Wm+n in (5.15) as 

Fv = (Ao. Am-I f: (A~;,> ... A~;,~n- 1 Wm+n )) . 
A1 A1 J= l A1 A1 'Wo 

(5.17) 

The optimum size-dependent delay time will be the same A 1 f 1 as in the case of tn·e-struct ured 

circuits. Namely, even though the one output separates to different logics or sev<'ral outputs 

nwrges to the same logic , the optiumm size-dejwudeut uelay time of each gate is A 1 f 1. 

5.5 An optimization example 

The coefficient of the size-depeudent delay time, A's, and the size- independent delay time, 

B's, assuming 0.2-Jlm CMOS technology are shown in Table 5. 1. 10-bit decoder circuit shown 

in Fig. 5.5 is employed for an optimization example. The virtual fan-out of each node is also 

shown in Fig. 5.5 when the real fan-out is 100. Because critical paths are from the input of 

3-input-NAND to the output, the number of stage is optimized using its virtual fan-out. An 

optimized result is shown in Fig. 5.6, in which gate widths in the path from 2-iuput.-NAND 

arc minimized in order to reduce the load capacitance of a previous circuit. To coufinn t.he 

optimum point, delay-time dependence against gate width is shown in 5.7. It is noted that all 
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1.3x4x4 160=21632 

1.58x4x21632=136714 

1 .3x2x43264= 112486 

Fig. 5.5 Circuit of a 10-bit ckcoder. The virtual fan-out is also shown in th is figure. 
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Fig. 5.6 The optimization results of 10-bit decoder. The input of 2-input-NAND was also 
minimized in order to reduce thr load capacitanc<' of a prrvious circuit. 
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Fig. 5.7 Delay-time rlependence against gate width, which is normalized by th~ th~ordical 
optimum width. 
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curves in each gate tend to be identical when the incrcase of delay time is proportional to the 

load capacitance such as CMOS circuits . 

5.6 Conclusion 

Thc si mple optimization mcthod in Cl\IOS digital circuits was proposcd. It "''"' found that 

the dday timc in general logic circuits could bc optimized only by making its sizc-dcpendent 

part f 1 timcs that of an inverter. Namely, the conventional e powcr low could bc extended to 

gencml logic circuits because J1 tends to he e wl1en B 1 goes to zero. 
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Chapter 6 

Low Power Frequency Dividers 

Abstract 

Four types of frequency dividers were fabricated on SIMOX/SOI(S<•JXlmliou by IM

plaut.cd OXygcu/Silicon On Insulator) substrates. A novel circuit amoug th<•sc four 

circuits showed highest opcratiou frequcucy of 1.2 GHz under 1-volt supply voltage, the 

gate lPngths of which were 0.15 JI.m and 0.1 p.m. Power consumption was no more than 

50 11W alHI G2 ,,w for both 0.15- and 0.1-fllll gate d<•signs, respectively. 

6.1 Introduction 

64 

Currently, the delay time of an inverter of sub-micron-gate MOSFETs/SOl encourages CMOS 

circuits to be used in ultra-high speed int<•grated circuits as an alternative of bipolar circuits. 

Especially, deep submicron CMOS/SOI circuits with small fan-out such as frequency dividers 

arc expected to show high speed and very low power consumption due to considerable reduction 

of parasitic capacitance by buried oxide and high resistivity of SOl substrate. Supply voltage 

can also be reduc<'d in the case of ncar 0.1-fLm-gate CMOS circnits. 

Unlike the half micron SOl CMOS circuits studied in[6.3] , we have used SlMOX substrates 

whose quality has been drastically improved by oxygen-implantation technology and high 

lcm pcmturc a11ncaling technology[6.4]. Four types of frequency divider circuits hav.c been 
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Fig. 6.1 Drain current-voltage, I 08 -Fn5 , characteristics of MOSFET bui lt in GO-nm-thick SOl 
film. The gate length and width arc 0.12 J" m and 16.5 JHn , r0spectivcly. The gate oxide 
thickness is 7 nm. (a) n-channcl MOSFET. (b) p-channel MOSFET. No substrate bia.s is 
applied. The gntC'-to-source voltage, Vas, varies from 0 V to 2 V. 

fabricated and measured ranging from 0.1- to 0.2-Jtm-gate MOSFETs. 

6.2 Summary of Device Features 

Frequency dividers were fabricated on the SlMOX substrates with 50-nm SOl layer , 80-nm 

buried oxide and gate oxide of 7 nm thick. F ig. 6. 1 shows typical drain current I os and voltage 

\ins characteristics of 0.12-Jtlll gate n-channel and p-channel MOSFETs without substrate bias. 

Fig. 6.2 also shows Ins and Vo s characteristics of 0. 16-!tlll gate MOSFETs without substrate 

bias. The gate width We; is 16.5 J.Llll for both n-channel and p-channel MOSFETs. As shown 

in Fig. 6. 1 (b), a slight punch-through effect occurred in the pMOSFET of 0.12-Jtm gate. As 

a result, a 0.1-J"IIl gate frequency divider consumed larger leak current than 0.1 5- or 0.2-Jtm 

.· 
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Fig. 6.2 Drain current-voltage, 10 5 -VJJs, characteristics of MOSFET built in GO-nm-thick SOl 
film . The gate length and width arc 0.16 Jlill and 16.5 Jltn , respectively. The gate oxide 
thickness is 7 nm . (a) n-channel MOSFET. (b) p-channel MOSFET. No substrate bias is 
applied. The gate-to-source voltage, l'cs, varies from 0 V to 2 V. 
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Fig. 6.3 Four typcs of frcquency dividcrs built ou SHdOX suhstratcs. (a) 8-NAND type master 
slave circuit. (b) Complex-gate type mastcr slavc cin·uit. (c) 6-l\AI\0 typc edge trigger circuit. 
(d) Novel dynamic master slave circuit (l\ JC dividcr). 

gate dividers, which will be dcscrihcd in sectiou IV. 

6.3 Frequency Dividers 

Four types of frequency dividers uscd in th is study are shown in Fig. 6.3; (a) and (b) arc of 

master-slave types[6.5j, (c) is of an cdge-trigger type[6.5] while (d) is a new circuit developed 

in t his study. The circuit (a) necds an inverter to generate complementary clock, and the 

other three circuits operates on single-phase clock. The circuit (d) is a novel circuit designed 

to rcalizP both high speed and low power-dissipation modifying the circuit (b), which is called 

an MC (Modified Complex-gatc) divider hereafter. Fig. 6.4 shows a transistor network of 

Fig. 6.3 (b) for convenience. Here , th<' MOSFETs Ml~M8 can be omitt.cd as in Fig. 6.3 (d) 
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Fig. G.4 Transistor network of the circuit in Fig. 3 (h). !\11~M8 can bP omittPd, n•sulting in 
thf' circuit in Fig. 3 (d). Nodes N1~N4 ar!' floatin g wh<'n M1~M8 are omitted and clock<·d 
~ l OSFETs ar<' turn!'d off. 

whf'n tlw nodes N1~ 14 are allowed to b!' floating, namely dynamic operation. Thr diagram of 

state transition is shown in Fig. G.5. The MC dividf'r operates prop<'rly from stat.P I to IV as 

shown in this figur<' <'V<'n after srvcral MOSFETs are omitted in Fig. 6.4. In the MC divider , 

uot only gate capacitance but also th<' drain area aud wiring area can be reduced b<•cause 

thf' topologically configurntion is considPrably simplified. Comparison for the layout patterns 

using 0. 1-J.Lm C 10S circuits is showu in Fig. G.6. Even though the numbers of transistors in 

complex-gate and MC dividers arc 24 aud 16, respectively, the layout area shown in Fig. 6.6 

(L) is about half of that in (a). Although gate-width optimization by transistor sizing may 

improve the performance further which will be experimentally verified in the next fabr ication, 

it is noted that the gate widths of the circuit nrc 4 11m for both nMOSFETs and pMOSFETs. 

ln thr case of 0.15- and 0.2-/.tm circuits, on . the other hand, gate widths arc 6 and 8 1/,ln to 

keep thr gatr aspect ratio constant , rPspcctivcly. Wiring is based on about 0.7-p.m process 



CHAPTER G. LO ll ' PO\\EJI FREQUENCY DI\JDERS 

II III ~ IV 

input~ 
' ' ' ' ' . . ~· ----;----; 

output .__.___J 

I 

-
-

IV 

II cut-off transistors 

69 
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Fig. 6.5 A diagmm of state transition of th{' MC divider. I through IV in waveform corresponds 
to the ones in circuits. 
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:: jl :d !lilt . ' -.....; 

I .. • I 
30 !Lffi 

(a) (b) 

Fig. 6.6 Comparison of layout patterns of (a) complex gate type frequency divider in Fig. 3 
(b) and (b) MC divider in Fig. 3 (d). The number of MOSFETs aud wiring congestion are 
reduced considerably. 
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Fig. G.7 P<'rform ance data of four types of frpqucu cy dividers as a function of supply voltage. 
(a) Maximum opPration frequency aud (b) powpr dissipation at lGHz operation. ThPse data 
were obtaiu!'d from 0.15 run-gate CMOS/SOI circuits. No substrate bias is appliPd. 

tPchuology in a ll cases. 

6.4 Experime ntal R esults 

Fig. G.7 (a) and (b) show the maximum operation frequency aucl powpr dissipation using 

0.15-1-LIIl CJ\IIOS ci rcuits, respectively. It is noted t hat no subst rate bias is appli<'d in the 

measurement of frequency divider ci rcuits hereafter. The m<Lximum freq uency of 2.5 GHz for 

the 1C di vider \HlS obtained at 2 volt su pply voltage and the power dissipation of 50 fLW was 

achieved at 1 GHz operation. These were the highest speed and t he lowest power d issipation 

nwasured among the four types of frequency dividers. 

l\ laxim um operational frequency and power dissipation of the complex-gate type and the 

~'I C di vider shown in Fig. G.8 were measured for several gate lengths fro111 0.1 to 0.2 fL!ll . 

The MC typ<' divider shows higher maxiJnum frequency and lower power dissipat ion than t he 
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Fig. 6.8 Performance data of MC and complex-gate dividers as a fu nction of supply voltage. 
(a) 1aximum operation frequency and (b) power di ssipation at 1GHz operation. These data 
were obtained from 0.1-, 0. 15- and 0.2-,'lm-gate CMOS/SOI circuits. No substrate bias is 
applied. 

'; 
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complex-gate type divider for all sizes of gate length as shown in Fig. 6.8. The maximum 

frequency of the 0.1- and 0.15-Jtm ~lC dividers was similar, although that of a 0.2-JL!ll MC 

di vider was slightly lower than the others. On the contrary, the maximum frequency of a 0.2-Jiill 

complex-gate divider was highest among the three types of complex-gate dividers because static 

complex-gate dividers arc more sensitive to leak current which degra.cles current clrivability of 

~IOSFETs , that is , pull-up current must compPusate for an extra pull-clown current clue to a 

leaky n!viOSFET to hold au iut<'rual state in a static complex-gat<' tvpc· divider. Pull-down 

drivability is ah;o d<'gradcd dne to an additional leaky pMOSFET, which is omitted in th!' 1\lC 

divider. 

Power dissipation is almost proportional to the sq uare of supply voltngc, which means that 

charging current flows much larger than leak current at 1 GHz opcratiou except for the case 

of 0.1-Jtm gate. Although power dissipation of 0.1-JIIll MC divider degrades at 2 volt su pply 

voltage, it still consumes no more thnn 62 11-'v\1 at 1 volt supply voltage. 

In [6.6J, it was reported that the delay tim<· for au SO! ring oscillator was about half of 

that for a bulk one. It is mainly lwcause stray capacitances such as drain /sonrc<'-to-sui.Jstrate 

capacitance and wiriug capacitaucc iu SOl <kvicc•s due to as i.Juri<·cl oxidP layer a rc about a 

half of those in bulk device:;. Therefore, we arc estiumtiug that the ])('rfonnatJce improvemetJt 

due to SO! circuits is approximately 100 % compared with bulk circuits with the sam<' fine 

technologies in terms of power or maximum frequency. However, it is noted that th<' MC 

divider keeps advantage against other dividers U<'Cause of a circuit simplicity r<'gardlcss of 

fabrication technologies. 

Finally, comparison of power di ssipation with other studies is shown in F ig. 6.9. The power 

dissipation for multi-stage frequency dividers is of the first stage, which is estimated to be half 

of the total power. The MC divider consumes only 50 f.) per input cycle , resulting iu less than 

1/100 of the other dividers. 
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Fig. 6.9 Comparison of power dissipation with other studies . X-axis stands for the reciprocal 
of maximum frequency. The product of the power and the reciprocal of frequency corresponds 
to the energy consumption per input cycle. 
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6.5 Conclusion 

Drep submicron CMOS fre4ucncy dividers built on SIMOX substrates have been evaluated. 

It was shown the maximum fr<>qucncy of tlw ucwly designed 1\ IC divider for 1/2 frequency 

division can operate at 2.5GHz and its powN dissipation is 50 11W at 1 GHz in the case of 

0.15-fLil1 gate. Additionally, the maximum frequcucy of 2.6GHz and its power dissipation of 62 

11W at 1 GHz were achieved in the case of 0.1-/Lill gate. From these results, it was demonstrated 

that dc('P submicron CMOS circuits on SOl structure arc highly promisiug to future handy 

equipruents for battery operatiou because of low power dissipation. 
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Chapter 7 

High Speed Frequency Dividers 

Abstract 

Operatiou speed of several kiuds of CMOS frequency dividers has bccu stud ied from 

an topological view point. It has been found that a divider base on a clockrd-iuvcrter 

typ<' circuit is fastest iu static C!v!OS circuits. It. has been a lso found that the fastest 

C~!OS divider circuit can be deformed a quite s imilar topology to an ECL divider circuit 

designed by NA:-10-AND logics. The result of circuit simulatiou by SPlCE shows that 

maximum operation frrqucucy is about half of the ill v(•rs<> of the inw•rter's d<'iay tilllc; 

this fact indicates that high-performance C~!OS frequency dividers arc expected t.o havt' 

higher speed than ECL frequency dividers, if takiug into account the status of ring 

oscillator frequency records. 

7.1 Introduction 

77 

Frequency divider circuits are practically important components used in phase locked loops 

(PLL) and counters. Recent personal communication cquipmcnts require dividers working 

ou low power dissipation , reduced supply voltage and low cost. From this point of view, 

Cli!OS circuits·arc more sui table than ECL circuits [1-4] or other circuits using MESFET's 

or HBT [5][6] . Although there arc several papers in which CMOS frequency dividers were 
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output 

Fig. 7.1 Static frequency divider circuits using toggle flip-flop: (a) master-slave type , aucl (b) 
edge-trigger type. 

studied[7-10], it was not y(•t clarified which type of Cll lOS circuits is the best. 

In this chapter, the best circuit of Cli!OS static frequency dividers is discussed, and a 

Cli !OS dynamic circuit is also discussed, which needs only one-phase dock and has th(' similar 

performance to the best static circuit . 

In Section 7.2, static and dynamic Cll lOS di,·idcrs are topologic<tlly analyzed. In Section 

7.3, these analytical results arc veri fi ed by simulation, and concluded in Section 7.4. 

7.2 CMOS-Divider Circuits 

7. 2.1 CMOS Stat ic Frequency Dividers 

CMOS static dividers made by toggle-type flip fl ops arc classified into two grou ps as shown 

in Fig.7.1. J:vlastcr-slave type flip flops as shown in Fig.7.l(a) have the foll owiug features; (la) 

two-phase clock is needed, (2a) the number of series MOSFET's between output node and 

ground or power line in each gate is less than or cqmd to two, and (3a) fau-out in feed-back 

loop is less than two. 

Compared with the master-slave circuits, edge-trigger circu its'"' shown in Fig.7.l(b) have 
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Fig. 7.2 Master-slave type toggle flip-flop circuits: (a) 8-NAND type, (b) complex-gate type, 
(c) clocked-inverter type, and (d) transmission-gate type . 

the followiug features; (lb) it can operate on one-phase clock, (2b) 3-input NAND or NOR 

logics are indispensably included, and (3b) fan-out factor spreads from one to three. Although 

master-slave circuits have the undesirable feature (la), they arc considered suitable for height-

speed CMOS frequency dividers from the attractive features (2a) and (3a). 

The master-slave circuits were classified into four types of circuits as shown in Fig.7.2. 

Here circuit types of (a) and (b) bold their state in the SR flip-flops composed of cross-coupled 

two NAND circuits, while circuit types of (c) and (d) hold their st<tte in double inverter-ring 

circuits. The esscnti<tl difference between these two types of circuits is that output qO and 

its complement ql of the double inverter-ring circuits change simultaneously, while outputs of 

cross-coupled two NAND circuits cb<tug<' sequeutially, as shown iu Fig. 7.3. N<tmely, logic state 
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Fig. 7.3 Comparison of transient voltage between (a) a cross-coupled two !\AND circuit and 
(b) a double inverter-ring circuit. 
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Fig. 7.4 Cloek<'d-inverter type toggk ftip-ftop: (a) is clock!'d-inv!'rtcr typ<' using Cl\JOS circuit 
and (b) is the circuit whose clockcd-MOSFET's arc merg<'d. 

has to propagate through two NAND circuits t.o change the sta te in th<' latter case. Because 

state of both master and slave has to be changed within one cycle , th<' maxinllllll operation 

frequency !max of types (a) and (b) is l / 4t.;d, while !max of types (c) and (d) is l /2t;d , where 

t;d is the average delay time in one logic stage. 

The circuit shown in Fig. 7.4 (a) or (b) is described as t ransistor networks, which is the 

same circui t shown in Fig. 7.2 (c) . The circuit in Fig. 7.4 (a) is obtained by dirPctly translating 

gates to transistors from Fig. 7.2 (c) . On the other hand , Fig. 7.4 (b) is obtained by ITIPrging 

clocked MOSFET's. A master-slave ECL circuit is also shown in Fig. 7.5 (a) for comparison, 

which is compos<'d of NAND-AND circuits. It is noted that the nl\10S trar1sistor logic in 

Fig. 7.5 (b), like a source-coupled logic, has the same topology as the u-p-n bipolar tran sistor 
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Fig. 7.5 Comparison of clocked-inverter type CMOS aucl ECL circuits: (a) is 1\AND-AND 
type usi ng ECL circuit and (b) is the same circuit as (a) but described like source-coupled 
logic. 

logic in Fig. 7.5 (c). The circuit shown in Fig. 7.5 (c), usually followed by emitter follower 

buffer circuits, is the most. popular circuit in the hi polar frequency divider, because of its high 

performance. 

MOSFET 's, whose gate uodcs share clock signal , cau be merged as shown in Fig.7.4 (a). 

The input load capacitance of this circuit is the half of Fig. 7.4(b). 

Now let us compare three sub-circuits shown in Figs. 7.2 (b), (c) and (d). All of these 

circuits arc composed of 24 transistors. Because each circuit has the symmetric circuits in the 

master and slave part , and in the set and reset part, we need only to compare the quarter 

part. The nMOSFET's circuit of the quarter parts is shown in Fig. 7.6, which consists of three 

MOSFET's. It is noted that the main difference in these circuits is the position of clocked 

nMOSFET whose gate terminal is connected to clock signal. \<\Then the input oscillator bas an 

enough drivability, the gate width of the clocked MOSFET's can be expanded, compared with 

other MOSFET's , so that the channel resistauce of enlarged clocked MOSFET's is negligible. 
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aO(qO) a I (q I) gO aO 

a I (aO) ---i clock ---i 

clock ---i 

aO 

clock ---i 

Fig. 7.6 1/4 part of nMOS circuits from (a) clocked-inverter type, (b) trausrnission-gate type 
aud (c) complex-gate type circuits. 
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r-::=---- output 

Fig. 7.7 CMOS dynamic divider ci rcuits: (a) conv<>ntional transfer-gal~ typ~ and (b) dou
bl<•-rail dynamic circuit using on<'-phase clock. 

lu this case, the circuits shown in Figs. 7.6 (a) and (b) have the same drivability as an inv<'rtcr 

circuit, while the circuit shown in Fig. 7.6 (c) has th<' same drivability as a :'~!AND circuit. 

It is noted that the parasitic capacitances of tl](' sourc<' nodes of clock~d !v!OSFET's in Fig. 

7.6(b) will become larg<' , because tl)(' sourc<' nodes of clock~d MOSFET's ar<' floating from 

ground. From this point, lh<• operation SJW~d of Fig. 7.G (b) is slower than that of Fig. 7.G 

(a) for enlarged clocked !I IOSFET's. 

7.2.2 CMOS Dynamic Frequency Dividers 

The most popular CMOS dynamic frequency divider is shown in Fig.7.7(a). Tb<' maximum 

operation frequency of this circuit is 1/3t;,<L, where t;<L is the mean delay time per stage. This 

circuit needs two-phase clock like static mast<'r-slave circuits. On the other hand, a double-rail 

dynamic frequency divider shown in F ig. 7. 7(b ), which is a modified version from the circuit 

shown in Fig.7.4 (d), needs only one-phase clock. The maximum operation frequency of the 

circuit shown in Fig. 7. 7(b) is 1/21.;<1 . Although the rna."<imum frequency is comparative to 

that of the static clocked-inv<'rter circuit as showi1 in T~tb l e 7.1 , this dynamic frequency divider 

has advantage ov<'r th<> static circuit b<'caus<' two-phase clock is not needed. 
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Fig. 7.8 Comparison of maximum frequency among CMOS static frequency divider circuits. 

Table 7.1 Comparison of maximum op<'ration frequency clocked-inverter ci rcuits. 

Fig.3(d) 6.1GHz 
Fig.6(b) 5.5G Hz 
Fig. lO 6.3GHz 
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Table 7.2 Device parameters used in circuit simulation. 

kp 16 /tA/ V2 

pMOS vto -0.5 v 
tox 15 nm 
kp 40 /tA/V2 

nMOS vt.o 0.5 v 
tox 15 um 

7.3 Verification by Simulation 

In th is scctiou , tlw above consideration will be verified firstly, and siz in g effect will be dcsnibcd 

about non-clocked 11'10SFET's in Section 7.3.2 

7.3.1 The Effect of the Gate-Width of Clocked MOSFET's 

The above qualitative cousideration on frequcucy di viders were verified by circuit s imulation. 

Simulation was carried out assuming device paramet ers of 1 /!III process. is shown in Table 

7.2. Propagat ion delay time of a ring oscillator is 100 ps for this parameter. It is not Nl that 

process dependent parasitic capacitances originating from wiring and p-n junctions was ignored 

in order to consider the theoretical upper limits of performance of each circuit. 

Simulation results arc shown in Fig. 7.8 , where t he gate width of clocked 10SFET's 

denoted "enlarged" is 10 times la rger than that of the others. The result shows that the 

clocked-inverter type circuit using enlarged clocked MOSFET 's is fastest. , which su pports the 

consideration given in Section 7.2.1. Although the maximum frequency of the transmission-

gate type divider was comparative to that of the clocked-inverter ty pe divider for the normal 

gate width of clocked MOSFET's, it did not work when the clockedl\IOSFET 's were en larged. 

It is d ue to the position of clocked MOSFET's as described in Section 7.2.1. 
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Fig. 7.9 The gntc-width dC'pendence agaiust maximum operation frequency: t he x-axis of (a) 
is the gate-width ratio of a holding iuV('rkr over ft tmnsfcrring inverter, <1.nd t h<Lt of (b) is the 
gate-width ratio of clocked ~ l OSFET's ovC'r other :. lOSFET's . 

7.3.2 MOSFET sizing in clocked-inverter type circuit 

The optimum gil.tP-width of non-clocked MOSFET's is discussNI in this SC'clion. 

Master-slnvc circuits can be broken down into two parts, whic h arc for holding s t,a iP and 

transferring stat<' , rcspectiv<'l y. State kept in one part is transfer red to the other pMt synchro

nized with a clock signal. I t is noted that t he transfer circnit needs to have large drivability 

and t he holding circuit needs to be toggled fast in order to improve transfer speed. To reduce 

the load capacitance of the transfer circuit, red uction of gate-width of MOSFET's in holding 

ci rcuits in Fig.7.2 (a) (b) and (d) d egrades the tra nsferring spC'cd. On t he other hand , gate

width of holding MOSFET's in the clocked- in verter type circui t shown in Fig.7.2 (c) can be 

reduced without degrad ing tbC' transferring speed. 

The MOSFET's size dC'])('ndcnce on the maximum-operation frequency for t he circuit s hown 

in Fig. 7.4(d ) is shown in Fig.7.9. In Fig.7.9(a) , " in verter ratio" 1neans the ratio of gate-widths 
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Fig. 7.10 Transient voltage of clocked-inverter circuits on high-speed operation 
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Fig. 7.11 Modified clocked-inv~rter circuit , iu which th~ dock~d-1\IOSFET 's arc omitted. 

of the holding circuit to the transferring circuit and "clocked-MOSFET ratio" in Fig.7.9(b) 

meaus the ratio of gate-widths of clocked-MOSFET to transferring circuit. It shows that sizing 

the gate-width of MOSFET's can improve the dividing speed drastically. As shown in this 

figure, the maximum performance exceeds 5 GHz, which is more than 1/21.d, where the delay 

time td of inverter chain is 100 ps. This is because a coupling capacitance between the drain 

and gate nodes of clocked MOSFET's enhances the effective supply voltage over the power 

supply voltage as if bootstrapping circuits. The transient wave form in high-speed operation 

is shown in Fig.7.10, where the drain voltage of clocked MOSFET's is lowered as the gate 

voltage is lowered. It indicates that power is supplied not only from the power line but also 

from clock line. The performance of the divider is little improved as showu in Table 7.1 , when 
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the holding inverters enclosed by clotted line arc connected directly to power and ground line 

as shown in Fig.7.11 , because thP swing of the drain voltage of clocked l\10SFET's becomes 

smaller in high-speed operation . 

7.4 Conclusion 

The following conclusions are obtained through the cornparisOJJ of master-slav(' t~'JW frequency 

divider circuits: 

(1) The master-slave circuits arc faster tlmn the edge-trigger circuits for CMOS LSI. 

(2) The clocked-inverter type divider with enlarged gate width of clock<·d i\IOSFET's is 

fastest among the master-slave circuits. 

Additionally, it was found that 

(3) The n:v!OS part of the optimum clockC'd-i nwrtN type circuit can b<' configured as the 

same topology as the ECL circuit using NAND-AND logic. 

The maximum frequeucy is the half of the iuversc of the inverter delay time, for the clocked

invC'rtcr type circuits with enlargl'd gate width of clocked MOSFET's. This implys that CMOS 

frequency dividers are expected to exceed ECL static frequency dividers, because CMOS cir

cuits, reported so far , can be faster than ECL circuits under the condition of small fan-out . 
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Chapter 8 

High-Speed Adder and Counter 

Abstract 

A llC'W high speed carry generat ion algorithm is proposed basC'd on binary carry look 

ahead (BCLA ) algorithm, which is named fast binary carry loo k ahead (FBCLA ). An 

inverted biuary tree is omitted in Fl3CLA. which was couveutioually necd<'d iu 13 CLA . 

The number of stages to make the carry grucrat ion signal for all bits is rrducrd to about 

half of that in conventioual BCLA. As a result , t he calculatiou time is also reduced to 

abo ut half of the conventional ouc. This algorith m can apply to a binary incremcnt.cr 

and dccrC'Jil('!ltcr. 

8.1 Introduction 

93 

A high speed adder is the most important part in a microprocessor, digital signal processor and 

so on, the speed of which is strongly dependent on the adder speed . That is why many studies 

were published for high speed adders[ l - 3]. The total speed in an adder circu it is strongly de

pendent on calculation time to generate carry signals. Conventionally, carry-select ci rcuit[S.l] 

or carry-look-ahcad (CLA ) circuits[8.4], including binary-carry-look-ahead (BCLA )[8.2], was 

used for a hig)1-spccd adder. In these circui ts, a BCLA is most sui table for a multi-bit adder, 

because the calculation time is proportional to the logarithm of word length. In this dmptcr , 
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a new circuit modified from the conventional BCLA adder is proposed, the calculation time of 

which is approximately half of the conventional one. After describiug the FBCLA algorithm, 

it will be also shown that it can apply to a high-speed incremcntcr and dPcremcntcr. 

8.2 Algorithm for High-speed Adder Based on BCLA 

\Vhcn A, aud B; are defiued as iuputs , S; and C; as outputs of sum and carry, aud G'; aud P; 

as generation and propagatiou of carry, respectively, the followiu g eqnatiou is derived [8 .4]; 

P; = Ai G) B i, C; = G; + P; · Ci- 1 

G; =A;· B;, S; = C;- 1 Ell P,. 

\~lhcn the operation, o, is defined as 

(g,p) 0 (g',p') = (g + (p· g'),p. p') 

(8 .1) 

(8 .2) 

(8.3) 

the opcratiou, o, is a connective operation independent of a calculatiou order. The carry sigmtl 

is generated when Yi is substituted to G; , which is calculated from the following t'quation ; 

if i = 1 
(8 4) 

if 2 ~ i ~ n 

The carry signals were conventionally gcucrated by cas caded calculation by n inverted

binary-tree circuit and a binary-tree circuit as shown in Fig. 8.1[8.4]. Although this circuit 

generates a carry signal for the most significant bit (MSB) without calculating t liC iuvcrted 

binary tree, the carry generation of intermediate bits is delayed further. A new circuit shown 

in Fig. 8.2, on the other hand , does not need the inverted-binary-tree, where the calculation 

order is modified from Fig. 8.1. It is noted that this circuit maintains maximum fan-ont 

number of two, so that load capacitance docs not increase aud the calculation time of each 

module has no disadvantage agaiust that iu Fig. 8.1. 



CHAPTER 8. HIGH-SPEED ADDER AND COUNTER 

outputs 

inverted 
binary 
tree 

binary 
tree 

{ 

inputs 

c7 c. cs c. c3 c2 c, co 

(g,p)o(g ',p') 

~g', p' 
g, p 
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Fig. 8.2 Block diagram of a ucw fu lly-binary-carry-look-alwad (Fl3CLA). 
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Fig. 8.3 Comparison of the number of stages needed to generate carry signals. lxJ and lxl 
arc the maximum integers less or equal to x and less than x + 1, respectively. 
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Fig. 8.4 Comparison of llw layout of 32-bit adders usiug (a) the BCLA aud (b) tlH' FBCLA 
algorithm. 

The comparison of the number of stages for the carry geueration is shown iu Fig. 8.3, which 

is proportional to the calculation time. As tlw nmnlwr of bits increases, the IIIlmber of stages 

in the FBCLA tends to be half of that in the convPntional BCLA. Although the nulllbcr of 

modules, which is proportional to the number of trausistors, in the FBCLA is larger than that 

in BCLA, the typical layout area is almost same as shown iu Fig. 8.4. 

As an application of FBCLA, a binary iucreuJeuter aud decrementer can b<' ,Jso designed. 

For an incrcmenter , a certain bit b, must be invert<'d when the kss sign ificant bits than bi arl' 

alll. Namely 

(8.5) 

For an decrementer , on the other hand , bi must be inverted when the less significant bits than 

bi arc all 0. Namely 

b, bi E!l (bi-l · ... · bo) fori ~ 1. (8.6) 
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(a) (b) 

Fig. 8.5 New circuits of a binary (a) iucremcut.er aud (b) decremcnter based ou FI3CLA 
algorithm. 

The opemtiou is obviously connec t ive operation, so that (8.G) and (8.G) can be calculated 

by binary trees as shown iu Fig. 8.5. Its calculation t ime is proportional to the logarithm of 

word length , having the same characteristics of the FBCLA. 

8.3 Conclusion 

The new binary-carry-look-ahead , FBCLA , was proposed, the calculation time of which is 

about half of that of the conventional one with keeping layout area comparable. It is also 

shown that the binary incrementer and decrem eutcr can be designed by applying the same 

algorithm used in the FBCLA. 
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Chapter 9 

1 GHz Operation RISC 
Micro-Computer 

Abstract 

A TUSC micro-processor built with an ultra-thiu-film SO! substrate wa' desigued aud 

simulated. In the same chip area, instruction and data memories wcrP also cmbeddPd 

usiug Harvard architcrturP. In carry g(•nrration block iu ALU, which dctcrmiHes execu

t ion speed, FBCLA algorithm was eu1ployed . The gate widths were optimized bas('(l on 

a newly proposed rnctlwd , utilizing twgligihlP wiring capacitances Oil buried oxide . The 

simulation resu lt indica.tPs that t ill' micro-processor on SOl opcra.tC's over 1 GH;~, clock. 

9.1 Introduction 
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flC'cently the performance of fl!SC (fl.C'duced Instruction Set Central processing unit) micro

processor has been improvC'd dramatically, taking the place of convC'ntional CISC (Complex 

Instruction SC't Central processing unit) microprocessor. As a result, although the density 

and speed of integrated circuits were conventionally competPd by mC'mories, t.bcy have been 

competed rC'cently by the performance of flJSC microprocessors as wdl as memories because 

thC' most advanced process can be introduced to fabrication of RISC in a short t ime d n<' to its 

sim p!<• architectun•[l 4]. Namely, thC' pron•ss technology recently has rC'strict<'d the progress of 
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CPU, while the design of architecture and layout conventionally restri cted the progress of CPU. 

For au example, in 1990, 1-GHz-operation 4-bit CPU was firstly reported using JosPphsou de

vice cooled by liquid belium[9.5], but only two years later, in 1992. 1 GIPS (G iga Instruction 

Per SPcond) 32-bit CPU was reported using silicon BiC?IlOS circuit at room l<'mpcmtur<' , the 

clock cycle of which is 250 !\!Hz and it bad 4 CPU super-scalar architectur<'[9.6] . However, 

parallel arcbitPcture pcrform<'d such a high speed operation, which is st rongly d<'p<'nd on soft

war<'S such as a compiler and application, and the cff<'ctiv<' ])('rfonn<UK<' may b<' difkr<'nt from 

t.h<' peak pcrfonnauce. To improve the perfonnancc indepPndent of softwar<', it is important 

t.o rcducf' the time to complete one instruction , that is, to increase clock cyc!P. It is noted that 

the clock cycle is determined by the delay time, which is d<'graded in a largP scak int<'gratecl 

circuits built with an conventional bulk silicon subst rate clue to larg<' wiring capacitance, so 

that tb<' size reduction of IOSFETs can not uecessarily improvP thP performance. 

On the other band, because tb<' wiring capacitance of an SOl substrate is kss than half of 

that of a bulk silicon substrate, it is suitable for the large scale integmtc'd circuit such as micro 

proc<'ssor. Additionally, the gate optimization is easier when the simp!<' met hod dPscribcd in 

chapter 5 is applied because the gate c<tpacitanc<' is domiuant in all parasitic cap<Lcitanc<'s. In 

this chapter, a RISC microprocessor bui lt with an ultra-thiu SOI substmtc will be ckscribcd, 

which achieved 1 GHz operation , conventionally achieved by Josephson ckvic<'s at liquid helium 

temperature. 

9.2 Architecture of SOl RISC CPU 

The RISC microprocessor designed in this stud y which is called SRISC (SOI RJSC) her<'after 

was employed simple architecture becaus<' the target is to show the fea.sibility of SOl MOSFETs 

for large scale integrated circuits. Despite simplicity, to compar<' the p<'rfonmtnces of other 

rnsc microprocessors , 32-bit architecture, which is most wieldy US('d, was ('l!lployecl. The 



CHAPTER 9. 1 GHZ OPERATION RISC iiiiCI?O-COMPUTEI? 102 

1 SETHI const rd set hioh 16 bits of rd 
2 SRL rs "or1mm r shift riqht loqical 
3 SLL rs rtor1mm rd shift left loqical 
4 SRA rs rtor1mm rd shift right arithmetic 
5 LD [address] , rd load 
6 ST address rd store 
7 JMPL address rd ump and link 
8 Bee [address], condition branch on condition 
9 OR rs rt or 1mm cr. or 
10 AND rs rt or 1mm r and 
11 XOR rs rtor 1mm r exclusive or 
12 XNOR rs rt or 1mm rc exclusive nor 
13 ADD rs rt or imm rc add 
14 ADC rs rt or 1mm, cr. add with carrv 
15 SUB rs rt or 1mm rc subtract 
16 SBB rs, rt or 1mm, rc subtract with borrow 

Table 9.1 Opnatiou code table . 

instruction sets of SRISC is shown in Table 9.1 , which are composed of 16 basic instructions. 

The ca.lcu la.tion can be performed only bctwccu a register and immediat c data., or two registers, 

and a branch operation is executed aft<'r one more operation lik<' other R.ISCs. Five stage pipe 

line arch itectu re was employed , which arc (1) instruction fetch (IF), (2) instruction decode 

(DEC), (3) instruction exccutiou (EXE), (4) m<'mory access (MEM) and (::>) register write

back (WB) as shown in Fig. 9.1. The circui t block diagram is shown in Fig. 9.2. The 

Harvard architecture, separating instruction aud data memories, was employed in SR ISC to 

relax the restriction of memory acT<'SS time. However, in spite of the Harvard architecture, 

the access time must be still less than 1 us to achieve 1 GI-lz operation, so that the memories 

were embedded in the same chip fabricated by the same SOl substrate. Both instruction and 

data memories have 32 bit x 128 words, which can be read or written externally as well as 

iut<'rnally SRISC not only for t he input of instruction and data. but also for the measurement 

of their access time. Carry generation block iu ALU, which detenn iucs large part of whole 

speed , employed FBCLA algorithm described iu chapter 8. The simulation n•sult showed that. 
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IF DEC I EXE I MEM I WB I 
5 stage pipeline 

Fig. 9.1 Pipe line diagram 

Ddata D address I data I address 

[b] LATCH ~ SELECTER 

Fig. 9.2 13lock diagralll of SOI RISC CPU. 
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addition time should be less than 300 ps, which is less than 500 ps in order to achieve 1 

GHz operation. SfliSC can be interrupted only by reset signal for simplicity, although regular 

interrupts may be uecessary for multi-tasks. The gate widths of lVlOSFETs were optimized 

by a simple way c!Pscrilwd in chapter 5. The layout of STIISC is shown iu Fig. 9.3. The total 

llllJnhcr of pins is 174 including pins for confinnatiou and measurement of the performance of 

each block. 

9.3 Conclus ion 

SRISC shown in Fig. 9.3 is currently under fabrication. The simulation results of each block 

module showed the possibility of 1 GHz clock operation. The feasibility of a large integrated 

circuit using SOI MOSFETs will be shown after measurement of the speed of SnJSC. 
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Fig. 9.3 Layout of SO! niSC micro computer. 
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Chapter 10 

Conclusions 

Modeling and design methods for ultra-short-channel MOSFETs built with an SOl substrate 

was shown in this dissertation. The results are summarized as follows: 

1. It. was shown that the pinch-off point was ambiguous in any types of short-channel MOS

FETs including SOI MOSFETs. To describe this characteristics precis<'ly, the derivative 

of horizontal electric field was considered, besides the longitudinal electric field considered 

in conventional gTadua.! channel approximation model. 

2. It was shown that a CMOS ring oscillator could b<' evaluated by the equivalPnt linear 

resistance of a MOSFET and the effective load capacitance of an inverter. It was also 

shown that the effect of leak current as well as resistance and capacitance should be 

evaluated for short-channel CMOS circuits. For the evaluation of leak current, the mea

surement of an inverter array as well as a ring oscillator was proposed, which improved 

the reliability of circuit evaluation . 

3. In order to optimize the total delay time under the condition of negligible wiring ca

pacitance such as SOl circuits, the size-dependent delay time in each gate should be 

equalized. Inverter buffers should be inserted to make the sizc-dcpendeut delay time be 

J1 times that of an inverter, where h is lh<' constant dependent on the process. 
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key words 

Fig. 10.1 Tile important key words described in this dissertation. 

4. MC (Modified Complex-gate) divider was proposed , iu whicil redundant MOSFETs for 

static operation were omitted. It operated with only 50 Jl>\~' at 1Gl-lz inpu t and 1 \' su pply 

voltage. For high speed operation , newly clocked-inverter type divider was proposed, the 

gate widths of which was optimiz<'d. Its maximum operation frequency is theoretically 

the reciprocal of twice the dday time of au iuvc•Jter. Namely, it is expected to exceed 10 

Gl-lz when t he delay time of au inverter is lPss than 50 ps. 

5. The FBCLA (Fully Binary Carry Look Ahead ) algori thm was propos<'d by modifying 

the conventional BCLA algorithm in order to calculate in more parallel way. The carry 

generation time by the FBCLA is about half of that by the BCLA. This algorithm can 

also apply to a. counter. 

6. 32-bit RISC microprocessor built with an SOl substrate was evaluated , for tile application 

example of a large iutegrated circuits. Two 4k-bit lllcmorics and a two-pilase clock 

generator were embedded in the samP chip area, so that it O])('rates without ext<'rnal 

circuits. 
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The important key words described in this dissertation arc summarized in Fig. 10.1. Finally, 

it is concluded that the guidel ine of ultra-short-channel CMOS circuits could be introduced 

by these studies. 
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