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In this thesis, ~OSFZ~ atodels and an&lyses for ]_ow volta£e 

.-03 integrcLteC. circuits, pro;;;ertic~e of euhc:J.llCe;aent-depletion ( 

static ~~·nci. dynamic cj_rc:J.i ts, anCi. a nevv· C,;IQS ;Jrocess ecre studied. 

The ;nsjor ~urpose of this study is to solve power dissipation 

fJro ole"ils that will li;ni t the integrcct ion density in a very h rce 

scc~le circuit. A nu;llber of models FJ_ncJ. ana.lyses in this thesi;=-; aLn 

to proviO_e convenient design tools for :nore advc:~nced designs. 

An ccccurc:.~te c~.nd practical ·node l for standr:-=:rd ."-'~Osrrs~r thc~t D p­

plies over 8 wide range of current including the subthres~nold re­

gion iH developed. 'J:1he ~noeel utilizes CLna.lytical current ecLuatiol1[3 

6ivided into throe ODeration regions for the _,_QSFJT: the non-s&tu­

rstion reBion, the saturation region 2nd the ta.il current region. 

The 8QU2tions a.re derj_ved based on sn accurate ca.lculatiun. of the 

surf~~:ce potentials at the .source e:ccl of the chctnnel C:.nd c-_.t the pin­

ch-off point. The COillJ&rison of the current-voltaBe charccteris­

tics between theory and experiments for a wide rsnge of oxide thi­

c\-::n(~sses, substrc~.te eloping densities e:;nc'i teur9erc·tures indicate~:; 

the :c "reement is uxcellent in a current range 10-? to lu- 11 A. 

')'hreshold voltage control and lo•N-level current control in 

";;QSF~rr by ion-imola.ntation is discussed. It is s}.~Jwn that a sj_n-

:::;le lc-.,yer idtple.ntst.t ion .hus SOille limitations in a lo1·-,; voltage c ir­

cuits becau~~e the charc-Jcteristics of the tra.nsistors at lov; cur­

rente are strongly influencud by the j_;aplantation condition. It 

is pro-ooseci thc<t a double-L:;yer i,-uplcmtation provides a grer.rt fle­

xibility in controlling the low-level currents. 2or instance, the 

Ciouble-lc.yc~r iiupl~:,:.nte.t ion of Ctif:fering species ,rrake s possible a. 

nearly par~llel sh.ift of the lac ID - V n curve~:: c 
'J 

It also realizes 

.JO~~~F.:.~r-~s D:.·.ving residue:.1.l currents FJnd OSFSTs having less steep 

lot: J_- V
1
--. curves dc:;·~Jenc~inr-£ on the condition. rrb8se :febtures ar·c 

'----' _L) u ·" '----' 

r~;~~"lized j_ndependcnt of the cont~col of the threc~hold val tc::ri:e. 
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The douole-diffused ivlOSFE'J' realizes effectively short chan­

nel device without suffering fro:n a number of short c1wnnel eff<Cc­

ts. A rcu:nerical anc:lysis of tl-w double-diffused <OSFET that is 

based on ;ccccur8te charge equF:tions and d.ependence of mobility on 

gate and drain field and doping is carried out. The gradient of 

r:!oping along the channel plays an important role to deter,nine the 

current versus voltage characteristics. Both symmetrical and ssy:n­

;;,etrical doping profiles are mmlyzed through this study. 

Design and experiments of enhancement/ depletion ( E/D ) cir-

c~J_i_ ts are discus~::ed. A generc:l design ap:proa_.ch for sts.tic illVtdr­

ters for the tJu:c~Jose of opti;nizing the dc-trc:J_.nsfer curves J_s pro­

posed with an emphasis on the operation at five volts and at 1.5 
volts. Dynamic operation of the E/D configurEl.tion is pl'ODosecJ ·J-or 

2ddress circuits in randoJI-access llletnories. Based on these design 

theories o_nd circuit tecll.niclues, 8_ prototype rec.d-only -ne_llory end a 

rcndom-acces2. memory are designed_ c:nd are successfully operr:.t~:cl 

v,'ith s. single +5-volt supyly. Enhance :nont typa 

double layer gate insulator and depletion type ,_:~OSPET v,rith 

l-'SG/,)'iO'J double layer are integrated on a same chip. 
L 

Comple:nentary MOS (C;';IOS) technolo;:;y is most suitable for low 

power ap_plicc-;tions because of its zero quiescent current. However, 

the complex process results in a low yield and low circuit densi­

ty. Jl. nev: simplified CMOS procese that utilizes a sym:netrical 

double-diffused ,JQSFET for the n-channel device is proposed. The 

features of the new technology are; the use of five masks that is 

sLllpler than any existing technologies and the avoidance of the 

need to align the p-well to the source and the drain diffusions of 

n-channel devices. This results in a fifty percent reduction of 

the cell size as compc:red to conventionel CL<OS processes. A de­

tailed e.ne.lysis of the n-channel symmetri.cal DLIOSFET in the C;,QS 

cell is also discussed. 
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CHAPTEH 1 INTlWDUCTION 

The concept of a "field-effect transistor" was first intro­

duced by Lilienfeld [l) in 1930, and by Heil [2] in 1935 indepen­

dently. This indicfltes that the field-effect trflnsiGtor is a ra­

ther old device. However, practical field-effect transistors did 

not appear for quite a long t i;ne be cause of difficulties in cont­

rolli.ng the surface properties of semiconductor crystals. In 1960, 
Kahng and Attala [3] - [5} first proposed the ''.!etal-Oxide-Semicon­

ductor field-effect transistor (UOSFET) in essentially it~ nresent 

form. In ensuing years~ much v.ro:ck h..--:_s been devoted to u_:,..,J_derst~l:-lCl:Lnr~ 

the Si-SiO, int-::;rface ,'lnd behc_~vior of l'iiOSl?ETs. In 1963~ tl1e first 
L 

MOS integrated circuit appeared, [6] and it was demonstrated that 

the i';JOSFET has potential advantages in the application to large 

scale integration. The ;najor advants_geous features of the ~;·~OSFB'r 

are: 

(I) it!OSFE'rs are self-isolated and occupy a relativ'Cly small sllrface 

area. 

(2) Large input resistance of ;wsFET makes possible the use of ay­

na:nic circuits that is effective in rf"lucing the number of 

transistors. 

(3) The threshold voltage of MOSFETs can be adjusted both positi­

vsly and negatively by various processing modifications. 

There has been very rapid -progress in the number o-f :,f\OSFETs 

integrated on a chip. Until recently, the rate of growth was a 

doubling in every year. Hecent integrated circuits (in 1976) con-

tain more than 20,000 transistors. It is obvious that if this 

tendency continues, the power dissi_pation of the cirCilit will inc­

rease, ancl finally, the intee;rat ion d_ensi ty will reach a limi.t de­

termined by the maximum 11ower allowed. 

rhe power dissipation of the circuit is basically limited by 

the junction t.c;mpere.tur2s attained. '['his, in turn, is determined 

by the thermEl resic,ta!1ce of si_licon a.nd the oacka.o;e, and by th·~ 
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ambient temperature. This limitation is about one watt ln a pra­

ctical plastic or cermnic package. Thus, the reduction of the po­

wer per unit cell is strongly required in order to increase the 

integration density. 

A power consumption of an ideal complementary inverter circuit 

that consists of a switch to charge the capacitance at the output 

node to a high level when the input is low, and a switch to dis-
"' charge the capacitance when the input is high, is given by CVDD"f, 

where VDD is the supply voltage and f lS the operating frequency. 

This means that both the supply voltage and the capacitance should 

be decreased in order to reduce the power dissipation. c'/luch effort 

is now being made to reduce the capacitance by shrinking device si­

zes and line widths. [7) Because of the square law current depen­

dence on gate voltage, the reduction of the operating voltage would 

be even more effective way. In standard logic or ~e~ory circuits, 

a single five-volt supply appears to be most convenient because a 

typical bipolar circuit family (TTL) is o-[Jerated with a five-volt 

supply. Compatibility with TTL is of great importance in building 

systems. There are, however, some special applications that need 

very lo•N power dissipation. A typical example for this is comple­

ment2,ry l\iOS (C:VIOS) integrated circuits for use in electronic wrisc 

watches [8), and other rnicropower applications that usually are 

operated with 1.3 to 1.5-volt supply. 

Low-voltage operation of ;ilQSFET circuits, has stimulated the 

necessity to rebuild an overall dei?ign, analysis and fabrication 

of IYIOS integrated circuits and to solve a number of problems as­

sociated with the low-voltage operation. 'Jlhese include, device 

de sign and modelling of low-threshold ;wsFETs, threshold control 

techniques, control of low-level currents, low-voltage oriented 

J•;iOS circuit design and circuit innovations, and the development 

of new processes. 
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This thesis studies device, circuit and processing innova­

tions in low voltage and low power liiOS integrated circuits. The 

background for this research will be discussed first in Chapter ::0. 

Power limitations in large scale integrated circuit is a special 

focus of that discussion. Some of the efforts to reduce power of 

the unit cell that have been tried so far will be reviewed. A 

simple power comparison for several types of digital circuits and 

a discussion on the control of threshold voltage will be made in 

this chapter. 

Chapter 3 presents a number of MOSFET models and analyses for 

low voltage applications. One of the problems that circuit desig­

ners encounter in low voltage circuits is the subthreshold drain 

currents in MOSFETs. In simple models, these currents are neglec-

ted, but this is not accurate. Thus, a new model of MOSFET, that 

expresc>es the de-behavior of IVIOSFET from 10 pA to tho typical one 

or more rnA level that is handled by simple models, is proposed, 

and the results of extensive com~1arison with measurements will be 

shown. The study is then extended to analysis and experiments con­

cerned with subthreshold currents in ion-implanted lVIOSFETs. The 

control of the subthreshold currents by employing succe sive ly two 

different implantations will also be proposed. This process meJ;:es 

possible a control of low-level currents that is independent from 

the control of the threshold voltage. 

Another problem in low voltage circuit is that the transcon­

ductance of the transistors falls off when the gate bias is low. 

A useful device in such a case is a double-diffused MOSFET. The 

double-diffused MOSFETs have a non-uniform doping toward the sour­

ce-to-drain direction, and do not obey the equations used for stl,cn­

dard ;)iOSFETs. The last section in Chapter 3 deals with a precise 

one-dimensional analysis of the double-diffused NlOSFBT. Current­

voltage relationships and field and potential distributions in the 

device will be studied through the analysis. This analysis enables 

a careful comparison of both asymmetrical and symmetrical doping 
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profiles. 

In ChalJter 4, the de sign and experiments of Enhancement/Dep­

letion (E/D) circuits are studied. First, the design theory of 

the E/D type static inverter circuit will be discussed. The desig­

n is based on maximizing the noise margins of the circui~. A ge­

neral design approach that is applicable to any operating voltage 

and some design examples for supplies rcmging from five volts down 

to l. 5 volts will be shown. Second, dynamic operation of E/D cir­

cuits is proposed for addressing circuits in random-access me;no­

ries. The purpose for this is to propose address circuitry for 

+5-volt single supply d:y-namic random-access memories, and to dis­

cuss problems that are inherent in the dynamic and low voltage ope­

ration of mos circuits. 

In MOS integrated circuits, minimuotl quiscent power has so far 

been obtained in complementary lVlOS circuits. Thus, this technolo­

gy appears to be important in the future large scale j_ntegration. 

However, the drawback of the CMOS is that it requires a very com­

plex process and the density of the circuit is low. In Chapter 5, 

a new CMOS process that features a simpler process and denser in­

tegration density than conventional CiVJOS will be proposed. The 

results of measurements on sample devices and circuits i_n this new 

CMOS process will be shown. 

Overall conclusions and the suggestions for further study are 

contsined in Chapter 6. 
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CHAPTER 2 POiiEB. CONSIDEHATIONS IN DIGITAL lVlOS CIRCUITS 

2.1 Large Scale Integration and Power 

Power <iissipation in digital J.!OS integrated circuits is 

determined by several factors. First of all, power dissipation 

depends upon types of circuits, and processing technologies. 

For insta,nce, the choices of p, n-channel devices or comple:nen­

tary l'IIOS, static or dynamic circuit, enhancement-load or deple­

tion loud, determine the power dissipation. Second factor is the 

supply voltage. A si1nple calculation of the power dissipation 

and the delay time for any of these circuits, as will be revealed 

in the next Section, leads to the fact that the power-delay pro­

duct is inproportionto (capacitance at the output node))((sup­

ply voltage) 2 • This clearly illustrates that one of the effecti­

ve ways to reduce power while keeping the delay time constant, 

lS to d"ecrease the suppl~r voltage. This also indica"tes the third 

factor, that is to cut down the parasitic caps"citances. This can 

be done by employing the shorter channel lengths, s:naller device 

dimensions and linewidths, in other words, the tighter mask tole-

ranees. 

The preceding LOGIC GATE NUMBER 
100 1K 10K 100K 

d is c us s i on has as- 10 rr-r-r~-.T"'--~~..--.~...:r'--~~..--.~..:r'-'---.-,~'7'~.;;:-=?;...-, 

sumed a given in­

tegration density. 

However, the integ-

ration density has 

been rapidly inc­

rea.sing year by 

year. So, the next 

question is what 

will happen with the 

increase of the de-

a: 
UJ 

~ 
0 
0. 

0 "1 ._~__.,~_._.~~-LL-'-'--'-'~1"=o'"'K,.......__,_,___._.......,1!':!:o-=o""'K,....._-L~'-'-'u.u 

BIT NUMBER 

Figure 2.1 Relationship between integration scale and power in 
integrated circuits. Dots represent some of the actual 
data in memories. 
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vice nu1nber integrated on u chip, if the factors in the prece­

ding paragraphs are kept unchanged. Figure 2.1 illustrates the 

gener;c,l tendency of the power increase in logic and memory integ­

rated circuits. The horizontal scale is the bit number in memory 

circuits and the gate number in logic circuits. The curves are 

drawn for n- and p-channel devices, and the Ci'ilOS devices are ex­

cluded. Some actual points are shown as dots for l K to 16 K me­

mory circuits in the figure. Since the total power in logic cir­

cuits is deter1Hine d by the number of the load transistors that 

accompany the gates, the power is in proportion to the gate num-

ber. In meu1ory circuits, the power is mainly consumed by the 

pGripheral circuits, such as input and output buffers, addressing 

circuits, sense amplifiers and timing pulse generators. This is 

because the ,Jle:nory cells are operated in a dyna,nic mode and thus 

consu,;te relatively Sllli:C1.ll power. Since the nu.n;Jer of the periphe-
" 

ral circuits increases in proportion to (bit nwnberl'2, the corres-
1 

paneling power increase is in proportion to (bit number) 2 , too. 

However, a certain li,nitation exists in the number of the cells 

attached to a data line due to the increase of the data line ca­

pacitance. Due to the fact that the sense amplifiers are shared 

by the me,nory cells one can not refresh all the cells at a time. 

The time needed for refreshing all the cells is given by (cycle 

time) x (number of the word line), and the refresh period should 

be less than some fraction of the total time. This discussion 

suggests that in a very large scale memory, the power 1night inc­

rease in proportion to (bit number), because of the necessity to 

increase the number of the data line. 

It should be noted that in actual situation, the circuit and 

device innovations, and clever designs push clown the power vs. 

integration density curve year by year. This has resulted in a 

less steep line than the expectation shown in Fig. 2.1. It shou­

ld, however, be pointed out that the most recent development of 

16 Kbit memories (1), [2) or 16 bit microprocessors (3) indicates 

- 6 -



that these circuits already consu.ne almost the cnaximum power 

allowed for existing packages. Therefore, attacks to solve the 

power problems are the most important subject to develop more 

acivanced integrated circuits and systems. 

2.2 Power Comparisons for dlOS Circuits 

The basic cell for digital circuit is s.n inverter. 'There 

are essentially four types of cells that are frequently used in 

integrated circuits. These are: 

( l) Enhancement load (Enhancement/Enhance,nent, E/E) st ELt ic inver-

ter. 

(2) Depletion load (Enhancement/Depletion, E/D) static inverter. 

(3) Complementary ii!OS (CMOS) static inverter. 

(4) Multi-phase dynamic inverter. 

Figure 2.2 illustrates these inverter circuits and the simplified 

circuits to explain the operation. 

the power, delay and the power-delay 

By using these schematics, 

product are calculated. 'rhe 

results are summarized in Table 2.1. 

Table 2.1 

POWER P 

E LOAD 0 LOAD CMOS DYNAMIC 
144>1 DE LAY td 

R 
1 1 

.Iff.ll p " td 

Figure 2.2 Basic inverter circuits for power comparison. 
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The calculation in 'rable 2.1 is very simplified. l'or example, 

the delay time for the enhancement-load and the CdOS is simply 

expressed by the time constants. In CliiOS, r 0N represents an 

eqQivalent value of the resistance when one of the transistors 

is "ON". Thus, r
0

N represents the equivalent resistance of the 

n-channel device when the output node voltage goes from high to 

low, and it is for the p-channel device when the output node vol­

tage goes from low to high. Also the depletion load is expressed 

as a constant-current source that is not exactly the case as will 

be described in Chapter 4. The delay time for the depletion-load 

is tne time for the current source to charge up the output node 

capacitance to half of the supply voltEcge. 

It should be noted that the power-delay products are in pro-
1 to 2 ( portion to (capacitance at the output node) , and supply 

voltage) 2 , for any of these circuits. This indicates that both 

the reduction of the capacitance and the supply voltage will re­

duce the power dissipation in any MOS circuits. 

Another point to be noted in Table 2.1 is that the power inc­

reases with the increase of the operating frequency in Cl\IOS and 

the dynamic circuits, whereas it is constant in static enhance­

ment-load and depletion-load circuits. Figure 2.3 illustrates 

a brief coinps.rison of the power 

vs. operating frequency curves 

for these circuits. In the fi­

gure, the comparison is made by 

assuming the same output node 

capacitances. Thus, the corn­

parlson is slightly advantage­

ous for CMOS, in that r 0N for 

the p-channel device is usually 

larger than that of the n-channel 

device and the capa.citance at 

the output node is larger than 

:: 
z 
:::> 

~1 
<( 

Figure 2. 3 
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that of other devices. The enhancement-load and the depletion­

load are compa"red assuming the same delay time. If the same on­

level, for instance VON= 0.1 VDD' is assumed, the calculated 

delay times are, 

td = 11 r 0 Nc for enhancement-load 

td = 5 r 0 Nc for d.epletion-load 

'rhus, the maximum frequency for the depletion-load inverter is 

twice as that of the enhancement-load inverter. In this case, 

since the power-delay product for the depletion-load inverter is 

half as that of the enhancement-load inverter, the corresponding 

power is almost the same. 

In Fig. 2.3, although the power for the enhancement-load and 

the depletion-load inverters stays constant, it is pos<lible to 

alter the ratio of the driver and the load transistors so that 

the corresponding power is small for low speed applications. 

However, for such a design, it is necessary to have a load tran­

sistor with very long channel length because the width of the 

transistor is basically limited by the photolithography. Thus, 

this approach is impractical to achieve low power. The conclu­

sion derived from this is that at low frequency, the ClVlOS and the 

dynamic circuit give the lowest power. It should be noted that 

the dynamic circuit can only be operated above a certain frequen­

cy f . , that is determined by the junction leakage and the sub-
.d.1lll 

threshold characteristics of lliOSFET. Thus, C.''iiOS will give the 

lowest power below the minimum frequency for the dynamic circuit. 

The preceding discussions are done assuming the sa;ne supply 

voltage for all of the circuits. In actual cases, the enhance­

ment-load and the dynamic circuit need higher supply voltages 

than those needed for the depletion-load and the Cii;os. This is 

because the voltage loss occurs when the enhancement-type load 

or precharge transistor charges the capacitance at the output 

node. Typically, the enhancement-load and the dynamic circuit 

need supply voltages of lfiore than 10 volts. The depletion-load 

circuit can be operated with a supply voltage of less than five 
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volts, and it is widely used at five volts because thie. is the 

same supply voltage as bipolar TTL logic circuits. The ChlOS can 

be operated with a supply as low as 1.3 volts. This difference 

arises from the different shapes of the de-transfer curves that 

correspond to the different values of the noise margins for each 

circuit. The typical design will show that the necessary supply 

voltages for the enhancement-load and the dynamic circuit is 5VT, 

3VT for the deplation-load, and 2VT for the CMOS. It is seen, 

therefore, that to reduce the power for a specific circuit, the 

de crease of the supply vol ta.ge, e.g., the de crease of the thre­

shold voltage is effective. There are a number of ways to cont­

rol the threshold voltage in the present-day IV!OS technolog-ies. 

The next Section will give a brief review for this. 

2. 3 Threshold Voltage Control in the lVIOSFET 

Sah and Pao !4) have given the threshold voltage equation 

that is widely used for standard type l\lOSFET. This is given by, 

( 2qe, Nt/2 
s (2~v )i I;.,· + V,og cox u. • 

+ (2.1) 

The equation illustrates that the techniques for the threshold 

voltage control as lined-up below are applicable. 

( l) The choice of the gate metals or semiconductors. ( cj; IViS ) 

(2) The substrate doping. ( N ) 

(3) The substrate bias. ( VBB ) 

( 4) 'The oxide thickness. ( cox ) 

( 5) The choice of (100) or ( lll) crystal orientation. ( N ) 
ss 

So .me other methods that are not illustrated by the Equation (2.1) 

are: 

(6) Ion-implantation into the channel region. 

(7) Addition of another insulator over Si02 , such as Al2 o3 . 
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These are the methods that add a new ter,n tNT = qNillJD/c 0X to 

the Eq. (2.1). Figure 2.4 illustrates some of the threshold 

control methods that are currently being used in mainly n-chan­

nel integrated circuits. 

It should be pointed out that the threshold control exhibits 

somewhat different aspects in the case of p-channel devices. As 

can be seen in Fig. 2.5, the normal threshold voltage for the 

p-channel device is negative, that is, the p-channel device is 

an enhancement-mode. 'rhus, the main effort is on making low th-

reshold an~ depletion mode devices. In n-channel devices, how-

ever, if one 

thickness of 

fabricates a transistor ht-1.ving a typical gate oxide 
0 

1000 A, and a substrate doping . 15 -3 dens1ty of 10 em , 

the threshold voltage is slightly negative. The main effort is, 

therefore, on making enhancement ;node devices because this is 

required to construct directly-coupled digital circuits. \fari­

ous methods shown in Fig. 2.4 2cre now being widely used by a nu>~J­

ber of manufacturers in order to obtain a desired shift illustro-

ted in Fig. 2.5. In the n-channel devices, the threshold shift 

to have a depletion mode device is also extensively used. 

Mo 

p 
L---------.--·--·--· 

,), 

GATE MATERIAL 

0 · MDS 

SUBSTRATE BIAS 

p 

ION-IMPLANT 

LOW RESISTIVITY 
SUBSTRATE 

DOUBLE INSULATOR 

Figure 2. 4 Threshold control techniques used for n- channel 
MOSFETs. 
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Various problems associated with these threshold control 

techniques are illustrated in Fig. 2.5. llirst, in standard NlOS­

FET, that does not have any doping gradient in the channel region, 

the behavior of the current near and below the threshold voltage 

has become important. This arises from the necessity to lower the 

threshold voltage. A device design taking the subthreshold region 

over a wide range of substrate doping and oxide thickness has be­

come inevitable in the design of low-voltage integrated circuits. 

Second, due to the necessity to control the threshold voltage 

over a wide range both positively and negatively, the u.se of ion­

implantation has become advantageous. This introduces a non-uni­

form doping toward the direction perpendicular to the surface. 

The resulting current behavior is different fro;n that of the stc,n-

dccrd i11lOSF.8T. For instance, the subthreshold tail current in the 

n-channel enhancement mode device, ancl the residual current in 

the p-channel and n-channel depletion mode devices are influenced 

by the ion-implantation significantly. ]finally, there are a nu;n­

ber of httacks to get a higher transconductance in a given tran­

sistor geometry to achieve a higher switching speed. The double­

diffused IIIOS trensistor is one of the technologies for this. Sin­

ce the double-diffused IvlOSFi~T has a gradient of doping along the 

channel, the current does not obey the equations used for the stan-

These problems associated with the threshold shift will be 

studied in Chapter 3 in detail. 

ITO 
E-MODE 0-MODE 

0-MOOE 0-MOS E-MODE 

-4 
GATE 

4 -4 

P-CHANNEL N-CHANNEL 

Figure 2.5 Threshold shifts in p and n-channel MOSFETs. 
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CHAPTER 3 lilOSFET !:iODJ':L.S AND ANAINSES FOH LO.'i VOWAGE 

APPLICJcT IONS 

3.1 Introduction 

aecent advances in l>tOS processing technology have made clO­

ssible several types of MOS transistors utilized in actual cir-

cui t s. These are: 

(l) Standard p- and n-channel li'OSFJ':Ts hewing a unifor,;Jly doped 

substrate. 

(2) Ion-implanted. "OSFETs with non-uniform doping of impurity 

toward the direction perpendicular to the surface. 

(3) Double-diffused ;;,QSFETs having non-uniforca doping along the 

source -to-drain direction. 

Various models and analyses with varying degree of approxi­

mation have been developed for these WOSFETs. Some of the~ ai.ii 

understanding the physical behavior, some give practical expres­

sion for the drain current that is suitable for circuit analysis 

and design. Also, a nwnber of numerical an2.lyses for these tran­

s'istors h&ve been published. 

In this chapter, the de-current behavior of these tretnsis­

tors are studied in detail. First, in Section. 3.2, existing theo­

ries and analyses of i:iOSFET current behavior are reviewed. Then, 

in Section 3.3. a new model of standard ~OSFET that is c&pable of 

handling the drain current both in normal opers.tion region and 

subthreshold region, will be proposed. The bacl~ground for this 

lS that the subthreshold current has become of specie.l i,nportan­

ce in the recent design of low-voltage circuits. Section 3.4 

describes a numerical analysis of the subthreshold current i_n. 

ion-implanted IWSFETs. Opti.muw implantation conditions for cont­

rolling both the threshold voltage and the subthreshold cu1Tent 

are studied for single and double implanted cases. i'he llowJJ,J­

layer implantation is proposed to obtain an independent control 
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of the threshold vol tc~ge and thee subthre s:1old current. The lctst 

section ( 3. 5) deals with the double-diffused "'iOSFETs. This techno­

logy assumes lLJ increasing i:nportance in low power circuit because 

of its smell power-delay product due to effectively short channel 

lengtl1. A numerical analysis is e;iven from the viewpoint of pro­

viding a physical understanding of thG device operation cu~.d to 

giv,, a e;ood prediction of the current, internal potcnti::,.l and 

field distributions in various tyucs of double-diffused WOSF~T 

structure. 

3.2 Several 8xisting Theories on de-Behavior of iliOSFET 

A brief review of tb~ existing theories on ~OSFET de-cur­

rent is presented in this section. 

The simplest dtOclel of Hofstein ll] hae, been widely used for 

9ractical purposes SllCh as circuit analysis where the fast com­

putation time is the imports.nt factor. The :aociel uses so-called 

gradual clwnnel approximation in that the field toward t"'le cc·ource 

to drBin direction is assumed to be relc'tively S1HEcll in COLllikTi­

son to the surface field. The model neglects the effect of the 

bulk charge upon the current-val tage relaic ions hip, but it i~J inc­

luc1ed in the threshold voltage equation. The current expressions 

for this model are: 

(l) Cutoff region VG - V3 .~ VT 

ID = 0 

(2) Saturation region 0 <VG - v3 - VT < VD - V3 

ID= (('/2 )(VG-VS-VT )2 

( 3) Nonsaturation region VD - v3 

ID = (' [ ( V G - V S - V T ) ( V D 
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in which v3 , VG and VD are source, gate and drain voltages with res­

pect to the substrate, and f3 is a conduetance cor•B"i;a:r:ct given by 

w Eox 
(:l = ...;,L,_,T,..-- Jl • 

ox: 
(3. 4) 

Some of the general-purpose circuit analysis programs are using 

the modified expressions of this model. One of the examples is 

Schichman-Hodges model [2) used in the circuit analysis program 

SPICE (3) • 

Some of the drawbacks that arise from its too simple app­

roximation are: 

(l) The expressions are not accurate near and above the pinch­

off voltage where the bulk charge in the surface depletion 

region affects the saturation drain voltage. 

(2) 1rtobili ty is actually a function of the surface and the drain 

field. 

(3) 'rhe channel length modulation effect is not included in the 

model. 

(4) The equations are not valid below and just above the thresho-

ld voltage where the diffusion current can not be neglected. 

Further studies thus have led to more accurate and more sophis­

ticated models taking account of these. Let us discuss some of 

the important modifications that are added to the simple model. 

(A) Bulk Charge Effect 

The effect of bulk charge has been introduced by Ihantola 

and 1·/ioll [4), and Sah (5). In their models, the charge in the 

surface depletion layer was considered to be a function of the 

position corresponding to the variation of the surface poten­

tial. This gives rise to a lower saturation drain voltage than 

that expected by the simple Hofstein model. The equations for 

the drain current in this case are as follows. 
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( l) Cut-off region: \f G < VT' 

ID = 0 

(2) SE;turation region: VG ~-;;;_ VT' \fD~ \fDS 

((VD +2~p)3/2_ (2~F)J/2 J} 
(3) Non-sstu.rEtion region: VG .;cc VT' VD <_\!DS 

( -_, c; J' .. / 

(J. 6) 

(3.1) 

where \fDS is the saturation drain voltage giyen by the e~uation, 

c~qN, 2 C 0~r ( V., - V.B. ) II:J. 
VDs=V.:;-VFB-2¢F+ • h[l-(1+ 1\. Li 1''' )]_(3.8) 

0 ox E:S qNA 

'J'his model is a good approximation when the gate voltage is well 

above the threshold voltage and when the channel length is large. 

For this reason, the model has been used as a basis of the cur­

rent equations in some of the circuit analysis prograHts together 

with some other minor modifications such as the finite drain con­

ductance in the saturation region, mobility decrease due to the 

gate field and the dynaJ.nic change of the gate-source and the gate­

drain caiJacitances. Benchkowsky utodel [6) is one of the exELitples 

that this model is utilized for practical purposes. It should, 

however, be noted that the .nodel is again not applicable in the 

low current region near the threshold voltage, where the assump­

tion that t11e surface potential at the source is pinned to 2¢>F, 

is not accurate. 'I' he model flhould be modifie c1 in this current 

r8,nge. 
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(B) Finite Drain Conductance in the Saturation Region 

In the preceding models, the current in the saturation re­

gion does not vary with the increase of the drain voltage. How­

ever, in actual cases, finite drain conductance is observed. 

This is caused by the drain field that attracts the channel car­

riers toward the drain. Thus gradual channel approximation does 

not hold when the drain field is higher than the gate field. 

Consequently, the effective channel length is somewhat shorter 

than the actual source-to-drain spacing. The simplest theory to 

explain this phenomenon was proposed by Reddi and Sah [7]. In 

their report, the effective channel length was given by substrac­

ting the depletion layer width from the source-to-drain spacing, 

where the depletion layer width is approximated by the plane jun­

ction theory as seen by the equation, 

2E 1/2 

Leff = L -[ _s_ (VD- VDS l] 
qN • 

A 

(3. 9) 

However, the experimental results indicates much larger drain con­

ductance as compared to the equation (3.9). The descrepancy is 

caused by the two-dimensional nature of l:IIOSFET operation, that is, 

the drain depletion layer is under the influence of the gate fie­

ld, and the thickness of the oxide and the depth of the drain dif­

fusion affect the field in the drain depletion region. To take 

account of these factors, two dimensional analysis is inevitable. 

It has been shown by Schroeder and l'iluller [8], that the two di­

mensional approach gives a good agreement of the calculated and 

measured currents in the saturation region. Since this effect is 

substantially important in short channel devices, a number of nu­

merical analysis programs with varying degree of approximations 

have appeared recently, for instance those of Kennedy [9], Hachi­

tel (10) , Vandorpe [11] , }!lock [12] • 

An analytical approach to evaluate the channel shortening 
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effect ;nore accurately than t~c;.(3.9), was proposed by Bentch­

kowsky [13]. The two dimensional nature was introduced by the 

semi-e1npirical form as seen by the equation, 

dldep <'=s T0x 
= 

dVD E O"C 

(3.10) 
. ' ' 

[ c<( iJ,. - V~ ) +r'i(VG' 
j_) lT \ 

,. I l 2 L \l - ldep L 
(3.11) 

where VG' = VG + Qss I c0X and d. and ~are constants having values 

ol = 0. 2 and (3 = 0. 6. 'l'he se par2•neters are determined so that a 

good fitting of the current in the saturation region to the me8.­

surements would be obtained. 

In this thesis, the models and analyses that will be uiscus­

sed in Section 3.3 and 3.4, and the design of enhancement-deple­

tion circuits in Chapter 4 do not take into account the channel 

shortening effect. Thus, to apply the results of these to LiOS 

transistors having 

theory is needed. 

short channel lengths, a modification of the 

This can be handled by using Eq. (3.10) and 

~q. (3.11) together with the results obtained in these Chapters. 

(C) i.cobility Variations due to Gate and Drain Field 

It is well known that mobility of the carriers in the sur­

face channel is a function of the surface field Ex' source-to­

drain field Ey and impurity doping density N. Crystal orient"'·­

tion, surface state density and the temperature also affect the 

.uobility significantly. It is seen, therefore, that this is one 

of the most complex problems in modelling the lilOS transistors. 

As fB.r as the author Knows, there have be en so far no sat isfac­

tory theory that is capable of hc,.ndling all of these effects. 
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Thers are, however, a number of reports that give explanations 

both theoretically and. experimentally to the mobility variation 

due to various para,neters stated. previously. 

The gate field. dependence of mobility has been extensively 

studied. by a number of theorists; Schrieffer (14), Greene (15) , 
Sah, Ning and. Tschopp (16), and. :Pierret and. Sah (17). Also, .~.e­
veral papers have been published. OE experimental studies of the 

gate field. dependence of mobility. (18), (19) The agreement bet­

ween the theories and the experiments is, however, not satisfac­

tory. 

For practical purposes, a semi-empirical form that is deve­

loped. by Crawford (20), is often used.. This utilizes a constant 

ea having a dicnension of (volt)-l as seen by the equation, 

l 
(3.12) 

Bentchkowsky have d(eveloped. another for,u of ,nobility that utili­

zes an average surface field. Es as seen by the equation, 

(J.lJ) 

where E.sO and. c 1 are constants having values c 1 = 0. 36 for elec­

trons and. EsO = 6" 104 V/,n. (21) 

The drain field. dependence of mobility in the surface chan­

nel and drain depletion region is not well understood because of 

the difficulty to apply a high unifor:,l field for measurements. 

This is because the field in MOS transistors is basically non­

uniforul when it is biased to a high drain voJtage. Some experi­

mental results (22), (23) indicate that the velocity-field rela­

tionship of electrons and holes in the surface clmnnel is simi­

lar to the form in bulk. However, accurate forrn of mobility near 

the saturation velocity under the influence of the gate field is 

not obtained. Taking acc01mt of these, the present status is that 
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the form of mobility dependence on field used in the bulk is 

often employed in analysing J\IIOS transistors having short chan­

nel lengths 'ivhere the effect of velocity saturation is an impor­

tant factor. One exa;nple fo:c this is given oy the for_n, 

E · -l;bl 
Jl = Po ( l + ( -!-- ) ) , 

"' c 

where rf. = l for holes and rJ. = 2 for electrons. (24 J 

(3.14) 

·Throughout this thesis, the gate field dependence given by 

Eq. (3.12) and a modified forlil is used. The modified forLll ex-

presses the mobility as a function of the gate field, not of the 

gate voltage, by using a constant 8 ( m/V ). Eciuation (3.14) will 

be used to analyse clouble-diffused .:•!.OSFETs in which local elect­

ric field concentration plays an important role.· 

(D) A Numerical Ana.lysis of JilOSFET Incorporating Diffusion 

Component in the Current Expression 

The preceding theories of Hofstein or Ihantola and Moll did 

not include the diffusion component in the current expressions. 

Pew b.ncl Sah (25 J have performed a one-dimensional numerical in­

tegration of the current eo"uation that is given by the for:n, 

kT d~ 
p (-) q N ( y) -· ely , 

q ely 
(3 .15) 

where ~ is ctuasi-Fermi potential measured from bulk Fermi poten­

tial, N (y) is induced electron nwnber at the surface. Thus, 

the drain current is basically the sw11 of the drift and the dif­

fusion components. The induced electron number is approxi:Hated 

by using the s-radual channel approximation. This is again given 

by the numerical integr~ition as seen by the ectua.tion, 
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N(y) ~ N,LDI 

In order to calculate the current, one has to integrate Eqs. 

(3 .15) and ( 3.16) numerically. These steps need considerable 

computation time, and t11is limits the applicability of the model, 

Two dimensional analysis provides better accuracy than this mo­

del does with basically the same computer ti111e. It is, however, 

noted that these equations are valid in analysing the subthres­

hold currents of IvlOS transistors in that the diffusion current 

is dominant. For this reason, several models on subthreshold 

current behavior have been developed based on this analysis. 

In Section 3.3, a new set of equations that states the MOSFET 

current behavior in the entire operating region, will be propo­

sed. This new model is based on these equations. 

There are a number of pheno111ena in thG de-behavior of MOS 

transistors that can not be analysed by one-dimensional equa­

tions because of the two dimensional nature of the transistor 

operation. Specifically, the recent advances of photolitho­

graphy havG made it possible to fabricate lYiOSFETs having very 

small dimensions. This has led to the necessity to investigate 

various two dimensional effects such as; (l) the threshold vol­

tage de crease with the decrease of the channel length, ( 2) the 

dependence of the threshold voltage on the drain voltage and 

the substrate bias, (3) the punch-through current and the inc­

rease of the drain conductance in the saturation region, (4) the 

substrate current, (5) the decrease of the breakdown voltage due 

to the high field and parasitic bipolar transistor, etc •• 

In order to study these phenomena, two-dimensional analysis 

programs with varying degree of approximation have been developed 
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as stated previously. Hroill ~ practical point of view, the coill­

puter ti1ne needed ie. still too long. ior some purposes that 

need a lot of calculations, the use of two-dimensional progr~ns 

is costly. One of the examples of this is the opti.nization of 

the device structures that needc> the calculation of the current 

voltage relationships with various variables as parameters such 

es channel lengths, oxide thicknes:ses and ion-implantation con­

ditions. It is, however, a very powerful tool for some limited 

purposes; (l) the calculation of device parameters including two­

dimensional effects for the illodel used in circuit analysis, (2) 

prediction of the device behavior in a new device structure witn­

out f8.bricating the device. 

Since a lot of effort is consuilled on the development of GOS 

integrated circuits utilizing shrun\: 1\i.iOS transistors, the i:n~lor­

tancc of the two-dimensional ane.lysis will certain to incrGase. 

It appears that the progress of both numerical analysis teclmi­

qu.es and the computer itself will make this approach li!Ore versa­

tile. 
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3.3 A MOSPET Model Including Subthreshold Region (30), [31), (32) 

3.3.1 Introduction 

It has been pointed out in Chapter 2 that the reduction of 

the operating voltage and the use of the dynamic or the ClVlOS cir­

cuits are the Jnost successful solutions to reduce power. However, 

very small currents of less than a microampere give rise to a li­

mit for low voltage operation of the circuits. This limitation 

is especially important in the dyna,nic circuits. The low level 

current in standard iilOSFET biased below the threshold voltage is 

called "subthreshold current" or "tail current". 'l'he latter co1aes 
1,_ 

from its characteristic feature in (ID) 2 - VG curve. Therefore, 

a precise circuit design incorporating the tail current is inevi­

te,ble for integrated circuits with low supply voltage, e.g., low 

threshold voltage. Taking the dyna1nic memory circuit as an exam­

ple, even an operation of five to ten volts requires a careful 

determination of the substrate doping and oxide thickness. This 

is because the threshold voltage, that is defined as the gate vol­

tage when the surface potential is twice :B'ermi potential at the 

source end of the channel, of around one volt is necessary, and 

even if the gate swing is several hundred millivolts below the 

threshold voltage, a weakly inverted channel can cause a leak cur­

rent path. Consequently, me;nory characteristics are deteriorated, 

resulting in a too short storage time. 

Several classical i:'iOSFET models that are described in Sec­

tion 3.2 are not appropriate for the purpose stated previously. 

Hayashi and Tarui (26) , Barron (27) , and 'i'routman (28) , have pro­

posed equations that are applicable to the tail current region. 

Swanson and i~Ieindl (29), have proposed a set of equations covering 

the entire operating regi.on of l'iJOSFET, in that the weak inversion 

region and the strong inversion region is connected so that the 

slope of the current vs. gate voltage curves is continuous. This 
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was done by introducing an additional parameter cp which shifts 

the current-vel tage relationship in the strong :i.nversion ree;ion. 

In this section, a new set of analytical expressions of the 

drEJin current is described. These are obtained froi!l the integral 

fonn of the drain current given by Pao and ~)ah. (25) One of the 

key features of the model is that several characteristic surface 

potentials are used as the explicit parameters in the current ex­

pressions under both the strong and the weak inversion conditions. 

An advantage of using the surface potentials is that the connec­

tion of the current solutions in the tail current a.nd the satura­

tion re,c;·ions becomes continuous without introducing c"dditional 

fitting paraiileters. 

An extensive comparison of the theoretical and. experillentsl 

ID vs. V D and ID vs. If G curves for fabricated n-cb.am1e l devices 

will be ;;mde. The d.ependence of these characteristics upon sub­

strate doping density, oxide thickness and te;Jlperature will oe 

stuciie d both experi,nantc,lly and theoretically. A}lplicat ion of 

the Hlodel to actusl circuit designs will be described taking a 

dynamic memory and a low voltage static inverter circuit as exa,n­

ples. 

3.3.2 Drain Current 8xpression 

The integral form of the drain current given by Pao and c3ah 

is 

W ~
1

· ("'T) (rl~) . In - -l M - q c·· ,\ (yl du, 
.J 0 q dy (3.17) 

where J~ and VI are the channel length and width, and J1 is effecti­

Ve! mobility. N (y) is the total induced electron numoer t:nat is 

given by the integrc:.tion (3.16) in Section 3.2. Gate val tB.ge U., 
'J 

is relatec1 to the surf8ce potential USF as sesn by the equation, 
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where the potentials denoted by U are in the unit of (kT/q). 

In the preceding equation, UG is an effective gate voltage. In 

other words, the effect of the I'JOrl{ function difference A and 
'1' ms' 

the fixed charge in the insulator N are not included. Tis the 
ss 

ratio CD/COX where CD is Debye capacitance that is given by the 

ec;uation, 

es 
1DI 

(3 .19) 

Although the numerical calculation of Eq. (3.17) and ilq. (3.13) 

gives the drain current including both the drift and the diffu­

sion terms, it is desirable that the drain current be explicitly 

expressed as functions of the drain voltage, the gate voltage and 

the source voltage for practical purposes. 

The s"pproach taken in this section is the.t the charge equa­

tions are approximated separ2,tely according to the strong or the 

weak inversion conditions of the channel, and the special values 

of the surface potentials are used to get an accurate approxima­

tion in both regions. 

In this model, three operation regions of MOSFET as illustra­

ted in Fig. ].1 are considered separately. This makes clear the 

potential variation in each region. First, in the tail current 

region, the surface potential is s"!D10st constant throughout the 

channel, and quasi-Fermi potenti2l only varies. This means that 

So(Jrce Droin 

Uo 

(!) Tail regi0r1 

Pinch -off 

Point 

{2) Saturation 
reg1on. 

Uo 

(3} Non-saturation 
reg1on. 

: Figure 3.1 Illustration of the shape of UsF and ~ in three 
operation regions of MOSFET. 
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the diffusion compon~nt dominates throughout the channel. Seco­

nd, in the nonsaturation region, strongly inverted surfEtce lE' 

for,ned throughout the channel. The drift component lS do,ninE.nt 

in this region, and c;ua.si-Fermi potential is al.nost in pare:.llel 

relationship with the surface potential. Finally, in the satura­

tion re:';ion, the drift cowponent is docninant in the source side 

of the channel. However, in the region close to the drain, t~e 

gate field is not strong enough to susts.in the channel. It is 

8,ssu!ned thc .. t at ti}e point where quasi-Fermi pot~·nltj_al is equal to 

the saturstion drein voltage UDS' pinch-off 

beyond the pi_nch-off 'JOint is assumed to be 

occurs. The chtlnrJel 

weakly inverted. It 

should be pointed out these approximations acre totally one-cJi;uon­

sional. Thus, the effect of the strong drBin field near tb.e dra­

in diffusion ic; not taken into account. ::hen the drain field is 

large enough, the channel charge is injected from the chanr:el into 

deeper part of the body and travels toward the drain. This is so 

called chEmnel shortening condition. 'l'herefore, for short channel 

devices, the model shoulll be modified incorpore.t ing this effect by 

using Zqs. (3.10) a.nd (3.11) in Section 3.2. 

In order to obtain accurate current expressions, the surface 

potentials USl' uS 2 ' uS 3 as shown in c'ig. 3.1 are used. These are 

given by solving the equations, 

(3. 20) 

(~,.22) 

Here, US is the :o,ource voltage, and UDS is the sEcturation drF in 

voltage given ·by Eq. (3.33). 
One of the features of the present model is that the clas­

sical concept of the threshold voltage, the voltage at which the 
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drain current starts to flow, can not be applied. In the classi­

cal theories, the threshold has usually been defined by the gate 

voltage when the surface potential u31 at the source is equal to 

twice Ferilli-potential as seen by the equation, 

(3. 23) 

This equation assumes that the surface potential Uc. 1 is pinned 0 .. 

when the inversion layer exists. However, Eqs. (3.20) and. (3.21) 

indicates that u31 actually increases gradually with the increase 

of the gate voltage in the strong inversion region. Consequently 

significant error is observed near the threshold voltage in the 

classical ,nodels. For instance, the given threshold does not 
. 1,_ 

coincide with the extended threshold from (ID) 2 
- VG or gD- VG 

curves as will be demonstrated experimentally. In the present 

theory, u31 is a varying parameter both in the weak and the st­

rong inversion region. 

Electron charge QN is approximated as follows. Total charge 

QSF that is the sum of the electron charg" and the bulk charge 

lS given by, 

(3. 24A) 

~ - Cv e;0 [exp (Usr- <- U,) +(Us,- 1) exp (U,-)]'''· (3.2l)B) 

'Thus the induced electron charge is given by, 

(3.25) 

where QB is the fixed bulk charge in the surface depletion layer. 

Detailed analysis of the bulk charge under the strong inversion 

condition was given by Sah and Pao (33) in that the bulk charge 

was obtained by dividing the charge distribution into three re­

gions. It was shown that the major contribution comes from the 
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surface depletion region. In the present analysis, the bulk 

charge under 'ooth the strong and the weak inversion condition 

is approximated by 

(3.26) 

If USF =US+ 2 UF is assumed, the preceding equation coincides 

with the simple bulk charge approximation taking only the contri­

bution from the surface depletion region. Although the detailed 

three-region analysis gives more accurate result than Eq. (3.26), 

practically the approximation gives a sufficient accuracy. 

For the strongly inverted surface, using (3. 24A), CN is app­

roximated by, 

(kT) QN""- Co q [[Ta- USF- -y[(UsF- 1)·cxp (U,.)]'I2 }. (3.27) 

If the surface is weakly inverted, using (3.24B) and (3.26), QN 

is given by, 

QN""- Cn e;) {[cxp (Us,. -I;- U,.) 

+ (USF- 1) exp ([!,.)]'12 - [(U8 ,.- 1) 

•exp (U,.)]'I'} 

""_ Cn (kT) exp (Us,.- I;- 1.5Up) 
q 2 (UsF- 1)ll2 • 

(3. 28A) 

(3.2SB) 

Next, let us calculate the drain current in each operation region 

illustrated in :B'ig. 3.1 by substituting the preceding approxima­

tion for QN into Eq. (3.17). 

(l) Tcdl Current Region; UG~ U,r ( or u 31 ~ 2UF) 

In this region, QN is given by Eq. (3.23) throughout the en­

tire channel. Since at the source and the drain junction, quasi­

Fermi potential ~ is equal to the voltage applied to the june-
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t ion, the drain current integral can be rev.-ri tten as an integral 

in the voltago do;nain as seen by the equation, 

(3.29) 

It should be noted here that u3~ is nearly constant throughout the 
~ l 

entire ch2mnel because the first term in ( )2 in Eq. (3.18) is 

small. Therefore, u3F can be represented by u
33 

in Eq. (3.20). 

Performing the integration, we have 

I lV Cv(kT)'pxp.(Uss- l.:iUF) ( . ( [') ( n )) 
D ~ ·- p,- - -·-·· PXp - iS - exp - u D . 

L 2 q iUs,- 1)112 
(3. 30) 

This expression is basically the sa:ne as the equations that have 

already been given by Hayashi and Tarui [26], and by Barron (27}. 

(2) Nonsaturation Region; UG>U:r (or u31> 2UF) 

and UD< UDS 

In this case QN is given by Eq. (3.27). 'The drain current 

integral in the voltage do1nain becomes, 

lV ("T)' fu" In= L ~Co - (Ua- UsF- -y[(Usc- 1)exp (U,)J1') dt. 
q Us . 

(3.31) 

It should be noted that quasi-Fermi potential F and the surface 

potential u3F are almost in parallel relationship throughout the 

entire channel, that is to say USF"' u31 + F . By practicing the 

integration, we obtain 

W (kT)' Iv ~ -~ - (Co[(Ua- Us,)(Un- Us)- t(Uv'- Us')]- tCnexp (UF/2) 
L q • 

·[(Un + Us1 - 1) 312 - (Us+ Us,- 1)'1']). 
(3.32) 

The preceding equation coincides with the Hed.di-Sah analysis 
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when u81 = 2 UF, • As has been discussed in the preceding para­

graph, u31 is left as a function of the gate voltage in the pre­

sent theory. This means that the gate voltage-dependent thresho­

ld is equivalently introduced in the strong inversion corodition. 

This results in a somewhat modified current vs. gate voltage re­

lationship just cJbove the threshold in comparj_son to the clsssi-
l 

ce.l theories. For instEmce, (ID) 2 - VG curve in the saturation 

region is bent when the ga.te voltage is low, and it is smoothly 

connected to the tail current region. 

(3) Saturation B.egion; UG> UT (or u81> 2 UF) 

and UD> UDS 

The pinch-off drain voltage is obtained from Eq. (3.32) by as­

swning diD/ dUD= 0. The result is 

Uns ~ - (Us,- 1) + !{21'2 cxp (U,) + 4(Ua- 1) 

- 2, exp ( UF/2) [ ")'2 exp ( U,) + 4( Ua - 1) ]'11 }. (3.34) 

'Nhen the drain bias is above the saturation drain voltage UDS, 

the channel between the pinch-off point and the drain diffusion 

becomes weakly inverted or depleted, whereas the channel between 

the source diffusion and the pinch-off point stays strongly in­

verted. Thus, the integration (3.17) can be divided into two 

regions and seen as 

(3.35) 

'rhe first term is integrated in a similar manner as in Eq. ( 3. 32). 

~'he second integration differs from Eq. ( 3. 30) in that surface po­

tential u82 should be used instead of u
33

. This yields 
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·[cxp (-Uns)- cxp (-lin)]}. 

(3.35) 

The drain current expressions described in the preceding para­

graphs cover the entire operation region of ~OSFET. 

It is important to take into accout the temperature depen­

dence and the gate voltage dependence of the surface electron mo­

bility. The mobility equations employed in the present model 

are, 

Ua::; Ur, JJ. ~ JJ.(T ~ :300 K) (T/300)• (3.36) 

(3.37) 

In Eqs. (3.36) and (3.37) it is assua1ecl. that the .nobility along 

the channel is constant. This assumption is valid for the device 

having relatively long channel length except in the region very 

close to the drain. An analysis including drain-field dependent 

mobility indicates, as in Fig. 3.39, that the reduced ;nobility 

due to the drain field can not be ignored for the device having 

a short channel length. The figure also shows that the varying 

gate-field toward the source-to-drain direction does not affect 

the mobility significantly in long channel cases. 

Early investigation on the temperature dependence of surface 

mobility [18) , indicates o1. is -l. 5 for electrons at T = 300 ?:. He­

cently, Sah et al. (16) have shown that the te nperature dependen­

ce of :nobility should be expressed by Ei calculc:tion tc;king both 

scattering by surface oxide charges and surface phonons into ac­

count, where in the for;;Jer mechanism has a temperature dependence 
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of 'r, and the latter has a te:nperature deiJendence of T-2 at r 
less than 150 In the present calculstion, IX =- l. 5 is e:npi-

rically chosen. 

In order to calculate the current value using this model 

one has to calculate Bqs. \3.20) tol3.22) 

necessary surface potentials. This can be 

numerica.lly to. obtain 

done by, for instance, 

Newton iteration, and cloes not need too much computer ti:ne. 

roximate solutions of these equations by making use of a polynomi­

al expansion can also be used. 

The effect of fast surfs.ce states Nfs is not included in the 

present theory. This yields some modification of tb£ effective 

gate voltage depending on the gate bias resulting in a less steep 

log ID - VG curve in a certain gate voltage ra.nge, The effect can 

be easily i.:nplemented 

bing the fast surface 

in the model by adding a single term descri-

states in Eqs. (3.20) to (3.22). It will be 

shown that the assu;nption does not cause significant error for 

(100) n-channel ciiOSFETs. 

·The obtained equations are swnmarized in Table 3.1. 

Table 3.1 Expressions of the drain current and the surface potentials in the present theory. 

Tail Cu~rent Region I ='!!...}'-~0 (kT)2 eUs~-l.SUl" (e-Us_e-Ulll (l) 

u51 L 2UF 
D L 2 'i (Us3 1) .._ 

Nonsaturation Region 

USl ::<!: 2UF 
I ='!!_)'-(k;)2{co[(UG-USl){UD-US)- }(U~-u;)J 

D L 3/2 
( 2) 

UD < ODS 
- }:DeU~((UD+USl-1) 3/2- (US+USl-l) ) J 

Saturation Region 
r='!!...JL(kTl2 1 <~. 2 J 2 u" /2 

USl ~ 2UF 
D L < {CO ( (UG-.0 s1) (UDS-US)- 2(0 DS-US) - ~De 

U,C'll. -1. 5UF 
(e-Uos_e-u'Dl} 3/2 3/2] Cp e ( 3) 

UD z uos ·(<u +U -1) -(u5+u51-1l + 2 (u -ll'a 
OS 51 52 

u = U +T(eUsl-U:r-Uf+ (u _ 1 )euF]1/2 (4) 0 s1=0s3-us (5) 
G 53 53 

TJs,_-lJos-Uf 
UG= u 82+He + (U -lleufJ 1/2 

52 
( 6) "( =Co/Co (7) 

For UG"? UT 

p= p(T=300 K) (T/300)"' /(1+\T 9 (UG-UT)) (B) 

-
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3.3.3 Comparison with Experiments 

Comparison of the model with experiments has been carried 

out by using n-channel annular gate lv!OSFETs fabricated on (100) 

surfaces. The gate insulator is Si02 , and both aluminum and sili­

con gates were used. The impurity concentrations and the oxide 

thicknesses for the samples were varied to observe the applicabi­

lity of the model in a wide range of parameters. These values are 

summarized in Table 3.2. The values of the oxide thicknesses were 

measured by the capacitance method and the ellipsometry. Substra­

te impurity concentrations were determined by using 8q. (2.1), that 

is, from the variation of the threshold voltage due to substrate 

bias. This makes possible an accurate measurement of the effecti­

ve impurity concentration at the surface to avoid possible error 

caused by the depletion of boron duriP~ oxidation process. 

To compare the measured 

desirable that the values of 

and the calculated currents, it is 

mobility p., 8 and N are detercnined a ss 
by some other methods precedingly. For this purpose, one has to 

measure the current-voltage curves at low drain voltage, and at 

the same time the corresponding surface potentials. It is, how­

ever, very difficult to measure the surface potential independent­

ly and accurately. For this reason, these parameters were deter­

mined by comparing the measured and the calculated points from the 

model by using a computer. This was performed in the following 

manner. First, approximate values of f3o, and Nss were obtained 

from the simple Hofstein model using three points in the saturation 
l 

region where the (ID) 2 - VG curve exhibits almost linear character-

istics. Then, the value of 8 was determined using other three a 1 

points in the saturation region at higher gate volt&ges where (ID) 2
-

VG curve has smaller slope than the low gate voltage case. These 

values were adjusted by fitting the calculated currents from the 

present theory to the measured currents. At this stage, one point 
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Table 3.2 Samples used to compare the model to the experiments; The samples are n-channel 
annular gate MOSFETs fabricated on 1100: surface. 

Samples Resistivity Impurity Oxide thi- Gate 

of the subst- concentra- ckness 

re:Ge ( olL'll. em) tion ( C:Jl-3 ) (A) 

A-30 180 - 200 7 )( 1013 675 Al 

B-30 180 - 200 7 X 1013 1470 Al 

C-30 180 - 200 7 )< lo13 5030 Al 

A-50 17 - 30 7 X 1014 675 1\.l 

B-50 17 - 30 7 X 1014 1470 Al 

C-50 17 - 30 7 X 1014 5030 Al 

A-40 2 - 3 4 X 1015 675 Al 

B-40 2 - 3 4 X 1015 1470 Al 

C-40 2 - 3 4 X 1015 5030 Al 

S-l 3 - 12 l X 1015 1090 Si 

S-3 8 - 12 l X 1015 600 Si 

S-4 8 - 12 l X 1015 400 Si 

S-5 8 - 12 l x 1015 220 Si 

Table 3.3 Values of (3 0 , Ba and N55 for the samples. 

Sa~~~ples Channel Conductance Gate Voltage fixed Charge 

Dependence of p. in the Insulator 

t~0 (p?5/v) Ela<v-1) N-gs ( )t lOll em -
2 ) 

A-30 1133.8 0,108 0,55 
B-30 6?0.3 0,093 0,62 
C-30 202,2 0,038 0,38 
A-50 1185,0 0,110 0,59 
B-50 628,0 o.oeo 0,64 

C-50 181,0 0,034 0.65 
A-40 1049.3 0,103 0,?0 
B-40 539.1 0,066 1,14 
c-4o 163.7 0.029 0.?9 
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in the tail current region was added 1n order to get an accuratp 

value of N because ID vs. V, 
88 IJ 

by varying l\~ • 
ss Consequently, 

curve 

seven 

is shj_fted along VG axis 

points were used in the fit-
ting procedure. Although the points in the saturation region were 

:ncdnly used in the procedure, it was found that the .. JOdel agn3es 

well with the measurements in the entire region as will be sho­

wn in the succeeding paragraphs. Therefore, it appears thclt tile 

values obtained are the good estimation for these parameters. 

Table 3.3 shows the values of A,.,, 8aand N for Al gate samples. }"" v ss . 
I"igures 3.2 -3.5 show the comparison of the measured and cal-

culated log ID - VG characteristics. The dashed curve in Fig. 3.2 
illustrates the calculated results from the classical models ex­

cluding the tail current. Fro,n these figures, it is seen that the 

theoretical curves are continuous and that the agree:nent with ex-

1Jeriments is quite good over a '.":ide range of gate oxide thicKness 

and substrate doping density. 

Figure 3. 6 illustrates the te;npera,ture dependence of the log 

ID - VG curves. In the calculation, temperature dependences of 

Fer,ni potential UF and mobility p. are taken into account. Nss' 

'Cox and e are assumed to be constant wj_thin this ta•nperature 

range, and the values obtained at 300 K are used. In the figure, 

the deviation below 10-lO A at relatively high temperature is 

observed. 'rhis is due to the recombination-generation current 

in the depletion layer both at the surface and at the junction. 

Additional current sources should be added in the present model 

in order to express the leakage currents. 

occurs at the current level between 10-7 A 

Another deviation 

and 10-4 A. This is 

due to either; incorrect approximation of the mobility within 

this range, error in estimating the surface potential, or the 

effect of the fast surface states. It is seen, for practical pur­

poses, the present theory gives a good prediction of the current 

within this temperature range. 
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Figure 3.2 
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Figure 3.7 shows the log ID- VD characteristics at room 

temperature. Disagreement between the theory and the measurement 

is seen near the pinch-off voltage, that is the boundary bet­

ween the nonsaturation and the saturation regions;-for instance, 

VD= 0.1 V for VG = 0.1 V, and VD = 0.25 V for VG = 0.3 V. This 

arises from the approximation of the relationship between the 

surface potential USF and quasi-Fermi potential near the pinch­

off point. The transition from the nonsaturation region into the 

saturation region is gradual in actual cases. 

Log ID- VD curveswere measured for all the samples listed 

in Table 3.2. It was found that the agreement is basically the 

same as in Fig. 3.7, thus, those figures are not shown here. 

The comparison of the model with experiments at higher cur­

rent levels is shown in Fig. 3.8, where (current in the satura-
1 

tion region or in the tail current region) 2 is plotted as a fun-

ction of the gate voltage. The agreement is again good. In the 

figure, some of the marked features of the present model are ob­

served. Taking the sample B-50 as an example, let us explain 

the features of the curves. When VG~-0.1 V, th~ transistor ope­

rates in the saturation region and the (cu:Tent)I' is almost in 

linear re-lationship with the gate voltage VG except at high gate 

voltage region where the mobility decreases. 

the transistor is in the tail current region, 

When V,,< -0.1 V, 
'-' 

and the "tail" is 

clearly seen in the figure. The arrows in the figure indicate 

the gate voltage when the surface potential u31 is equal to 2UF' 

tllat is the threshold voltage above which Eq. (3. 32) and ( 3. 35) 

are valid and below which Eq. (3.29) is valid. lteddi-Sah model 

is a good approximation when the surface potential is several 

(kT/q) above 2UF' however, it fails below a current level of seve­

ral microamperes. It should be noted that the threshold volte_ge 

defined by Eq.(3.23) does not coincide with the extended threshold 
1 

voltage from the linear region of (currentf2 - VG curves, that is 

the definition of the threshold voltage in the classical models. 
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It should also be noted that even in the saturation region just 
l 

above the threshold, the (current )1'' - V G curves are not straight. 

This indicates that the variation of the surface potcmtial or the 

variation of the effective threshold should be taken into account 

exactly in the strong inversion condition. It was found that sig-

nificant error is produced in the classical models just above and 

below the threshold voltage because they exclude the diffusion 

current and they assume that the surface potential is pinned to 

2UF. 

Figure 3.9 shows electron mobility obtained from the fit­

ting of the calculated curves to the measurements for various 

samples. These values are taken at the limit of low gate field 

so that the effect of parameter 

swned e.npirically that mobility 

8ais neglected. It has been as-

is constant at low gate field. 

This assumption appears to be valid from the various compari.sons 

discussed so far in the preceding paragraphs. The assumption is 

theoretically supported by Drews (35), in that it has ·been shown 

that if the surface state density is low, :nobility at weak inver­

sion condition is almost constant with respect to the gate voltage, 
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whereas at relatively high surface state density, the localized 

surface state distribution would produce a decrease of mobility 

in the weak inversion region. In the figure, the electron mobi-

lity obtained from the fitting of this model to the measurements 

is shown as dots, and the circles and the squares indicate the 

mobilities obtained from the fitting of Hofstein model and Beddi-
• Sah model to the measurements of the samples with 1470 A gate 

oxide thickness. Other points are left out to avoid confusion. 

It is seen that a higher value of mobility as compared to that 

of Hofstein model and Reddi-Sah model is required to fit the pre­

sent theory to the measurements. This is because u31 in .C:qs. (3. 

20) and (3.21) is an increasing function of UG, even if u31 is 

larger than 2UF' whereas U"l is assumed to be pinned to 2Un in the 
Q ~ 

other models. In other words, the variation of the ''effective 

threshold 

lity. In 

voltage" taken in the 

Fig. ].9, it should be 

present theory needs higher >iiooi­

remarked that the value of mobili-

ty in this model coincides with the solid curve that indicates 

electron mobility in p-type bulk silicon. [36] This in turn in­

dicates that physically accurate value of mobility can be used 

in the present theory owing to the fact that second order appro­

ximations are included in the current expressions. 

~ /electron mobility in p-Si 

~ 1000 --:....____::-------~-- ---- • 
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• fl-o from this model 
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Figure 3. 9 Electron mobility versus substrate impurity concentration. 
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3.3.4 Applications to Circuit Design 

In this section, two circuit examples are discussed in which 

the low-level current has an i;nportant influence on the circuit 

characteristics. First, let us take an enhance,nent-load static 

inverter circuit as an example. The circuit schematic and VOUT­

VIN de-transfer curves are shown in Fig. 3.10. In the figure, 

the experimental results are compared with the calculation using 

Reddi-Sah model and the model described in this section. The 

devices have low threshold voltage so that the circuit would ope­

rate at 1.5 volts. It is seen that at the shoulders of the trans­

fer curves, "rounding effect" takes place. This is CEtused by the 

tail current of the driver (amp) transistor when it is lJiase d below 

the threshold. Significant decrease of the high level noise mar­

gin is observed especially at low supply voltages. It should also 

be noted that the gain of the circuit, the slope of the transfer 

curve at the transition region, is somewhat lower in the present 

model and in the experiments than that expected from Heddi-Sah 

model. In the limit of very large beta ratio ~E'i' Reddi-Sah analy­

sis will predict an infinitive gain. llowevar, this is not true 

because, for very large loacl resistance, the driver transistor ope­

rates in the tail current region where g varies in proportion to 
;ll 

the current level. Consequently, 

the limiting value of the gain 

is observed. This value is 

determined by the slope of 

the log ID- V G curve and the 

supply voltage, if the drain 

conductance in the satura-

VGG • 7.8V 

__ vv00 ~ sv 

' ' ' ' ' ' 
VGG~ 5.2V 

~v00 -3V 

VGG~3.2V 

/ V00 •L5V 

EXPERIMENT 

- THIS MODEL 

--- CLASSICAL MODEL 
REF. (1J,C2J 

IMPUT YrN {V) 

tion region is small enough. 

As seen in the figure, the 

present analysis is capable of 

handling these second order 

effects. Figure 3.10 E/E inverter de-transfer characteristics calculated 
from the present theory and the classical theory. 
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Figure 3.11 illustrates a typical 3-HiOS type memory cell 

configuration. Storage of the charge in the memory cell is done 

by first applying a high voltage at the write address and trans­

ferring the charge from the data line to the memory capacitor. 

In the standby mode, the write address should be kept low so 

that the charge stored across the capacitor C does not leak away. 
l'll 

The transistors QS and QR are the sense and the read swi tc.h ;;;os-
FETs. These transistors are eliminated in a 1-iv!OS type menwry 

cell. However, the basic mechanism of the memory function is 

common for both ;nemory cells. In these memory cells, if the tran­

sistor QW is biased in the tail current region th2,t is below the 

threshold voltage, stored charge is lost. Thus, the storage time 

of the cell is strongly influ-

enced by the threshold voltage 

of the write transistor. The 

calculated refresh time of the 

me,uory at 70 •c is shown in 

Fig. 3.12 as a function of the 

threshold voltage at room tempe­

rature for various substrate 

DATA LINE 

,_----· .. - WRITE ADDRC:SS 

-f--L__. --- READ ADDRESS 
o, 

dopings and oxide thicknesses. 

It is seen that the low limit 

of the threshold voltage is de­

tennined by the tail current. 

It should be noted that the th­

reshold voltage tolerance is 

large when a low doped substra­

te and a thin gate oxide are 

chosen. The threshold control 

techniques such as substrate 

bias or ion-implantation should 

be applied carefully by taking 

Figure 3.11 Circuit schematic of a typical 3MOS memory cell. 

this into account. 

E 100 

E 10 

"' 

DUE 10 JUNCTION 

LEAKAGE 

·~ p 
~ "... DUE TO 

TAIL 
CURRENT 

VT at zrc (V) 

Figure 3.12 Refresh time of the memory cell as a function of the 
threshold voltage. The limit due to the tail current 
is calculated from the model and that due to junction 
leakage is a typical experimental result. 
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The preceding discussion suggests that it will be conveni­

ent to define a voltage AVG as denoting a gate voltage variation 

that corresponds to one order variation of the drain current. 

In other words, A VG is tl1e voltage that is inversely propor­

tional to the slope of the log ID - VG curve in the tail current 

region. Although the slope is almost constant, it still has a 

slight dependence on the current level. In Fig. 3.13, 6 VG eva-
-8 9 luated at 10 to 10- A is shown as a function of TOX and with 

NB as a parameter. Figure 3.14 shows the temperature dependence 

of the AVG. Let us evaluate the tail current using these figures. 

In the first place, we asswne that the threshold voltage is defi­

ned at a current level of one microampere for the sake -:Jf conve­

nience, and that tne given threshold is one volt. 2e also assume 

that the leakage current should be less than 10-lO awperes in a 

memory cell. If a transistor with a doping of 101 5 cm-3 and a 
~ 

gate oxide thickness of 1200 A is chosen, and it is operated at 
-10 70"0, it follows that th£ gate voltage at 10 A becomes, ( lV) 

- ( 4 )(. 0.12V) = 0.52 V. This means that the gate voltage snoul<J_ 

be kept to less than 0.52 volts at any time to prevent the leakage 

current to flow. 

The value of AVG increases with increasing the gate oxide 

thickness, substrate doping density and the temperature. There­

fore, a special precaution is needed for the tail current in such 

cases. 

Figure 3.13 6VG versus gete 
oxide thickness. 
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3,3,5 Conclusion 

A new model for standard type MOSFET, that handles 

in current above 10-lO amperes at 340 K and above 10-ll 

the dra-

ajJl}Jere s 

below 320 K, was proposed, Surface potentials at the source end 

and at the pinch-off point were used as explicit param•2ters in 

the current expressions for the purpose of obtaining a rwtural 

connection in the tail current ancl the sa"turation regions. 'J'he 

current expressions are analytical and is suit<:ible for coinputer 

analy2.is of the circuits, especially it is a convenient tcol to 

analyze various second order effects cs.used by the low-level c•.cr­

rent s in f.j[QSFET. 

Compa.rison of the model with the measure1>1ents was perfor11ed 

using n-charmel Al e;8te and. Si gate trEmsistors with substre"te 

doping densities ranging fro1n 7 X 1013 cm-3 to 4 X 1015 cm- 3 , and 
0 0 

oxide thicknesses ranging from 220 A to 5030 A. Althougl1 a." slight 

deviation was observed near the pinch-off voltage that arises fro;n 

the approximation of the model, the calculated points were in good 

agreement with the measurements. Thus, the proposed model was 

proved to be applicable to actual circuit d.esign throughout the 

entire region of operation of MOSFET. 

To demonstrate several examples to apply the model, the influ­

ence of the low-level tail current on static E/E (enhancement/enha­

ncement) type inverter circuit and the dynamic memory cell was stu­

died. Generally, the tail current should always be considered in 

the circuits that operate at low voltages, in a dynamic mode and 

a"t a high temperature, 

Some problems left for further study are; a smooth connection 

of the current equations between the nonsaturation and the satura"­

tion regions, and to include the channel length modulation effe­

ct and the threshold variation due to the drain voltage and the 

channel length in a short chEcnnel device. 
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3.4 SUBTHRESHOLD CURRllNTS IN ION-IL'IPJ~JJ'fTiOD ,fiOSFET @.5), (46), [47) 

3.4.1 Introduction 

Ion-i111plantation for threshold voltage control has become 

widely accepted in MOSIC fabrication. Its advantage is that it 

permits a threshold shift over a wide range both positively and 

negatively. This allows the fabrication of a p-chco.nnel depletion 

type iiJOSFET, an n-channel enhancement type IliOSFET and a channel 

stopper for field region which can not be made without the use of 

ion-implant at ion. 

iuany reports have been published on the threshold shift by 

ion-implantation. Aubuchon [37), Coppen [3i3), Swanson and Meindl 

(29), and Sigmon and Swanson (39], have given analytical expressions 

for the thresholc5_ shift. Brotherton and Burton [40), ·Tanaka (41) 

:JacPherson [42] , and Warabisako, Yoshida and 'Cokuyama [43) hove 

explained the threshold shift by numerical calculations of the po­

tential profile in ion-implanted silicon substrates. .let the same 

ti1ne, Dioline and Reutlinger [44) have given some experimental data 

for the tl'lre shold shift of NiOSFET having double-implan,te d layers. 

As has been discussed in Section 3.3, due to the recent ad­

vances of bOS circuit techniques, a leakage current of an order of 

a nanoampere has become important. Thus, special precautions shou­

ld be taken associated with the low-current level che,racteristics 

of ;ilOSFE'r. It has been pointed out in the preceding section that 

in the case of a uniformly-a.oped liiOSFET, a iJ.esign including the 

"tail current" is required. In ion-implanted iiiOSFET, the tail in 
1 

(In)'"- VG curve is significantly affected by the implantation 

conditions. Furthermore, in deep depletion type !ilOSFET, a "re­

sidual current" is observed even when the gate bias is well 

below the threshold voltage. Therefore, the low-current-level 

characteristics are quite different from those in standard type 

l,,QSFET. 
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In this section, these low-level currents in ion-implanted 

filOSFETs are studied, The discussion is based on the numerical 

calculation of the potential profile and electron and hole den­

sities in one dimension. Some experimental results will also be 

shown. Sections 3.4.2 and 3.4.3 discusses the numerical calcu­

lation method and its accura.cy, Section 3.4.4 gives a discus­

sion on low-level currents in a ii!OSFET having a single implanted 

layer. Section 3.4.5 deals with double layer implantation con­

ditions for the purpose of controlling both the threshold volta­

ge and the low-level currents independently. 

3.4.2 Numerical Analysis Method 

Poisson's equation for a semiconductor substrate 

i.nplanted impurity distribution NIMPL (x) is given by 

eN' q q . . . . 
:-1 z ~ - -/-'./' [P- .\ + .\ D -.\A±.\ HrPL(X)] I 
l X Es -, 

with an 

(3. 38) 

where U is the potential in the unit of (kT/q). Electron con­

centration N, hole concentration P, acceptor and donor concent­

rations NA and ND are expressed by 

(3.39) 

(3. 4U) 

(3.41) 

(3.42) 

According to I,SS theory (48), the implanted impurity pro­

file can be approximated by a Gaussian distribution. However, 

Gibbons et al. (49) have pointed out that the real di2tribution 

exhibits a profile including the third central moment and can 

be approximated by so called "joined half Gaussian". This is 

given by two joined Gaussians having different standard devia-
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I ,. 

tions as seen by the equations, 

(3.43) 

(3.44) 

where NDT is the total ion-dose, R111 is the position at the peak 

of the distribution, and o- 1 and (j 2 are the standard deviations 

in the left half and the right half of the distribution. 

Equation (3.38) can be numerically solved if the value of 

quasi-Fermi potential ~ is given. The boundary conditions are 

X ~ -1'ox: [' ~ [' G 

x = 0: Es(df
7

·'dxl-rn = Enx(d{' 'dxl-o 

X ~ oc: [' ~ 0. 

(3.45) 

(3.46) 

(3.47) 

The numerical calculation of Eq. (3.38) is carried out by the 

over-relaxation method in one dimension as seen in Fig. 3.15. 
The over-relaxation constant w is selected to be 1.6 to 1.8, and 

0 

the mesh size h. is 2 A at the surface of silicon and is gradual­
l 

ly increased according to the equation h.= o/. h. 1 where (j. = l.l to 
l l-

1.2. These values are carefully chosen so that the convergence 

is obtained for any cases. The calculation is done up to a depth 

of 5 um that corresponds to the maximu,D mesh number n • The r 1nax 
potential profile calculation is performed until the condition 

I U. k - U. 1. -ll < E: is satisfied, in which E = 10-3 for the cal-
l,. l,.c . " -5 

culatlon of lnduced moblle charge nSF ano £= 2 xlO for the cal-

culation of the capacitance vs. voltage curves. 

Once the potential profile is calculated, the corresponsing 

surface electron density nSF (F) is calculated by performing the 

integration, 
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where xD is the depth at which 

the electron density is equal 

to the hole density. 

The drain current can be 

obtained by performing the 

integral (3.17). However, 

this needs a calculation of 

double integral and thus re­

quires a long computer time. 

In this section, the surface 

electron density at the source 

nSF (U3 lis chosen to discuss the 

low-level currents. The reason 

for this is as follows. In the 

preceding section it was shown 

that n 3F(u3 ) is in proportion to 

the drain current both in the 

(3. 48) 

H 

impurity profile 

0 
h;-1 h; 

1-J----::~f-T=:=~=====----lt--~n~.: 
U• u' U· U;.1 = 5)Jm 

. 1 
1-1 potential profile 

Figure 3,15 Mesh points and boundary conditions 
for the numerical calculation of 
potential and charge. 

tail current region and in the nonsaturation region for unimplan­

ted cases. First, in the tail current region, and when UD~l, 

iq. (3.30) can be rewritten as 

(3.49) 

For the nonsaturation region, and when UD is small 

ID ~IV~ c~~) qnu(['sl. (3.50) 

'rllis means that n 3F(U3 ) is proportional to the drain current in 

both regions, and the multiplication factors are equal provided 

UD >> 1 in the tail current region and UD = 1 in the nonsaturation 

region are assumed. 
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3.4.3 Numerical Calculation Accuracy 

Numerical calculation accuracy was checked as follows. 

First, a comparison of the potential profile, log n~n- VG curve 
:::il' 

and the low frequency capacitance vs. voltage curve between the 

numerical calculation and the theoretical analysis using F-func-

tion [50) was made for unimplanted cases. Second, the nwnerical 

calculation of log nSF- VG curve was compared to the measurements 

for implanted cases. 

Figure 3.16 shows the comparison of the low frequency C-V 

curve for an unimplanted case. The calculated points froa1 this 

analysis are obtained by using the equa.tion, 

' ' ( .;l[',") ( = ( nx 1- -_-
.:l[o 

(3.51) 

where AUSF is the difference of the two surface 

correspond to the gate voltages LJG + AUG/ 2 c:md 

potentials that 

LJG- .1.UG/2 • In 

C!Call 

0.5 
-THEORY 

NUMERICAL 
CALCULATION 

-3 0 
GATE VOLTAGE ( V) 

3 

Figure 3.16 Comparison of the low-frequency 
capacitance-voltage curve between 
the numerical calculation and the­
oretical analysis using F-function 
for an unimplanted case. 
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cr. ,. 596 E. 

GATE VOLTAGE (V) 

Figure 3.17 Comparison between numerical cal­
culation and experiments of log nH-­
Vc curves. 



Pig, 3.16, slight disagree,nent is seen when C/c 0 c>0.9. Other­x 
wise, the numerical calculations are in excellent agreement with 

the theoretical points. 

Pigure 3.17 shows the comparison of the log nSF - VG: curves 

between the numerical calculation and the experi,nental measure­

,nents for both unimplanted and implanted i1JOSFErs. The implanted 

mOSPI<:Ts have either single boron or phosphorus layer, The experi­

Jilental results were obtained by measuring the dTain current EJt a 

drain voltage of 30 mV and by substituting the values into Eq. 

(3.50). This might cause 

because the current obeys 

some error in the tail current region 

Eq. (3.49). "~ctually this does not pro-

duce & significant error as far as we discuss the current behavior 

in a logarithmic scc,le. Therefore, it is used for conveLionc8. 

From Fig. 3.17, we c&n conclude that the present calculation gives 

s. good approxiumtion for the number of the indctced electrons, that 

means that the low-level currents in l'JOSPE'rs are accuretely pre­

dicted by this anelysis program. 

3.4.4 Low-I,evel Currents in ?ilOSFET with a Single-Layer Impltmta­

tion 

Figure 3.H3 shows log nSF - VG curves in boron implanted n­

channel i\'fOSFETs. The parameters are ion-dose and the depth. ·dhen 

the depth is shallow, as shown in Fig. 3.18 (A), only the distri­

bution tail within the silicon substrate contributes to the shift 

of the curves. Therefore, the awount of the threshold shift is 

relatively small and almost a parallel shift of the curves is ob­

tained. However, wlwn the dose is high and when the peak of the 

impurity is well into the substrate, the threshold shift is not 

proportional to the amount of the i1npuri ty within the substrate 

and a saturation of the shift is seen. It is also noted that the 

slo_pe of the log - VG curves tends to become less steep in the 

case of a high dose. 
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Figure 3.19 illu-

strates the variation 

of tlle potential pro­

files for various im-

plantation depths. In 

the case of a shallow 

implantation, the imp­

lanted impurity exists 

in the surface deple­

tion region and inver­

sion region. This 

means that the slope 

of the log nSF - VG 

curve in the tail cur­

rent region is deter­

mined by the impurity 

concentration of the 

substrate. On the 

other hand, ln the ca-

se of deep implantation, 

the surface depletion layer 

GATE VOLTAGE (V) 

Figure 3.18 Calculated shift of log nsF-VG curve due to 
single-layer boron implantation. (A) RM= --24 
A, a1=a2=32L~, (B) RM=390A, a1 =a2=439A; 
(c) RM= sooA, al = a2 = 538A; (D) R~1= 1220A, 
a1 =a2=627 A; NoT( X 10 11cm 2

), NB=S. 9 X 1Q 1
-1cm-\ 

T "' ~ 650A, T ~ 300K. 

is shielded by the impl:cnted layer. 

This in turn ;neans that the impurity concentration at the edge 

of the surface depletion layer is high. This situation is simi­

lar to the case where a substrate having a high boron concentra­

tion is used. For this reason, less steep log nSF - VG curves 

are observed in such cases. 

Figure 3.20 illustrates log nSI•' - VG curves for phosphorus 

or arsenic implanted n-channel MOSFET. Figure 3.21 shows some 

of the corresponding potential profiles. 

negative threshold shift. When the depth 

These species yield a 

of the implantation is 

shallow, as shown in Fig. 3.20 (A), the behavior is similar to 

the case shown in Fig. 3.13 (A), that is,the amount of the thre­

shold shift is small and the shift is almost in a parc;.llel man-
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ner. In the case of deep implantation and high dose, the thre­

shold shift does not saturate, that is a quite different beha­

vior as compared to the case of boron implant at ion. The unique 

feature seen in the figure is the occurence of the residual cur­

rent. The residual current is caused by the i.ilplanted channel 

region that is not pinched-off eve·n when a large negative gute 

voltage is applied. The amount of the residual current is large 

when the total dose and the depth of the iillplanted n-layer is 

large. 

[2 9] ' 

There have been severul reports published on the analysis 

[53J, and experiments [51], [52) of a single layer n-type 

implantation, and the detailed discussion is not repeated here. 

It is noted that the residual current in a depletion type load 

device does not cause a dete­

rioration of the circuit per-

formance in a static mode of 

ope rat ion. There are some 

applications in which the re­

sidual current is advantage­

ous. This will be discussed 

later. 

From the preceding dis­

cussions, it was revealed that 

a delta-function-like iiilplan­

tation yields a parallel shi­

ft of the log nSF- V G curve. 

This is a desirable situation 

in n-channel enhancement IViOS­

l'ilT for use in dynamic me,nory 

circuit. One possible approa-

ch is, as has been shown in 

Fig. 3.13, a very shallow im­

plantation in that the peak 

of the ion-distribution is 

within Si02 • However this te-

(A I 

10 

E 
u 

c 

10' 

10 

E 
u 

-3 -2 -1 0 

GATE VOLTAGE (V) 

Figure 3.20 Calculated shift of log TisF-VG curve due to 
single-layer phosphorus implantation. (A) RM= 
-166A, al=a2=198.A; (B) RM=lOOA, cr1=a2 = 
2BOA; (C) RM~410A,a,~a,~354A; (D) RM~ 
730A, a1 =a2=426A; NnT( X l0 11 cm-2

), N 8 =5. 9 X 
x 10 14

cm 
3

, T ax=650A, T=300K. 
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chnique is quite sensitive to the variation of the ion energy 

and oxide thickness and cnight cause a large variation of the 

threshold shift. Another possibility is to use arsenic or an­

timony and to perfor111 ion-implantation prior to the gate oxida­

tion. These impurities have relatively small diffusion constant 

and thus the shallow distribution made by the implantation with­

out gate oxide does not diffuse too much during the succeeding 

steps. However, for the typical p-type impurity boron this is 

not applicable. In view of this, a practical method that Imlws 

possible a parallel shift of the log n 3 n - V, will be proposed 
f .L! (j 

in the next section. 

3.4.5 Low-Level Currents in lVJOSFE'rs with a Double-Layer Implan­

tation 

This section describes the effect of double-layer implan­

tation upon low-current level chare.cteristics of lVlO:SPET. Espe­

cially, the emphasis is on the control and the design of the 

tail current and the residual current. The double-implantation 

that is discussed in this section is illustrated in Fig. 3.22. 
Figure 3.23 shows various double implantation conditions that 

are discussed in this section. 'l'he doping profiles and the co­

rresponding potential curves for large positive and negative bias 

are schematically indicated. 

(1) Cases (2) and (5) 

Parallel shift of log nSF -

'vG curve 

Let us first discuss the 

cases where almost parallel 
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Figure 3. 22 Double-layer implanted 
MOSFET, 



shift of the log nSF- VG 

curves are obtained. As de-

scribed in the previous sec­

tion, the potentiC'.l curves are 

significantly •nodified by the 

implanted iillp~rities, especial-

ly when they exist deeply 1n 

the subotrate because the poten­

tial curves can not be controlled 

b:y the gate vol tsge. Thus, 

dusirt-: .. ble to have a. sllalloyJ 

it is 

and 

delta-func-tion like im.purj_ty 

distribution in order to have G 

pa.rallel f'hift of the log nSF­

V, curve. By compensating for 
l_r 

the distribution tail of the impu-

rity profile, an equivalent delta­

function-like distribution can be 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

~E: ' 2U, 
___ L Unimpla.ntt>d 

hp 
~ 

B P 

' ' ' 
' 

' ' 

impurity prolilt> potential profile 

Enhanc~>ment-FET 
with steep log I 11 -V0 
curve 

Enhanc~>ment- FE T 
W1!h residual 
C'Jrrent 

Deplet,on-F.C: T 
With reSid,Jal 
current 

Depletion-FET 
with,-ut residual 
C'Jrren t 

Figure 3.23 Implantation conditions for control!-
ing the tail and the residual 
currents. Two potential curves in 
each figure exhibit accumulation 
and inversion cases. 

realized. In Fig. 3.24, the C8.lculated log n 0.,,- Vn curves for sucl1 
0 i' \I 

implantation conditj_ons are shown. These curvec- corresnond to: 

(l) single layer implantation, 

( 2) double layer implantation with NDTl / NDT 2 = 10/5, ccnd 

(3) double layer implantation with NDTl / NDT:J = 10/7. 
Total doses are selected so that the shift of the threshold is 

equal for each case. It is s~en that the condition (3) gives the 

steepest log nSF- VG curve for the positive threshold shift c:·.nd 

the minimum residual current for the negative threshold sl1ift. 

Figure 3.25 shov1s the impurity and the potential profiles for 

these conditions. Tile figure clee.rly illustrates the fact that 

a delta-function-like impurity distribution is realizod foe· tne 

main impurity especially when the ratio l'0D'Tl/NDT 2 is small. The 

shape of the potential profile is drastically different between 

the single and the double layer implant at ions. For example, the 

depletion layer is shielded by the boron layer 1n the single lcc:;er 

illlplcmtation case shown in J:i'ig. 3.25 (a), V.'hereas the depletion 
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layer extends to a deeper position in the substrate in the double 

implant at ion case sho,,,,n in (c). lor the negative threshold shift, 

single layer implantstion, as shown in Fig. ].25 (d), ,yiulds a 

deep mini,num in the potential profile curve. However, the depth 

of the minimum is reduced in the c\ouble implant21tion case, and at 

the same tiJJle, the minicnum is shifted toward the surface. 'rhesc 

features in the potential curve cause the parallel shift of the 

log nSF- VG curves. 

In order to realize these double implantation conditions, 

care should. be taken first to get a desirable threshold shift. 

'rhe simple estimation of the shift is given by AV,r ::::(q/Cozl x 

(NDSl- ND82 ), where NDS is the amount of the i;nplanted impurities 

into silicon substrate. Second, the anount of the second impuri­

ty should not ba too much because excess compensation would cause 

8, residual current in an enhe,ncetitent mode lVJOSFET, ancl a less steep 

log n
8

F-VG curve in a depletion ,nocle i.'t0'3FET. There BTe so.ne 

other possible applications for such conditions, and these will 

be cliscussecl in the next 9aragraphs. 

R, (Al /o;·O", (A 

p 410 

8 600 

P L76xi01'Cm·z 
B 8.8xiQ11 cm- 2 

P 3.0 x l012cm- 2 

B 2.1 x io'2
cm· 2 

354 

490 

GATE 

UN IMPLANTED 

~ 
E 
3 

'['" 
-r 

0 
VOLTAGE (V) 

R, (Al/a;•O", (A) 

8 390 439 

p 537 383 

B 6.0x 1012 cm- 2 

P 4.2xiQ 12cm·:o. 

3.0"' 1012cm· 2 

1.5x I012cm· 2 

ToK=650 A 
N, =5.9 x id'cm· 3 

T "300 K 
NFs= 0 cm· 2 

Figure 3.24 Comparison of the shift of log nsF-VG curve due to single and double-layer 
impurities. The main impurity is implanted in the surface side. 
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Figure 3.25 Potential profiles for double-layer implanted substrates corresponding to the cases shown in Fig. 3.24. 
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Figure 3.25 Potential profiles for double-layer implanted substrates corresponding to the cases shown in Fig. 3.24. 
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(2) Cases (3) and (4) ----- MOS transistor with residual current 

If the amount of the n-type ions for the second layer is 

large enough, the n-type ions form a buried channel that can 

never be pinched-off by the gate voltage. Consequently, MOS tran­

sistors with residual current are realized. Two examples of the 

impurity profiles and the potential profiles for such conditions 

are shown in Fig. 3.26 and Fig. 3.27. These correspond to enhan­

cement and depletion mode transistors. The shift of the threshold 

p ~ 
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Figure 3.26 DoubJe-layer implantation for the purpose 
of fabricating an enhancement mode 
transistor with residual current. 

Figure 3. 27 Double-layer implantation for 
the Purpose of fabricating a 
depletion mode transistor with 
residual current. 
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is determined by the difference of the doses of two impurities 

within silicon, as has been stated prevJ_ously, and the i3Aount of 

the residual current is doter;nined mainly oy tle dose of tile se-

cond n-type le,yer and the depth. ']'his indicE,tes tlw_t it is ~os-

sible to determine the threshold volt~ge shift and the residual 

current independently. 

']'he log nS:b'- VG curves for various implantation conditions 

to design the residual current are shown in }igs. 3.2d and 3.2'). 

It should -oe noted that the case shown in Fig. 3.23 is obtairwc: 

wh£n one over-compensates the tail of the first l1oron layer in 

order to get an enl1o.ncement mode i'i'lOS tra.nsistor v\'ith leSfl steep 

log nc•p- V r( curves. 
'..) 1 l...r 

The J.iOS trs_nsistor having residuc,l current can be u~Je:od as 

load devices ~ith a pulse signal at the gate electrod~. [\ typi-

cal circuit example is shov:n in Fie;. 3.30. The load trc.L.n~.~ ir;t ors 

used in the flip-flop are designed so that very small residual 

currents flow when the gste voltages are low. 

goes high only Vlhen it is ne ce seary to chanf.;;e the ;:,tc::.te of tLe 

flip-flop. This operc;_tion Jnr-~kes ~Jossible n very lovv stun_G_ -11 IJO-

To.-=sooA 
Ns~l" !015cm· 3 

T ~JOOK 

UNIMPLANTED 

1.25><10
11 cm-t, 30 KeV 

4.5 x101
l cm-1 ,150 KeV 

-2 -1 0 1 2 3 
GATE VOLTAGE ( V) 

Figure 3. 28 Log n~r- Vc curves corresponding 
to CASE (3) in Fig. 3.23. 

B I. •1011 cm-2, 30 KeV 
P 1.2•1012 cm-2, 150 KeV 

T .. =500A 
Ne" 1 "!015cm-3 
T =300K 

-5 -4 -3 -2 -1 0 1 2 4 
GATE VOLTAGE ( V) 

Figure 3. 29 Log nsr- VG curves corresponding 

to CASE (4) in Fig. 3.23. 
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wer because it is determined by the residual current of the load 

transistor and this can be reduced to an order of a nano-ampere. 

An advantage of this circuit is that it operates in a static mode. 

The high level voltage of the memory nodes is kept high and the 

residual current of the load device prevents the high node to be 

discharged. In other words, the equivalent circuit when the load 

pulse is low has residual current sources between the supply line 

cmd the memory nodes. This is a quite effective way to reduce the 

power dissipation of the memories and microprocessors while keep­

ing its static operation. 

Voo 

LOAD 
_MOSFET WITH 

RESIDUAL CURRENT 

Figure 3.30 A quasi-static latch utilizing MOSFETs 
with residual current. 

( 3) Case ( 6) ---- remote cut-off log ID- V G curve 

J,et us discuss the condition in which boron is implanted 

deeply into the substrate and the distribution tail near the sur­

face is compensated for by phosphorus or arsenic. The calculated 

log nSF- VG curves and the potential curves for these conditions 

are shown in Figs. 3.31 and 3.32. 
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curve due to double-layer 
implantation CASE (6) in Fig. 
3.23,where boron is implanted 
deeply in the substrate. 
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In Fig. 3.32, it is seen that the depletion layer is shielded by the 

boron lc,yer for these i:nplantation conditions. Thew thic1 is equi­

V8lent to have a hi,;_;hly doped p-type suostratG. The slope of log 

n:3F- VG curves in weak inversion region is, therefore, correspon­

dingly decrea.sed as shown in Fig. 3.31. The threshold voltage can 

be independently controlled by the n-type impurity at the surface. 

This means that the control of the slope of log n""'- \fG curve2: 
,..)1' 

without threshold shift is even possible. Figure 3.33 illustrs.tes 

the r8sult of the measurements for iiiOSFJ!:'T fscoricated correspon­

ding to the theoretical prediction shown in Fig. 3.31. The cor­

relation seems satisfactory. 

In generfc_l, the maximu.d value of the slope of log n"F- V, cur-
,J l1" 

ves is determined by the doping of the substrate beccuE.e compensa-

tion for the substrate doping is extremely difficult. The double 

layer implc;ntation only realizes less steep curves in comparison 

to the unimpl<::nted case. 

3.4.6 Conclusion 

Low-level currents in !'IeOS transistors with single and double 

layer implanted impurities have been discussed. A single boron 

layer in n-chc:.nnel transistor causes positive threshold shift, 

ho•Never, the slope of log ID- VG curve in weak inversion region 

t<"n6s to become less steep tlcEm that of unimpla.nted. UlOS transis-

tor. On the other hand, a single phosphorus layer or arsenic le.y-

er in n-chsnnel iViOS transistor causes negative threshold shift, 

but residual current occurs. These features should be carefully 

conE.iderecl in designing the threshold shift by ion-implantc.tion. 

The double L'J.yer impl<?.ntation of opposite type impurities 

makes possible a control of these low level currents. 

the examples discussed in this section are: 

iJome of 

(l) Pars.lle l shift of the log I-11 - V,., ( log n(_,T~- Vr,) curves both 
" 1.) .LI u 

for enhancement and depletion mode transistors. 
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(2) Transistors with residual currents for load devices that fea­

ture in quasi-static operation of a flip-flop cell. 

(3) Transistors that have less steep log nSF- VG curves than un-

implanted transistors. 

Control of the low-level currents will be of special importance 

in the design of a low threshold dynamic memory circuit and a c,viOS 

circuit. In view of this, the present analysis will provide a the­

oretical basis for determining appropriate ion-implantation condi­

tions. 
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3. 5 Double-Diffused I.WSFET Analysis 

3.5.1 Introduction 

Double-diffused JviOSFET ( Dlv!OSFET ) was first proposed by H. 

Sigg [54) , and Y. Tarui et al. [55) The D:viOSFET differs from the 

conventional device in that a p-type channel region having a higher 

doping than the substrate is fon1ed by succesive diffusions of bo­

ron and phosphorus or arsenic. The second n-type diffusion makes 

n+ source and drain regi.ons and at the same time, determines the 

length of the cha.nnel region. The channel region has, therefore, 

a gradient of doping, whereas the region adjacent to the drain, 

the drift region, has a flat doping. Thus, originelly the DtWSFi;T 

has u.symmetrical structure about its midpoint. Sywmetrica1. i'"OS­

FBT having doublc-d.iffu~~ed region;;:~ both at the source and at; the 

drain, is also useful device in memory applicati.ons in that bi­

lateral switching is needed. An applicati.on of the sy;;1.netrical 

D::IOSF.ii:T to a simplified CMOS device will be discussed in Chapter 5. 

A significant advantage of the D.i·JOSFET is that it realizes 

effectively short channel device without tight me.sk tolerances. 

'This means that the switching speed of the device is fast. This 

has already been demonstrated in several prototype integrated cir-

cuits. [56), [57] Recently, Ohta et al. have fabricated an integra-

ted logic circuit having a gate delay of 2 ns. [58] A high frequ­

ency D;'lOSFET having an fT of 2 GHz has also been reported. ('34] 

Since the power-delay product basically stays constant for a fixed 

circuit configuration and power supply voltage, this feature can 

be utilized for reducing the power dissipation of integrated cir­

cuits. 

In this chapter, an analysis of Dii!OSFET is dealt with. ·:nw 
simplest way to analyze the miiOSFET is to express the device as 

a series connect ion of enhctncement and depletion regions. This 

approach coincides with an ane.lysis of E/D gate ( Enhance•;Jent/ 
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Depletion gate iVIOSFET done by :lfasuda et al. [59] T. J. Eodgere 

et al. applied the E/D theory to analyze the DMOSFET, in which 

they modified the theory by taldng velocity saturation of ccrriers 

and substrate bulk charge effect into account. [60] Numerical ana­

lyses of the p-p- type n;v:OSFE·T were reported by Lin et al. [61] and 

by Sekigawa et c:l. [62] These analyses used varying levels of appro­

ximation, but their accuracies have not been e11tirely satisf~ctor~. 

The IJlJ_r~Jose of this chs.-oter is to •Jreser:J.t a mor2 preci(''e .CLtl­

ncricc~l c::.n~:.lysis of the Dl''/IOSFET in order to give a p:nysical i~'lsi~~:-

ht into the operation of D80SFET. The analysis is made in such a 

v:ay timt will make possible to analyze several different D .:OS st­

ructures. These include both the symmetrical ( p-n-p and p-p -p 

type and asymmetrical ( p-n and p-p- type) D.!OSFETs. 

for.rt of :nobility as functions of the drain field, the gace field 

and the doping is considered in analyzing the device. A brief co•:J­

parison of the existing theories and the present analysLtc is illu­

strated in Table 3.4. 

Table 3.4 Comparison of the existing DMOS analyses and the present analysis. 

b- CIRCUIT 
ORIENT DEVICE OR lENT 

, SUDA T.J. RODGERS H.C. Ll N PRESENT WORK 
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3.5.2 Charge and Current Equations of DfuOSFET 

A three-section 1nodel of a typical p-n ty,Je asyllli<~etrical 

m:IOSFE'r is shown in Fig. 3. 34. The device is divided into p-type 

channel region, n-type drift region and drain region. In each 

region, the concentrfo.tion of charge is approximated as described 

in the following. 

(l) P-type channel region 

The charge equati_on for the free electron charge density QN 

is approximated in a manner si,nilar to that described in Eqs. (3. 

24) to (3.26) in Section 3.3. Total surface charge QSF' bulk char­

ge QB and electron charge QN are given by the following equations 

as funct:i.ons of sLJ.rface potential U,,F' 
"' Fermi potential ~ , 

_ 0 ( k'r ) ( e USF- ~ - UF + 
QSF = VD q 

where CD is De bye cap&ccitance. 

The surface potential USF 

is given by solving the equa­

tion relating the gate voltage 

UG to the surface potential and 

quasi-Fermi potential as seen 

by 

(3.55) 

In order to express the varia­

tion of doping along the channel 
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Figure 3. 34 

" 

A three-section model of 
DMOSFET. 



Fermi potential UF = ln (NA-ND)/ ni is assumed to be a function 

of position. Strictly this is not correct because UF is originally 

defined in the substrate and the variation of doping gives rise to 

a variation of built-in potential. This assu:npt ion is equivalent 

to express the entire transistor as a series connection of ;nany se­

parate transistor sections having different dopings. 

(2) N-type drift region--- region 2 

The basic equation (3.16) was modified assuming negative UF 

and zero bulk charge QB. Electron charge QN is given by the equs­

tion, 

where USF is given by the solution of the 

u8F- F - UF - UF) i 
UG = USF + 11" [e - USFe 

In some cases this region has p-type 

Eqs.(3.52) to (3.55) are continuallyused 

(3.56) 

equation, 

(3.57) 

doping. In such cases 

for this region. 

In Eqs. (3.55) and (3.57), UG is an effective gate voltage. 

This is calculated taking the effect of surface state densiti N 
<! ss 

and the spacial variation of work function difference ¢MS' as seen 

by the equation, 

U~ = ( VG-"'•·s + lj ;_,'il 
(3.58) 

(3. 59) 

(3) Current equation in regions l and. 2 

The numerical calculation in regj.ons l and 2 was done in the 

following manner. First, at the source quasi-Fermi potential and 

source voltage was set to zero. Corresponding charges OSF' (!B and 

QN were determined from the Equations (3.52) to (3.54). The values 

of quasi-Fermi potential at subsequent points were calculated from 

the current equation, 
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pQNW(kT/q) 
(3.60) 

I 

where J.l is effective mobility of electrons and W is the width of 

the channel. Equation (3.60) results from applying the "gradual 

channel approximation" and therefore is valid only when the surface 

field Ex is considerably larger than the drain field Ey. According­

ly, the analysis continually checks on the indicated sizes of Ey and 

Ex in the regions l and 2. When Ey becomes greater than Ex, the ana­

lysis considers that the high-field drain region has been reached 

and the program continues the analysis using equations appropriate 

to region 3. 
(4) Current equation in region 3 

In region 3, the carriers are assumed to be injected away from 

the surface in an approximately triangular configuration as shown in 

Fig. 3.35. [34] The equations used for analysis in this region are: 

_9..._ 
kT 

l 
E (q NA + 

s 

J = ID/( W xs) 

XD- XC 
X = s 

LT 

J 
v 

where v is carrier velocity, 

and other parameters are illu­

strated in Fig. 3.35. 
The program per­

forms numerical integ­

ration of quasi-Fermi 

potential using Eq. 

(3.60) in regions l and 

2 and Eq. (3.61) in re­

gion 3 for a given cur­

rent. 'J'he final value 

) (3. 61) 

(3. 62) 

(3.63) 

Y =Ypo 

channel Xct drain 

ORAl N REGION (3} 

Figure 3. 35 The approximation of the triangular space 
charge region near the drain in DMOSFET. 
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of quasi-Fermi potential at the drain gives the corresponding 

potential at the drain diffusion. In this integration 200 points 

were used. 

(5) Mobility of electrons 

Mobility of carriers is a function of the gate field Ex, the 

drain field Ey and the total doping N. However, as far as the au­

thor knows, there have been no complete theory taking these into 

account accurately. Therefore a semi-empirical form of mobility 

is used in the present analysis, as seen by the equations, 

ol -1/ol. 
Jl = Jlo [ l + ( P.o Eyl v sat ) ] (3. 64) 

[ 
l - r 

Jlo = Jl r + 
max l + 0. 76 N/Nr 

(3.65) 

r = Jlmin I P.max = 0 • 1 ' ( 3. 66) 

where rJ.= 2 for electrons, and rio= l for 

saturation velocity v t = 0.9 X 10 5 m/s sa 

16 - < holes, N = 6.3 x 10 em ~, 
r 8 

and e = 1.68)(10- m/V. 

The dependence upon doping given by Eq. (3.65) and the drain field 

dependence given by Eq. (3.64) are using the same form for bulk si­

licon. (63), [24] The gate field dependence given by Eq. (3.65) is 

obtained through careful comparison of the current-voltage curves 

between the numerical analysis 

and the experiments for sam-

ples listed in Table 3.2. 

The velocity field rela­

tionship for several con­

ditions are illustrated 

in Fig. 3. 36. 
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Figure 3.36 Drain field (Ey) dependence of 
mobility with gate field (Ex) as a 
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3.5.3 Results of the Analysis and the Comparison with J~easure­

ments 

One of the purposes of this study is to compare the de-current 

behavior and the potential profiles in various Dli!OSFET structures. 

The doping profiles that are analyzed through this analysis are 

shown in Fig. 3.37. A typical structure for discrete transistors 

for high frequency application is p-n type asy~~etrical structure. 

For integrated circuit applications, it is cownon to use p or n 

type substrate to facilitate isolation between transistors without 

additional processing steps. Therefore the structures for transis­

tors are either p-p type or p-p -p type. The p-p- type device is 

used as a driver transistor in inverter, and p-p--p type device is 

used for dynamic memory circuit, in which bi-lateral switching ac­

tion is needed to charge and discharge the memory capacitor. Ano­

ther interesting application of the symmetrical structure is n-chan­

nel transistor in p-well of complements.ry li!OS circuit. This will 

be discussed in Chapter 5. 

(l) Analysis of standard MOSFET 

Before going into discus­

sions on double-diffused st­

ructures, let us first examine 

the results of the analysis for 

standard MOSFET. The reason 

for this is that the current­

voltage behavior is well under­

stood and through the compari-

son of the results 

ments the accuracy 

with experi­

of the pre-

sent analysis technique is ve­

rified. 
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t Figure 3.38 shows ( ID) vs. VG curves in the saturation re-

gion for long channel devices having channel lengths of 20 ancl 50 

microns. Three samples having gate oxide thicknesses of 220 • A, 600 
0 • 

A and 1470 A were used in order to demonstrate the agreement of the 

theoretical calculation with experiments over a wide range of gate 

field Ex. Calculated curve assuming a constant mobility is shown 
• for the sample having 1470 A gate oxide thickness. These samples 

are the same ones as have been used in Section 3,3, 
Although drain field did not have significant influence in the 

above comparison, this should be considered in short channel cases. 

Figure 3.39 illustrates the calculation of potential profiles and 

mobility variations along the channel for MOSFETs having various 

channel lengths. For long channel case, the mobility is low at the 

source end of the channel and increases slightly toward the dra-

in. This is entirely due to the variation of the gate field. How-

ever, in short channel device, the mobility is a decreasing func­

tion toward the drain, and in the region adjacent to the drain the 

carrier velocity saturates. This indicates that the drain field 

gives rise to a significant effect on the device behavior. 

T011 t11 220 600 1470 
IWr-----~~~-7=----7=------=, 

-- EXPERIMENT 

o }I CONST. 

GATE VOLTAGE IVJ 

Figure 3. 38 Comparison between the
1 

theory 
and experiments of (ln)2 versus 
VG curves for conventional 
MOSFETs having gate 
oxide thickness of 220 to 1470 
A. The channel lengths for 
these samples are either 20 
or 50 J.llll. 
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One of the remarkable feature in the current-voltage relationship 

of the short channel device is that the saturation of the drain 

current occurs at a lower drain voltage than that expected by the 

constant mobility theory. In Fig. 3.40, calculated drain current 

vs. drain voltage curves for samples having the same aspect ratio 

W/L but different channel lengths are shown. It is seen that in 

the short channel case the value of 

the saturation drain current is 

about 60 to 70 percent of those in 

long channel devices, that is cau­

sed by the lower saturation volta­

ge due to velocity saturation. 

Thus, the shape of the velocity­

field curve affects on the shape 

of the corresponding current- vol­

tage relationship near and beyond 

the saturation drain voltage sig­

nificantly. 

(2) Analysis of Double-Diffused 

tJOSFET 

;; 
E 
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w 
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Figure 3. 40 Calculated Iu versus V D 

curves for standard 
MOS FETs having various 
channel lengths. W /L is 
equal for each case. 

In standard MOSFET, the current is inversely proportional to 

the channel length as far as the device is operated in the region 

where the carrier velocity does not saturate. This is not the ca­

se in the double-diffused MOSFET. 

Figures 3.41 to 3.43 illustrate the calculated drain current 

vs. drain voltage curves for p-n type asymmetrical DN!OSFET having 

various total channel lengths LT. The length of the enhancement­

type channel region is kept constEmt. The drain current at the 

saturation drain voltage is shown as a function of the gate voltE,ge 

for these structures in Fig. 3.44. From these figures, tlle follow­

ing features of the current-voltage relationship of the D;,,OSFET are 
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pointed out. 

( l) The drain current in the saturation region is not inversely 

proportiona.l to the total channel length. Especially, when 

the gate voltage is lov1, it is almost constant with the varia­

tion of the total channel length. This indicates that the cur­

rent is controlled by the enhancement~type channel region LE. 

(2) The on-resistance, however, is inversely proportional to the 

total channel length LT. Thus shorter channel length is desi­

rable for applications that require low on-resistance. For 

example, the driver tre.nsistor in an inverter circuit needs 

low on-resistance because the on-level is determined by the 

ratio of the on-resistance of the driver and equivalent resis­

tance of the load. 

Let us discuss the effect of the doping profile on the device 

behavior in detail. The variation of the quasi-Fermi potential 

and mobility along the channel is shown in Figs. 3.45 to 3.47. 
These correspond to the structures shown in Fig. 3.41 to 3.43. It 

is seen that in any biasing conditions or device doping profiles, 

high field regions are observed at the source end and the drain end 

of the channel. Correspondingly, mobility dips are seen there. 

The first high field region, at the source end,has never been seen 

in standard IVIOSFET. This is due to the high concentration of dop­

ing and the corresponding high threshold voltage. The length of 

this high field region does not correspond to the length of the p-

type channel region. 

that has only p-type 

For instance, in the device shown in Fig. 3.47, 
region but has a gradient of doping, the high 

field region is seen. This indicates that the simple two-transis­

tor models illustrated previously, for instance, those of Masuda 

et al. [59) and Rodgers et al. (60) , need careful determination 

of the device parameters in dividing the device into two regions. 

A comparison of the calculated current voltage curves with 

measurements was performed on a p-n type asymmetrical sample having 

a total channel length of 4 Jllll as shown in Fig. 3.48. It is seen 

that the agreement is good in.the non-saturation region. However, 
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deviation is seen in the saturation region. In order to obtain 

a better fitting of the theoretical calculation to the measure­

ments, several factors should be considered. First, precise mea­

surements of the channel lengths for both the total channel 

and enhancement-type channel region, should be performed. At the 

same time doping profiles have to be measured accurately at the 

surface. The mobility expressions used in the present analysis 

are empirical ones, and no verification was done at high drain 

field. This measurement is difficult because it is almost impos­

sible to bias MOS transistors with a uniform high drain field. 

Through this analysis it was observed that by varying the satura­

tion velocity and the shape of the velocity-field relationship 

near the saturatj~on velocity, the saturation voltage and the satu-

ration current vary correspondingly. Therefore, further study is 

needed on this point. We, thus, conclude that for design purpose 

the accuracy of the present analysis is good. 

We have discussed the current vs. voltage curves and poten-

tial distributions of p-n 200 
type asymmetrical DMOSFET. 

P-p type asymmetrical 

DMOSFET exhibits similar 

behavior because the only 

difference exiets in the 

fact that the threshold 

voltage in the drift re­

gion is lower in p-n type 

device than in p-p- type 

device. This gives rise 

to smaller saturation cur­

rent in p-p type device. 

The comparison has been 

done by Rodgers et al. in 

Ref. ~0], and is notre­

peat3d here. 
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Symmetrical DMOSFET is an· important structure in memory appli­

cations because bi-lateral switching action is inevitable in dyna­

mic memory. This also has advantage in fabrication. In asymmetri­

cal Div!OSFETs, a masking step is needed when p-type channel region 

is implanted. However, in short channel device, this ;nasking step 

is very critical because the mask has to be aligned within a tole­

rance of LT / 2. In symmetrical Dfv10SFET, this alignment is avoided 

because it is not necessary to distinguish the drain and the source 

windows in implanting the p-type impurity for the channel region. 

An exa1nple of the calculated current-voltage relationships 

for the symmetrical DMOSFET is shown for p-n-p type structure in 

Fig. 3.49. This device has the same parameters as the asymmetrical 

device shown in Fig. 3.42, except that the symmetrical device has 

a p-region adjacent to the drain. From the comparison of the two 

figures, it is seen that the 

saturation drain voltage is 

lower for the symmetrical 

device. This is because the 

saturation drain voltage is 

determined by the doping type 

and concentration near the 

drain. 'rhis results in a 

lower saturation current in 

the symmetrical device. For 

instance, it is 70 percent of 

that of the asymmetrical de­

vice at VG= 10 V, and 60 per­

cent at VG=8 V. It is expec­

ted that the breakdown voltage 

for the symmetrical device is 

lower than that of asymmetri­

cal device because considerably 

high concentration of the fie-
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ld is observed near the drain due to the high doping. ·This, how­

ever, can be avoided if the p-type channel region is designed to 

be short so that the drain depletion layer would extend beyond 

the high doped region. 

Another application of the symmetrical Di'IJOSF.ET is n-chanr,el 

device in CMOS integrated circuit, The DMOSF.ET in this case is 

formed through p-well diffusion through the source and drain win­

dows followed by the n+ diffusion. The p-well diffusion is per­

formed in such a way that would make possible that p-regions froill 

the source window and froill the drain window touch and form a merged 

p-well. The corresponding doping profile is p-p--p t~•pe sym;netri­

cal profile. Detailed discussion on the current-voltage relation­

ships, potential profiles of the device and the comparison with the 

measurements will be presented in Sections 5.2 and 5.3. 

3.5.4 Conclusion 

A precise analysis of the double-diffused NJOSF.ET was presen­

ted. The analysis is based on a three-section model of the Di:JOSFgT, 

The following second-order effects are included in this analysi$; 

(l) tho diffusion current component, (2) exact calculation of the 

surface potentials and the corresponding induced electron number, 

(3) mobility variation due to the gate field, drain field and dop­

ing, (4) variation of the work function difference along the chan­

nel. The analysis can be applied to various double-diffused iViOSFET 

structures, both sylllllletrical and asylllllletrical. 

Comparison of the de-current behavior, quasi-Fermi potential 

distribution and mobility variation along the channel between the 

double-diffused MOSF.ET and standard JV!OSFET was made. It was found 

that a high field region exists at the source end of the channel in 

the double-diffused MOSF.ET. The theoretical calculation of the cur­

rent-voltage curves was in good agreement with measurements in the 

non-saturation region. However, slight deviation was seen in the 

saturation region. For practical purposes, the anHlysis gives 
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good prediction of the current behavior with a short computer 

time. 

The double-diffused N!OSFET has a number of advantages over 

conventional IllOSFET as a short channel device; (1) the threshold 

is insensitive to the shrinking of the channel length, (2) high 

punch-through breakdown voltage, (3) relatively deep dr&in junc­

tion and thick oxide allowed to oiJt<,.in the same short channel effe­

ct as conventional device. These in turn mean that the one-dimen­

sional analysis could be effective 'in a short channel devices that 

is not the case in conventional i>IOSFET. The present analysis, 

therefore, provides a good design tool in designing future integ­

rated circuits utilizing double-diffused /iiOSFET. 
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3.6 Conclusion 

This chapter presented accurate analyses for the de-behavior 

of various types of :IIOS transistors. The conventional iV!OSFET, 

the ion-implanted iliOSFETs and the double- diffused liiOSFETs were 

analyzed. 

A precise model for MOSFET having uniformly-doped substrate 

was first presented with an emphasis on subthreshold low-current 

region. The expressions for the drain current that cover the en­

tire operating region of liiOSFET, the subthreshold or the tail-cur­

rent region, the saturation and the non-saturation regions, were 

derived. These equations were proved to have excellent agreement 

with the measurements. This indicates that exact calculation of 

the surface potentials utilized in the present theory is quite 

effective in order to obtain accurate approximation of the current 

near and below threshold voltage. 

A nu.'llerical analysis of the log ID- VG or log nSF- VG rela­

tionship and of potential in the surface space charge region was 

made for ion-implanted IIIOSFET. The basic limitations of the thre­

shold e.hift technique by a single-layer implant2.tion, occurences 

of less steep tail current in boron implanted i',TQSFET and residuB.l 

current in phosphorus implanted IV!OSFET, were solved by the double­

layer implEmtation. 

A numerical analysis of the double-diffused lVIOSFET that has 

a doping profile toward the source-to-drain direction, was per­

formed. The analysis is based on basically the same accurate char­

ge approximations used for the ana.lysis of low-current region in 

the standard MOSFET in Section 3.3, but care was taken with vary­

ing doping profiles and high field effects. Fairlygood agreement 

of the current versus voltage relationships was observed between 

the theory and measurements. 

These models and analyses will provide theoretical basis in 

designing the transistors for low-voltage and low-power applica­

tions. 
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CHAPTER 4 DESIGN AND EXPERI~illNTS OF DEPLETION LOAD (ENHANCE­

~NT/DEPLETION - E/D) CIRCUITS 

4.1 Introduction 

The discussion in Chapter 2 revealed that the enhancement/ 

depletion (E/D) configuration makes possible an operation at lo­

wer voltage than that needed for the enhancement/enhancement (E/E) 

configuration, and has a potential advantage for low power circuits. 

Although the CMOS gives a very low power at low frequency opera­

tion, it suffers from a very complex process and low circuit den­

sity. For the E/D configuration the process can be much simpler, 

and the density of the circuit is even higher than E/E configu­

ration. This results in a higher yield and a producability of 

larg<cr chip sizes. These features have enabled a very wide use 

of the E/D configuration for medium power, five-volt, TTL com­

patible LSis. The p-channel version [l), has extensively been 

manufactured, and the emphasis now is on the development of the 

n-channel version for microprocessors and memories. 

There are several methods to manufacture the n-channel E/D 

circuits. These are; (l) Use of Al2o
3 

ano_ Si
3

N
4 

for the shift of 

the threshold voltage, [2) , [3) , [ 4) ( 2) Use of the double-diffu­

sed MOSFET, (5)and (3) Ion-implantation for the channel region. (6] 

In this chapter, a general design approach that can be app­

lied to any of the existing processes for the E/D inverter confi­

guration, will be given in Section 4.2. Since the largest problem 

in designing the integrated circuit is that the circuit should be 

operated with sufficiently large noise margins, the design approa­

ch is based on this viewpoint. The switching performances and the 

oower also will be discussed over a wide range of the operating 
~ 

voltage,from five down to 1.5 volts. 

The measured results will be shown for a single NOR gate and 

a 2048-bit read-only memory in the rest of the section. These 
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integrated circuits were realized by making use of a newly deve­

loped n-channel structure that consists of both enhancement mode 

MOSFET having a gate insulator of Si02 / Al 2 o
3 

double layer and 

depletion mode MOSFET having a gate insulator of Si02 /phospho­

silicate glass double layer. 

Application of the E/D configuration to the peripheral cir­

cuits of random-access memories will be discussed in Section 4.3. 

A dynamic operation of E/D circuit is proposed. The measured per­

formance of the prototype RAil'! array will be compared with the cal­

culation by a circuit analysis program. 

4. 2 N-Channel Logic Using E/D Static Circuit [7) 

4.2.1 Design Considerations of E/D Inverters 

A. Device Equations 

For the purpose of simplifying the design, the simplest cur­

rent equations of Hofstein model are employed. In each region, 

these are given by 

(l) Cutoff region Va- Vs ~ VT 

I= 0. ( 4. l) 

(2) Saturation region 0 < Va- V 8 - VT ~ Vn- V8 

I= (N2)(Va- V 8 - YT)'. (4.2) 

(3) Nonsaturation region Vn- Vs ~ Va- V 8 - VT 

I= WVa- Vs- YT)(Vn- Vs)- !(Vn- V 8 )'] J (4.3) 

in which, 
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where VD' VS and VG are drain, source and gate voltages, and VT 

denotes the threshold voltage. Although the term "pinch-off vol­

tage" is commonly used for depletion mode fdOSFET, "threshold vol­

tage" is used for both ii[OSFETs in this chapter. 

The threshold voltage is modulated by positively biasing the 

source terminal, This body effect is especially important for 

the load MOSFET because its source-to-body voltage is significant-

ly varied in actual use. The modulated threshold is given by 

(4.5) 

in which 4'F is Fermi potential, and K is the constant givc;n by 

K (4.6) 

B. Static Characteristics 

The E/D configuration described here is shown in Fig. 4.1. 

The circuit has de-transfer curves as the one shown in Fig. 4.2 

schematically. Several characteristic voltages reprCJsenting the 

VDD 

DEPLETION -TYPE 

v!". / ENHANCEMENT-TYPE 

~lMOSFET 

Figure 4.1 Inverter circuit with a 
depletion type load. 

"' .. .. ,... 
-' g 
,... 
::> .. ,... 
::> 
0 

INPUT VOLTAGE 

·Figure 4.2 Schematic de-transfer 
characteristics of the 
inverter with a depletion­
type load MOSFET. 
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shape of the transfer curve are also shown in Fig. 4.2. When the 

enhancement driver transistor is off, depletion load transistor 

is conductive, and apparently, off-level VOFF that is equal to the 

supply voltage appears at the output node. 

F OFF = 1' nn· ( 4, 7) 

Other circuit parameters, on-level V0 N and circuit threshold Vel 

and vc 2 are approximated by using ~qs. (4.2) and (4.3) for the 

driver and the load depending on the operation regions, and seen as, 

2 

VON"'VTL / ( 2 ( VDD- VTD) fiR] ( 4. 8) 

' 
V c2 ~-(2/ ( 3~R )2)VTL + VTD (4.10) 

V m2 = V OFF- V c2 . ( 4 • 12 ) 

In these equations, subscripts "D" and "L" mean the parameter for 

the driver and the load MOS transistors. It should be noted that 

Eq. (4.7) applies only when the load transistor is operated in 

depletion mode region. This means that VTL is negative when a 

back bias voltage of VDD is applied, and that is the usual case. 

Equations (4.8) and (4.10) are derived assuming that the driver 

transistor is in the nonsaturation region and the load transistor 

is in the saturation region. Equation (4.9) is derived in an op­

posite manner. Care should be taken, therefore, when the inverter 

does not show normal de-transfer curves. In such cases the assum­

ptions are not true and these Equations are not valid. 

The largest noise margin is obtained when the inverter swit-

ches at VIN=!VDD This condition is expressed by using the cir-
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cuit threshold voltages V01 and V02 as seen by the equation, 

(4.13) 

From Bqs. (4.9), (4.10) and (4.13), the relationship between the 

two threshold voltages VTD and VTL to satisfy the largest noise 

margin condition is calculated, and is seen as, 

1 1 

K ( ( V DD + 24' F ) 2 - ( 2 4p ) ") 
[AI_ ( l+(3R )) 2 

+ VDD • (4.14) 

Next, let us discuss a generalized design approach using di­

mensionless voltages. Eqs. (4.7) to (4.12) can be expressed by 

using dimensionless or normallized voltages v ( = V / VDD) , as 

follows. 

voff = 1 
2 

vtl 
von = 

2(3R ( 1 -

vml = vel - von 

vm2 = 1 - vc2 

vtd) 

(4.15) 

(4.16) 

(4.17) 

(4.18) 

(4.19) 

(4.20) 

The effect of the threshold voltage modulation due to substrate 

bias is. neglected in these equations. For largest noise margin 

condition, Bq. ( 4.14) is modified to the following form. 
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z 
w 

" .:J 
0 
> ... 
=> .. ... 
=> 
0 

2vtd -{---l--1 
lf3n (l + ~R )]2 

4 
(4.21) 

Before going into detailed discussions pn optimum design of the 

inverter, let us briefly examine the influences of the device pa­

rameters on the de-transfer curves. Figure 4.3 (l) to (3) show 

the examples of the de-transfer curves of the E/D inverter ope­

rated with 5-volt supply. These are calculated results based on 

Eqs. (4.1) to (4.6). The parameters are (l) substrate bias cons­

tant K, (2) driver/load transconductance ratio ~R' and (3) load 

threshold voltage VTL" The features of the transfer curves seen 

in Fig. 4.3 are: 

(l) Off-level is equal to the supply voltage. 

(2) The circuit threshold is higher than the threshold voltage 

of the driver MOSFET. 

(3) 

( 4) 

5 

0 
0 

Both the geometries and the threshold voltages of l;1IOSFETs can 

be adjusted to obtain 

The circuit threshold 

K. 
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large noise margins. 

varies with the substrate bias constant 

PARAMETER /3Ft 

f3••5 
/3••1 

P••O.S 
/3••0.25 

ASSUMPTIONS: 
I( -~yl/1 -·· Yn.•-L!IV 

INPUT VOLTAGE (V} 

( 2) 

PARAMETER VTL ASSUMPTIONS: 

'•" I 
K •Q.!IV'" 

VTL•-IV Yt-a•IV 

> 'I\~~~ Vn.•-ZV 

"' " .. 
!:i 
0 
> 
... 
=> .. ... 
=> 
0 

INPUT VOLTAGE (V) 

( 3) 

Figure 4.3 Calculated de-transfer characteristics of the depletion-load inverter. 
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These features are expressed in the derived equations for the 

circuit voltages Vel' vc 2 ' VOFF and v 0N quantitatively. 

Next, let us consider a generallized design approach of ~he 

inverter by using normallized voltages. We consider two design 

approaches; 

(A) The case in that on-level is given as a specification. 

(B) The case in that maximum noise margin is needed. 

In CASE (A) , a set of design curves as shown in Fig. 4.4 

are drawn on a vtd - vtl plane that are calculated from Eq. (4.16). 

In the figure, the two circuit threshold voltages vel and vc 2 are 

obtained. These are calculated from the following equations that 

are derived from Eqs. (4.16) to (4.18). 

(4.22) 

(4.23) 
Jo 

(3v 2 -4v )+[(3v 2 -4v )
2

-c _ on c on 
2 2 

3 ( 3 v c2 - 8 von ) J 

(4.24) 

Let us show an example of how to use the figure. First, we assu­

me that vtd=0.2 and vtl = -0.4, that is VTD=l V, and VTL=-2V 

when the supply voltage is 5 volts. The figure indicates that 

fR= l.l is appropriate for v
0
n=O.l. The corresponding circuit 

threshold voltages are: vc1 =0.48 and vc 2 =0.66. This means that 

this design is slightly off from the largest margin condition. 

In CASE (B), we calculate Eq. (4.21). The resulting curves 

for the relationships between vtl and vtd are shown in Fig. 4.5. 

For convenience, constant v curves are also shown in the figure on 
which are obtBined from Eqs. (4.22) and (4.24). A design example 

shown in the figure indicates that when vtd=0.2 and vtl = -0.3 

are assumed, (3R = 0.85 gives the largest noise margin. The corres­

ponding v = 0.066. on 
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The gener8.l design utili­

zing the normallized voltages 

described here is quite useful 

because one does not have to 

refer different design equa­

tions or design diagrams for 

different supply voltages. 

However, since the effect of 

the substrate bias is neglec­

ted, this causes error in cal­

culating circuit threshold vol­

tages. Especially, high level 

circuit threshold Vel is strong­

ly influenced by the substrate 

bias effect as shown in Fig. 4.3. 

This gives rise to an error in 

calculating noise margin Vml' 

Consequently, this is a good 

approximation only when the va-

lue of K is small. This condi-

tion corresponds to the case in 

that a thin gate oxide and a low 

substrate are chosen. 

The above discussion indi­

cates that for more accurate de­

sign, separate design diagrams are 

needed depending on the specific 

supply voltages and device para­

meters determined. Two examples 

of the design diagrams for the 

largest noise margin condition 

are shovm in Figs. 4.6 and 4.7 

taking the supply voltages of 
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five and 1.5 volts. The dif­

erence between Fig. 4.5 and the­

se figures can be seen when jvT1 1 

is low. This is because the con­

ducts,nce of the load device is 

significantly modified due to the 

variation of the threshold volta­

ge. When IVT 1 j is too low, the 

load transistor becomes enhance­

ment mode if the source node is 

high level. To obtain a high le­

vel VOFF equal to the supply vol­

tage VDD' this state should be 

avoided, and the load threshold 

IVTLI should be above a certain 

limit. This region is shown in 

Figs. 4.6 and 4.7. 

Let us see the difference in 

designing optimum conductance ra­

tio ~R at different supply volta­

ges. We assume that vtd = 0.2 and 

vtl = -0.8 are chosen. These cor­

respond to VTD = l V and VTL =- 4 V 

for VDD=5V, and VTD=0.3 V and 

VT 1 =-l.2V for VDD=l.5V. The 

optimum values of (JR are 4.5 

from Fig. 4.5 ( normallized vol­

tage), 3.6 from Fig. 4.6 ( VDD= 

5 V ), and 4.0 from Fig. 4.7 ( 

Vnn= 1.5 V). It is seen that 

at lo.wer supply voltages, the ef­

fect of the substrate bias is not 

significant. 
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The discussion so far has neglected the influence of the 

low-level currents described in Chapter 3. It is,howevsr, noted 

that the optimum value of the threshold is relatively low for 

l. 5-volt operation. This indicates that considerations on the 

tail current in the driver li!OSFET are needed for more precise 

design. 

C. Transient Characteristics and Power-Dela.y Product 

It is well known that in the enhancement-load inverter, the 

current through the load transistor is in proportion to v2 In 

E/D configuration described here, the load transistor exhibits 

a nearly constant-current type current-voltage relationship. For 

this reason, the E/D configurstion has a relatively high turn-off 

switching speed in compared with the enhancement-load circuit. 

Let us make a brief comparison of the switching time between 

these circuits when the driver transistor turns off. The follow­

ing assumptions are made in this comparison. 

(l) Both circuits are operated with single power supplies, that is, 

VGG for the enhancement-load and VDD for the E/D configuration. 

(2) Off-levels are equal for both circuits, thus, VGG=VDD+VT. 

(3) On-levels are equal for both circuits. 

(4) The driver litOSFETs have the same channel geometries for both 

circuits. 

In the E/D configuration, a time t~ D' defined as a time to 
2 , 

charge up the voltage at the output node from the low level to a 

half of the supply voltage, is approximated by 

c 
t112,n ~ -

13
--,--v 
L,DV!l DD 

(4.25) 

in which C is the capacitance at the output node, and the substra­

te bias effect is neglected. In the case of the enhancement~load 

operated in the saturation region, ti,E is given by 
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(4.26) 

From the assumption (2), the ratio t.± <,/t.±_ D leads to 
2'D 2' 

t,n.E""' 2v.,'(f3•.•) ( 4. 27) 
tl/2,D f3R,D ) 

where driver/load conductance ratio (3R is used instead of J9L. 
Since the on-resistances of the driver MOSFETs are equal for 

both circuits, the load 

fy the assumption (3). 
ting this relationship 

currents should be equal in order to satis-
2 2 

Thus, VTL / PR,D = VDD / f3R,E" Substitu-
into Eq. (4.26), we have 

(4.28) 

It is seen that the shape of the load curve in the E/D inverter has 

resulted in approximately twice as fast switching speed as the case 

in the enhancement-load inverter. If n comparison is perford1ed on 

the basis of equal power dissipation, the result will be more ad­

vantageous for the E/D configuration because the enhancement-load 

needs higher power supply. 

In Fig. 4.'3, the results of the detailed computer calculations 

of the turn-off characteristics of the E/D inverter are shown in 

that the effects of the three device parameters K, ~R and VTL are 
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Figure 4.8 Calculated turn-off responses of the E/D inverter. 



illustrated. It is seen tlmt when the substrate bias constant K 

is large, the turn-off time becomes large. This is caused by the 

departure of the load curve froi!l the constant-current type due to 

the substrate bias effect. Another remarkable feature of the turn­

off transient is that the turn-off time is strongly dependent on 

the value of VTL This in turn means that the variati_on of VTL 

leads to the variation of the switching speed. Therefore, the th­

reshold of the load is again the important design parameter as it 

was the case in the de-design of the E/D inverter. 

Delay time per a stage in an inverter chain consisting of 

the inverters having the same design, gives a good estimation of 

the delay time in actual logic or memory circuits. Since the va­

lue of the parasitic calJaci tances bet we en the stages strongly de­

pends on the device and lithography, the capacitance was normal­

lized to 1 pF. Thus the delay per picofarad as denoted by td/C 

(ns/pF) was calculated. ~igures 4.9 and 4.10 show the delay at 

V DD = 5 V and 1. 5 V. On-levels are shown in the figure be cause it 

0 

fJL (J.l mho/ V) 

5 

Voo•SV 

Vro • 1 v 
flo •100 pmho/V 

K R0.45 v112 
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Figure 4.9 Delay time of the E/D 
inverter with a supply 
voltage of five volts. 
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is an important design parameter. These curvus are for an inver-

ter having a driver transistor whose channel conductance is 100 

p.mhc/V. Thus, if the driver transistor has conductance of 200 

p.mho/V, horizontal scale should be doubled and the vertical sea-

le should be halved. It is seen from these figures that the delay 

at 1.5 volts is almost an order of magnitude larger than that at 

5 volts. 

Let us finally discuss power-delay product. 

tion when an inverter is "on" is given by 

Povver dissipa-

(4.29) 

Therefore, the power increases in proportion to VDD if we consider 

a specific circuit having a fixed design of (3R and VTL' However, 

if 'Ne consider the case in that the parameters can be chosen at 

different supply voltages so that the inverter exhibits a good de­

transfer curves, we will see different aspects. For instance, if 

we assume that the dimensionless threshold voltages are kept cons-

tant at different supply voltages, Eq. (4.29) leads to, 

(4.30) 

3 This means that the power increases with VDD in such cases. 
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In a practical design, both VTL and ~R are adjusted at different 

supply voltages. In this case, too, it is shown that the power 

increases with VDD3 Combining Eqs. (4.25) and (4.29), power de­

lay product of the E/D inverter is expressed as 

PoN X t,n,n ~ (C/2)Vnn'· ( 4. 31) 

Although Eq. (4.31) gives a rough estimation of the power­

delay product, more accurate results are obtained from the inver­

ter chain. :B'igures 4.11 and 4.12 show the power-delay product 

as a function of the supply voltage. It is seen that the power 

delay product is 10 to 15 pJ/pF at 5 V, and l to 1.5 pJ/pF at 

1.5 V. It should be noted that the power-delay product is sma-

ll when v0N is smaLl andfR is large. This indicates that the 

delay caused by the driv:3r transistor to discharge the capaci­

tance, can not be neglected when (3R is small and the on-level is 

large. In order to obtain a smaller power-delay product, it is 

desirable to use as low supply voltage as possible. This, however, 

is limited by the minimum threshold voltages achievable without 

the variation for both enhancement and depletion devices. 
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4.2.2 Experimental Results 

Some test circuit are designed based on the design conside­

rations discussed in the previous section. These integrated cir­

cuits are fabricated by making use of a newly-developed n-channel 

technology. Figure 4.13 illustrates a cross-section of the integ-

rated circuit. The substrate is 10 ohm.crn (100) p-type silicon. 

Enhancement l'flOSFET has an Al 2o
3 

layer over thermally-grown Si02 as 

the gate insulator. The threshold voltage was controlled by vary­

ing the thickness ratio of the Si02/Al2o
3 

layer down to +l volt[8) 

to operate the circuit with a single +5-volt supply voltage. The 

enhancement-type MOSFET has an electron mobility of about 1000 

crn2/V.s, that is about five times greater than that of conventional 

p-channel JVlOSFET. Depletion-{ype TilOSFET has an Si02 layer passi,.­

vated with PSG as a gate insulator, and the threshold is about 

-1.5 volts. At the isolation region, the field insulator of phos­

phosilicate glass over Al2o
3 

has a threshold of approximately 50 

volts. Thus, each lfJOSFET is perfectly isolated. The details of 

the processing technology were reported by Hashimoto et al, [9), [10] 
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Figure 4.13 Cross section of then-channel MOS 
integrated circuit. 
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Figure 4.14 shows the measured transient waveforms of a sin­

gle NOR gate in compared with p-channel and n-channel enhancement 
' 

load circuit with driver transistors having the same aspect ra-

tios. It is seen that the n-channel E/D circuit exhibits almost 

an order of magnitude improvement in the switching speed over the 

p-channel enhancement-load circuit. The measured power-delay pro­

duct was 15 pJ/pF at 5-volt supply and 6 pJ/pF at 3-volt supply 

for the E/D inverter, These are about twice better figures than 

those obtained for the n-channel enhancement-load inverter opera­

ted with the same supply voltages VDD' These results correlate 

well with the calculations shown previously. The factors contri­

buting to the reduction of the switching delay are summarized as 

follows. 

(l) Reduction of the power-delay product by the use of the E/D con­

figuration which is by a factor of two to three. 

(2) High electron mobility of the n-channel device. 

(3) Low thr~shold voltage obtained for the driver transistor. 

The basic technology was applied to a large array. Figure 

4.15 shows a 2043-bit read-only memory. The circuit schematic is 

Figure 4.15 Entire MOSLSI chip of the 2048-
bit· read-only memory. Actual size 

of the chip is 3.2X3.0m'. 
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BASIC INVERTER 
CIRCUIT 

Figure 4.16 Circuit diagram of the 2048- bit n- channel 
read-only memory. 
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shown in Fig. 4.16. The array consists essentially df five-stage 

cascades of inverters, i.e., two input buffers, an address decoder, 

and an output buffer. Each stage has a depletion-load. For tnis 

reason, the circuit is a good example to demonstrate the feasibili­

ty of the technology and to apply the design theory discussed in 

this chapter. 

Input-output de-transfer curves of the read-only memory are 

shown in Fig. 4.17. The total circuit has a threshold of approxi­

mately l. 6 volts and a low-level of 0. 2 volts that are independent 

on the supply voltage. The output buffer can sink a current of 3 

mA when the low-level voltage is 0,4 volts. 

is fully TTL-compatible both at the input and 

sured output waveform of the chip i2, shown in 

Therefore, the chip 

the output. The mea­

Fig. 4 .. 18 when a "l" 

location is read. Also shown here is the output waveform of the 
' 

p-channel read-only memory hEwing the same chip size and the same 

memory pattern. A speed advantage by a factor of seven is achieved. 

Swnrnarizing the features of the chip; 

(l) 2048 bits (256 words by tl bits) fully-decoded static reE,d-only 

memory, 

(2) 300-ns total access time, 

(3) +5-volt single power supply, and TTL compatible, 

(4) 100 mW total power dissipation. 
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Figure 4.17 Measured de-transfer 
characteristics of the read-
only memory. 
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Figure 4.18 Measured output response of n-channel 
E/D type and conventional p-channel 
read-only memory. Input pulse is 
shown at the top. 
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4.3 N-Channel .Random-Access ,:;emory Using Dynamic E/D Circuit [ll) 

IVJOS integrated circuit memory has bGcorne the me.jor technolo­

gy for computer main memory. To reduce cost for a bit, increase 

of the cell number on a chip has boco;ne the general tendency in 

IC memories. This has so far be en achieved by reducing the nu;n­

ber of the transistors in memory cells. For instance, a classi­

ca.l cell used 6-MOS flip-flop. [12] The gradual advancement of the 

circuit technology enabled a 4-JOS cell [13), and a 3-:,ws cell. [14] 

Finally, a 1-lVlOS cell is now being used extensively. [15) JJynamic 

operation has been utilized in the cells having transistors less 

than four. In the dynamic cells, the memory charge is stored ac­

cross a capacitor that comprises basically of p-n junctions ancl a 

gate insulator. It appears therefore that the memory chclracteris­

tics are quite sensitive to the leakage current. Typical opera­

ting voltages for these dynamic memories are 10 to 15 volts, and 

more than two supplies are now common. However, as pointed out in 

the previous section, single +5-volt operation is quite attractive 

from the system designer's viewpoint. 

Several problems have to be solved if one wants to design 

dynamic memories operating at +5 volts. 

(l) Low threshold enhancement-type MOSFET lS needed for low vol­

tage operation. The circuit therefore becomes sensitive to 

the low level tail current. 

(2) Voltage loss in addressing circuits yields very low voltage 

stored at the memory cells. 

(3) Delay time increases when the transistors are driven by low 

gate voltages. 

This section discusses these problems associated with single 

+5-volt operation of dynamic memories. A new addressing circuit 

will be proposed that is utilizing a dynamic E/D configuration. 

This makes possible a fast access time at low voltage. The resul­

ts of the computer circuit analysis made by a circuit analysis pro­

gram HICAD [16], and the measured performance on a prototype HAdi 
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will be discussed. 

4.3.1 Problems in Designing Low-Voltage Dynamic memories 

We first consider what are the main problems in device de­

sign and circuit design of dynamic NIOS memories operating at +5-

volts. 

Figure 4.19 illustrates schematically the circuit diagram for 

a 3-lilOS and a 1-i\JOS type memory. The difference in these cell 

configurations exists in the method of reading. The 3-celOS type 

cell has a sense transistor Q
3 

in the cell, but the 1-l!.iOS type cell 

does not. Thus in the 1-l'!IOS type cell, charge stored across the 

capscitor CNI has to be transferred to the data line capacitance 

CD for reading. The value of CIV! usually is much smaller than CD' 

and the signal voltage at the data line is comparatively small. 

This means that a special sense circuit having high sensitivity lS 

needed in the· 1-MOS type memory. On the other hand, the method of 

writing is the same for both memories. The charge across the data 

address driver 

(a) 3MOS type 

(b) lMOS type 

Data 
~~~ 

Figure 4.19 Schematic circuit diagrams 
for 3-MOS and 1-MOS type 
memory. 
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line capacitance CD is transferred to the memory cell. Thus, the 

problems associated with writing are co;!llnon for both cells. In 

this section the 3-MOS type cell is mainly discussed. 

The 3-NOS type memory cell and a precharge IVJOS transistor is 

shown in Fig. 4.20. Now, let us consider the voltage loss associa-

ted with writing. Figure 4.21 illustrates the results of the cir-

cuit analysis when "l" is written in the cell and then read. In 

the figure, precharge, write address and read address pulses have 

a high level of 5 volts. It is seen that a high level of approxi­

mately 2.5 volts is written in the cell. By varying the heights 

of these pulses and the sup[Jly voltage,high level voltage in the 

cell varies as shown in Fig. 4.22. The voltage loss arises fro,n 

the feature of the source follower circuit. First, long time 

is needed for the precharge transistor to charge up the data 

line capacitance. Second, the high level voltage in the cell 

is limited by the gate voltage at the write transistor because 

a voltage loss of VT can not be avoided in the source follower. 

The above discussion suggests two effective approaches to 

achieve low voltage operation. First,low threshold voltage lS 

required. Second, no voltage loss is allowed to drive the me­

mory cells. Let us discuss these problems in the subsequent 

sections. 
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4.].2 li!OSFET Design Taking Tail Current into Account 

Since low voltage operation needs low threshold voltage for 

MOSFET, care should be taken with subthreshold characteristics of 

TWSFET. Detailed discussions on the subthreshold characteristics 

of l'IIOSFET have been made in Chapter 3 for both unimplanted and im-

planted cases. It was pointed out for most cases, the log ID - VG 

curves are approximated as ,straight lines whose slopes are func-

tions of substrate doping, gate oxide thickness and ion-implanta­

tion condition. The important parameter lS 6V G that represents 

the gate voltage variation corresponding to one order variation of 

the drain current. 

A general design diagram for the threshold voltage is illust-

rated in Fig. 4.2]. Since dynamic memories should guarantee a ref-

resh ti.ne of more than 2 ms at 7o•c, threshold characteristics 
p 

at room temperature and at 70 C are drawn. The threshold voltage 

here is defined as the gate voltage when the drain current is l )l-A 

for convenience. We assume that the high level in the cell Vf,}"l" 

and the low level zero are distinguished at the voltage level of 

V Tiffi. We also assume that the time needed for the high level node 

1=70° 

room 
10-6 

-------- - - - temperature i" 
one order 
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Figure 4.23 Determination of the threshold 
voltage taking the tail current 
of MOSFET into account. 
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Figure 4.24 Storage time at 70"C versus 
threshold voltage at room 
temperature. 



to be discharged fro;n V 
.ul 11 1 1

' 

current is given by 

is t · ·rN· Sri:. .l The corresponding 

(4.32) 

This is the maximum allowable current to obtain a storage time of 

more than 

garithmic 
t • Let us now define e number "m" as denotinc ... c. a lo-
s~IIN · 

ratio of (current at the threshold/ I'ifiiN ) 

m=Iog(IO-y!MIN) (4.33) 

Gate voltage variation that corresponds to the preceding current 

rcctio is m t:,VG (70.C), where t:,VG is the gate voltage variatjon 

corresponding to one order of current variation in the tail cur­

rent region. We assume that the difference of the threshold 

voltage at room temperature and at 70 ·c ic'> t;VT. This is calculated 

from the temperature dependence of the Fermi potential in Eq. (;'.1). 

;•;lore accurate results of the ternperature dependence of the thre­

sholdare obtained from the ~OSFET model discussed in Section 3.3. 

The t~1reshold voltage at room temperature should be designed so 

that the following relationship is fulfilled. 

Here, VWL is the low-level voltage at the write-address line. The 

values for ll_VG for various temperatures, substrate dopings and 

gate oxide thicknesses are obtained from Figs. 3.13 and 3.14 for 

unimplanted case. For implanted case, some results are shown in 

Section 3.4. Figure 4.24 shows examples of the dependence of the 

refresh time on several design parameters. If one needs a refresh 

time of more than 10 ms at 70°C, it is seen that the threshold vol­

tage at room temperature should be above 0.42 volts for the device 

having a doping density of 7 x 1014 cm- 3 and a gate oxide of 675 A. 
For the device having a doping density of 4 X 1015 cm-3 and a gate 

0 

oxide of 1470 A, the required threshold voltage at roo•n tempera-
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ture is 0.75 volts. This indicates that the margin for the thre­

shold is wider for the device having thin gate oxide and low sub­

strate doping concentration. If ion-implantation of boron for n­

cha.nnel device is done to shift the threshold voltage toward the 

positive direction, a special precaution is necessary because ~VG 

lncreases. Very shallow implantation or double-layer implantation 

of p and n-type impurities are two possible approaches to avoid 

the decrease of margin in threshold determination. 

4.3.3 Address Circuitry in a Low-Voltage Dynamic RANI 

A typical circuit that is used for address driver of dyna­

mic memories is a bootstrap driver shown in B'ig. 4.25. [17} 

The circuit works as follows. First, when the address is selected, 

the output node of the decoder goes high, and the capacitors CB" ,, 
and CBD are charged through the transistor Qsw· Then, write pulse 

is applied to the drain of QDR' Since QDR is ON, capacitor CA is 

gradually charged. This in turn pulls up the gate voltage of QDR 

through the feedback capacitor c83 . Thus the transistor QDR works 

as a constant current source that is similar to depletion mode 

~ device. Consequently, the voltage loss is e lillinated. Hovwver, 

memory cell 

Figure 4.25 Conventional boot-strap address 
driver. 
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this circuit needs a high capacitance ratio 'J,"/CBTJ so ths.t the 
D·J .t 

bootstrap works effectively. This means that relatively large CBS 

is required that occupies large GTea and the load c;cc.pacitance for 

the previous stage becomes large. 

In this section, two types of addressing circuit are proposed 

that utilize E/D configurs.tion as illustrated in Fig. 4.26. 

These are: 

(a) address decoder with st&tic E/D circuit ancl push-pull E/D type 

driver, and 

(b) address decoder with dynamic E/D circuit and push-pull "~/D type 

driver. 

In Fig. 4.26 (a), both gate-drain connected load and gate-source 

connected load are shown for addrcess decoder. The for:ner circuit 

is designed in the same manner as the enhancement-lof:1d circuit. 

The design for the latter circuit has been discussed in the previ­

ous sections. Hayashi et al. have also reported the design. [13] 

The address driver is a positive buffer. When the gate volta­

ge of the transistor QDRD is high, the gate voltage of QDRL is low, 

and vice versa. Therefore, this circuit is designed to have apR 

of around. unity. The advantage of the circuit over conventional 

bootstrap circuit exists in the fact that during the period of char­

ging CA' the gate voltage of QDRL is equal to the supply voltage. 

That is, the effective gate voltage of the load transistor is VDD + 

JvT 11. This is larger than the case of bootstrap circuit in that 

the effective gate voltage is VDD - 2VTD" 

The design of the E/D type buffer has been reported by Haya­

shi et al. for negative type buffer. [19) Similar method can be 

applied to the case of positive buffer. Since this is dynamic me-

ctlOry application, care should be taken with the low-level voltage 

VWL at the write address. This is a specific problem for the ad­

ress driver utilizing depletion type load. Thus the value of (3B 

shoulo be designed so that the low-level voltage VWL satisfies the 

relationship (4.34). 
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In Fig. 4.26 (b), the dynamic E/D adress decoder is used. 

This circuit works as follows. First, the transistor QAL charges 

the capacitor CAD" Then, if the address is selected, the charge 

accross the capacitor ~bD is not discharged. If the address is not 

selected, the charge is discharged through the transistor QDRD" 

·This circuit differs from the enhancement-load dynamic circuit in 

that;(l) the drain of the load device must be connected to the de­

supply, whereas it can be connected to the pulse supply in the case 

of enhancement-load dynamic circuit, and that (2) the low level vol­

tage appears at the output node because the depletion load is con­

ductive when the gate pulse is low. This low-level voltage is app­

roximately given by 

Figure 4.27 illustrates the 

output waveforms obtained from 

computer analysis for these cir­

cuits. The results indicate 

that the delay is almost half as 

small in the dynamic E/D type 

address decoder. The voltage loss 

seen in the figure arises from 

too short precharge time, and can 

be eliminated by employing a lon­

ger precharge time. 

4.3.4 Computer Analysis of the 

Entire Memory Circuit 

To make possiblE computer 

analysis of the entire memory 

circuit, we consider a very 

simplified signal path. Thie. 

is illustrated in Fig. 4.28. 
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Figure 4.28 A schematic circuit for the. computer calculation of 
the entire memory. 
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The circuit includes the addressing c~rcuit, one memory cell and 

the sense amplifier. The size of the circuit is 37 FETs, 27 capa­

citors and 2 resistors. Figure 4.29 shows the comparison of the 

output waveforms between the calculation and the measurements. 

The measurements were done by using a 256-bit array using gate­

drain connected static address decoder. The arr&y was fe"bricated 

by the same process described in Section 4.2. In Fig. 4.29, the 

vertical axis indicates the output voltage of the 50-ohin loeJd re­

sistor. "l" corresponds to the low level at the output node be­

cause the data are inverted. by the sense amplifier. 'The compari­

son shows that the agreement is good when the supply voltage is 

low .. 

Figure 4. 30 shows the calculs.ted. output waveforms for the cir­

cuits using; (l) the static E/D decoder, (2) the dynamic E/D deco­

der. It is seen that the access time obtained in the case (b) is 

about half of that obtained in the case (a). This correlates with 

the previous result obtained for the charging time in each circuit 

as shown in Fig. 4.29. This fact suggests that the delay due to 

address decoder is dominant in the access time of the entire array. 

Thic: is a specific feature 

ray, that is, the delay due 

employing the push-pull E/D 

of the present construction of the ar-

to the address driver is minimized by 

type driver. 

Figure 4.32 Access time tA versus supply 
voltage Vrn for the fabricated 
test circuit with dynamic E/D 
address decoder and push- pull 
E/D address driver. 

Figure 4.31 Microphotograph of the fabricated array. 
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4.3.5 Experimental Results 

ExperimE:ntal random-access memory has oeen f<Ibricated based 

on the design considerations described in Section 4.3.4. The 

memory array was fabricated by the n-crmnnel technology described 

in Section 4.2. Figure 4.31 shows the microphotograph of the 

chip to measure the access time for various cell designs. Thus 

the chip consists of memory cells with different designs, input 

buffer, address decoder, read and write address drivers and sense 

cmd refresh amplifiers. Drunmy capacitors are added to the address 

and the data lines to simulate the access tLne in large arrays. 

256-bit a:cray was also made on the same mask pattern. 

Figure 4.32 illustrates the total access time obtained for the 

chip as a function of the supply voltage. It is seen that the ar-

ray operates with a supply voltage as low as four volts without a 

significant increase of access time. The increase of access time 

observed is attributed to tl'le decrease of the high level voltage 

in memory cells. The estim2cted power consumption of the array was 

0.04 mW/bit assuming a one kilobit array in reaci. and wr:i.te mode. 

This is considerably smaller VEi.lue than that obtained in c:rrays 

with high supply voltages. Further decrease of the power is possl­

ble by the dynamic operation of other peripheral circuits and the 

use of improved photolithography. 

From the preceding results it is concluded thst the push-pull 

E/D type address drivers and the dyn2.mic E/D address decoder are 

effective for +'J-volt single supply random-access mecnories. 
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4.4 Conclusion 

Design of static and dynamic E/D ( depletion-load ) circuit 

has been discussed. A design approach to optimize the de-transfer 

curves in E/D static inverter was proposed from the viewpoint of 

obtaining a high noise immunity. Power and delay time of the E/D 

inverter have also been discussed. It was shown that the circuit 

operates with supply voltages as low as 1.5 volts, and the delay­

power product is 15 ns/pF at 5 volts and l. 5 pJ/pJl' at l. 5 volts. 

Design of a dynamic random-access memory h::wing E/D type ad­

dress circuits was presented. The circuit performances of several 

types of E/D addressing circuits were compared. It was pointed 

out that the use of push-pull address drivers and a dynamic E/D 

address decoder will give the best access time. A threshold vol-

tage design for MOSJl'ETs in a low-voltage memory array was discussed 

for the purpose of having enough refresh time. 

~xperimental arrays were fabricated to compare the design the­

ories with experiments and to demonstrate the feasibility of these 

E/D configurations. The fabrics,ted circuits were:(l) single NOH 

gate , (2) 2048-bit read-only memory utilizing static E/D inverters 

and ( 3) prototype random-access memory utilizing dynElmic B/D cjr­

cuits. These arrays were successfully operated with five-volt 

single SU]Jplies, and the inputs and outputs were TTL compatible 

except the output and pulse inputs of the random-access memorJ. 

The design approaches discussed so far are genera.l, and can 

be applied to any device fabrication technologies. For instance, 

threshold voltage control by ion-implantation and substrate bias, 

p and n-charmel, metal gate and silicon gate are covered because 

the threshold voltages, conductBnces and subthreshold characteris­

tics are the essential design parameters in the present design the-

orles. 
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CHAPTER 5 A NEW CMOS DEVICE AND PROCESS 

5.1 Introduction 

The advent of very large scale integrated circuit such as 

100 kilobit memories or 10 kilogate logic circuits has brought 

heightened focus to circuit designs having very low standby power 

dissipation. Complementary !II OS ( CI'ilOS) circuits with their extre­

mely low standby power are, therefore, very attractive. A second 

advantageous aspect of cmos circuits is that they offer compatible 

fabrication together with high gain amplifiers, comparators and 

other analog functions on a single chip. 

Balanced against these advantages, however, is a more comp­

lex process than that needed to produce MOS devices of only one 

type. Figure 5.1 illustrates a typical metal gate (l] and a sili­

con gate [2) CffiOS process. It is seen that the metal gate process 

needs six masks, and the silicon gate process needs sev~n masks, 

Both processes need three diffusions, and the well diffusion takes 

15 to 16 hours. These facts show that the ClViOS processes are ra­

ther complex in compared to standard n-channel process that 

needs essentially four to five masks, and does not reauire 

such long diffusion step. The added complexity results in low 

circuit density and relatively smaller yield for CMOS integrated 

circuit. 

The intent of this chapter is to propose a new CMOS technolo­

gy that features in very simple processing and high packing den­

sity. The basic n-channel device used here is a symmetrical DlVIOS 

transistor, in that the channel doping is incr38sing toward both 

the drain and the source. Thus, the IH'{Q,ST differs fro,;-l t1;.e cor_L-

ventional DIVIOST having asymmetrical dopings. 

The :processing and the experimental results of the Cl'/lOS devi­

ce will be presented in Section 5.2. Then, an2,lysis and design of 

the DMOST will be discussed in Section 5.3. 
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Figure 5.1 Typical metal gate and silicon gate CMOS processing 
steps. 
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5.2 CMOS Process Using Symmetrical Double-Diffused !:IOSFET 

5.2.1 Double-Diffused CMOS Integrated Circuit 

Figure ).2 represents schematically the fabrication steps 

for the double-diffused Cf.lOS integrated circuit process. The 

starting ms.terial is n-type (100) silicon with a resistivity 

of l to 3 ohm.cm. The procedures in each step are as follows. 

(l) After the wafer is oxidized, source and drain windows for 

the n-channel devices are opened. Boron is deposited through 

these either by ion-implantaticJn or by high te:nperature pre­

deposition. The boron diffusion is continued until both the 

source and the drain regions merge to form a single p-well re­

gion. 

(2) Arsenic is implanted th­

rough the sa,ne l'iindows as 

were 

step 

This 

used for the 9rocess 

(l), and then diffused. 
+ step makes n layers 

for the source and the drain 

of n-channel transistors. 

Arsenic is chosen because it 

has 8. much smaller diffusion 

constant than boron. + The n 

layers will not, therefore, 

penetrate through the p-regl­

ons during subsequent high 

temperature treatments. 

(3) Source and drain 1Nind.ows 

for p-channel devices are op­

ened. p+ contacts for bias­

ing the p-well is made at the 

same time. Boron is diffused 

~ Q I J ~ ( boron) n- sub ( 100) 

n•carseon ic) 

I~ 
symmetrical 

n- DMOST p-MOST 

Figure 5.2 Processing steps for the double-diffused CMOS. 
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through these winoows. 

(4) Gate 1.'.:indows are opened and a thin g>·te oxicle is grown. 

(5) ContGct •1indows for transistors and p-well ~re opened, and 

the device is finally metallized. 

The advantages of the proposed C.iiiOS technology are: 

(l) Only five masks are reCluired, fewer than for any existing 

C,VJOS technologies. [1] , [2) 

(2) No alignment is necessary betweenthe p-well diffusion and 

the source and the drain diffusions of n-channel devices. 

(3) 'l'he p-well diffusion can be thinner than that used for 

standard c~os. This reduces the diffusion time, and also the 

processing cost of the wafer. 

(4) Short channel devices which do not have punch-through pro­

blems are possible for n-channel transistors. This is the case 

because the total acceptor dopant between the sou.rcto and the 

drain is higher than would be the case in standard Cli'iOS. Fur­

tb~rmore the source junction is shielded by a double diffused 

p-layer. The punch-through voltage is therefore correspondingly 

increased. 

( 5) Higher packing density than that for conventional CJ1JOS owing 

to the advantages enumerated under numbers (2), (3) and (4). 

Layout of the CMOS structures is also facilitated because it is 

not necessary to group n-channel devices into a large single 

p-well. 

Figure 5.3 shows a schematic comparison of the size of the 

n-channel devices fabricated by standDrd CNlOS technology and 

the double-diffused ClilOS technology. The vertical scale is dou­

bled as compared to the horizontal scale. It is clear that the 

p-well size is much smaller in the double-diffused device. 

A brief compsrison of the two technologies is summarized in 

Table 5 .l. 
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Table 5 .l. 

Table 5.1 Comparison of CMOS technologies. 

Figure 5.3 Comparison of the size of n-channel devices. Vertical 
scale is doubled as compared to the horizontal scale. 

5.2.2 Device Fabrication 

NUMBER OF THE 
MASKS 

WELL DIFFUSION 

WELL AREA 

INVERTER CELL ARE A 

GROUPING OF N MOST 

STANDARD DOUBLE DIFFUSED 

6 - 7 5 

16 hrs 3 h" 

100 50 

100 70 

NECESSARY NOT NECESSARY 

A prototype integrated circuit has been fabricated to de­

monstrate the feasibility of the technology. Figure 5.4 illu-

strates a microphotograph of the fabricated chip. This inclu-

des p, n-channel transistors, bipolar transistors with subst­

rate as a collector and a seven stage inverter chain. Typical 

layout rules are; six microns for source to drain spacings, 12 

microns for the spacings between p and n-channel transistor 

source and drain diffusions. These design tolerances are just 

for the convenience in fabrication and do not correspond to 

- 117 -



the device limitation. It appears that shorter channel lengths 

and the corresponding reduction of well depth makes possible 

much tighter tolerance. 

Two series of runs have been carried out. The first run-

series employed a high temperature predeposition of boron 

from a diborane source for both the p-well and for the source 

and drain diffusion of the p-channel devices. This process 

produced some operating circuits, but threshold control for 

the n-channel transistors was not good. The second run se-

ries used ion-implantation of boron for these two 

well as for the n+ source and drain depositions. 

steps, as 

The proces-

sing steps for the second run series are illustrated in 'rable 

5. 2. 

Figure 5.4 Mtcrophotograph of the fabricated chip. 

Table 5.2 Processing steps in the second run series that 
employed ion-implantation for ail the deposition 
steps. 

PROCESSINC. STEPS 

1. INITIAL OXIDE GROW"'I'H 

~. N-SD WINDOWS OPEN 

3. BORON IMPLANT 

4. BORON DIFFUSION 

5. ARSENIC IMPLANTATION 

MASK N0.1 

1200 "c, 2 hrs. in N
2 

100 Kev, 4X 10 15 crn- 2 

6. ANNEAL AND ARSENIC DIFFUSION 1200 "c, 1 hr. in N
2 

7. P-SD WINDOWS OPEN 

8, BORON DEPOSIT AND DIFFUSION 

9. GATE WINDOWS OPEN 

10. GATE OXIDE GROWTH 

11. CONTACT WINDOWS OPEN 

12. AL METALLIZATION 
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In the step (3) of this run series, implantation conditions 

were varied from l )< 1013 cm- 2 to 3 x 1014 cm- 2 at 30 KeV in 

order to find a proper dose for the p-well. For the first 

run series, boron predeposition in step (3) had been done in 

a boron predeposition furnace at 375"C for 30 min., and step(B) 

also used the same method. The results from the second run 

series were superior and the discussion of measurements will 

emphasize them. 

Figure 5.5 shows a stained surface after the formation of 
+ the p-well and the n source and drain diffusions. The top 

right figure corresponds to the p-well and n+ diffusions that 

exist in the inverter chs.in. The top-left figure is a closer 
+ view of the top-right figure. The white regions are n source 

and drain diffusions, and the dark region surrounding the n+ 

regions is the p-well. An angle-lapped and stained cross sec-

tion is also shown in the fi­

gure. Side diffusion'parame­

ters have been measured from 

the stained patterns and the 

results are given in Table. 

5.3. 

Table 5.3 Measured diffusion parameters. 

Jllask SD spacing 6.7 urn 

Boron side diffu-
3.6 sion vm 

Arsenic side dif- 1.8 .um us ion 

Actual SD spacing 3.1 vm 

Figure 5.5 A stained surface and cross-section after the formation 
of p- well and n+ diffusions. The white regions in the 
surface pattern are n+ arsenic diffused layers and 
dark regions are p- wells. ' 
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Special care was taken in determining the diffusion cha­

racteristics be cause; ( l) to produce the double-diffused CJ!JOS 

circuits, the side diffusion of boron should be at least half 

of the source to drain spacing of n-channel devices on the 

mask, and (2) the threshold voltage is determined by the boron 

concentration at the source edge of the p-well, Thus, not only 

the total boron dose, but also the diffusion conditions for bo­

th boron and arsenic enter into the determination of the thre-

shold voltage. The diffusion conditions for the present study 

shown in Table 5.3 were determined for a mask source to drain 

spacing of six microns. Por closer spacing, diffusion time arid/ 

or temperatures would need to be modified in order to obtain 

the same threshold voltage. 

5.2.3 Measured Transistor Characteristics 

Drain current vs. drain voltage curves for n and p-channel 

tVIOS transistors, and collector current vs. collector voltage 

curves for the associated bipolar transistor with n-substrate 

as a collector, are 

shown in Pig. 5.6. 

The bipolar tran­

sistor is useful 

when one wants to 

drive a large ca­

pacitance. These 

curves are for the 

second-run-series 

wafer with a boron 

dose of lX lo14crn-2 

for the p-well pre­

deposit ion. 

SG 0 B E 

~ ~ 
npn- T R p-MOST 

Figure 5.6 Drain current versus drain voltage curves and collector 
current versus collector voltage curves for the samples 
with 1Xl014 cm-2 boron dose for the p-well predeposition. 
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By varying the dose, the threshold voltage and the transconduc­

tance of n-channel transistors, the current gain of bipolar tran­

sistors and the breakdown voltage between p-well and the drain 

of n-channel devices vary significantly. Drain current vs. drain 

voltage curves for n-channel transistors with different p-well 

predeposition dose are shown in Fig. 5.7. The apparent leakage 

current in the device with a dose of 3 X 101 3 em - 2 occurs be cau­

se the transistor is in the depletion mode which permits a lea­

kage current between n-substrate and h+ diffusion. 

It should be noted that in spite of the fact that the n­

channel device has a source to drain spacing of around three 

microns, the transistor does not exhibit typical short-channel 

effects such as threshold variation due to the drain voltage 

variation, low drain resistance in the saturation region, and 

the occurence of the punch-through effect. It has been shown 

previously that a channel length of one micron can be achieved 

without threshold lowering effect by using asymmetrical double­

diffused liiOSFET [58] . The preceding result indicates that the 

proposed symmetrical double-diffused transistor also makes pos­

sible a short channel device. Further experiments are nw1 under 

way. 

Figure 5.7 

1 >< 10 14
cm·2 

BORON OOSE 

Drain current versus drain voltage curves for the n­
channel transistors with differing boron dose for the 
P-well. 
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-3 

-3 

-3 

Figure 5.8 shows the threshold voltage variations in 

these samples measured accross the wafers. The average thre­

shold for the p-channel device is -1.8 volts. For the n-channel 

devices, the average threshold is 0.2 volts for 

dose of l X 1014 cm-2 , and l. 2 volts for 3 X 101 4 
ation is seen to be larger in n-channel devices. 

a p-well boron 
-2 em • The vari-

The breakdown voltage is 17 volts for devices made with a 

1 X' 101 4 cm-2 p-well dose and is 12 volts for these having a 3X 

1014 cm-2 • The value of bipolar current gain (3 is 20 to 100 

for l X 1014 cm-2 , and 20 to 25 for 3 X 1014 cm-2 • 

BORON 
3x10 13 cm-2 

NMOS DEPLETION 
MODE 

0 3 PMOS N MOS 

BORON 1 ~10 1 ~m 2 3~10 1~m 2 

1 x10 14 cm-2 

l ; 105 

I ii 3 " " 
0 3 

>-
z 
~ 

~ 

~ 

"' 
3x10'4 cm-2 

u 

z 

P MOS 
<( 

NMOS ~ 

"' 
I i·· 

0 3 -4 0 4 
THRESHOLD VOLTAGE ( v) GATE VOLTAGE IV I 

Figure 5. 8 Threshold voltage variations for various p- well doses. Figure 5.9 Subthreshold characteristics of MOSFETs. 
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Figure 5.9 shows subthreshold characteristics of the 

transistors. This figure reveals that in order to operate the 

C1'iiOS circuits in a dynamic mode, a dose of lX 101 4 cm-2 is in­

sufficient because considerable amount of subthreshold tail 

current exists when the gate voltage is zero. In the n-chan­

nel transistors with 3X 1014 cm-2 p-well dose, the shape of the 

log ID - VG curve at the current level of l0-7A to 10-4 A is 

somewhat different from that of standard NiOS transistor that 

was measured in Section 3.2. This arises from the non-uniform 

boron doping along the channel. 'J'hat is, the transistor has 

higher threshold voltage at the source and the drain end of the 

channel, thus, effective channel length beco;nes shorter with 

decreasing the gate voltage because the effect of the difference 

of threshold voltage on channel conductance at each position 

in the channel becomes larger at low gate voltages. One of the 

problems in the present devices is that the value of the current 

at zero gate voltage is large by one to two orders in compared 

to the standard devica. 

Further modification 

of the processing ap­

pears necessary on 

this point. 

The sy,umetrical 

n-channel double-dif­

fused GOSFET discus-
+ sed so far has a p 

diffusion for biasing 

the p-well to the same 

potential as source. 

Figure 5.10 shows the 

difference of ID - VD 

curves for the device 

S G 0 SGD 

WITH p DIFFUSION WITHOUT 

Figure 5.10 Drain current versus drain voltage curves for devices 
with and without the p+ diffusion for bi.asing the 
p-well. 
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with and without the p+ diffusion. It is seen that current 

kinks are observed in the device that does not have the p+ dif­

fusion. This is associated with the fact that the p-well is floa­

ting. That is, once weak avalanche occurs at the drain depletion 

layer, the hole current charges up the p-well to a slightly posi­

tive voltage. Then it happens that the drain voltage is above a 

certain value, a lateral bipolar transistor is activated, and ex­

cess current is added to the normal drain current. This mechanism 

is exactly the same as the kinks observed in a silicon-on-sapphire 

J./IOS transistor in that p-substrate is also floating. (5], [6J Since 

the current kinks occur at three to five volts depend.ing on the gs.­

te bias, it is possible to eliminate the p+ diffusion for devices 

operated. with supplies below two volts. This will further reduce 

the area for n-channel transistors. 

5.2.4 Circuit Performance 

:ileasured inverter transfer curves are shown in Fig. 5.11. 

The inverter consists of n 

and. p-channel transistors 

with channel widths of 125 

pm and mask source to drain 

spacings of six microns. 

These transfer curves are 

essentially the same as 

14 
BORON l.w. 10 1\m 2 

Vno ( V) 

12 

10 10 

the ones obtained for con- ~ 

ventional ClVIOS. Figure 2 

5.12 illustrates the mea­

sured delay time for the 

inverter cell. The mea­

surements were carried out 

by using a seven stage 

Figure 5.11 De-transfer curves for the double-diffused CMOS 
inverter. 
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chain of inverters follpwed by a source follower circuit with 

50 ohm load resistor. The channel widths for the cell of the 

chain were 62.5 Jlill for both devices and source to drain spa­

cings were also, :cdx microns. In ion-implanted wafers, typi­

cal delay/stage is 8 to 13 nanoseconds at 5 volts and it is 

4 to 5 nanoseconds at 10 volts. The relatively large delay in 

the high temperature pred.eposited wafers in the first run se-
+ . ries arises because the boron concentration at the n -p Junc-

tions is high. This results in increased junction cap sci tance 

and higher threshold voltage. The threshold for the first run 

series was approximately two volts and the drain breakdown vol­

tage was 9.5 volts. In the second run series, special care was 

also taken with wafer cleaning and annealing after ion-implan­

tation. This resulted in 

a lower surface-state den-

sity and a higher mobili­

ty. 

40 

30 

"' .=.20 
>­
<( 
...J 

~10 

ION IMPLANT 

BORON 
THERMAL 

00~~~~-L~~~~~~~~~ 

5 10 15 
SUPPLY VOLTAGE (V) 

Figure 5.12 Delay time/stage of the inverter as a function of the 
supply voltage. The curve marked "Thermal" was 
measured on devices made with high temperature 
predeposited boron p-wells in the first run series. 
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5.3 Analysis and Design of Symmetrical Double-Diffused dJOSFET 

'rhe numerical analysis of the double-diffused ,vJ.OSFETs 

discussed in Section 3.5 was applied to the analysis of the 

symmetrical double-diffused l'IIOSFET used in the proposed CMOS. 

Figure 5.13 is a comparison of the results of the analysis 

with the measurements for the device with a boron dose of 3 X 
14 -2 10 em for the p-well. The agreement is seen to be good 

when the gate voltage is low and when the device is in non­

saturation region. However, at high gate voltage and in satura­

tion region, the analysis predicts lower current than the mea­

surement. This is ~;ttributed to an incorrect assumption of the 

velocity-field relationship in the analysis, because the satu­

ration of the current in short channel devices is determined 

by the velocity saturation. 

Figure 5.14 shows variations of quasi-Fermi potential and 

mobility along the channel in the device shown in Fig. 5.13. 

Generally, the shape of the potential curves is siuUY r to that 

of conventional tVIOS transistor in thEtt the field is highst at the 

drain end of the channe 1. However, high field region is agEnn 

seen at the source end. Corresponding to the high field and high 

conc,2ntration region, the mobility is low at the source end and 

the drain end of the channel. 

To perform a better comparison, drain current versus drain 

voltage curves and variations of potential and mobility were cal­

culated for a conventional IV!OSF~T having a substrate dopi_ng con­

centration that is equal to the doping at the source end in the 

symmetrical Dii'IOSFET. These results are shown in Figs. 5.15 and 

5.16. The comparison of the potential distribution in the two de­

vices indicates that a high field region at the source exists only 

in the double-diffused MOSFET. This feature was also seen in the 
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0o~------------,5c-------------~10;-------------1i>5 
DRAIN VOLTAGE lV) 

Figure 5.13 
Comparison between the theory and measurements of 
drain current versus drain voltage curves for p-p--
p type symmetrical DMOSFET. Dots represent theory. 
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Figure 5.15 Calculated drain current versus 
drain voltage curves for the 
conventinal MOSFET having 
a substrate doping equal to 
the p- region doping at the 
source end in DMOSFET 
shown in Fig. 5.13. 
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Figure 5.14 Quasi- Fermi potential and 
mobility variation for the 
device shown in Fig. 5 .13. 
.Umax=1200cm'/V. s and e = 
0.12X 10-6 m/V are assumed. 
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Figure 5.16 Quasi-Fermi potential and 
mobility variations along the 
channel for the device shown in 
Fig. 5 .!5. 
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asymmetrical lliliOS~'ET. In both cases a highly doped region in the 

vicinity of the source junction causes the high field region be­

cause the threshold voltage is highest there. 

'l'he high field o'otained in the double-diffused iWSFE'l's results 

in a higher current than that for standard type MOSFET. This is 

because the current is determined by 

( 5. 1) 

The calculated cu.rves in Figs. 5.13 and 5.15 show that the value 

of the current in the symmetrical double-diffused WSFET is r:ppro­

ximately twice as hi.<h as that of the stande"rd ':IOSFE'J' when the ga­

te voltage is low, for instance, at four volts. 

The behavior of the symmetrical double-diffused JiOSFET, how­

ever, differs frow the asymmetrical ones when the device is bif'tsed 

near or above pinch-off condition. For example, the pinch-off vol­

tage for the device shown in Fig. 5.13 is approxi~ately 2.2 volts 

when the device is biased at VG = 6 V, whereas the asymmetrical 

MOSFET shown in Fig. 3.42 exhibits a pinch-off drain voltage of 

around 4.5 volts in the same bias condition. The reason for this 

is that the pinch-off of the cham1el depends mostly on the dopL:w 

density near the drain junction. Thus, the pinch-off voltages 

shown in Fig. 5.13 are almost identical to those for !IOSFET with 

uniforrnly doped substrate as shown in Fig. 5.16. Consequently, 

the saturation current is higher for asymmetrical double-diffused 

f:;OSFET than for synunetrical double-diffused I!OSPET. 

The preceding discussion indicates that if one designs a sy,d­

metrical MOSFET for use in the present CMOS circuit so that the 

chennel conductance would be as high as possible, it is desirable 

to have a. doping profile that has a low doped region in the ,niddle 

portion of the channel, because a high mobility and a low threshold 

voltage, in other words, a high channel conductance is expected in 

that portion. 
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In actual cases, the doping of the symmetrical device for 

use in the present Ci\IOS should be determined assuming a parasitic 

ivlOS transistor that exists between the n+ diffusion and the sub­

strate. Figure 5.17 shows some of the design considerations for 

the parasitic MOS transistor. The left figure indicates a cross­

section of the symmetrical double-diffused ·~IOSFET towa.rd the di­

rection along the channel. The right figure indicates a cross­

section at the middle portion of the channel toward the direction 

perpendicular to the cross-section l. In the cross-section l, it 

i:3 required that the depletion layer underneath the channel should 

not exceed tha depth of the p-well region. Once this happens, a 

large leakage current flows from the substrate, that usually is 

biased to the highest potential, to the source n+ diffusion. A 

critical point is the central portion of the channel where two 

well diffusions from the source window and the drain window "wrge. 

Thus, the condition xmin:> xdep' must be satisfied at any bias con­

ditions. 

It should also be noted that another parasitic effect occurs 

in cross-section 2. This is a double-diffused MOS transistor with 

the substrate as a drain and 

with the channel as a source. 

The threshold voltage of tho 

parasitic MOS transistor is 

determined by 

at the center 

the doping N . mln 
of the channel 

and the thickness TOXF of the 

field oxide. This is because 

the transistor has the inver­

sion layer as a source, and 

the threshold voltage in such 

Dli!OSFET is determined by the 

doping at the edge of the sour­

ce diffusion. 
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Figure 5.17 Cross-sections for the double-diffused MOSFET. 
The left figure shows a cross-section 
along the channel. The right figure shows a 
perpendicular cross- section in the middle portion 
of the channel. 



Therefore, the doping l( . should. be deter.nined so that the thre-.. Illlll 

shold of the parasitic lVIOSF~T would be higher than the gate vol-

tage, especially when the circuit needs to 'os operated with "' low 

power dissipation. In some cases the existance of the parasitic 

Ii!OSFET is allowed because the parasitic MOSFET has considerably 

low transconductance and does not affect tJ1e circuit operation. 

However, in such cases, one has to allow additional power dissipa­

ti.on due to the parasitic MOS when the inverter output is low. 
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5.4 Conclusion 

A new c,:;JOS integrated circuit technology that utilizes 

a symmetrical double-diffused n-channel '"OSFET has been demon­

strated. Features of the technology are the use of fiv." masks, 

a self aligned p-well diffusion and short channel n-channel 

transistors. These result in a fifty percent reduction in the 

p-well area as compared to conventional C"':IOS devices and lowers 

the processing costs. 

Integrated circuits, fabricated using boron implantation 

for the p-well dose and p+ diffusion, and arsenic implantation 

for the n+ diffusion, exhibit a p-channel threshold of -1.8 

volts and ann-channel threshold of 1.2 volts with a p-v·;ell 
. 14 -2 dose of 3 X 10 em . An inverter chain of seven cells has 

been operated with a supply of 3 to 11 volts. In operation, 

the delay per stage was measured to be 13 ns at 5 volts and 5 

ns a.t 10 volts. 

The analysis and some design consideration of the sycn­

rnetrical n-channe l double-diffused :•iOSFET was pre sent ed. It 

was shown that the proposed device has higher transconductance 

than standard li!OSFET at low gate bias. 
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CHAPTER 6 CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDY 

lllOSFET models and analyses for low voltage :'JOS integrated 

circuits, properties of enhancement-deplat ion ( E/D ) static and 

dynamic circuits, and a new simplified C!i!OS process have been stu­

died throughout the thesis. 

It was revealed that increased power delivered to laTge-scale 

integrated circuits sets a practical limit to the density of the 

integration. Maximum gate number in logic circuits or bit numbers 

in memory circuits are determined by the power dissipation. 

A general approach to reduce the power dissipation is to dec­

rease the supply voltage. This makes it necessa,ry to investigate 

behavior of iVIOSFET near the threshold condition. An accurate and, 

at the same time, practical model that applies over a wide range 

of current including the subthreshold region must be developed. 

A new model for the standard riJOSFET having a constant doping under­

neath the gate, was proposed for this purpose. This model utilizes 

analytical current equations divided into three operating regions 

for the MOSFET: the non-saturation region, the saturation region 

and the subthreshold or "tail-current>~ region. The equations are 

derived based on an accurate calculation of the surface potentials 

at the source end of the channel and at the pinch-off point. 'rhe 

comparison of the current-voltage characteristics between thGory 

and experiments was performed for a wide range of oxide thicknesses 

(220 to 5030 A), substrate doping densities (7Xl01 3 to 4Xlo15cm- 3 ) 

and temperatures (220 to 343 K). Good agreement was observed both 

in log ID -_ VG curves and log ID - VD curves in a current range 

10-2 to l0-11A. 

In order ro reduce the voltage needed to operate MOS digital 

circuits, low threshold enhancement and depletion mode devices are 

desirable. ThresholCl control by ion-implantation was discussed 

from this point of view. It was shown that a single layer implan­

tation makes possible threshold shifts in either the positive or 
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negative direction. However, the characteristics of the transis­

tors at low currents are strongly influenced by the implantation 

condition. For instance, boron implantation ln ann-channel device 

causes less steep log ID-VG curves in compared to unimplanted case. 

This places a significant limit on the use of low supply voltage 

because it is required that the threshold voltage should be higher 

than a certain level so that the transistor is completely off when 

the gate voltage is low. On the other hand, phosphorus implanta­

tion causes residual current. It was found that a double-layer 

implantation of impurities of differing species rne,kes possible a 

nearly parallel shift of the log ID - Vll curves. The double-layer 

irnplantati_on can also be used to realize JViOSFETs having a residual 

current and less steep log ID - VG curves than standard devices. 

These features are res,lized independent of the control of the th­

reshold voltage. 

The double-diffused lviOSFET ( DMOSFET ) has a number of advan-

tages over conventional MOSFETs in low power applications. It rea-

lizes an effectively short channel without suffering from a number 

of effects associated with the shrinking of the channel length. 

These are; (l) threshold voltage variation with drain voltage and 

with variations of photolithography, (2) punch-through and low dra­

in breakdown voltage. A numerical analysis of the D;li!OSFET de-cur­

rent vs. voltage characteristics was carried out. The analysis is 

based on: (l) accurate charge equations, (2) dependence of mobili­

ty on gate ami drain field and doping. The analysis is capable of 

handling various DNlOSFET structures. It was shown that the gradi­

ent of doping plays an important role for the field distribution 

of the device. This indicates that simple two-transistor model 

can not be applied. The comparison between the theory and experi­

ments has been carried out using p-n type asymrnetrical DMOSFET and 

p-p--p type syrmnetrical D:viOSFET. The agreement was quite good ln 

the non-saturation region. In the saturation region descrepancies 

were observed. This was attributed to an inaccurate velocity-fie­

ld relationship in the vicinity of the saturation velocity. 
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Design and experiments of enhanc.ement/depletion ( E/D ) cir­

cuits were discussed. A general design approach for sta.tic inver­

ters for the purpose of optimizing the de-transfer curves was pro­

posed. The emphasis of the design was on the operation at five 

volts and at 1.5 volts. The design indicated that the power-delay 

product will be as low as one picojoule for a load capacitance of 

l pF at l. 5 volts. Dynamic operation of the E/D configuration 

was proposed for addressing circuit of dynamic memories. This ma­

kes possible a fast access time of less than a hundred nanoseconds 

even with a single five-volt supply. A prototype read-only memo­

ry utilizing the static E/D inverter and a random-access memory 

utilizing the dynamic E/D decoder and push-pull driver were desig­

ned and fabricated. Both Al2 o3/sio2 double layer enhancement-type 

devices and PSG/Si02 double layer depletion-type devices were in­

tegrated on a same chip. Both circuits were successfully operated 

with a single five-volt supply. 

These circuit techniques will be of special importance in the 

integrated circuit that contains transistors of single type. The 

use of ion-implantation technique greatly increases the design 

flexibility. 

Complementary MOS (CMOS ) technology is attractive because of 

its low quiescent power dissipation. However, its very complex 

processing has resulted j_n a low yield anc1 low circutt density. 

A new simplified CMOS process for large scale integrated circuit 

was proposed. This utilizes a symmetrical double-diffused MOSFET 

for the n-channel devices. The features of the new technology 

were : (l) the use of only five masks which is simpler than any 

existing c;vros technologies, ( 2) the avoidance of the need to align 

the p-well to the source and the drain diffusions of n-channel de-­

vices. This has made possible a fifty percent reduction of the 

cell size as compared to conventional CiVJOS processes. A detailed 

analysis of the n-channel symmetrical DiiiOSFET in the CuiOS cell 

was also discussed. 
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It appears that the technologies discussed in this thesis 

will be utilized in combination with advanced lithography and pro­

cessing in the future LSI. lVIOSFE'l's having channel length of even 

less than a micron will be developed. Thus, modification of the 

present analyses will be needed. The e;aphasis should be on : (l) 

inclusion of short channel effects, (2) more accurate velocity­

field relationships for both electrons and holes under the influ­

ence of the gate field, (3) properties of the parasitic bipolar 

transistor. It will also be desirable to consider MOSFET struc­

tures that are insensitive to the shrinking of the channel length. 

Further reduct ion of the supply voltage will extend the li:ni t 

of integration density. It is expected that the operation of MOS­

FETs in the weak inversion region will become more and more impor­

tant. Dynamic operation of the depletion-load ",WS and of Ci.'!OS will 

greatly help to reduce power. Study on new circuit techniques in 

these areas will be one of the key points for large scale integra­

tion in the future. 
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