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In thig thesis, MOIFET models and znalyses for low voltag

U5 dAnte

grated clreultas, propertics ol enhanceaent-depletio:
statlic rnd dynamic circuits, and & new (0SS pnrocess are studied.
The mszjor ourpese of this study is to solve power dissipation
oroplens that will limit the integration density in a very lérse
scele circult. A nuaber of models snd anslyses in this thesis zim
to provide convenient design tools for wmore advanced designs,

CAn accurate and practicel model for standerd J0STAT that &p-
plieg over a wide range of current inciuding the gubthreshtiold re-
gion 1s developed., “The model utilizes analytical current cguations
Givided 1into three oneration regiocng Tor the .03FLT: the noen-satu-
ration region, taoe saturation reglon end the tail current region.
The eguetions &re derived besed on an accurate calculation of the
surfzce potentisls at the source end of the channel &nd 2t the pin-
ch—ofi woint. The comserison of the current-voltage cherccteris-—
tics between theory and experiments for a wide range of oxide thi-
cknesges, substrate doping densities end tewmperstures indlcates

=2 =1l

the zzreement is excellent in a current range 10 to 14 A,

Threshold voltage control and low-level current control in
H08FAT by don-imglantation is discussed. It is srown thet & sin-
zle leyer iamplentation has some limitations in & low voliage cir-
cuite because the characteristics of the transistors at low cur-
rents are strongly influenced by the implantation condition, It
is orovnosed thst a double-leyer implantation provides a grecot fle-

%¥ibility in conitrolling the low-level currents. Ifor instance, the

double=leyer implantation of differing species aokes possionle a

nearly peraliel shift of the log ID——VN curves. I

&
03P ATe noving residual currents and »03TETs having less steep

log If-VY
G
aullzgc independent of the control of the threshold vol

curves dependcing on the condition. These Fesatures are



The double-diffused MOSFET realizes effectively short charn-—

nel device without suffering from a nunber of short chonnel effec-

ta. A numerical anelysis ol the double-diffused HOSFET that is

based on accurate charge eguationsg snd dependence of wobility on
gate and drain filelid and deoping is carried out. The gradient of
doping along tThe chamnel plays an imporfant role to delermine the

current versus voltage characteristics. Both gsymmetrical and osyas-
metrical doping profiles are analyzed through this study.

Design and experiments of enhancement/ depletion { &/D ) cir-
cuits are discussed., A generzl design apnroach for static inver-
ters for the purpose of ontimizing the de~-transfer curves is pro-
posed with an emphagig con the operation at five volts and at 1.5
"volts. Dynawmic operation of the /D configuration is proposed ior
ddress clrcults in random-access memories. DBaged on these deslgn
theories and circult technicues, = prototyne resd-only meuory ond &
random—access mewory are cegligned =nd are successfully operated
with 2 =zingle +5-volt supply. Enhancenent type Jd0SFRT witn Algog/
510, double layer gate insuletor and depletion type <OSFET with
PSG/SiOZ double layer are integrated on & sgame chip.

Complementary M0S (CM0S) technology is most suitable for low
power applicaticns because of its zero quiescent current. However,
the complex process regsults in & low yield and low circult densi-
ty. A new simplified CHOS process that utilizes & symametrical
double~diffuged JO0SFET for the n-channel device 1s proposed. The
features of the new technology are; the use of five masks that is
siapler than any existing technologies and the avoidance of the
need to alizn the p-well to the source and the drain diffusions of
ri—channsl devices. Thie results in a fifty percent reduction of
the cell size asg compered to conveniionsl CiH0S processes. A de-
tailed enalysis of the n-channel sgysmetrical DHOSFET in the Co05

cell iz alszo discussed.
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CHAPTER 1 INTRODUCTION

The concept of a "field-effect transistor” was first intro-
duced by Lilienfeld [1) in 1930, and by Heil [2] in 1335 indepen-
dently. This indicates that the field-effect transistor is a ra-
ther cold device. However, practical field-effect transistors did
not appear for quite a long time becsuse of difficulties in cont-
rolling the surface properties of semiconductor crystals. 1n 1960,
kahng and Attala [3] - [5] first proposed the ietal-Oxide-Semicon-

ductor field-effect transistor (IMOSFET) in essentially its nresent

2

form. In ensuing years, much work h:s been devoted %o uiderstancging

the 5i-310, interface and behavior of [OSTETs. In 1963, the Tirst

S

H0S integrated circuit appeared, [6] and it was demonstrated that

the MOBFET has potential advantages in the application to large

]

TR

gcale integration. The major advantageous features of the LOSTFET

are: |

(1) HOSFETs are self-isolated and occupy a relatively small surface
area.

(2) Large input resistance of HOSFET makes possibvle the use of ay-
namic circults that is effective in reducing the nuwmbsr of
transistors.

{3) The threshold voltage of HOSFETs can be adjusted both positi-
vely and negatively by various processing modifications.

There has been very rapid progress in the number of WMOSFETs
integrated on a chip. Until recently, the raete of growth was =z
doubling in every yezr. Recent integrated circuits (in 1978) con~
tain more than 20,000 transistors, It is obvious that il this
tendency continues, the power dissipation of the circuit will inc-
rease, and finally, the intesration density will resch a limit de-
termined hy the maximuwn power allowed.

T'he power dissipation of the cirecult 1s basically limited by
the junction tewperaturss attained. This, in fturn, 1s determined

by the thermsl resistance of silicon and the package, and by the




ambilent temperature. This limitation is about one watt in & pra-—
ctical plastic or ceramic peckage. Thus, the reduction of the po-
wer per unit cell 1s strongly required in order to increazse the
integration density.

A power consumption of an ideal complementary inverier circuit
that consists of a switch to charge the capacitance at the output
node to a high level when the input is low, and & switch to dis-
charge the capacitence when the input i1s high, 1s given by CVDDEf,
where VDD is the supply voltage and T is‘the_operating freqguency.
This means that beth the supply voltage and the capacitance should
be decreased in order to reduce the power dissipation, Huch effort
is now being made to reduce the capacitance by shrinking device si-
zes and line widths. [7) Because of the sguare law current depen-
dence on gate voltage, the reduction of the operating voltage would
be even more effective Way. In standard logic or meaory circuilsts,
a gingle five-volt supply appears to be most convenient because a
typical bipolar circuit family (TTL) is operated with a five-volt
supply. Compatibility with TTL is of great importance in building
systems. There are, however, some special &applications that neced
very low power dissipation. A typical example for this is comple-
mentary #0S (CMOS) integrated circuits for use in electronic wrist
watches [8], and other micropower applications that usually are

operated with 1.3 to 1.5-volt supply.

Low-voltage operation of HOSFET circuilts, has stimulsted the
necessity to rebuild an overall design, analysis and fabrication
of MOS integrated circuits and to solve a number of problems as-
sociated with the low-voltage operation. These include, device
design and modelling of low-threshold #03FETs, threshold control
technigues, contirol of low-level currents, low-voltage oriented
#05 circuit design and circuit innovations, and the development

of new processges.



This thesis studies device, circuit and processing innova-
tions in low voltage and low power MOS integrated circuits. The
background for this research will be discussed first in Chapter 7.
Power limitations in large scale integrated circuit is = 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 voltege 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-
nerg encounter in low voltaze circuilts is the subthreshold drain
currents in MOSFETs. In simple wodels, these currents are neglec-
ted, but this is not accurate. Thus, a new model of HHOSFET, that
expresses the dc-behavior of MOSFET from 10 pA to the typical one
or more mi level that is handled by simple models, 1s proposed,
and the results of extensive comparison with measurements will be
shown, The study is then extended to analysis and experiments con-
cerned with subthreshold currents in ion-implanted MOSFETs. The
control of the subthreshold currents by employing succesively two
different implantations will zlso be proposed. This process mekes
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 biag is low,

A useful device in such a case is a double-diffused MHOSFET. The
double~diffused MOSFETs have a non-uniform doping toward the sour—
ce-to-drain direction, and do not obey the equations used for stan-
dard %0SFETs, The last section in Chaepter 3 deals with & precilse
one-dimensional analysis of the double-diffused MOSFET., Current-
voltage relationships and field and potential distributions in the
device will be studied through the anzlysis., This analysis enables

a careful comparison of both asymmetrical and symmetrical doping



profiles. _

In Chapter 4, the design and experiments of Enhancement/Depw
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 circuit. A ge-
neral design approach that is applicable to any operating voltage
and some design exzmples for supplles ranging from five volts down
to 1.5 volts will be shown. Second, dynamic operation of /D cir-
cuits is proposed for addressing circuite in random-access meilo-
ries. The purpose for this is to propose address circuitry for
+5-volt single supply dynsmic random-access memories, and to dis-
cuss problems that are inherent in the dynamic and low voltage ope-
ration of OS5 circuits.

In MOS integrated circuits, minimuun guiscent power has zso far
been obtalined in complementary MOS circuilts. Thus, this technolo-
gy appears to be important in the future large scale integration.
However, the drawback of the CMOS is that i1t requires a very com-
plex process and the density of the circuit ig low. In Chapter 5,
a new CMOS process thaft features a simpler process and denser in-
tegration density fthen conventional CHOS will be proposed. The
results of measurements on sample devices and circuits in this new
CHOS process will be shown,

Overall conclusgionsg and the suggestiong for further study are

conteined in Chapter 6.



CHAPTER 2 POWER CONSIDERATIONS IN DIGITAL ¥0S CIRCUITS
2.1 Large Scale Integration and Power

Power dissipation in digitel #4105 integrated circuits is
determined by geveral factors. Tirst of all, power dissipation
depends upon types of circuits, and processing technologies.

For instance, the choices of p, n-channel devices cr ccmplemen—
tary MOS, static or dynamic circuit, enhancement-lcad or deple-
ticn load, deteraine the power dissipation. Second factor is the
supply voltage. A simple 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 in proportion to {capacitance at the ocutput node) x {sup~
ply volﬁage)z. This clearly illustrates that ohe of the effecti-
ve ways to reduce power while keeping the delay time constant,

is to decrease the supply voltage. Thig also indicstes the taird
factor, that is to cut down +the parasitic capscitences. This cau
be done by employing the shorter chanrel lengths, sumaller device

dimengions and linewidths, in other wordsg, the tighter uask tole-

rances.
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< Figure 2.1 Reiationship between integration scale and power in
integrated circuits., Dots represent some of the actual
data in memories.



vice nuaber integrated on & chip, if the factors in the prece-
ding perasgraphs are kept unchanged. PFigure 2.1 illustrates the
general tendency of the power increase in logic and mewory integ-

rated circuits. The horizontal gscale ig 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 CiOS devices are ex-
cluded. Some actual points are shown as dots for 1 K to 16 X me-
mory circuits in the figure. Since the total power in logic cir-
cuits is determined by the number of the lozd transistors that
accompany the gates, the power is in proportion to the gate num-
ber. In memory circuits, the power ig mainly consuined by the
peripheral circuits, such as input and output buffers, addressing
circuits, sense amplifiers and timing pulse generators. This 1is
because the memory cells are operated in a dynamnic mode and thus
consude relatively small power. - Since the nunber of the periphe-
ral circuits increases in proportion to (bit number)% t%e corres-—
ponding power increase is in proportion to (bit number)®, too.
However, & certain limitation exists in the number of the cells
attached to a data line due {to the increase of the datz line ca-
pacitance. Due to the fact that the sense auplifiers are shared
by the menory cells one can not refresh all the cells at a time.
The time needed for refreshing all the cellé 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 mewmory, the power mignt 1inc-
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 1nnovations, and clever designs push down 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-
1d, however, be pointed out that the most recent development of

16 Kobit memories (1], (2} or 16 bit microprocessors {3] indicates



- that these circuits already consune zlmost the maximum power
allowed for existing packages. Therefore, attacks to solve the
power problems are the most important subject to develop more
acvanced integrated circuits and systenms.

2.2 Power Comparisons for 03 Circults

The bagic cell for digital circuilt is &n inverter. There
are essentially four types of cells that are freguently used in
integrated circults. These are:

(1) Bnhancement load (Enhancement/Enhancement, E/B) static inver-
ter. '

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

(3) Complementary 403 (Ci03} static inverter.

(4) Multi-phase dynamic inverter.

Figure 2,2 illustrates these inverter circuits and the simplified

circulits to explain the operation. By using these schematics,

the power, delay and the power-delay product are calculated. The

results are sumnarized in Table 2.1,

Table 2.1 First order approximation of power, delay and
power-delay product for MOS inverters.
The power loss in CMOS and dynamic circuit

J occurs at the switching transistors.
J ¢
—{1
4:.2.‘3.
j E-LOAD D-LOAD C MOS &
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Figure 2.2 Basic inverter circuits for power comparison.



The calculation in Table 2.1 ig very simplified. For example,
the delay time for the enhancement-load and the CHOS is simply
expressed by the time congtants. In CHO3, TN represents an

equivalent value of the resistance when one of the transistors
is "QN". Thus, ToK
n-channel device when the output node voltage goes from high to

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

represents the equivalent resisvance of the

tage goes from low to high. Also the depletion load ig 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 voltage.

It should be noted that the power-delay products are in pro-
portion to (capacitance at the output node)l to 2 , and (supply
voltage)g, 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 #0S circuits.

Another point to be noted in Table 2.1 is that the power inc-
reases with the increzsse of the operating frequency in CMOS and
the dynamic circuits, whereas it is congtant 1n static enhance-
ment-load and depletion-load circuits. Figure 2.3 illustrates
a brief compsrison of the power

ve. operating freguency curves

for these circuits. In the fi-
E-LOAD

gure, the comparison is made by ' DT LoAD

assuning the same output node
capacitances. Thus; the com-
parison is slightly advantage-
ous for CMOS, in that TON for
the p-channel device is usually
larger than that of the n-channel _4
device and the capacitance at

the output node is larger than

CMOS &
DYNAMIC

POWER (ARB, UNIT)

L

104 102 1
FREQUENCY (ARB. UNIT)
Figure 2.3 Power vs. operating frequency in various MOS
integrated circuits.



that of other devices., The enhancement-load and the depletion-
load are compared assuming the same delay time. If the same on-

= 0.1 V.

DD? is assumed, the calculated

level, for instance VON
delay times are,
td =11 r

oK
g = 5 Toy

Thus, the maximum frequency for the depletion-load inverter is

C for enh&ancement-load

C for depletion-load

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 1is aliost the same.

In Fig. 2.3, although the power for the enhancement-load and
the depletion-load inverters stays constant, it is pogsible 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 & desgign, it is necesgary to have a load tran-
sistor with very long channel length because the width of the
transistor is bagically limited by the photolithography. Thus,
this approacih ig impractical to achieve low power. The conclu-
sion derived from this is that at low frequency, the CKOS and the
dynamic circuit give the lowest power. It should be noted that
the dynamic circuit can only be operated above a certain freguen-
cy f@in’ that is determined by the Jjunction leskage and the sub-
threshold characterigtics of MOSFET. Thus, Ci03 will give the
lowest power below the minimum freguency for the dynamic circuit.

The preceding discussions are done assuming the same 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 CHOS. 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 more than 10 volts. The depletion-load

circuit can be operated with 2 supply voltage of less than five
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volts, and it is widely used at five volts because this is the
same supply voltage as bipolar TTL logic circuits. The CHOS can
be operated with a supply as low ag 1.3 volts. Thig difference
arises from the different shapes of the dec-transfer curves that
correspond to the different values of the nolse margins for each
circuit. The typical design will show that the necessary supply
voltages for the enhancement-load and the. dynamic circuit is 5VT,
BVT for the deplation-load, and ZVT for the CMO5. It is seen,
therefore, that to reduce the power for & specific circuit, the
decreagse of the supply voltage, e.2Z., the decrease of the thre-
shold voltage is effective. There are a number of ways to cont-
rol the threshold voltage in the present-day 03 technologies.

The next Section will give a brief review for this.
2.3 Threshold Voltage Control in the MOSFET

Sah and Pao [4]) have given the threshold voltage eguation
that islwidely used for standard type KHCSFRET. This is given by,
. oal g (EqﬁiNf/g 1 ’

T = Pus t2Pp - . i (2 + V5, )% (=1
0X 0X : :

The eguation illustrates that the techniques for the threshold

voltage control as lined-up below are applicable.

(1) The choice of the gate metals or semiconductors. (d:MS)

(2) The substrate doping. ( N )

(3) The substrate bias. ( Vi )

(4) The oxide thickness. (COX')

(5) The choice of {100) or (111) crystal orientation. ( L j
Some other methods that are not illustrated by the Eguation (2.1)
are:

(6) Ton-implantation into the channel region.

(7) 4@dition of another insulator over 5i0,, such as A1,0,.

- 10 -



These are the methods that add a new term AV, = QNADD/COX to
the Eg. (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 1in 7ig. 2.5, the normal threshold voltzge for the
n-channel device is negative, that 1is, the p-channel device is
an ernhancement-mode, Thus, the main effort is on making low th-
reshold and depletion wmode devices. In n-channel devices, how-
ever, 1l one febricates a transistor hsving a typical gate oxide
thickness of 1000 ﬁ, and a substrate doping density of 1015 cm_B,
the threshold voltage is slightly negative. The main effort is,
therefore, on making enhancement mmode devices because this 1s
required to construct directly—coupléd digital circuits. Vari-
ous methods shown in Fig. 2.4 are now being widely used by & Inlii-—
ber of menufacturers in order to obtain a desired shift illustra-
ted in Fig. 2.5. In the n-channel devices, the threshold shift

to have & depletion mode device is also extensively used.

Mo
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Figure 2.4 Threshold control techniques used for n-channel
MOSFETs.




Various problems associated with these threshold control
techniques are illustrated in Pig. 2.5. First, in standard #M03-
PET, 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 wlde 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 use of ilon-
implantation has become advantageous. This introduces a non-uni-
fori doping toward the direction perpendicular to the surface.

The resulting current behsvior is different from that of the sten-
derd HOSFET. TFor instance, the subthreshold tail current in the
n-channel enhancement mode device, and the regidual current in

the p-channel and n-channel depletion mode devices &are influenced
by the ion-implantation significantly. Pinally, there are a num-
ver of wmttacks to get a higher transconductance in a given tran-
gistor geometry to achieve & higher switching speed. The double-
diffused #C3 transistor is one of the technologies for this. Sin-
ce the double-~diffused HOSFAT has a gradient of doping along the
channel, the current dbes not obey the equations used for the stan-
derd [MO3IFET.

These problems associated with the threshold shift will be
gtudied in Chepter 3 in detail.

iy Vio

E-MODE 0—MODE

. ey

-4 0
GATE VOLTAGE [V GATE VOLTAGE { V)

Ak
|
-

P—CHANNEL N-CHANNEL

Figuré 2.5 Threshold shifts in p and n-channel MOSFETs.
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CHaPTHER 3 HOSFET MODLLS AND ANALYSES FOR LOW VOLTAGH
-~ APPLICATTONS

3.1 Introduction

Recent advances in 03 processing technclogy have made po-—
gsible severel types of L0S trensistors utilized in actuzl cir-
cuits. These are:

(1) Standard p- and n-channel FOSFLTs heving a uniforaly doped
substrate.

(2) Ion~-implented x0SFATs with non-uniform doping of jmpurity
toward the direction perpendicular tc the surface.

(3) Double-diffuged «0SPETs heving non-unifora doping =zlong the
source ~to-drain direction.

Various models and analyses with varying degree of approxi-
mation have been developed for these HOSTETs. Some of thew aiw
understanding the physical behavior, some give prasctical expres-
sicn for the drain current that is suitable for circuit analysis
and design. Also, & rmumber of numerical anzlyses for these tran-
sistors have been published.

In this chapter, the de-current behavior of these transis-
tors are studied in detail. First, in Secticn 3.2, existing theo-
ries and analyses of KOSFET current behavior are reviewed., Then,
in 3ection 3.3. & new model of standard 2OSFET that is capable of
handling the drain current both in normal operstion region and
subthreshold region, will be propecsed. The background for this
ig that the subtnreshold current has become of sgpecizl importan—
ce in the recent degign of low-voltage circuits. Section 3.4
deseribes & numerical analysis of the subthreshold current in
ion-implanted HOSFETs, Optiauwn implantation conditions for cont-
rolling both the threshold voltage and the subthreshold current
sre studied for single and double implanted caseg. The douonle-

layer implentaticn is proposed to cbtain an independent control



of the threshold voltsge and the subthresinold current., The last
section (3.5) deals with the double-diffused LHOSPETs. This tecnro-
logy assumes &5 increasing iaportance in low power circult because
of its small power-delay product due to effectively short channel
length. A numerical analysis is given from the viewpoint of pro-—
viding a physical urnderstanding of the device opesration and tco

give & good prediction of the current, internsl potentisl and
fleld digtributions in various typcs of double-diffused LOBFEY

gstructure.

3.2 Several Existing Theories on dce-Behavior of w0OSFET

A prief review of the existing theories on KO3FET dc—cur-
rent ig presented in this section,
The simplest wmodel of Hofstein [1]} has been widely used for
oracticael purposes such as circult analysis where the fast com-
putation time is the important factor. The xnodel uses so-called
gradual channel approximation in that the fisld toward the source
t0 drein direction is sssumed to be reletively smsll in compéri-
gon to the surface field. The model neglects the effect of the
bulk charge upon the current-voltage relationghilp, but 1t 18 1nc-
luded in the threshold voltage equation. The current expressions

for this model are:

(1) Cutoff region Vy = Vg gV

S =T
I, =0 ' (3.1)
(2) Saturation region 0<V, - VS - VT<1VD - Vg
I, = (B/2 ) Uy = Vg = Vg )7 (3.2)
t3) Nonsaturation region VD - VS = VG - VS - VT |
1, =BV, = Vg = Vg )V = Vg ) = B0 vy - Vg )7 ] (3.3
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in which VS’ VG and VD are source, gate and drain voltages with res-

pect to the substrate, and B is a conductance constant given by

€
W SOX
& TT,, » . (3.4)

Jome 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 c¢ircuit analysis program
SPICE (3).

Some of the drawbacks that arise from its too simple app-
roximation are:

(1) 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) ifobility is actually a function of the surface and the drain
field.

(3) The channel length modulation effect is not included in the
model.

(4) The equations are not valid below and just above the thresho-
1d 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 lioll [4), and Sah (5}. 1In 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 pbten~
tial. This gives rise to a lower saturation drzin 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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(1) Cut-off region: V,<V,
T

T
'p =9 (3.5)
(2) Ssturation region: Vo Z Vg, V& Vg
. =4 VooV Vo] - 242¢ &)
Iy = TR ol VoTpg-2f- 209 vpg - 5 T
. R /2 3/0 '
[(VD +Z¢F) /2. (2¢F)J/ ]} (3.6)
Non-gaetursti i : = ‘ |
(2) on-gatursetion region: Vo 2 Vs Vi <Vg
_ W s . Vo 2. 20 eshi,
Ly = g » Opd [vg-vig-28,- 50)vy - 3 ok
’ - 2 e “ 2 7
(¢vy +28.0%7% - (2%} (3.7)
where VDS is the saturation drain voltage given by the ecuation,.
\ oA 2
€ql, 205 (V= V.. ) W2
1 fis 0X G 18 4 5
Vpg= Vg~ Vpg = 2Py + . [1-(1+ - )] (3.8)
0X g 4N, |

Thig model is a good epproximation when the gate voltage is well
above the threshold wvoltage snd when the channel length is large.
For this reason, the model has been used as a basis of TtThe cur-

rent equations in some of the circuit analysis prograus 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 dynainic change of the gate-source and tine gate-—

drain capacitances. Benchkowsky model [6} is one of the exauples
that this wmodel ig utilized for practical purposes. It should,
however, be noted that the model is again not applicable in the
low current region near the threshold voltage, where the assuup-
" tion that the surface potentisl at fThe source is pinned to 2¢F .
is not accurate. The model should be modified in this current

range.
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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]. 1In
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 zpproximated by the'plane jun—
ction theory as seen by the eguation,

Lefsz—[

o€ 1/2
S (v - VDS)] (3.9}
alV, ‘ _

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 MOSFET operation, that is,
the drain depletion layer is under the influence of the gate fie-
1d, and the thickness of the oxide and the depth of the drain dif-
fugion 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 Muller [8], that the two di-
mensional approach gives & good agreement of the calculated and
measure@d currents in ﬁhe saturation region. Since this effect is
substantially important in short channel devices, a number of nu-
merical analysig programs with varying degree of approximations
heve appeared recently, for instance those of Kennedy [9], Hachi-
tel {10}, Vandorpe [11], #ock [12].

An analytical approach to evaluate the channel shortening
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effect more accuraztely than #g.(3.3), was proposed by Bentch—
kowsky [13). The two dimensional nature was introduced by the

semi-empirical form as seen by the eguation,

) 1

dlde €y T (B= o) (Vo = Vo)

p — — OX . m— - 1 G’ - PS L (3.10)
vy € 0. {d(vb - Vo ) +EV, - Vg )l

I _
I, = 3 . | | (3.11)
Ll = 1g,/T0°
where VG': VG'*QSS’/GOK and o end (B are constants having values

d::0.2'and = 0.6. These parcmeters are determined so that a
good fitting of the current in the saturation region to the mea-
surements would be obtained.

In this thesis, the models &nd analyses that will be discus-—
ged 1n Section 3.3 and 3.4, and the desgign of enhancement-deple-
tion circuits in Chapter 4 do not take into account the channel
shortening effect. Thus, to apply the résults of these to ®03
trangistorgs having short channel lengtheg, a modification of the
theory is needed. This can be handled by using Hq. (3.10) and
4g. (3.11) together with the results obtained in these Chapters.

{C) ftobllity Variations due to Gate and Drain Field

It is well known that mobility of the carriers in the sur-
face channel is @ function of the surface field Ex’ source—-to-
drain field Ey and impurity doping density N. Crystal orienta-
tion, surface state density and the temperature also affect the
aobility significantly. It 1o seen, therefore, that this 1s one
of the most complex problems in wmodelling the KO3 transistors.
Ag fer as the author inows, there have been so far no satisfac-~

tory theory that 1s capable of handling all of these effects.
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There are, however, a number of reports that give explanations
both theoretically and experimentally to the mobility variation
due to various paraudeters stated previously.

The gate field dependence of mobility has been extensively
studied by a number of theorists; Schrieffer EUQ, Greene ﬂB],
Sah, Ning and Tschopp (16}, and Fierret and Sah Erﬂ. Also, =e-
veral papefs have been published on experimental studieg of the
gate field dependence of awobhility. [18], [19] The agreement bet-
ween the theories and the experiments is, however, not satisfac-
tory. _

For practical purposes, & seml-empirical form that is deve-
loped by Crawford [20), is often used. This utilizes a constant
6, having a dimension of (volt)—l as seen by the equation,

_ 1 (3.12)
= Jde

#=Fo lve, (Vo= Vo) - i

Bentchkowsky have developed another forwm of mobility that utili-

zes an average surface Tield ES as seen by the ecquation,
pe=pg (=2 2
0" g , (3.13)
S
where ESO and c, are gonstants having values cl:=0.36 for elec-
trons end §_y= 6=10" V/m. (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 uniforiw field for measurements.
Tris is because the field in MO3 transistors is basically non-
uniforu when it is biased to a high drain voltage. Some experi-
mentazl results (22), (23) indicate that the velocity-field rela-
tionship of electrons and holes in the surface channel ig simi-
lar to the form in bulk. However, accurate form of mobility near
the saturation velocity under the influence of the gate field is

not obtainsd. Taking account of these, the preseni status is that
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the form of mobility dependence on field used in the bulk is
often employed in analysing MOS transistors having short chan-
nel lengthe where the effect of veloeity saturation is an impor-
tant factor. One example for this is given by the form,

B - Y.
.
pepo(1e (=) T, (3.14)
15
where d= 1 for holes and &= 2 for electrons. [24]

Throughout this thesis, the gate field dependence given by
Bg.(3.12) and a modified form is used. The modified form ex—
presses the mobility e a function of the gate field, not of the
gate voltage, by using a constant 8 (m/V ). Equation (3;14) will
be used to analyse double~diffused HMOSFETs in wnich local elecect-
ric field concentration plays an important role.-

(D) A Numerical Anslysis of HOSPET Incorporating Diffusion

Component in the Current Expression

The preceding theories of Hofstein or Ihantola and [oll did
not include the diffusion component in the current expregsions.
Pao and Szh [25] have performed a one-dimensional numerical in-

tegration of the current eguation that is given by the form,

w (D kT dk
Ip= TJ pl—)ab (y) — dy, (3.15)
a dy

where § is gussi-Permi potential measured frow bulk Fermi poten-—
tial, N {(y) is induced electron number at the surfacec. Thus,
the drain current is basically the sum of the drift and the dif-
fusion components. The induced electron number is approximated
by using the gradual chammel approximatioﬁ. This 1s agaln given

Py the numerical integration as seer by the eguation,



N{y) = N:Lp:
[Usp : exp (I7 — £ — Up) dU i
ve [oXp (Up — U) ~ exp (Up) + exp (I — £ — Us) — exp (— £ — U} — Uexp (—Ur) 4 Uexp (Up)
- (3.16)

In order to calculate the current, one has to integrate Bkgs.
(3.15) and (3.16) numerically. These steps need considerable
computation time, and this limits the applicability of the wmodel,
Two dimensional analysis provides better accuracy than this mo-
del does with basically the same compuﬁer time. It is, however,
noted that thege equationé are valid in analysing the subthres-
hold currents of MOS transistors in that the diffusion current
is dominant. Tor this reason, severzl models on subthreshold
current behavior have been developed based on this analysis.

In Section 3.3, a new sgset of equations that states the HOSFA
current behavior in the entire operating region, will be propo-
sed. This new model is based on these equations.

There are a number of phencumena in the dec-behavior of MOS
transistors that can not be analysed by one-dimensional egua-
tions because of the two dimensional nature of the transistor
operation. Specifically, the recent advances of photolitho-
graphy have made it possible to fabricate MNOSFETs having very
small dimensions. This has led to the necessity to investigate
various two dimensional effects such as; (1) the threshold vol-
tage decrease 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 kave been developed
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as stated previougly. From & practilcal point of view, the com-
nuter time needed is still too long. 7TFor some purposes tThat
need a lot of calculations, the uge of two-diwmensional prograuis
is costly. One of the examples of this is the cptiasization of
the device structures that needs the calculation of the current
voltage relationships with various variables as parameters such
as channel lengths, oxide thicknesses and ion-implantation con-

ditions. It 1is, however, & very powerful tool for socme limited

purpoges; (1) the calculation of device narameters including two-

dimensional effects for the model used in circuit esnalysis, (2)

prediction of the device behavior in & new device structure witih-

out fzbricating the device.

Since a lot of effort is consuwned on the development of 03

integrated circuits utilizing shrunk MOS transistors, the iapor-

i

tance of the two-dimensional ansalysis will certain to increase.

It appears that the progress of bvoth numerical analysis fechni-

gues and the computer itself will make this approach umore versa-
tile. '
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3.3 A HOSFET Model Including Subthreshold Region [30], [31J, [3@
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 CuOS cir-
cuits are the most successful sclutions 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 iwmportant in the dynamnic circuits. The low level
current in standard HOSFET biased below the threshold voltage is
called "subthreshold current” or "tail current". The latter coumes
from its characterigstic feature in (ID)% - VG curve. Therefore,

a precise circuit design incorporating the tail current is inevi-
table for integrated circuits with low supply voltage, e.g., low
thresheold voltage. Taking the dynamic 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 Fermi potential at the
gsource end of the chamnnel, of around one volt is necessary, and
even if the gate swing is geveral hundred millivolts belew the
threchold voltage, a weakly inverted channel can cause & leak cur-
rent path. Consequently, memory characteristice are deteriorated,
resulting in a too short storage time.

Several clasgical pOSFET models that are described in Sec-
tion 3.2 are not appropriate for the purpose stated previously.
Hayashi and Tarui [26), Barron (27}, and Troutman (28], have pro-
posed equations that are applicable to the tail current region.
Swenson and fHeindl [29], have proposed a sgset of equations covering
the entire operating region of HHOSFET, 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 adcditional parameter ¢ which shifts
the current-voltage relationship in the strong iﬂversion reyicn.

In this section, a new set of analytical expressiong of the
drzin current is described. These are obtained frow the integral
form of the drain current given by Pao and Sah. (251 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 sirong 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 and the satura-
vion rezions becomesg continuous without introducing sdditional
fitting parameters.

An extensive coumparison of the theoretical and experiuental
I, vs, V., and I

D D D
will be made. The dependence of these characteristics upon sub-

V. VG curves for fabricated rn-channel devices

strate doping density, oxide thicimesgs and teumperature will be
studled both éexperimantally and theoretically. gnplication of
the wodel to actual clrculit degigng will be described taking a
dynamic memofy and a low voltage static inverter circuit as exaun-

wnleg.
3.3.2 Drain Current Hxpression

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

W = (T s
]} = f — R ’ ’
P “(q)q(dy> Viw) (3.17)

where L and W are the channel length sand width, and p is effecti—
ve wmobility. N ({y) is the total induced eleciron number tunat is
ziven by the integration (3.16) in Section 3.2. Gate voltage Ga

is relzted to the gurface poiential USF ag sesn by the eguation,

Fgo Uge 4 lexp (Use — £ — Us) + (Uge — 1) exp (17 1%, (3.18)
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TR

where the potentizls denoted by U are in the unit of («T/¢).
In tie prececing eguation, TG is an effective gate voltzge. 1In

other words, thie effect of the work function difference ¢ and

'LS’
the fixed charge in the insulator Nss are ncet included. i’is the
ratio CD/COK Where-CD is Debys capacitance that is given by the
equation,

‘p= _I_J§_§_ . (3.19)

DI

Although the numericel calculation of Eg. (3.17) and =mg. (3.13)
gives the drain current including both the drift and the diffu-
gsion terms, it is desirable that the drain current be explicitly
expressed as functions of the drain veltage, the gate voltage and
the source voltage for practical purposges.

The spproach taken in this section ie thet the charge ecua-
tions are approximated separately according to the strong or the

weak inversion conditions of the channel, and the special values

of the surfeace potentials are used to get an accurate approxims—

tion in botn regions.

In this model, three operation regions of MOSFET as illustra-
ted in Fig. 3.1 are considered seperately. This makes clear the
potentiel veriation in each region. First, in the tail current
region, the surface potential is slwmost constant throughout the

channel, and guasi-Fermi potential only varies. Thig wmeans that

Source Drain Pinch - off

{1} Tail region (2} Soturation {3) Non-saturation
region. region .

'Figure 3.1 Iustration of the shape of Usr and ¢ in three
operation regions of MOSFET.
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the diffusion component dominates throughout the channel. Seco-
nd, in the nongaturaticn region, sirongly inverited gsurface ig
Torimed fhroughout the chennel. The drift component is dominant
in this region, and cuagi-Fermi potential is almwost in parzllel
relationship with the surface potential. Finally, in the satura-
tion regzion, the drift cowponent is dominant in the source side
of the channel, However, in the region close to the drain, thne
gate field ig not strong enough to gugtein the channel, It is
aoguaed that at tihe point where guasi-rerml potential 1 ecual to

the saturstion drzin voltage U pinch-off occurs. The channel

DS’
beyond the pinch-off soint is assuwmed to be weakly inverted. It
should be nointed ocut these appfoximations_are totally one-diuen—
sional. Thus, the effect of the strong drain field near the dra-
in diffusion is mot taken into account. When the drain field is
large enough, the channel charge is injected from the channel into
deeper part ol the bhody and travels toward the drain. This is so
called chennel shortening condition. “Therefore, for short channel
devices, the model should be modified incorporating this effect by
uging Zgs. (2.10) and (3.11) in Section 3.2. _

In order to obtain =accurate current expressions, ths surface

510 Uspr Usz
given by solving the eguations,

potentisls U as sghown in ~ig. 3.1 are usged. These are

Ug~ Uss + y[exp (Uss — Us — Ue) + (g5 — 1) exp (Up) 2 (3.20)

Usi = Uss — Us | o (3.21)

Coot Usa + ylexp (Uss — Ups — Up) + (Uss = 1} exp (U 102 (2.22)
Here, US ig the source voltage, and Upg is the saturation drzin
voltage given by Hg. (3.33).

One of the features of the present medel is that the clas-

gical concept of the threshold voltage, the voltage at which the



drain current starts to flow, can not be applied. In the clessi-
czl theeories, the threshold has usually been defined by the gate
voltage when the surface potential Usq at the source is equal to

twice Fermi-potential as seen by the equation,
Up = 200 4 (20 4 U)W oxp (7/2) 4 U, ‘ | (3.23)

This equation assumes that the surface potentizl USl is pinned
when the inversion leyer exists. However, Bgs. (3.20) and (3.21)
indicates that USl actually increases gradually with the increase
of the gate voltage in the strong inversion region. Conseguently
significant error is observed near the threshold voltage in the
clagsical models. For instance, the given threshold does not
coincide with the extended threshold from (ID)% - VG or gp - Vi
curves as will be demonstrated experimentally., In the present
theory, USl is a2 varying parameter both in the weal and the st-
rong inversion region.

Eleectron charge QN is approximated as follows. Total charge

QSF that is the sum of the electron charge and the bulk charge
is given by,
RN
s = = o) o = v (3.244)
k1 - )
= —-Cp(gg)Dmp(L&F-E—-Uﬂ + (Usp — 1) exp (Up) ¥, : (3.248B)

Thus the induced electron charge is given by,
Qx = Qsr — Qs - (3.25)

where QB iz 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 poth the strong and the weak inversion condition
iz approximated by

G~ = 0o (2) [(Wer — 1) exp [0 122 (3.26)
if USF::US+-2UF igs assumed, the preceding eguation coincides
with the simple bulk cherge approximation taking only the contri-
bution from the surface depletion region. Although the detailed
three-region analysis gives more accurate result than Bq. (3.26),
practically the approximation gives a sufficient accuracy.

For the strongly inverted surface, using (3.244), QN is app-
roximated by,

Qv >~ —Co (%?) {Ug — Use — ¥[(Usw — 1)-exp (Up) J2}. (3.27)

If the surfazce is weakly inverted, using (3.24B8) and (3.26), Qy

is given by,

kT
Qv > — (p (T;;) {lexp (Usp — £ — Ur)

+ (Usr — Lyexp (Up) 12 — [{(Uge — 1)
cexp (Tp)J) : (3.28A)

oo (P exp (Usr — § — L5Uy) o
B CD(Q) 2 (Ugp — 1)12 ' (3.28B)

Next, let us calculate the drain current in each operation region
illustrated in Fig. 3.1 by substituting the preceding approxima-

tion for ¢, into ®q. (3.17).

‘N
(1) Tail Current Regiong U £ Ug ( or Ugr & ZUF)

In thig region, QN is given by Eg. (3.23) throughout the en-
tire channel. Since at the source and the drain junction, quasi-

Permi potential E is equal to the voltage applied to the junc-
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tion, the drain current integral can be rewritten as an integral

in the voltage domain as seen by the equation,

N_Hf 92 ETN® (P2 exp (Usp — £~ 1.5U%) o

It shoulda be noted here that USF

entire chamnel because the first term in ( )¥ in Eg., (3.18) is

is nearly constaent throughout the
. 1

small, Therefore, can be represented by Ugs in Eqg. (3.20).

u
oF
Performing the integration, we have

r) {exp (— Ug) — exp (— Up)). . (3,30)

W Cp (kT)zexp ({gs — 1AL

Ip~ —u—
PELR Oy (Ugs — 1)1

This eXpression is basically the same ag the eguations that have

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

(2) Nonsaturation Region; Us> Uy (or Uy > ?UF)
and UD_<__ UDS
In this case QN-is given by Zq¢. (3.27). The drain current
intezral in the voltage domain becomes,

w (hT

IDZEMCO q) fUS {Ug — USF*YE([';F—I exp ({7p) Yt} dE (3.31)

It should be noted that guasi-Fermi potentizl E and the surface
notential USF are almost in parallel relationship throughout the
entire channel, that is to say USF" USl+ E . 3y practicing the

integration, we obtain

I - %p(k:) (GL(Ua = Us) (U = Us) = $(Un* = Ust)] ~ § Cp exp (U/2)
L(Up + Usi — ¥ — (Ug + Usy = D]}, (3.32)

The preceding equation coincideg with the Reddi-Sah enalysis
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when U x:ZUF » As has been discussed in the preceding para-

Sl
araph, USl is left as a function of the gate voltage in the pre-
sent theory. This means that the gate voltage-dependent thresho-
ld is eguivalently introduced in the strong inversion cordition.
This results in a somewhat modified current vs. gate voltage re-
lationship just above the thresho}d in comparison to the clessi-
cel theories. For instance, (ID)—"f--VG curve in the saturation
region is bent when the gate voltage is low, and it is smoothly

connected to the tail current region.

(3) Saturation Region; Ug > Uy (or Ugyp> QUF)

and U.>»TU

D s

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

suming dID/’dUD::O. The result is

Ups = — (Uss — 1) + {29 exp (Up) + 4(Ug — 1)
— 2yexp (Up/2Y[v2 exp (Up) +4(Ug — 1) T2}, (3.34)

When tne drein bias is above the saturation drain voltage UDS’
the channel between the pinch-off point and the drain diffusion
becomes wezkly 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

W (kTN _ [Ues vs
Iy = EM(F)[ e de+me(e> de . (3.35)

The first term is integrated in a similar manner as in Eg. (3.32).
The second integration differs from Hg. (3.30) in thet surface po-
tential U

ghould bhe used instead of U Thig vields

SP-A 53°
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W (ETN: . . , LiTr e qra .
IDET n *q"‘ Col[(Te — Us) (Ups — Ug) — 5(Ups® — Us?) ] — 2Cp exp (Up/2)

77 ; . . Cpexp (Us: — 1.5Ux)
[(Uhs + Ug — 1332 — (s + Ugi — 1)3] + B} (Ugg — 1)12

-Texp (—Ups) — exp (—(,-'D)]} .
(3.35)

The drain current expressions described in the preceding pars-
graphs cover the entire operation region of MOSTFET.

It is important to take into accout the temperature depen-
dence and the gate voltage dependence of the surface electron mo-
bility. The mobility eguations euployed in the present model
are,

Ug < Uy, p = p{T = 300 K)({T/300)= (3.36)

/

k . N
Ue > Ur,  w=u(T = 300 K) -(Tf’.'%OO)“/[l +£q[io - (.t,.)} . (3.37)
q .

In 8gs. (3.36) and (3.37) it ie assumed that the mobility along
the channel is constant., This asgumption 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. 32.39, that the reduced mobility
due to the drain Tield can not bhe ignored for the device having
g short channel length. The figure also shows that the varying
gate-field toward the source-to-drain direction does not affect
the mobility significently in long channel cases.

Barly investigation on the femperature dependence of surface
mobility {18}, indicates & 1is -1.5 for electroms at T = 300 k., He-
cently, Sah et al. [16] have shown that the teaperzture dependen-
oe‘ef mobility should be expressed by a calculetion taking both
scattering by surface oxide charges and surface phonons into ac-

count, wherein the former mechanism has a temperature dependence
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of T, and the letter has a temperature devendence of T_2 at T
less than 150 K. In the present calculation, X =- 1.5 is eapi-
rically chogen,

In order to calculzate the current value using this model

one has to calculate Zgs. (3.20) to (3.227 numerically to obtein
necessary surface potentials, Thie can be done by, for instance,
Hewton iteration, and does not need too much computer time. App-
roximate solutions of these equations by meking use of a polynoui-
al expansion caen also be uged.

The effect of fast surface states Nfs'is not included in the
present tiaeory. This yields some modification of the effective
gate voltage depending on the gate bias resulting in a less steen
log Iy - VG curve in a certain gate voltage renge. The effect can
be easily implemented in the model by zdding & single tera descri-
bing the fast surface states in lgs. (3.20) to (3.22). It will be
shown that the assumption does noet cause gignificant error for
(10C0) n-channel H0SFETs.

The obtained ecuations zre sunnarized in Table 3.1,

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

Tail Current Region 2 U-l.0U n
I ZE}*ED(EE)—EA“——ﬂE—~(E B h”) (1}
U <20 D L7323 "t (U -1)
51 F

Nonsaturation Region
_Wo kT2 _ R B S e
ug, = 20, 1% AU {eg [1Bg=Ug ) (U=Ug) - F(U-UZ)]

UD<U

? 3/2
e -%CDeU"Q[(UD-PUSl—l)a/ -t -1 {2)

Saturation Region 2 U /2
W, kT, 2 . 0 e Leg? uzy - o
U w2U Tpmp ) {eg [ (WgmUgy) (Upg=Ug) - (Ung - 3%
51 i Uga -1.5U¢
3/2 _ 3/2 E‘p e =Ups _e"U'.D) &)
Up 2 Ups {(UpgtUgym1) 7 - (UgtUg -1+ 3 (g~ te }
~Us -U S Uk 1/2 I '
o= Uga+¥[e™ 0 T+ (U m1ie ] (4} Ug =Ugq=Ug  (5)
Uty Upg—Ur TUpgq 1/2 ¥ —c_sc 7
U= Ugot¥le + (Ug,mlie ] {6) p/Cq
Fer U.> U

G T
p= p(1=300 ) (7/300)° /(145 0 (W -vp)] (8)
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- 3.3.3 Comparisgon with Experiments

7 Comparison of the model with experiments has been carried

out by using n-channel annular gate MOSFETs fabricated on (lOO)
surfaces. The gate insulator is SiOz, and both aluminum and sili-
con Zates were used. The impurity concentrations and the oxide
thicknesses for the samples were varied to observe the applicabi-
1lity of the model in a wide range of parameters, These values are
sumnarized in Table 3.2. The values of the oxide thicknesses were
measured by the capacitance method and the ellipsometry. Subgstra-
te impurity concentrations were determined by using Eq. (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 1impurity concentration at the surface to avoid possible error
~caused by the depletion of boron during oxidation process.

To compare the measured and the calculated currents, it is
desirable that the values of mobility », 8, and NSS are determined
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 potentizl independent-
iy and accurately. Tor this reason, these parameters were deter-
mined by comparing the messured and the calculated points from the
model by using a computer. This was performed in the following
mammer. First, approximate values of 190, and Nss were obtained
from the simple Hofstein model using three points in the saturation
region where the (I )%-VG curve exhibits almost linear character-
istics. Then, the value of e was determined using other three
peints in the saturation reglon at higher gate voltsges where (I )d-
VG curve has smaller siope than the low gate voltage case. TheSe
values were adjusted by fitting the calculated currents from the

present theory to the measured currents. A4t this stage, one voint
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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 (100} surface.

Samples Resistivity Impurity Oxide ‘thi- Gate

of the subst- concentra-— ckness

rate (ohm.cm) tion (c;u_j) ¢S
4-30 180 - 200 7x 1013 675 Al
B-30 180 - 200 7x10%3 1470 Al
-30 180 - 200 7x 1013 5030 A1
A=50 17 - 30 7% 107" 675 Al
3-50 17 - 30 7% 104 1470 Al
0~50 17 - 30 7x 1074 5030 Al
A—40 > _ 3 Cax10%? 675 A
B-40 2 -3 4 » 1012 1470 A1
C-40 > _ 3 4 %101 5030 Al
g1 g . 12 1% 1017 1090 Si
5-3 8- 12 1% 1017 600 i
S5—4 § - 12 1% 1017 400 Si
5-5 8 - 12 1% 1077 220 91

Table 3.3 Values of 4,, & and Ny for the samples.

Samples Chanrel Conductance Gate Voltage Fixed Charge
Dependence of p in the Insulator
By (/) 6 (v Hoe (% 20 Ten™2)

a B

A-30 1133.8 0,108 0,55

B-30 £70.3 : 0.093 0,62

c-30 202.2 0,038 0,38

A-50 . 1185,0 0,110 0,59

B-50 628.0 0,080 0,64

C-50 181.,0 ‘ 0.034 0.65

A-BO 1049.3 0,103 0,70

B-40 539,1 0.066 1,14

c-40 163.7 0.029 0.79
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in the tail current region was added in order to get an accurate
value of N because I, vs. V., curve is shifted zlong V. axis

88 D T -G
by varying & __. Consequently, seven points were used in the fit-

ss

ting procedure. Although the points in the saturation region were
nzinly used in the procedure, it was found that the .odel agrees
well with the measurements in the entire region as will be gho-
wn in the succeeding paragrephs. Therefore, it appears that the
values obtained are the good estimation for these parameters.
Table 3.3 showg the values of‘ﬂo, 8, and Nss for Al gate samples.

Figures 3.2 -3.5 show the comparison of the measured and cal-
culated log ID - VG characteristics., The dashed curve in Fig, 3.Z
illustrates the calculated results fromn the classical models ex—
cluding the tail current. Froaom tnese Tigures, it 1sg seen that the
theoretical curves are continuous and that the agreement with ex-
periments is guite good over a wide range of gate oxide thiciness
and subgtrate doping density.

Figurs 3.6 illustrates the teaperature dependence of the log
ID - VG curves, In the calculation, temperature dependences of

Ferawl potential Uy, and mobility m are taken into account. N__,

F 88

TOK and € are assumed to be constant within this tamperature

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

the deviation bhelow 10_10

A at relatively high temperature is
observed. This is due to the recombination-generation current

in the depletion layer botnh at the surface and at the junction.
Additional current sources should be added in the present model

in order to express the leakage currents. Another deviation
occurs =t the current level between 107/ A and 10~% A. This is
due to either; incorrect approximation of the wmobility 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 Tange.
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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, thet is the boundary bet-
ween the nonsaturation and the saturation regions; for instance,
VD=:O.1 Vv for VG = 0.1V, and VD = 0,25 V for VG = 0,3 V. This
arises from the approximation of the relationship between the
surface potential USF and guagi-Fermi potential near the pinch-
off point. The trangition frowm the nonsaturation region into the
saturation region is gradual in actual cases,

Log ID - VD curves: were measured for all the samples listed
in Table 3.2, It wes found that the agreement ig basicelly the
same &s 1in Fig. 3.7, thus, those figures are not cshown here.

The comparison of the model with experiments at higher cur-
rent levels is shown in Fig. 3.3, where (current in the satura-
tion region or in the tail current region)% ig plotted as a fun-
ction of the gate voltage; The agreement is again good. In the
figure, gome of the marked features of the present model are ob-
sérved. Taking the sample B-50 as an example, let us explain
the features of the curves. ¥hen VGQ-—O.l v, thg transistor ope-
retes in the saturation region and the (current)® is almost in
linear relationship with the gate voltage VG except a2t high gate
voltage region where the mobility decreases. When VG< -0.,1 V,
the transistor is in the tail current region, and the "tail" 1is
clearly seen in the figure. The arrows in the figure indicate
the gate voltage when the surface potential USl is egual to EUF,
that is the threshold voltage above which Bg. (3.32) and (3.35)
are valid and below which Egq. (3.29) is wvalid. Reddi-Sah model
is a good approximation when the surface potential is several
(kT/q) above ?Uy, nowever, it fails below a current level of seve-
ral microamperes. It should be noted that the threshold voltage
defined by Eg.(3.23) does not coincide withlthe extended threshold
voltage from the linear region of {current)* - VG curves, that 1is

the definition of the threshold voltage in the classical models.
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1% should also be noted that even in the saturation region just
above the threshold, the (current)% - V, curves are not straight,
Thie indicates that the variation of the surface potential or the
variation of the effective threshold should be taken into account
exactly in the strong inversion cdndition. 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 measurementg for various
samples, These values are taken at the limit of low gate field
so that the effect of parameter 8,1s neglected. It has been as-
swned emnpirically that mobility is constant at low gate field.
This assumption appears to be valid from the various comparisons
discugsed so far in the preceding paragraphs. The assumption 1s
theoretically supported by Brews [35), in that it has been shown _
that if the surface state density is low, wmobility at weak inver-

sion condition is almost constant with respect to the gate voltage,
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Figure 3.7 Comparison of the model and experiments of the log
Ip-Vr, characteristics.

)



whereas at relatively high surface state density, the localized
surface state distribution would produce a decrease of mobility
in the weask 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 sguares indicate the
mobilities obtained from the fitting of Hofstein model and feddi-
Sah model td the mecsurements of the sanples with 1470 ﬁ gate
oxide thickness. Other points are left out to aveid confusion.
It is seen that a higher value of mobility &as compared to that

of Hofstein model and Reddi-3ah model is required to fit the pre-

sent theory to the measurements. This is becausge U in Zgs. (3.

S1
gy even if GSl is
is assumed to be pinned to ZUF in the

20) and (3.21) is an increaging function of U

larger than 2U whereas U

] (o
other models. FIn other Wo;és,'the variation of the "effective
threshold voltage" taken in the present theory needs higher .obil-
lity. 1In Fig. 3.9, 1t should be remarked that the value of wmpbili-
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.

slactron mobility in p-Si

- " .
w R Ty
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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 important influence on the circuit
characteristics. TFirst, let us take an enhancement-load static
inverter circuit as an example. The circuit schematic and VOUT'_
VIN dc-transfer curves are shown in Fig. 3.10. In the figure,
the experimental results are compared with the calculation using
Reddi~S5ah 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. Thisg is caused by the
tail current of the driver(amp) transistor when it is biased below
the threshold. Significant decrease of the nigh level ncise 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 trensition region, is somewhat lower in the present
model and in the eXperilagents than that expected from Reddi-sah

model. In the limit of very large beta ratio ﬁ. Reddi-Sah analy-

i’
sis will predict an infinitive gain. Howevar, this is not true
because, for very large load resgistance, the driver transistor ope-
rates in the tall current reglon where g varies in proportion to

the current level. Conseguently,

the limiting value of the gain %Giﬁj%n
is observed. This value is [ —
Vgg = 7.8V VouT
3 : - 1 ___ Vpp=5Y '_"
determined by the slope of < 3 Py Vine |t
2 f
the log ID--VCT curve and the . i
=
. . Le]
supply voltage, if the drsin > * EXPERIMENT
. 5 — THIS MODEL
conductance in the satura- & e CLASSICAL MODEL
. . , a REF.£11£2)
tion region is small enough.
Ls seen in the figure, the
present analysis is capable of
' ing 1 = 1 T
handling these second orde | IMPUT Ven (V)
effecis. 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-iH0S type memory cell
configuration. Storage of the charge in the memory cell is done
by first applying & 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 CM does not leak away.
The transistors QS and QR are the sense and the read switch H05-
FiTs. These transistors are eliminated in a 1-M0S type meumory
cell. However, the basic mechanism of the memory function is
common for both memory cells. In these memory cells, if the tran-

sistor ¢, ig biased in the tail current region that is below the

“W
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

DATA LINE

- _L WRITE ADDRESS
calculated rifresh time of the |+ -:L$
mexwory at 70 € is shown in M _I

CURRENT -
Fig. 3.12 as a function of the 1t
threshold wvoltage at room tempe- ‘1 READ ACORESS

rature for various substrate

dopings and oxide thicknesses.

It is seen that the low limit

of the threshold voltagé is de-

termined by the tail current.

It should be noted that the th- BUE 0 JUNCTION

LEAKAGE\

reshold voltage tolerance is 100 |-
large when a low doped substra-
te and a thin gate oxide are

chogernn, The threshold control

=)
T

techniques such as substrate

refresh time ai 70°C (ms)

bias or ion-implantation should

be applied caref?lly by taking Vi ot 27 ()

this into account. 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 fhat 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, ‘SVG is the voltage that is inversely propor-
tional to the slope of the log ID - VG curve 1n the tail current
region. Although the slope is almost congtant, it still has a
slight depend@nce on the current level. In Fig. 3.13, A.VG eva-
luated at 10°°

NB ag a parameter. Figure 3.14 shows the tewmperature dependence

to 10—9 A4 is shown as a function of TOK and with

of the AVG. Let us evaluate the tail current using these figures.
In the first place, we assume that the threshold voltage is defi-
ned at a current level of one microampere for the sake of conve-
nience, and that the given threshold is one volt. JYe also assumne
that the leskage current should be less than lO_lO agaperes 1n a

3

memory cell. If a2 transistor with 2 doping of 1015 cm” ¥ and a

gate oxide thickness of 1200 4 is chosen, and it is operated at
70°C, it follows that the gate voltage at 10710 4 becomes, (1V)
- (4X0.12V) = 0.52 V. This mezans that the gste voltage snould
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

cages.
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3.3.5 Conclusion

A new model Tor standard type MOSFET, that hsndles the dra~
in current above 10_10 anperes at 340 K and above lO—l1 aiperes
helow 320 K, was proposed., Surface potentials at the source end
and at the pinch-off point were used as explicit parameters in
the current expressions for the purpose of obtaining & natural
connection in the tail current and the saturation regions. ‘The
current expressions are analytical and is suitable for computer
analysis of the circuits, especially it is a convenient tool to
analyze varioug second order effects csused by the low-level cur-
rents in HOSFET.

Comparison of the model with the umeasurements was performed
using n-channel Al gate and Si gate trensistors with substrete
doping densities ranging fron 7)(1013 cm_3 to 4)(1015 cm"3, and
oxlde thicknesses ranging from 220 i to 5030 A. Although & slight .
deviation was observed near the pinch-off voltage that arises froa
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 design thfoughout the
entire region of operation of HOSFET.

To demonstrate sgeveral examples to apply the model, the infiu-
ence of the low-level tail current on static £/E {enhancement/enha-—
riceslent ) 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 end
st & high temperaturc.

some problems left for further study are; a smooth connection
of the current eguations between the nonsaturation and the satura-
tion regions, and to include the chamnel length modulation effe-
ct and the threshold variation due to the drain voltage and the

channel length in a short channel device.
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3.4 SUBTHRESHOLD CURRENTS IN ION-IMPLANTID #0SFET [45], [@e), [@7]
3.4.1 Introduction

ITon-implantation for threshold voltage control has becoimne
widely accepted in HMOSIC fabrication. Its advantage is that it
permits a threshold shift over a wide range both positively and
negatively. This allows the fabrication of & p-chennel depletion
type HOSFET, an n~channel enhancement type IOSFET and a channel
stopper for field region which can not be made without the use of
ion-jimplantation.

sany reports have been published on the threshold shift by
ion-implantation. Aubuchon [37], Goppen [38), Swanson and leindl
[29), and Sigmon and Swanson [39), have given analytical expressions
for the threshold shift. Brotherton and Rurton [40), Tanaka (@1},
dJacPherson [42), and Warsbisako, Yoshida and Tokuyama [43) heve
explained the thresheold shift by numerical calculations of the po-
tential profile in ion-implanted silicon substrates. &t the samxe
time, #oline and Reutlinger [44)] have given some experimental data
for the threshold shift of #0SFET having double-implanted layers.

As has been discusged in Section 3.3, due to the recent ad-
vances of k0SS circuit technigues, a leakage current of an order of
2 nanoampere has becowme important. Thus, special precautions shou-
1d be taken associated with the low-current level cheracteristics
of HOSFET. It has been pointed out in the preceding section that
in the case of a uniformly-doped MOSFET, a design including the
"tail current" is required. In ion-implanted HWOSFET, the tail in
(ID)%-VG curve is significantly affected by the implantation
conditions. Turthermore, in deep depletion type HOSFET, a “re-
sidual current" is observed even when the gate_bias is well
below the threshold voltage. Therefore, the low-current-level

characteristics are guite different from those in standard type

wOSFET .



In this section, these low-level currents in ion-implanted
MOSPETs are studied. The discussion is based on the numerical
calculation of the potentizl profile‘and electron and hole den-
gities in one dimension. Some experimental results will also be
shown. BSections 3.4.2 and 3.4.,3 discusses the numerical calcu-
lation method and its accuracy. Section 3.4.4 gives a discus-
sion on low-level currents in z HMOSFLRT 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

Poigsson's equation for & semiconductor substrate with an

ijaplanted impurity distribution NIMPL(X) ig given by

U g 4

dxﬂ €y ﬁ

(P— N4+ Np— Vg Nryen(x) ] , (3.38) _

where U is the potentiazl in the unit of (kT/q). Electron con-
centration N, hole concentration P, acceptor and donor concent-

rations N, and N are expressed by

A D
P = Npexp (Up — U (3.39)
N o= Nrexp (17— & — Ug) ' (3.40)
Na = Nroxp (Ug) (3.41)
Np = Npexp (=Ug), (3.42)

According to LSS 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 distribution
exhibits & profile including the third central moment and can
be approximated by so called "joined half Gaussian". This 18

given by two joined Gaussians having different standard devia-
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tions as seen by the equations,

. - 2;\—1)'1" (X - J(l) )2
— % <x < R Npaprlyx) ﬂmvxp[— #:’ (3_43)
, : 2Npr (x — fty)®
1r1jI<X<m:A\IMPL(X}=mPXD[—T (3_44)
- 2 =02 t

where N is the total ion-dose, R, is the position at the peszk

DT il

of the distribution, and o4 and o, are the gtandard deviations

in the left half and the right half of the distribution.
Eguation (3.38) can be numerically solved if the value of

guesi~-TFermi potential E is given. The boundary conditions are

X=_T0X: T'=T'G (3‘4’5)

x = 0: ex{dl 7 dx) co = eox{dl dx) o . (3.46)
= «: U =0

" (3.47)

The numerical calculation of Eg. (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
the mesh gize hi is 2 R at the surface of silicon and is gradual-
ly increased according to the eqguation hiz dihi“l where o0 = 1.1 to
l1.2.  These values are carefully chosen go that the convergence
is obtained for any cases. The calculation is done up to a depth
of 5 um that corresponds to the maximus mesh number S The
potential profile calculation 1s performed until the condition
[U; . = Us 1] < € is sstisfied, in which €= 1073 for the cal-
culation of induced mobile charge L and g£= 2 x10 7 for the cal-

culation of the capacitance vs. voltage curves.
Once the potential profile is celculated, the corresponsing

gsurface electron density BSE‘(E) is calculated by performing the

integration,
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o .
fgr(f) = j Neexp (17— £ Tp) dy (3' 4’8)

0

where x, 1s the depth at which

the elegtron density is equal - .
to the hole density. o

The drain current can be 10"r Impurity profile
obtained by performing the : 1o

integral (3.17). However,
this needs a calculation of

double integral and thus re-

g™

guires a long computer time. =5um

In this section, the surface

electron density at the source -

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

n.n(Uglis chosen to discuss the
low-level currents. The reason potential and charge.

for this is as follows. In the

preceding section it was shown

that HSF(US)is in proportion to

the drain current both in the

tail current region and in the nonsaturation region for unimplan-
ted cases. tHirst, in the tail current region, and when UDS>1,

Zg. {(3.30) can be rewritten as

(RT/ '
In= W',u(' ]’ q) grgel g}, (3.49)
For the nonsaturation region, and when UD is small
Ip =\ IVp (I[D) q)?,sp(lvs). (3 . 50 )

This means that nSF(US) is proportional to the drain current in
both regions, and the multiplication factors are equal provided
UD:»l in the tail current region and UD = 1 in the nonsaturation

region are assuied.
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3.4.3 Numerical Calculation Accuracy

Numerical calculation accuracy was checked as follows.

st~ Vg
and the low frequency capacitance vs. voltage curve between the

First, a comparison of the potential profile, log n curve
numerical calculation and the theoretical analysgsis using F-func-
tion [50) was made for unimplanted cases. Second, the numerical
caleulation of log HSF"VG curve wag 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 from this

analysis are obtained by using the equatlon,

i Al sr S

= wn' — -b-l-

(" = Cox (1 M,G) ’ {3.51)
WhereAUSF is the difference of the two surface potentials that

correspond to the gate voltages UG+-AUG/ 2 and UG-AUG/E . In

C/Cox
] .
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Figure 3.16 Comparison of the low-frequency Figure 3.17 Comparisen between numerical cal-
capacitance-voltage curve between culation and experiments of log n.p-
the numerical calculation and the- Ve curves.

oretical analysis using F-function
for an unimplanted case.



Fig. 3.16, slight dissgrecment is seen when C/CO{:>O.9. Other-
AL

vige, the numerical calculations are in excellent agreement with

the theoretical points.

Figure 3.17 shows the comparison of the log n - V. curves
\T

ST
between the numerical calculation and the experisental measure-
aents for both unimplanted and implanted WOSFETs. The implanted
HOSFeTs have either single boron or phosphiorus layer, The experi-
mental results were obtained by measuring the drain current aft &
drain voltage of 30 mV and by substituting the values into Eg.
(3.50). This might cause some error in the tail current region
‘because the current obeys &g. (3.49). Actually this does not pro-
duce @ significant error as far as we discuss the current behavior
in a logarithmic scale. Therefore, 1t is used for convenience.
Proa Fig. 3.17, we can conclude that the orssent calculation glives
2 good approximation for the number of the induced electrons, that
means thaf the low-level currents in HOSFETs are accurately pre-

dicted by this analysis program.

3.4.4 Low-Level Currents in MOSFET with a Single-layer Implanta-

tion
Figure 3.18 shows log Ogp = VG curves in boron implanted n- -
channel HOSFETs. The parameters are ion-dose and the depth. When

the depth is shallow, z& shown in Fig. 3.18 (4), only the distri-
bution tzil within the silicon substrate contributes to the shifd
of the curves. Therefore, the amount of the threshold shift 1is
relatively small and almost a parallel shift of the curves 1s ob-
tained, lHowever, when the dose is high and when the peak of the
impurity'is well into the substra{e, the threshold shift is not
orogortional to the amount of the impurity within the substrate
and & saturation of the shift is seen. It is alsc noted that the
glope of the log Non = VG curves tends to become less steep in the

ce of a high dose.

n
@
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Flgure 3.19 illu-
strates the variation
of the potential pro-
files for various im-
plantatlon depths. 1In
the case of a shallow

implantation, the imp-
()

lanted impurity exists

in the surface deple-

tion region and inver-

sion region. This

{cme)

means that the slope
of the log Ngp = VG o
curve in the +$ail cur-

Nar

rent region is defter-

A I 1 1 {

3 o] J 2 3
GATE VOLTAGE (V)

mined by the impurity

concentration of the
Figure 3.18 Calculated shift of log ns= Vg curve due to

subgtrate. On the single-layer boron implantation. (A} Ru= —24
; R i A, 0’1202:3210A, (B) HM?%QOA,GJ.:UZ:’lBgA;
otner hand, in the ca- (C) Ru=800A, ,=0,=5384; (D) Ru=12204,

0’1:52:5?;74?\; Npr( 210" em ™), Np=5.9X 10" em ™3,
Tex=6504A, T=300K.

the surface depletion layer is shieslded by the implented layer.

se of deep implantation,

This in turn aeans that the iapurity concentration at the edge
of the surface depletion layer is high. This situation 1s siwi-
lar to the case where a gubstrate having a nigh boron concentra—

tion 1s used. VFor this reason, less steep log Nap = VG curves

are observed in such cases.

Figure 3.20 illustrates log n curves for phosphorus

sr ~ Ve
or arsenic implanted n-channel KOSFLET. Figure 3.21 shows some
of the corresponding potential profiles. These specles yileld a
negative threshold shift. #hen the depth of the implantation 1is
shallow, as shown in Pig. 3.20 (A), the behavior is similar to
the case shown in Pig. 3.13 (A), that is, tThe amount of the thre-

shold shift is small and the shift is almost in & paerallel man—
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ner, In the case of deep implantation and high dose, the thre- -
gshold ghift does not saturate, that is & cuite different beha-
vior as compared to the case of boron implantation, The unique
feature seen in the figure is the occurence of the residual cur-
rent. The residual current is caused by the iaplanted channel
region that is not pinched-off even when a large negative gate
voltage is applied. The amount of the residual current is large
when the total dose and the depth of the iuwplanted n-layer is
large. There have been severazl rzports published on the analysis
[291, [53], and experiments [51], [57]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

gevice does not cause a dete-

rioration of the circuit per- . L

formance in a static mode of o

operation. There are some -~

spplications in which the re— 5§ |

sidual current is advantage— | °

ous. This will be discussed 107 () 5 5

later. : slhofs b

From the preceding dis-

cussions, it was revealed that :E%;;"’ﬂ’ﬂ

g delta-function-like implan— ' (D)

tation yields a parallel shi- i

ft of the log Nap = VG curve. 0

This is a degirable gituation

in n-channel enhancement K0OS- o 5 o

FET for use in dynemic mewnory

circuit. One possible approa- T = e —— t

ch is, as has been shown in GATE VOLTAGE (V)

Fig. 3.18, a very shallow imM—  pige3.20 Caleulated shift of log ne-Vo curve due to

plamtation in that the peak R T ) e

of the ion-distribution is 260A; (C) Ru=4104, 7,=0:=3544; (D) Ru=
7304, 7 =02 =426A; Nor{ X 10"em™*), Ng=25.9%

within Si02. However this te- X 10"em ™, Tox=650A, T=300K
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chnique ig quite gensitive to the variation of the ion energy
and oxide thicknegs and might cause a large variation of the
threshold shift. Another possibility 1s to use arsenic or zan-
timony and to perform ion-implentation prior to the gate oxida-
tion. These impurities have relatively small diffusion constant
and thus the shallow distribution made by the implantation with-
cut gate oxide deoes 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 aakes

posgible a parsllel ghift of the log n VG will oce proposed

SE
in the next section.

3.4.5 Low-Level Currents in MOSFETs with a Double-Layer Implar-

tation

Thig section describes the effect of double-layer implan-
tation upon low-current level characteristics of MOSWET. dspe-
cially, the emphasgis is on the control and the design of the
tail current and the residual current. The double-implantation
that ig discussed in this seection is illustrated in Fig. 3.22.
Figure 3.23 shows various double implantation conditions that
are discussed in thig section. The doping profiles and the co-
rresponding potential curves for large positive and negetive bilas

are scheuwatically indicated.

(1) Cases (2) and (5) ~—-
s FHOS.

¥ i ' - oo /PORON
Parallel shift of log ng. - Fdééég%w _pm—
V—y curve 3 p- sub p-sub

i 11 (2)

Figure 3.22 Double-layer implantedr
et ug first discuss the MOSFET.

cages where almost parallel



N . .
snift of the log nSF_'JG
curves are optazined, As de-
Enhancement-FET
with steep log [5-V,
curve

scriped 1n the previous sec-

tion, the potentinl curves are

Enhancement-FET
with residual
carrent

significantly modifisa by the (3)

implanted ilmpurities, especial-

ly when they exist deeply in = &x////P_DWWMJH

the substrate because the poten-— w %fﬁ\ Sutrent !

tisl curves can not be controelled ; :

by the gate voltege, Thus, it is CREANY - EEKZ%L

desirsble to have & shallow and TZ:¥

Gelva-function like impurity A Enharcement-FET
[{3)] LE with less steep

distribution in order to have & : 109 fo-¥, curve

parallel snift of the log nSF_ impurity profite potential profile

VG curve., ay compensat il’lg for Figure 3.23 Imp]jﬁtatior.\l con‘;iitic;ms fo.z' controll- 7

the distribution tail of thé impu-~- iiﬂ;:?w?mziﬁmﬁi%in

each figure exhibit accumulation
and inversion cases.

rity profile, an eguivalent delta-
functlon-liike distribution can be
realized. In Fig. 3.24, the czlculated log nSF_'VG curves for such
implantation conditions are shown., These curves corresnond 1o

(1} eingle layer implentation,

10/5, &nd

(3) double layer implantation with NDTl/’NDmE::lO/7.

Total doges are selected so that the shift of the threchold is

1l

2} d 4 i1 tati v] J .
(2} double layer implantation with I\DTl/’HDT2

egual Tor each casgse. It is seen that the condition (3) gives the

-V
ST G _
the minimum residual current for the nsgative threshold shift.

gteepest log n curve for the positive threshcld shift end
Figure 3.25 shows the impurity snd the potential profiles for

these ccnditions. The figure cleerly illustrates the fact that
a delta-function-like impurity distribution is realized for the

-

main impurity especially when the ratio NDTI/NﬁWQ ig small. The
) Uile
shape of the potentisal profile ig drastically dir

ferent between
the single and the double layer implantations. For example, the
gepletion layer is shielded by the boron layer in the gingle layer

implentation case shown in Fig. 3.25 (2}, whereas the depletion

}
AT
o

|



layer extends to a deeper position in thne substrate in the double
implantation cage shown in (c)., rfor the negative threshold shift,
single layer implantstion, as shown in Fig. 3.25 (d), yields =
deep minimum in the potential profile curve. However, the depth
of the minimumn is reduced in the double iwmplantation case, and at
the same time, the wininum is shifted toward the surface. Thesc
features in the potentizl curve cause the parallel shift of The

log - VG curves.

n.
SF
In order to reazlize these double implantation conditions,

care should ve taken first to get a desirable threshold shift.

The simple estimation of the shift is given by AVT :(q/COK)K

(Bipgy = Npgo DS

into gilicon substrate. Second, the anount of the second i1mpuri-

), where W is the awount of the implanted impurities
ty should not be too much because eXcess compensation would cause
2 residual current in an enhenceilent mode MOSFET, and & less steep
SF“°VG curve in a depletion wmode HOSFET. There are so:me
other possgible apulicationsg for such conditions, and these will

log n

be discussed in the next paragraphs.
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Figure 3.24 Comparisen of the shift of log ngz-Ve curve due to single and double-layer
impurities. The main impurity is implanted in the surface side.
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(2) Cases (3) and (4) —-—-—-— M0S 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. Consecuently, MOS tran-
sistors with residual current are realized. Two examplegs of the
impurity profiles and the potential profiles for such conditions
are ghown in Tig. 3.26 snd fig. 3.27. These correspond to enhan-
cement and depletion mode transistors. The shift of the threshold

< . &
2 1
10 " W | .
6 F,
f " L' T : . Yot Be B %
! R o s, 12,0:1080 1237 49 M2
14 / Boron 25.0000 560 Uy 49 f~, poran  s.000"0  s60 9 4%
¥ L w I
: 07 } | .
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. Iepurity Profile i Impurity Profils
1 y o
LI _ . wd | \/ -
v b o |
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vi(¥)
s f
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" ' T potemtial Profile
‘Potsmtial Profils i
L 38
Figure 3.26 Doub,le-.layt_ar implantation for the purpose Figure 3.27 Double-layer implantation for
of fabricating an enhancement mode the purpose of fabricating a
transistor with residual current. depletion mode transistor with

residual current.
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ig determined by the difference oif the doses of two impurities
within silicon, &as has been stated previously, and the avount of
the recgidual current 1g defermined mainly by tThe dose of the se-
cond n~type layer and the depth. This indicates that it is POS-
sible to determine the threshold voltuge shift and the regidual
current independently.

The log nSF-VG curveg for various implantation conditions
to design the regidusl current are shown in figs. 3.23 and 3.29.
It should be noted that the case shown in Fig. 3.23 is obtained
when one over-compensates the tail of the first boron layer in
order to get an ennancement mode {05 transietor with leag gteep

log ng., - VG curves,

Sf
The M05 trawpsistor having residusl current can be used ug
load devices with & pulse signal at the gate electrode. A typi-
cal cilrcuit example 1g shovn in Fig. 3.30. The load transisiors
used in the flip-Tlop are designed so that very small resicducl
currents flow when the gute voltages are low. The loed pulse
goes high only when it 1s necessary to change tThe state of the

flip-flop. Thisg operation makes possible o very low stancoy po-

-~ o
E | UNIMPLANTED E
5 B 4x10"em2, 30 Kev &
£ P 120102cm 2 150 Hev <
" (3 -2
Fra e e
+ Tex= 400 A
[0 o1 oans [ EXPERIMENTS
B 4x100cr? 0 rocsoi ]
g 2 “Oucm_g P 1 *10%cm?
P 1.2s10%m B £4x10"cm?
- P g=10"cm?
. . B 1.25%10" cm™, 30 KeV
To.jsoo,?s 4 P 4.5%10% cm™ 150 KeV 5 Ta=500 &
?JB_;S(TJOKcm (o Ng= 1= 105cm3
i _ T =300K
~—SINGLE LAYER
B 8x10" cm?
R e NS D A N L R
GATE VOLTAGE (V) GATE VOLTAGE {V}

Figure 3.28 Log ns-V; curves corresponding

Fi 3.29 Log nge- Ve di
to CASE (3) in Fig.3.23. 1gure g DNsF- Vo curves corresponding

to CASE (4) in Fig. 3.23.



wér because it 1s determined by the residuzl current of the load
transistor and this can be reduced to an order of a nano-aiipere.
An advantege of this circuit is that it operates in a stetic mode.
The high level voltags of the memory nodes is kept high and the
residual current of the load device prevents the high node to be
discharged. TIn other words, the equi#alent circuit when the load
'pulse is loﬁ has residual current sources between the supply line
and the memory nodes. This 1s a quite effective way to reduce the
power dissipation of the memories and microprocessors while keep-

ing ite static operation.

Voo

LOAD -

:]l l . MOSFET WITH
‘ RESIDUAL CURRENT

Figure 3.30 A quasi-static latch utilizing MOSFETSs
with residual current.

(3} Case (6) ==~— remote cut-off log ID-VG curve

Let 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 HSF"VG curves and the potential curves for these conditions
are shown in Figs. 3,31 and 3.32.
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Figure 3.33 Experimental results of log nge

V¢ curves for the condition shown

in Fig. 3.31.

b El o o -
2 bT b 1 2 ~ H R, o -3
- T s 11 o BT ® 1
. = Phos. a - 2
7 . N o o T hos:  E.081010 500 833 an & Phos.  1.2410) b0 §3y e
g ' = .2 .
L3 Boron  1.2010Y2  ls00 787 767 ot Baren  1.2x18 1400 767 787 5 moron  1.2<10% 1400 767 767
Wi L wiP 1007
- s e B <
~, - i 5
kY g {n ," K
i F ! [ ! -,\ 5
N T | N
o ¥ ! i ,
: " Y v N
s \ Impurity Profile 115 ' “ [fmeusity erofile : n,  Impurivy profile
LR i B ol : :
— i .
I - !
W't L witl 1wt
o - soo0 A - . -
1l¥ 5000 X 1013 1nl3; s090 &
..... I 5
s P -
-0 = ~d < p-24
vgtel Potential Profite . Vg (vt v 7 Potential Profile
5], : /
) LR T W
.
Lo B -
1.0 e
1.5 e -
2,8 ]
p

Figure 3.32 Potential profiles corresponding to the case shown in Fig.3.31.

- 63 -



In Pig. 3.32, it 1s seen that the depletion layer is shielded Ly the
boron layer for these lumplentation conditions. Thus this is equi-
valent to have a highly doped p-type substrate. The slope of log
I -VG curveg in weak inversion region 1g, therefore, correspor-
dingly decressed as shown in PFPig, 3.31. The threshold voltage can
be independently controlled by the n-type iwmpurity at the surface.
This means that the control of the slope of log HSF_'VG curves
withiout threshold shift is even possible. Figure 3.33 illustrates
the result of the meamsurements for HOSFET fapricated Correspon-
ding to the theoretical prediction shown in Fig. 3.31. The cor-
relation geems satisfactory.

o CUY—

In genersl, the maximusa velus of the slope of log nFF-V
D
ves 1g determined by the doping of the substirate bectuse compensa-

oS!

tion for the substrete doping is extremely difficult. The doubkle
layer impluntation only realizes lesgs steep curves in comparison

to the unimplanted cage.
3.4.6 Conclusion

Low-level currents in KOS transistors with single and double
layer implanted impurities have been discussed. 4 single boron
layer in n-chennel trangsistor causes positive threshold shift,
however, the slope of log ID-VG curve in weak inversglion region
tendg to become less steep thian that of unimplanted MOS transis-
tor. On the other hand, a single phosphorus layer or ersenic lay-
er in n-chennel MO05 transistor causes negative threghold shift,
but residual current occurs. These features should be carefully
congidered in designing the threshold shift by ilon-implantetion.

The double layer implentation of opposite type lmpurities
mekes possible a control of these low level currents. Some of
the examples discussed in this section are:

(1) rarzllel shift of the log I,- V. ( log ESF"VG) curves both

for enhsncement and depletion mode transistors.
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(2) Transistors with residual currents for load devices that fea-
ture in quasi-static operation of & flip-flop cell.

(3) Transigstors 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 Cul3

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 NOSFET Analysis
3.9.1 Introduction

Double-~-diffused MOSFET ( DMOSFET ) was first proposed by H.
Sigg [54) , and Y. Tarui et al. [55] The DWMOSFET differs from the
conventional device in that a p-type channel region having a higher
doping than the substrate is formed by succesive diffusions of bo-
ron and phosphorus'or arsenic. The second n-type diffusion makes
n’ source and drain regions and at the same time, determines the ' |
length of the channel 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, originslly the Di0SFaT
hag ssymmetrical structure about its midpoint. Symmetrical 05—
PET having double-diffused regions oboth at the source and at the
drain, is algo useful device in memory applications in that bi-
lateral switching is needed. An application of the symnetrica
DHOSFAT to & simplified CMOS device will be discussed in Chapter 5.

A signiticant advantage of the DHOSFET is that it realizes
effectively short chawnel device without tight mesk 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, oOhta et al. have fabricated an integra-
ted logic circuit having a gate delay of 2 ns. [&ﬂ A high fregu-
ency DUOSFET having an f; of 2 GHz has also been reported. (54]
Since the power-delay product basically stays constant for o fixed
circuit configuration and power supply voltage, this feature can
be utilized for reducing the power dissipation of integrated cir-
cults.

In this chapter, an anelysis of DHOSFET is dealt with. The «©
simplest way to analyze the DMOSTET is to express the device as
2 series connection of enhancement and depletion regions. This

spproach coincides with an anslysis of E/D gate ( Enhancement/



Depletion gate ) MOSFET done by Mesuda et al, [59] T. J. Rodgers
et al, apnlied the E/D theory to analyze the DUO3SFET, in which
they modified the theory by taking velocity saturation of cerriers
and substrate bulk charge effect into account. [60] Numerical ana-—
lyses of the p-p  type DHOSFET were reported by Lin et al., [61]and
by Sekigawa et zl. {62] These analyses used varying levels of appro-
ximation, but their accuracies have not been entirely satistactory.
The purpose oFf this chanter is to present a more precise  nu-
dericzl snolysis of the DMHOSFET in order to give a paysical insig-
ht into the operation of DMOSPET. The anslysis is made in suca a
way that will make possible to analyze several different D05 st-
ructures. These include both the symmetrical (p-n-p and p~-p -p
type) and asymmetrical (p-n and p-p type ) Da0SFETs. An accurate
form of mobility as functions of the drain field, the gate field
and the doplng ié considered in analyzing the device. A briel coan-
parison of the existing theories and the present analysis is 1llu-

strated in Table 3.4.

Table 3.4 Comparison of the existing DMOS analyses and the present analysis,

CIRCUIT ORIENT DEVICE ORIENT k
|
H, MASUDA T.J. AODGERS H.C.LIN PRESENT WORK |
T. MASUHARA S ASAl W.JONES i
et al, et al,
l
G
: |
p P i
= fli. - |
s TTLITT o (5o 7T T Vo L, |
. -
i Y l
p=-n
p-p-
p-n-p
! p—-p-p
,f ‘
| CONSTANT VELOCITY SATURA-| CONSTANT MOBILITY -
MOBILITY TION INCLUDED MOBILITY p (Ex,Ey, Ng)
NO BULK CHARGE WITH BULK Qply) Qp(y)
CHARGE EXACT POTENTIAL




3.5.7 Chnarge and Current Equations of DUMOSFET

A three-section model of a typical p-n type asymmetrical
DifCSFET is shown in Fig. 3.34. The device is divided into p-type
chennel region, n-type drift region and drain region. In each
: region,'the concentration of charge is approximated as described
in the following.

(L) P-type channel region
The charge eguation for the free electron charge density Q

N
is approximated in a manner similar to that descrived in FEgs. (3.

24) to (3.26) in Section 3.3. Total surface charge Qs bulk char-
£e QB and electron charge QN are given by the following equ&tions
as functiong of surface potential US

Fermli potential U, and guasti-

I F

Fermi potential F .

: Usp— £ -0 Uy | 2
_ i SF ¥ Fy”
Qgp= = Op (=5 ) [ e + Ugpe ] (3.52)
U, %
_ KT 77 i}

where GD iz Debye capacitance.

The surface potential USF
is given by solving the equa-
tion reiating the gates voltage
UG to the surface potential and
guasi-Fermi potentizl as seen

oy

U= -0
SF F .
UG=U5F+'6[_8 + p
U, %
By 7 Lt
Uge . (3:59) »
|
In order to express the varia- i
tion of doping along the channel ’ n

Figure 3.34 A three-section model of
DMOSFET.

i
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Fermi potential UF::ln.(NA-ND)/’ni i1s agsumed to be a Tunction

of position. Strictly this is not correct because UF igs originally
definied in the substrate and the variation of doping gives rise to
a variation of built-in potential, This assumption is equivalent
t0 express the entire transistor as a series connection of many se-

parate transistor sections having different dopings.

(2) N-typs drift region -—- region 2
The bagic equation (3.16) was modified assuming negative UF
and zero vulk charge QB. Electron charge QN is given by the egusz-
tion,
U —§ - U2
_ _ KT ST F1% !
QN“'QSF— "'CD( q )[e ] (3'5&))
where USF is given by the solution of the egustion,
Uup— g ~-U -U.. %
- SF F F .

In some cases this region has p-type doping. In such cases
Bgs. (3.52) to (3.55) are continually used for this region.

In Egs. {3.59) and (3.57), UG
This is calculated taking the effect of surface state density N

is an effective gate voltage.

g8
and the gpacial variation of work function difference ¢q%’ as sgeen
531N

by the equation,

ol

Up= (Vg-Pyg+ 5 =) (gr) - (3.53)
0x

EP' -

Pus = Pu- (X +—=+ ¢p) (3.59)

{3) Current equation in regions 1 and 2

The mumerical calculation in regions 1 znd 2 was dones in the
following manner. First, at the source guasi-Fermi potential and
gsource voltage was set to zero. Corregponding charges Cops QB and
QN were determined from the Eguations (3.52) to (3.54). The values
of guasi-Fermi potential at subsequent points were calculated froam

the current equation,



aE Ip -
= (3.60)
W pogW(kt/g)

where p 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 thé_surface
field EX is considerably larger than the drain field Ey. According-
ly, the analysis continually checks on the indicated sizes of Ey and
B in the regions 1 and 2. When Ey becomes greater than B, 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:

2

d"u g 1 ( J
- = - —_— qN e ) (3‘61)
dya kT €g A v
= ) .62
J=1,/(Wx,) (3.62)
X.—-X
D C
XS“'W (y"yPo)"'XC (3-63)
Ly
where v is carrier velocity,
and other parameters are illu-
strated in Fig. 3.35. Y =¥po Y=Ly

The program per- channel

Xd drain
formsgs numerical integ-

ration of quasi-Fermi

potentizl using Eq.
(3.60) in regions 1 and
(3.61) in re-

gion 3 for a given cur-

Z and Eqg.

DRAIN REGION

(3?

rent. The final wvzlue

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, ag 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,

: a.—L1/4
}lzﬂo[l*'(POEy/véat)] (3.64)
-1
l -r
HPa =M T+ 1+8FE ' - (3.65)
0 Pax 1+0.76 N/, ][ )
r = pmin//Pmax = 0.1, ‘ (3.66)

-3
where ¢ = ? for electrons, and $=1 for holes, er 6.3 x 1016 cm -,

saturation velocity v_,, =0.9% 105 m/s and © =‘1.68X’10_8HVV.

The dependence upon doping given by Eq. (3.65) and the drain field
dependence given by Zg. (3.64) are using the same form for bulk si-
licon. {637, [241 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- 7
pleg listed in Table 3.Z2.
The velocity field rela-

.

[ FIELD Eq
[ (%107 v/m)

{m/s}

tionship for several con-

ditions are illustrated
in Fig. 3.36.

VELOCITY

L TR T A |
105 106
FIELD Ey (V/m)

i 1
107

Figure 3.36 Drain field (E,] dependence of
mobility with gate field {Eyx) as a
parameter. Low field mobility of
1000 em*/V.s is assumed.
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3.5.3 Results of the Analysis and the Comparison with Measure-

ments

One of the purposes of this study 1is to compare the dc-current
behavior and the potential profiles in various DMOSFET 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 asymmetrical structure.
For integrated circuit applications, it is common to use p~ or =
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 complementary KOS circuit. This will

be discussed in Chapter 5.

(1) Analysis of standard MOSFET

5 D
Before going into discus- P
sions on double-diffused st-
ructures, let us first examine ®  ratoare LT
the results of the analysis for
standard MOSFET. The reason. \
for this ig that the current- P e P "
p-p" DMOST P- n” DMOST

voltage behavior is well under-

stood and through the compari- N /
son of the results with experi- ‘

4 p P

ments the accuracy of the pre- I——— R

sent analysis technique is ve-

Figure 3.37 Various DMOSFET structures

rified. analyzed through this study.
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1
Figure 3.38 shows ( ID)ﬁ”vs. V., curves in the saturation re-

gion for long channel devices havigg channel lengths of 20 and 50
micfons. Three samples having gate oxide thicknesses of 220 ﬁ, 600
A and 1470 ﬁ were used in order to demonstrate the agreement of the
theoretical calculation with experiments over a wide range of gate
field By Calculated curveoassuming 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 potentizl profiles and
'mobility-variations along the channel for MOSFETs having various
channel lengths, For long channel case, the mobility 1s 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 & 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.,

w0 DEASI FERMY POYENTIAL MOBILITY 41000

.
Tom (A} 220 600 1470 L=18 pm

B

L= 8 pm

MOBILLTY  (omd/ V 5}

Hg)V2 (ma)V2

100k
EXPERIMENT

p Ex)
o p CONST,

GATE VOLTAGE V)

QUASI FERM: POTENTIAL I!J UNIT )

L]
-
>l
i "

Figure 3.38 Comparison between the theory 100
and experiments of (In)z versus
V& curves for conventional
MOSFETs having gate
oxide thickness of 220 to 1470
A. The channel lengths for 1
these samples are either 20
or 50 gm, Figure 3.39 Quasi-Fermi potential and
: mobility varitions along the
channel in standard MOSFETSs.

DISTANCE y {pm)
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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,draiﬁ voltage than that expected by the
constant mobility theory. In Fig. 3.40, calculated drain current
va, drain voltage curves for gamples having the same agpect ratio
W/L but different channel lengths are shown. It is seen that in

the short channel cage the value of

the saturation drain current is Vgad.5 Vv
L L=18pm

apout 60 to 70 percent of those in

long channel devices, that is cau- L=6 pm

ged by the lower saturation volta-

ge due to wveloelity saturation. L=2 pm

Thus, the shape of the velocity-

field curve affects on the shape 12300 K
+ Tox=600 A
W/L=z40

Hmax=1000 ¢mZ/v.5

DRAIN CURRAENT [mA)

of the corresponding current - vol-
tage relationship near and beyond -

the saturation drain voltage sig-

nificantly.
DRAIN VOLTAGE (V)

" Figure 3.40 Caleculated I versus Vp
curves for standard

(2) Analysis of Double-Diffused MOS FETs having various
MOSFET channel lengths. W/L is

equal for each case.

In standard MOSFET, the current is inversely proportional fo
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 DNOSFET having
various total chennel lengths LT. The length of the enhancement-
type charnel region is kept constant. The drain current at the
saturstion drain voltage is shown as & function of the gate voltage
for these structures in Fig. 3.44, From these figures, the follow-

ing features of the current-voltage relationship of the Dn0OSFET are
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pointed out.

(1) The drain current in the saturation region is not inversely
proportional to the total channel length, Especially, when
the gate voltage is low, 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'

rable for applications that require low on-resistance. For

Thus shorter channel length is desi-

example, the driver transistor 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 eguivalent resis-
tance of the load. |

Let us discuss the effect of the doping profile on the device
behzvior in detail. The variation of the gquesi-Fermi potential
and mobility along the channel is shown in Figs. 3.45 to 3.47.
These correspond to the structures shown in Pig. 3.41 to 3.43. It'
ig 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. (orrespondingly, mobility dips are seen there,

The first high field region, at the source end,hss never been seen
in standard MOSFET. 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. For instance, in the device shown in Fig. 3.47,
that has only p-type 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 gample having
a total channel length of 4 pym as shown in Fig. 3.48. It is seen
that the agreement is good in.the non-saturation region. However,
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Figure 3.41 Drain current versus drain
voltage curves for p-n type
asymmetrical DMOSFET
having L+=_8um.
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deviation is seen in the saturation region. In order to obtain

& 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 relationshin
near the saturation velocity, the saturation voltage and the satu-
ration current vary correspondingly. Therefore, further study is
needed on this peint. We; thus, conclude that for design purpose

the accuracy of the present analysis 1s good.

We have discussed the current vs. voltage curves and poten-

16

tial distributions of p-n 200

type asymmetrical DMOSFET.

— THEOQORY
+ EXPERIMENT

P-p~ type asymmetrical
DMOSFET exhibits gimilar
behavior because the only
Vg (V)
10

difference exists in the
fact that the threshold
voltage in the drift re-

gion is lower in p-n type

—

- 0
device than in p-p type 0

device. This gives rise
to smaller saturation cur-

rent in p-p type device.

The comparilison has been
done'by Rodgers et al. in
Ref. [60], and is not re-
peatad here.

0 - L J
5 10
BRAIN VOLTAGE (V)

Figure 3.48 Comparison of the theory with measurements
of drain current versus drain voltage curves
- 79 - for p-n type DMOSFET having Lr=4uzm.
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Symmetrical DHOSFET is an important structure in memory appli-
cations bebause bi-lateral switching action isg inevitable in dynz-
mic memory. This also has advantage in fabrication. In asymmetri-
cal DUQOSFETs, a masking step is needed when p-type channel region
is implanted. However, in short channel device, this masking step
is very critical because the mask has to be aligned within a tole-
rance of LT/'Z. In gymmetrical DMOSFET, this alignment 1s avoided
becsuse 1t is not necessary to distinguish the drain and the source
windows in implanting the p-type impurity for the channel region.

An example 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 gsame parameters as the asymmetrical
device shown in Fig. 3.42, except that the symmetrical device has
& p-region adjacent to the drain, From the compariéon of the two
figures, it is seen that the
saturation drain voltage is
lower for the symmetrical WP
device, This is becsause the "
gaturation drain voltage is
determined by the doping type

and concentration near the

DISTANCE ()

drain. This results in a
lower saturation current in

the symmetrical device, For Vg (V)

e
=3
-2

instance, it is 70 percent of o
that of the asymmetrical de-

vice at VG:=10 V, and 60 per-
cent at VG::B V. It is expec-
ted that the breakdown voltage
for the gymmetrical device is

lower than that of asymmetri- . E/ °
o

cal device becauge considerably 5 — R =
AIN YOLTAGE (v)

DRAIN CURRENT (mA)

high concentration of the fie-

Figure 3.49 Caleulated drain current verses
: drain voltage curves for a pn-p
type symmetrical DMOSFET
having Lr=4um.
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1ld is obgerved near the drain due to the high doping. Thisg, 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 applicafion of the symmetrical DMOSFET is n-channel
device in CMOS integrated circuit. The DHOSFET 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 from
the source window and from the drain window touch and form a merged
p-well. The corresponding doping profile is p-p -p type symmetri-
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 MOSFET was presen-
ted. The anzlysis 1is based on a three-section model of the DiOSFET.
The following second-order effects are included in this znalysis;
(1) the diffusion current component, (2) exzect calculation of the
surface potentizals 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 anralysis can be applied to wvarious double-diffused #OSFET
structures, both symmetrical and asymmetrical.

Comparison of the dc-current behavior, quasi-Fermi potentizal
distriobution and mobility variation along the channel between the
double-diffused MOSFET and standard WMOSFET was made. It was found
that a high field region exists at the source end of the channel in
the double~diffused MOSFET. 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 analysis gives



gocd prediction of the current behavior with a short computer
time.

| The double-diffTused HOSFET has a number of advantages over
conventional MOSFET 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 drain junc-
tion and thick oxide allowed to ohtzln the same short channel effe-
¢t as conventional device. These in turn mean that the one-dimen-
sional analysis could be effective in a short chamnel devices that
is not the case in conventional #OSFET. The present analysis,
therefore, provides & good design tool in designing future integ-
rated circuitsg utilizing double-diffused MOSFET. |
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3.6 Conclusion

This chapter presented accurate anaslyses for the de-behavior
of various types of #0S transistors. The conventional MOSFET,
the il1on-implanted HO3FETs and the double-~diffused MHOSFETs were
analyzed.

A precise model for MCSPFET 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 HMOSFET, the subthreshold or the tail-cur-
rent region, the gaturation and the non-gsaturation regions, were
derived. These equatlons were proved to have excellent agreement
with the measurements. This indicates that exact calculation of
the surface potentials utilized in the present theory is guite
effective in order to obtain accurate approximation of the current
near and below thresheld voltage.

A numerical analysis of the 1Qg ID-VG or log nSF-VG rela-
tionship and of potentizl in the surface space charge region was
made for ion-implanted KMOSFET. The basic limitations of the thre-
shold cshift technigue by a single-layer implantztion, occurences
of less steep tail current in boron implanted MOSFET and residual
current in phosphorus implanted WMOSFUT, were solved by the double-
layer implantatiomn. _

A numerical analysis of the double-diffused KOSFET that has
2 doping profile toward the source-to-drain direction, was per-
formed. The analysis is based on basically the same accuraste char-
ge approximations used for the anslysis of low-current region in
the standard HOSFET in Section 3.3, but care was taken with vary-
ing doping profiles and high field effects. TFairly good agreement
of the current versus voltage relationships was obssrved between
the theory and measurements.

These models and analyses will provide theoretical basis 1in
designing the transistors for low-voltage @nd low-power applice-

tions.
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CHAPTER 4 DESIGN AND EXPERIMENTS OF DEPLETION LOAD (ENHANCE-
MENT/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 a2 very complex process and low circuit den-
sity. PFor the E/D configuration the process can be much simpler,
and the density of the circuit is even higher than E/F confizu-
ration. This results in a higher yield and a producability of
largsr chip sizes. These features have enabled a very wide use
of the E/D configuration for medium power, five-volt, TTL com-
patible ISIs. The p-channel version (1}, has extensively been
manufactured, and the emphagis 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; (1) Use of A1203 and 8131\14 for the sghift 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 bve
operezted with sufficiently large noise mergins, the design approa-
ch is based on this viewpoint. The switéhing perfbrmances and the
power also will be discussed over a wide range of the operating
voltage,from five down to 1.5 volts. 7

The measured results will be shown for a single NOR gate and
a 20483-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 insulztor of Siog/mzo3 double layer and
depletion mode MOSFET having a gate insulator of SiOQ/'phOSpho—
silicate glass double layer.

Application of the E/D configuration to the peripheral cir-
cults 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 RAM array will be compared with the cal-

culation by & 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 Hguations
Por the purpose of simplifiying the design, the simplest cur-

rent equations of Hofstein model are employed. In each region,

these are given by

(1) Cutoff region v,-v, =<V,

I=0. (4,1)
(2) Saturation region 0<V,—Vi-V, <V, - ¥,
I=(8/2)(Ve — Vs — Vp)2 - (4.2)

(3) Nonsaturation region V,— Vs < Ve -V, — 7,

I=Bl(Ve—Vam Vi)V — Vi) =}V, — VoY), (43)

in which,
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g W, .
LT, (4.4)
where VD, VS and VG are drain, source and gate voltages, and VT

denotes the threshold voltage. Although the term "pinch-off wvol-
tage" is commonly used for depletion mode HOSFET, "threshold vol-
tage" is used for both WOSFETs in this chapter.

The threghold 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 veried in actual use. The modulated threshold is given by
Vo= Valla = 0) + K[(Ve + 260" = (260" | (4.5)

in whichw?F is fermi potential, and K is the constant given by

K = (Tox/eox) (2qesN)'""* | _ (4.6)
B. 3tatic 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

schemstically. Several characteristic voltages representing the

voo

DEPLETION-TYPE
" MOSFET

Vour

Vin € NHANCEMENT —TY PE '
| vl
— |~ mosrer ‘
(]
A ]
VoW VD VeI Vep VorFs VoD

INPUT VOLTAGE

OUTPUT VOLTAGE

Figure 4.1 Inverter circuit with a - Figure 4.2 Schematic dc-transfer
depletion type load. 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 egual to the
supply voltage appears at the output node.

Vore = Von. ( 4.7 )
Other circuit parameters, on-level V.. and circuit threshold_vcl
and V_, are approximated by using figs. (4.2) and (4.3) for the
driver and the load depending on the operation regions, and seen as,

VON”—‘VTi /(20 Vpp=Vop ) BR) (4.8)
Vor® Vo /{Bg (1+5)) * * Vrp (4.9)
Voo =={2/ (38, )7%"]\1TL +Vop | (4.10)
Vi1 =Ve1 ~ Vop (4.11)
Ve =Vorr~ Veo | (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 ig 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. kquation (4.9) is derived in an op-
posite manner, Care should be taken, therefore, when the inverter
does not show normal dc-transfer curves. In such cases the assum-
ptiong are not true and these Equations are not valid. ‘

The largest noise margin is obtained when the inverter swit-

ches at V., _.=3V This condition is eXpressed by using the cir-

IN D
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cuit threshold voltages Vcl and ch as seen by the equation,
Vop + Voo = Vyp- _ (4.13)
From £gs. (4.9), (4.10) and (4.13), the relationship between the

two threshold voltages VTD and VTL
margin condition is calculated, and is seen as,

to gatigfy the largest noise

1 4 1 '
2V - 1 4 (= )'E"}V =
o {[IBR (1+p )" 3Pg e

K((vVyy +295)% - (2%3)

[ A ( l-*/”R)]g

Next, let us discuss a generalized degign approach using di-

fa

58]

]

+Vpp = (4.14)

mensionless voltages. Edgs. (4.7) to (4.12) can be expressed by
using dimensionless or normzallized voltages v (::‘r/'VDD }, as
follows.

Vogp = 1L , (4.15)
v
v, = Ll (4.16)
ZﬂR(Il— th)
v
1
v = v, .- T (4.17}
cl td =
(P C1+B3))"
g
v =V, = ( ——— )Ry
2 td 1 (4.18)
Vm1 T Ye1 ~ Von | (4.19)
Vo = 1= Vo | {(4.20)

The effect of the threshold voltage modulation due to substrate
bias is neglected in these eqguations. For largest noise margin
condition, &q. { 4.14) is modified to the following form.
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OUTPUT YOLTAGE (V)

2v, . - = 1 (4.21)

1 4 %
| s (—— ) }v -
ta {[ﬂR(upR NE 3B, 51

Before going into detailed discussions on optimum design of the

inverter, let us briefly examine the influences of the device pa-
rameters on the de-transfer curves. Figure 4.3 (1) to (3) show
the examples of the dc-transfer curves of the E/D inverter ope-
rated with 5-volt supply. These are calculated results based on
Egs. (4.1) +to (4.6). The parameters are (1) substrate bias cons-
tant X, (2) driver/load transconductance ratio By, and (3) load
threshold voltage VTL' The features of the transfer curves seen
in Fig. 4.3 are:
(1) Off-level is equal to the supply voltage.
(2) The circuit threshold is higher than the threshold voltage
of the driver MOSFET.
(3) Both the geometries and the threshold voltages of HO3IFETs can
be adjusted to obtain large noise margins.
(4) The circuit threshold varies with the substrate biass constant

K.
PARAMETER X PARAMETER fBr PARAMETER WVTL  ASSUMPTIONS:
L F AN
Bars K. saay'?
K205y Bax| VLS =1V ety
5 Ke0 25y 3 5 Busps >
K v'’2 E | Breo2s |§
[l
5 3
ASSUMPTIONS o ABSUMPTIONS: >
2ot > K =08 yi/z -
= VeIV =]
Vig o IV =] ¥na-L8V o
vn =18V = [
2 3
o
o N " " L L L 4] " L i 0 L L i n n
o 5 o 5 o 5
INPUY VOLTAGE ({V} - INPUT VOLTAGE (v} INPUT VOLTAGE (V)
-+
(1) (2) (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

c1’ ez Vopw
Next, let us consider =z generallized design approach of the

circuit voltages V and VON quantitatively.
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 shownh in Fig. 4.4
are drawn on a Via — Vi1 plane that are calculated from Eg. (4.16).
In the figure, the two circuit threshold voltages Va1 and V.o are
obtained, These are calculated from the following equations that
are derived from Egs. (4.16) to (4.18).

1

1 ;.. 2 2 2
Via :FS( ‘vclfss*von)_[(vclps_von) "Fs(vclﬁs—gvon)]
(4.22)
Ps = 1+PR, | (4723) 1
voi=: (3v,-4v ) +[(3v ,-4v )2 3(3v 2-8v )]
td 3 c? on c? on cz on ]

(4.74)

Let us show an example of how to use the figure. First, we assu-
me that vtd:=0.2 and thf:"o‘4’ that is VTD==1 V, and VTL==—2V'
when the supply voltage is 5 volts. The figure indicates that
%{: 1.1 is appropriate for vonzzo.l. The corresponding circuit
threshold voltages are: vcl:=0.48 and v02:=0.66. Thig means that
thie design is slightly off from the largest margin condition.

In CASE (B) , we calculate Bg. (4.21). The resulting curves
for the relationships between Viq and Vigq 8re shown in Fig. 4.5.
For convenience, constant Vop CUrves are also shown in the figure
which are obtzined from Egs. (4.22) and (4.24). A design example
shown in the figure indicates that when vtdz:O.Q and Viq = - 0.3
are assumed, ﬁRf:O'85 gives the largest noise margin. The corres-

ponding Vo= 0.066.

- 90 -



The generzsl desgign utili-
zing the normsllized voltages
described here i1s 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 errcr in cal-
culating circuit threghold vol-
tages. [Especially, high level
circuit threshold Vcl is strong-
ly influenced by the substrate
biag effect as shown in Fig. 4.3.
This gives rise to an error in
calculating noise margin le.
Consequently, this is a good
appfoximation only when the va-
lue of K is small. This condi-
tion corresponds to fhe case in
that a thin gate oxide and a low
substrate are chogen.

The zbove discussion indi-

cates that for more accurate de-:

gign, separate design diagrams are

needed depending on the gpecific
supply voltages and device para-
meters determined. Two examples
of the design diagrams for the
largest noise margin condition
are shown in Figs. 4.6 and 4.7

teking 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 wheanTL]
is low, This is because the con-
ductance of the load device ig
significantly modified due to the
variation of the threshold volta-
ge. When IVTL1 is too low, the
load transistor beccmes enhance-
ment mode 1if the source node 1is
high level,
vel VOFF equal to the supply vol-
tage VDD’ this state should be
avoided, and the load threshold
IVTLIshould be above a certain

To obtain a high le-

limit. This region is shown 1in
Figs. 4.6 and 4.7.

Let us see the difference in
designing optimum conductance ra-
-tu>ﬁR at different supply volta-
geg, We assume that Vig = 0.2 and
vtl::—O.B are chosen, These cor-
respond to VTDzle‘ and VTL:-—4‘V
for VHD: 5V, and VTD==O.3 V and
VTL=:#1.2V' for VDD: 1.,5V. The
optimum values of ﬁR are 4.5
from Fig. 4.5 ( normallized vol-
Ctage ), 3.6 from Fig. 4.6 ( Vop =
5 V), and 4.0 from Fig. 4.7 (
VDD::l.S V). It is seen that
at lower supply voltages, the ef-
fect of the substrate blas is not

gignificant.
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The discussion so far has neglected the influence of the
low-level currents described in Chapter 3. It is,however, noted
that the coptimum value of the threshold is relatively low for
1.5-volt operation. This indicates that considerstions on the
tail current in the driver MOSFET are needed for more precise

degign.
C. Transient Characteristics and Power-Deley Product

It is well known thait in the enhancesment-lcad inverter, the
current through the load trarsistor is in proportion to V2. In
E/D configuration described here, the load transistor exhibits
a nearly constant-current type current-voltage relatiomnship. For
this reason, the E/D configuration 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 sre made in this comparison.
(1) Both circuits are operated with single power supplies, that is,
v for the enhancement-load and V

GG DD
(2) 0ff-levels are equal for both circuits, thus, V

for the E/D configuration.

=V + V...

GG LD T

(3) On-levels are eqgual for both circuits.
(4} The driver MOSFETs have the same channel geometries for both

circuits.

In the E/D configuration, a time %, ,, defined as a time to

2y
charge up the voltage at the output node from the low level to a
half of the supply voltage, is approximated by
C
ban ™ g ay (4.25)

in which ¢ is the capacitance at the output node, and the substra-
te biss effect is neglected. In the case of the enhancement-load

operated in the saturation region, t% E ig given by
. ?
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2C :
t e\ J— \
/2. E .BL,E(VGG T VT) . (4.26)

From the assumption (2), the ratio t, H1/’5; D leads to
- 2yl =1
Ly ~ 2v”2(_};__€) . (4 . 27)
t!/l! ol R.D H

where driver/load conductance rati£>ﬁﬁ is used instead of BIJ

Since the on-resistances of the driver MOSFETs are equal for

both circuits, the load currents should be equal in order to satis-
‘ . 2 _ 2 e s

fy the assumption (3). Thus, Vg, ’/PR,D""VDD ’/ﬁR,E‘ Substitu-

ting this relationship into Eqd. (4.26), we have

(4.28)

ll/i.E

.

3]

Lyz,o
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 enhancemsnt-load inverter. If 2 comparison ig perforaed 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 Pig. 4.3, the results of the detailed computer caiculations
of the turn-off characteristics of the E/D inverter are shown in

that the effects of the three device parameters XK, FR and VTL are

PARAMETER K i PARAMETER £8n PARAMETER Vr_

st : - st st
>
5 K205y
o K=0.25v"*
° .
> K=0 ASSUMPTIONS : - ASSUNPTIONS:
5 CeleF K »asvur ASSUMPTIONS :
-8 Vie=isY [ K rogyiz
5 LA s-lmy Crhor
o fo =ITOUBAY by By !

Py m 17008/ Y 827 170,87V
0 . : N 1 0 L " ] " i
0 50 100 50 o 50 100 50 0 50 100 150
TIME (ng) TIME [ns) TIME (na)

Figure 4.8 Calculated turn-off responses of the E/D inverter.



illustrated. It is seen that when the substrate bias constant X
is large, the turn-off time becomes large. This is caused by the
departure of the load curve from the constant-current type duve 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 variation 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 =2 stage in an inverter chain congisting of
the inverters having the same design, gives a good estimation of
the delay time in actual logic or memory circuits. Since the wva-
lue of the parasitic capacitances bestween the stages strongly de-
pends on the device and lithography; the capacitance was normal-
lized to 1 pP. Thus the delay per picofarad as denoted by td/C
(ns/pF) was calculated. Figures 4.9 and 4.10 show the delay at

VDD::S V and 1.5 V. On-levels are shown in the figure because it

1/
o 1/8p 5 o ] An .
- v T T
Vpp=15V
" Vpps5V Vip=05 V
T Vip= 1V ﬂnl‘lODfrnf;a;V
/
Ap =100 pmha/V 200 K =045 V
¢ =028 v
K =045 v1'2 (3
¢F “028 V

tq4/€C [ns/pF)

t4/C (ns/pF)

DELAY
DELAY

2

4 Vvl
=10 Vg V)
L 1 2 i 1 " T
% 560
B (p mho/V) 0g 1 55
e e B, lpmhav)
Fi 4.9 D ti .
gure elay time of the E/D Figure 4.10 Delay time of the E/D

inverter with a supply

voltage of five volts. inverter with a supply

voltage of 1.5 volts.
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is an ilmportant design parameter. These curves are for an inver-
ter having a driver transistor whose channel conductance is 100
p.mhe/V. Thus, if the driver transistor has conductance of 200
m.mho/V, horizontal scale should be doubled and the vertical sca-
le should be halved., It 1is 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. Power dissipa-

tion when an inverter is "on" is given by

PONE (ﬂL/Z)VTsznn- (4'29)

Therefore, the power increases in proportion to VDD if we consider
a specific circuit having a fixed design.of/SR and VTL’ Howaver,
i we consider the cage in that the parameters can be chosen at
different supply voliages so fhat the inverter exhibits a good dec-
transfer curveg, we will see different aspects. For instance, 1if
we assume that the dimensionless threshold voltages are kept cons-—

tant at different supply voltages, Eg. (4.29) leads to,

0]
Powr~ ()31./2)”::2 Vop' (4- 3 )
This means that the power increases with VDD3 in such cases,
H
o A 50
N z, d ™
g G g, z JCIA
< e 2 3
Z iof UL 11 5 =
" ‘-""--.__‘. o E 30}
z e T8 w
- £ =Y o
> W o . 20+
2 T oS 8
eV & ot
° //JQQ‘* E § °
s
arLe? L ' . LE] co
1 2 - a8 i0

POWER SUPPLY VOLTAGE Vw{V)

POWER SUPPLY VOLTAGE Vbe(V) )
Figure 4.12 Power-delay product

Figure 4.11 Caleulated delay time calculated from Fig.
and power dissipation .4.11 as a function of
as a function of supply supply voltage.

voltage when V=1V,
Vo—— 1. 5V, and ,BD:
170z.mho/V.
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In a prectical design, both VTL and PR are adjusted at different
supply voltages. In this case, too, it is shown that the power
increases with VDDB’ Combining Zgs. (4.25) and (4.29), power de-

lay product of the E/D inverter is expressed as
Pox X bijo,p = (C/2)VDDS (4- 31)

Although Eg. (4.31) gives a rough estimetion of the power-
delay product, more accurate results are obtained from the inver-
ter chain. Figures 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 1 to 1.5 pJ/pF at
1.5 V. It should be noted that the power-delay product is sma-
11 when V. is small and f_ is large. This indicates that the
delsay caused by the drivar transistor to discharge the capaci-
tance, can not be neglected when PR ig smell 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 Jimited by the minimum threshold voltages achievable without

the variation for both enhancement a2nd depletion devices.
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4.2.2 Experimental Results

Some test circuit are designed based on the deslgn 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 illustratesgs a cross-gection of the integ-
rated circuit. The substrate is 10 ohm.cm (100) p-type silicon.
Enhancement HOSFET has an A1203 layer over thermally-grown 8102 as
the gate insulator. The threshold voltage was controlled by vary-
ing the thickness ratio of the SiOE/AILZO3

to operate the circuit with a single +5-volt supply voltage. The

layer down to +1 volt[8]

enhancement-type MOSFET has an electron mobility of about 1000
cm2/v.s, that 1s about five times greater than thaet of conventional
p-channel NOSFET. Depletion-~type MOSFET has an SiO2 layer passi-
vated with PSG as a gate insulator, and the threshoid 1s about

-1.5 volte. At the isclation region, the field insulaior of phos-
phosilicate glass over A1203 has a threshold of approximately 50
volts. Thus, each MOSFET is perfectly isolated. The details of

the processing technology were reported by Iashimoto et al. [9],[10]

DEPLETION ENHANCEMENT
(LOAD) (DRIVER) P-CHANNEL
| s o w2e70ns
40 nsec/ pF - div
302 vout N-CHANNEL
Vih o t]/2230ﬂ5
{h)
P—- SUBSTRATE
Vio=0.5 ~1V, Vro= - ~-2V, VIF =20~50V Voul N-CHANNEL , E/D

5
Vin

ty2=5ns

Figure 4.13 Cross section of the n-channel MOS
integrated cireuit.

|10 nsec/p

()

Figure 4.14 Comparisons of the switching speeds.
{a) p-channel enhance-ment load(Poy
=71 .6mW), (b} n-channel enhancement
load (Pon=0.9mW }, (c} n-channel
depletion-load inverter {Pa=3.0mW)
with the driver transistor of the

same geometry,
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Figure 4.14 shows the measured transient waveforms of & sin-
gle NOR gate in compared with p-channel and n-channel enhancement
load circuit with driver transistors having the saﬁe 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 pd/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 ernhancement-load invertef opera-

ted with the same supply voltages V These results correlate

well with the calculations shown prggiously. The factors contri-
buting to the reduction of the switching delay are summarized as
follows. _
(1) Reduction of the power-delay product by the use of the E/D con-

figuration which iz by a factor of two to three.

High electron mobility of the n-channel device.

Low threshold voltage obtained for the driver transistor.

The basic technology was applied to & large array. TFigure

4,15 shows a 2048-bit read-only memory. The circuit schematic is

CUTPUT BUFFER

ADDRESS DECODER =37
INPUT INVERTER (Y AXIS)  vidiesv! Vddz + 5V
¥

! !

I
! DEPLETION

| AL=—TYPE MOSFET
1
1

]
_*u IIVouf
[f | = ENHANCEMENT
L] : TYPE MOSFET
i i ;
MEMORY | i
WRRAEY | __

BASIC INVERTER
CIRCUIT

ADDRESS DECODER
{X AXIS)

Figure 4.16 Circuit diagram of the 2048- bit n~channel
Figure 4.15 Entire MOSLSI chip of the 2048- read-only memory.

bit- read-only memory. Actual size
of the chip is 3.2X3.0m.
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shown in Fig. 4.16, The array consists essentially of five-stage
cascades of inverters, i.e., two input buffers, an address decoder,
and an dutput buffer. Each stage has a depletion-load. For tanis
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.dc—transfer curves of the read-only memory are
shown in Fig. 4.17. The total circuit has & threshold of approxi-
mately 1.6 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 C.4 volts. Thereforé, the chip
ig fully TTL—compatible both &t the input and the output. The mea-
sured output waveform of the chip is shown in Fig. 4.15 when a "1"
location is read. Also shown here is the output waveform of the
p-channel read-only memory having the same chip size and Tthe same
memory pattern. A speed advantage by a factor of seven is achieved.

Summarizing the features of the chip;

(1) 2048 Dbits (296 words by 8 bits) fully-decoded static resd-only
mewmory,

(2) 300-ns totsl access time,

(3) +5-volt single power supply, and TTL compatible,

(4) 100 mW total power dissipation.

s Voo =BV
:3_:,5 Vis =5V
. e N-CHANNEL
S
§37 Vs 23V
e CONVENTIONAL
Bl P CHANNEL
8 Oldv 2].4\/
p— —ay
1k I
o HORTZONTAL : 1 sec/div. VERTICAL : 5 V/div,

INPUT VOLTAGE (v} .
Figure 4.18 Measured output response of n-channel

; -t i i
Figure 4,17 gleaar's;ciiiigfic;igstiz Cead- E/D type and conventional p-channel
e read-only memory. Input pulse is
only ¥y : shown at the top.
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4.3 N-Channel Random-Access semory Using Dynamic E/D Circuit [ll]

MO0S integrated circuit memory has become the major‘technolo—
gy for computer main memory. To reduce cost for a bit, increase
of the cell number on a chip has bocome the general tendency in
IC memories. This hasg so far been achieved by reducing the nun-—
ber of the transistors in memory cells. Tor instance, & classi-
cal cell used 6-MOS flip-flop. (12] The grzdual advancement of the
circuit technology enabled a 4-:03 cell ([13], and a 3-#0S cell. [14] .
Finally, & 1-KOS cell is now being used extensively. [15] bLynamic
operation has been utilized in the cells having trensistcrs less
than four. In the dynamic cells, the memory charge is stored ac-

cross a capacitor that comprises basically of p-n junctions and &

gate insulator. It appears therefore that the meumory characteris-

tice are guite sensitive to the leakage current. Typical opera-—

ting voltages for these dynamic memories are 10 to 1% volts, and

more than two supplies are now common. However, as pointed out in
the previous section, single +5-volt operation ig guite attractive
from the system designer's viewpoint.

Several problems have to be solved if one wants to design
dynamic memories operating at +% volts.

(1) Tow threshold enhancement-type MOSFET is 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 celis.

(3) Delay time increases when the transistors are driven by iow
gate voltages.

This section discusses these problems asgssociated with single
+5-volt operation of dynamic memories. A new addressing circuit
will be proposed that is utilizing a2 dynamic B/D configuration.
This mzkes possible a fast access time aft low voltage. The resul-
ts of the computer circuit analysis made by a circuit analysis pro-

gram HICAD [l@ , and the meazsured performance on a prototype RAH
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will be discussed.
4,3.1 Problems in Designing Low-Voltage Dynamic Memories

e first consider what are the main problems in device de-
sign and circult design of dynamic MOS memories operating at +5-
volts. |
' Figure 4.19 illustrates schematically the circuit diagram for
2 3-M05 and a 1-kO3 type memory. The difference in these cell

configurations qxists in the methed of reading. The 3-#05 type

cell has a sense transistor QS in the cell, but the 1-#0S type cell

does not. Thus in the 1-MO3 type cell, charge stored across the
capacltor CM has to be transferred to the data line capacitance

C
D .
and the signal voltage at the data line is comparatively small,

for reading. The value of C% usually is much smaller than CD’

This means that a special sense circuit having high sensitivity is

needed in the 1-i03 type memory. On the other hand, the method of .

writing is the same for both memories. The charge across the data

Data
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memory cell
rs
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e
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u; g L . pulse 0—’I 0
g '““1_;.1—705‘—& 7

7
address decoder

address driver

: C: & .
—_— Ly 3
(a) 3MOS type E . _ﬁo;; oy
’ if FEL% afLﬁ
G

write-address

El):éa Calq-) read address

memory cell
’

L Data

T e

oL T o Lc, e
& %
{b) 1MOS type E -
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line capacitance ¢ is transferred to the memory cell, Thus, the

problens associateg with writing are comnon for both cells. In
this section the 3-H03 type cell is mainly discusced.

The 3-I03 type memory cell and a precharge 03 transistor is
shown in Fig. 4.20., Now, let us consider the voltage loss assocla-
ted with writing. Figure 4.21 illustrates the resultes of the cir-
cuit analysgis when "1" 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 pulseg and the supely voltage,high level voltage in the
cell varies zg shown in Fig. 4.22. The voltage losg arises frou
the feature of the source follower circuit. TFirst, 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 ftransistor 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 is
required. Second, no voltage loss is allowed to drive the me- |
mory cells. TLet us discuss these problems in the subseguent !

gections.
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/_'1'5'{7_\ write-address Z
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o =
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b 2F b g
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- 1% 0 L L s s 1 1 I I
g 0 z bl | L i Lo L L L n j 0 10
0 100 200 300 write-address voltage(y)
time 2(ns)
sy vy Figure 4.22 17 level voltage in the
Figure 4.21 Waveforms for write "17, memory cell versus

and read 17 in the cell. :
{ Computer calculation) write address voitage.



DRAIN CURRENT I, (A)

4.3.,2 HOSFET Design Taking Tail Current into'ACcount

3ince low voltage operation needs low threshold veltage for
MOSFET, care should be taken with subthreshold characteristics of
MOSFET. Detailed discussiong on the subthreshold characteristics
of MOSFET 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 dare approximated as atraight lines whose slopes are func-
tions of substrate doping, gate oxide thickness and ion-implanta-

tion condition. The important parameter is AV, that represents

the gete voltage variation corresgsponding 1o ong order wvariation of
the drain current.

A general design diagram for the threshold voltage is illust-
rated in PFPig. 4.23., Since dynamic memories should guarantee a ref-
resh timne of more than 2 mg at 70°C, threshold characteristics
at room ftemperature and at 7000 are drawn, The threshold voltage
here is defined as the gate voltage when the drain current is 1 BA
for convenience. We asgsume that the high level in the cell anl"'
and the low level zero are distinguished at the voltage level of

v We also assume that the time needed for the high level node
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to be discharged from VM”]ﬂ to VmR is tsHIN' The corresponding

current igs given by
Ty = Cn (Vv —Vypd 7ty (4.32)

This is the maximum allowable current to obtain a storage time of

more than t Let us now define & rnumber "m" as denoting a lo-

SMIN®
garithmic ratio of {current at the threshold/’IﬂIN } .
m=10g (107 Iy ) (4.33)

Gate voltage variation that corresponds to the preceding current
ratio is m AVG(TO?U, where AV,

corresponding to one order of current variation in the tail cur-

is the gate voltage variation

rent region. We assume that the difference of the threshold
voltage 2t room temperaturs and at 70°C is AVT. This is calculated
from the temperature dependence of the Fermi potentizl in Zg. (2.1).
Hore accurate results of the temperature dependence of the thre-
shold are obtained from the MOSFET model discussed in Section 3.3.
The threshold voltage at room temperature should be designed so

that the following relationship is fulfilled.
V> AV + mdVo(T0°C) + Vi, {4.34)

Here, VWL'is the low-level voltage at the write-zddress line. The
values for AVG_ for various temperatures, substrate dopings and
gate oxide thicknesses are obtzined from Figs. 3.13 and 3.14 for
unimplanted case. For implanted case, some results are shown in
Section 3.4. Pigure 4.24 shows examples of the dependence of the
refresh time on several desgign 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

14 3

- o m ra 4
cm and a gate oxide of &75 4.

For the device having a doping density of 47X1015 cm_3 and & gate

oxide of 1470 ﬁ, the required threshold voltage at roow tempera-

having a doping density of 7 X 10
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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 arnd low sub-
strate doping concentration. If ion-implantation of boron for n-
channel device is done to shift the threshold voltage toward the
positive direction, & speclal precaution is necesgssary because AVg
increases. 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 RAH

A typical circuit that is used for addregs driver of dyna-
mic memories is a bootstrap driver shown in Fig., 4.25., [17]
The circuit works as follows. First, when the address 1s selected,
the output node of the decoder goes high, and the capacitors CBS
and CBD are charged through the transistor st. Then, write pulse
is applied to the drain of QDR' Since QDR is ON, capacitor CA is
sradually charged. This in turn pulls up the gate voltage of QDR
through the feedback capacitor CBS' Thus the transistor QyR WOorks
as a constant current source that is similzr to depletion mode

device., Consequently, the voltage losgs 1s eliminated. However,

memory cell

Voo , Deptetion .
// N
—

. L. Qu '
VDD V |>° I ol -
J‘ Pad memory cell 1 GADI O-Lj":fn
4 I j» oo
T- - address address drw_er
o{! W ;l decoder
j’ I Can Cmi Cox a)
address
~decoder
Precharge-
pulse . Deptetion
Figure 4.25 Conventional boot-strap addréss L // _ memaory cell
driver. ! L ——'—| OURL

°_‘]' L2y AD_‘DD—{IODRU Ca f—T T'_‘;_
sl R R

address address driver
decoder

(b)

Figure 4.26 Proposed addressing circuits.
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this circuit needs a high capacitancs ratio O “/CBU so that the
Es

o
bootstrap works effectively. This means thatD;elatively large CBS
1s required that occupies large asrea and the losd capacitance for
the previous stage baecommes largs.
In this section, two typez of addressing circuit are proposed
that utilize £/D configurstion as illustrated in Fig., 4.26.
These are:
(a) address decoder with static E/D circuit and 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 (&), both gate-drain connected iocad and gate-source
connected load are shown for address decoder. The former circuit
1s designed in the same manner as the enhancement-load circuit.
The design for the latter circuit has been discussed in the previ-
ous sections. Hayashi et al. have also reported the design. [15]
The address driver is a positive buffer. iWhen the gate volta-
ge of the transistor QDRD ig high, the gate voltage of QDRL is low,
end vice versa.  Therefore, this circuit is designed to have a ﬁR
of around unity. The advantsge of the circuit over conventional
bootstrap circuit exists in the fact that during the period of char-

ging C the gate voltage of QDRL is equal to the supply voltage.

A!
That is, the effective gate voltage of the load transistor 1s VDD +
[ty
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—

This is larger than the case of bootsgstrap circuit in that

mory apnlication, care should be taken with the low-level voltage
VWL at the write address., This i1s a gpecific problem for the ad-
ress driver utilizing depletion type load. Thus the value of ﬁH

should be desgigned so that the low-level voltage VWL satisfies the

relationship (4.34),
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In Pig. 4.26 (b), the dynamic E/D adress decoder is used.

Thig circuit works as follows. TFirst, the transistor ¢ charges

AL
the capacitor C&D' Then, if the address is selected, the charge
accross the capacitor CAD is not discharged. If the address is not

gelected, the charge is discharged through the transistor QDRD'
Thig circuit differs from the enhancement-load dynamic circuit in

that; (1) the drain of the load device must be connected to the de-
supply, whereas 1t can be connected to the pulse supply in the case
of enhancement-losd dynamic circuilt, and that (2) the low level vol- |
tage appears at the output node becauge the depletion load is con-
ductive when the gate pulse is low. This low-level voltage 1s app-

roximately given by
Vow==Vrp* /T 28 (¥Vpp—¥7p) 7, (4.35)

Figure 4.27 illustrates the

output waveforms obtained from

computer analysis for these cir-

f address (rs‘,\/\ ~—
. a - - - V
cuits. The results indicate write 5V
- \ = sh dd decoder
that the deley is almest half as z 8 address decode
L
small in the dynamic E/D type B -
=]
- 4 -
address decoder. The voltage loss driver output B
seen in the figure arises from T 366
; . time {(ns}
too short precharge time, and can (A) Static E/D adress decoder
pe eliminated by employing a lon-— [ —aqaress— =@
- % write (5V) —
ger precharge tilne. - Precharge puise (6.
> Br address decoder 1
@ ]
7 = ? iver output
4.3.4 Computer Analysis of the Z drive
- 3
Entire liemory Circuilt !
0 T
time {ns}
To meke possible computer (B) Raticiess dynamic £/D adaress decoder
analySiS of the entire memory Figure 4.27 Computer calculated

responses for the proposed

circuilt, we consider a very addressing circuits.

simplified signal path. This

is illustrated in Fig. 4.28.

- 103 -



address driver

decoder
. P N twes)
Voo
Precharge
puise
{ca) . .’.“l
- fqv" Yoo Riad Write pulse K-Lc.
L Ia »
i w By Ha . MEwORY cEL.
™ 5 T L T | -*E
INIH ] Ce IE‘ _Lc‘ C'TT‘_—T L9, I
L i
- = it et | e
Voo Yoo % t
w7 (%] Ll S0
i N AT i e LR
" "
Pl LI lj:';‘- b A, 1% wi— Mg Vil v
%o § (HCS) " xSy ".—"" Moy c:"
og v Ths uigerint T |l '1 l
Reso—] Cx NCB '1,_'| Cor Hen, ng‘T I
I3
Toe 1 =] I C-I o pf T
-
c‘l Tall—e Rr W (niB)

L DATA Tk {MDE)

Figure 4.28 A schematic circuit for the computer calculation of
the entire memory.

; -
£ Vop® 1OV =~
- FULSEe oy CALCULATED E
& g,
& 50 50 ® __2
) o o \ >
2 EXPERIMENTAL 3
- g
5 / §
5 . 3
RPN A i P 3
~ 9 TIME (ns) 100 0 ‘
> 0 100
E 3op Yo7V Time (ns)
: PULSE = 7V "0" READ (A) Static E/D address decoder
E }
e
> S, 1" READ
Q 00 L 1 i i i [ -
. TIME (ns) 'O T "G* read
> E
E 301 wpmov o
- PULSE =BV k)
2 >
R st OO :
8 0 T o g
O TiMmE (ns) =
= e
& 1% read
3
Figure 4.25 Comparison of the output A L
100

waveforms of the
computer calculation
with experiments.

Figure 4.30 Comparison of the output waveforms by computer

Time (ns)
(B) Raticiess dynamic E/0 adaress decoder

analysis.

(A

) Static E/D address decoder.

{B) Dynamic E/D address decoder.

- 109 -



The circult includes the addressing circuit, one memory cell and
the genge amplifier. The size of the circuit is 37 PETs, 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 gete-
drain connected static address decoder. The arrzy was febricated
by the same process described in Section 4.2. In Fig. 4.29, the
veéertical axis indicatesgs the output voltage of the 50-oha load re-
sistor. "1" 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.

Pigure 4.30 shows the calculscted output waveforms for the cir-
cuits ueing; (1) the static £/D decoder, (2) the dynsmic 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 previousg result obtained for the charging time in esch 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.
Thig is a gpecific feature of the present constfuction of the ar-
ray, that is, the delay due to the address driver is minimized by

employing the push-pull E/D type driver.
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- i Read - Address line
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= | Ch=290F
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‘Figure 4.32 Access time ts versus supply
voltage Vm for the fabricated
test cireuit 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

Experimantal random-access memory has been fabricated based
on the design considerations described in Section 4.3.4. The
memory array was fabricated by the n-chennel technology described
in Section 4,2. TFigure 4,31 shows the microphotograph of the
chip to measure the accesgs time for various cell designs. Thus
the chip consists of memory cells with different designs, input
buffer, address decoder, read and write addresgs drivers and sense
and refresh amplifiers. Dummy capacitors are added to the zddress
and the data lines to simulate the aceess time in large arrays.
256-0it array was also made on the same mask pattern.

Figure #4.32 illustrates the totai access time obtained for the
chip as a function of the su@ply veltage. It is seen that the ar-
ray operates with a supply voltage as low as four volts without a
significant incresse of access time. The increase of access time
observed is attributed to the decrease of the high level volitage
in memory cells. The estimoted power consumption of the array was
0,04 m¥/bit assuming a one kilobit array in read and write mode.
This is consideraply smaller value than that obteined in wrrays
with high supply voltages. Purther decrease of the power is posgsi-
ble by the dynzmic operation of other periphersl circults and the
use of improved photolithography.

From the preceding results it is concluded that the push-pull
E/D type address drivers and the dynemic E/D address decoder are

effective for +5-volt single supply random-access memories.
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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 i/D
inverter have also been discussed. Jt was shown that the circuit
operates with supply voltages as low as 1.5 volts, and the delay-
power product is 15 ns/oF at 5 volts and 1.5 pd/pF at 1.5 volts.

PDegign of a dynamic random-access memory having E/D type adQ
dress circults was presented., The circuit performances of several
types of E/D addressing circuits were compared. It was pointed
out that the uge of push-pull address drivers and a dynamic E/D
address decoder will give the best zsccess time. A threshold vol-
tage design for MOSFETS-in a low-voltage memory array was discussed
for the purpose of having enough refresh time.

ﬁxperimental arrays were fabricazted to compare the design the-
ories with experiments and to demonstrate the feagibility of these
E/D configurations. The fabricated circuits were;(1l) single NOR
gate , (2) 2048-bit read-only memorj utilizing static &/D inverters
and (3) prototype random-access memory utilizing dynamic E/D cir-
cults. These arrays were successfully operated with five-volt
single supplies, and the inputs and outputs were TTL compatible
except the output and pulse inputs of the random-access memory.

The desgign approzches discussed so far are general, and can
be applied to any device fabrication technologies. For instance,
threshold voltage control by ilon-implantation and substrate bias,

p and n-channel, metal gate and silicon gate are covered because
the threshold voltages, conductances and subthreshold ckaracteris-

tics are the essential design parameters in the present design the-

ories.



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 circuites has brought
heightened focus to circuilt designs having very low standby power
digsipation. Complementary MOS (CI0S) circuits with their extre-
mely low standby power zre, therefore, very attractive. A second
advantageous agpect of ClOS circuits ig that they offer compatible
fabrication together with high gein amplifiers, comparators and
other analog functions on a single chip.

Balanced agalnst these advantages, however, 1s a more comp-
lex procesgs thean that needed to produce O3S devices of only one
type. Figure 5.1 illustrates a typical metal gate [1] and a sili-
con gate [2] cumos procegs. It is gseen that the metzl gate procesn
needs six masks, and the silicon gate process needs seven masks.
Both processes need three diffusions, and the well diffusion takes
15 to 16 hours. These Tacts show that the Cli03 processes are ra-
ther complex in compared to standard n-channel process that
needs esgsgsentially four to five masks, and does not require
such long diffusion step. The added complexity results 1n low
circuit density and relatively smaller yield for Cil03 integrated
circuit.

The intent of this chapter is to propose a new CM0OS technolo-
gy that features in very simple procesging and high packing den-
sity. The basic n-channel device used here is & symaetrical LDNOS
transistor, in that the channel doping is incrsasing towsrd both
the drain and the source. Thus, the DFOST differs froa the cov-
ventional DMOST having asymnetrical dopings.

The processing and the experimental results of the Ci05 devi-
ce will be presented in Section 5.2. Then, analysis and design of
the DHMOST will be digcussed in Section 5.3.



P-WELL DIFFUSION

RN

P-WELL DIFFUSION

( L /

n-sub

n sub

P-S0 DIFFUSION

THIN DXiDE GROWTH
S

T

-

N-SD DIFFUSION

| D A ) WY B W

SILICON ETCH

GATE DX!DE GROWTH

L‘L._J\_...J_]u

CONTACT WINDDWS OPEN
METALLIZATION

METAL GATE CMDS PROCESS

N—S0 DIFFUSION

CONTACT WINDDWS OPEN
METALLIZATION

SILICON GATE CMOS PRODCESS

Figure 5.1 Typical metal gate and silicon gate CMOS processing

steps.

- 114



5.2 CHOS Process Using Symuetrical Double-Diffused HQSPET
5.2.1 Double-Diffused C#HO3 Integrated Circuit

Figure 5.2 represents schemstically the fabrication steps
for the deuble-diffused Cii0S integreted circuit process. The
starting msterial is n-type (100) silicon with & resistivity
of 1 to 3 ohm.cm. The procedures in each gtep are ss follows.
(1) After the wafer is oxidized, source and drain windows for
the n-channel devices are opened. Boron is deposited throuzh
these elther by lon-implantation or by high temperature pre-
deposgition. The boron diffusiocon 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 same windows as

were used for the process Rz

step (1), and then diffused. p { boron)

This step makes n* layers

n-sub (100)

n*arsenic)
for the source and the drain N

cf n-channel transistors.

Arsenic is chosen because 173

] ; e N R
has & much smaller diffusion H
N p*(boron) p*
constant than boron. The n
layers will not, therefore, -
T g ey

penetrate through the p-regi-

ons during subseguent high

temperature treatments. WM

(3) Source and drain windows

for p-channel devices are op-

symmetrical
ened. P7 contacts for bimg- n-DMOST P-MOST

ing the p-well 1s made 2t the

same time. Boron is diffused ]
Figure 5.2 Processing steps for the double-diffused CMOS.



through these wincows. .
{4) Gate windows are openied snd a thin gete oxide is grown.
(5) Contict windows for transistors and p-well are opened, and

the device is finszslly msetellized.

The advantages of the proposed CHOS technology are:
(1) Only five mesks are reqguired, fewer than for sny existing
0u03 technologies. [13, I2]
(2) No alignment is necessary between the p-well diffusion and
the sourée end the drain diffusions of n-channel devices.
(3) The p-well diffusion cen be thinner than that used for
standard C#053. This reduces the diffusion time, and also the
processing cogt 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 totzl acceptor dopant between the source 2nd the
drain is higher than would be the case in standard CHOS. Fur-
thermore 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 Ci0OS owing
to the advantages enumerated under numbers (2), (3) and (4).
Layout of the CMOS structures is also facilitated beczuse it 1is
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-charmnel devices fabriceated by standsrd CHMOS technology and
the double-diffused C#03 technology. The vertical scale is dou-
bled as compared to the horizontal scale., It is clear that the
n-well size 1& much smaller in the double-diffused device.

4 brief comperigon of the two technologies is summerized in

Table 5.1.
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Table 5.1.

Table 5.1 Comparison of CMOS technologies.

STANDARD DOUBLE DIFFYSED
NUMBER OF THE
MASKS ‘ 6 -7 5
WELL DIFFUSION 16 hrs 3 hrs.
WELL AREA 100 50
INVERTER CELL AREA 100 70
GROUPING OF N MOST | NECESSARY NOT NEGESSARY

Figure 5.3 Comparison of the size of n-channel devices. Vertical
scale is doubled as compared to the horizontal scale.

9.2.2 Device Tabrication

A prototype integrated circuit has been fabricated to de-
monstrate the feagibility of the technology. TFigure 5.4 illu-
strates a microphotograph of the fabricsted 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 =re; six amicrons for source to drain spacings, 12
wpicrons for the spacings between p and n-channel transistor
gsource and drain diffusions. These design tolerances are just

for the convenience in fabrication and do not correspond to
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the device limitation. It appears that shorter channel lengths
and the corresponding reduction of well depth makes possible

auch tighter tolerance.

Two series of runs have been carried out. The first run-
series employed a high temperature predepogition 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 steps, as

+

well as for the n° source and drain depositions. The proces-

sing steps for the second run series are illustrated in Table

5.2.

Table 5.2 Processing steps in the second run series that
employed ion-implantation for all the deposition
steps.

PROCESSING STEPS

1. INITIAL OXIDE GROWTH
%, N~-SD WINDOWS OPEN { MASK RO.1 )

3. BORON IMPLANT

4. BORON DIFFUSION 1200 ¢, 2 hrs. in N
5. ARSENIC IMPLANTATION 100 Rev, 4x% 10%° cm~2
6. ARNEAL AND ARSENTC DIFFUSTON 1200C, 1 hr. in N
7. P-5D WINDOWS OPEN ( MBSK NO.2 )

B. BORCN DEPOSIT AND DIFFUSION

9. GATE WINDOWS OPEN { MASK NO.3 )
10. GATE OXIDE GROWTH 1050 C, 40 min. in dry 0,
11. CONTACT WINDOWS OPEN { MASK NO.4 )
12. AL METALLIZATION { MASK NWO.5 )

Figure 5.4 Microphotograph of the fabricated chip.
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In the step (3) of this run series, implantation conditions
were varied from l><1013 c:m_2 to 3x lO14 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(8)
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 & 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 chain. The top-left figure is & closer
view of the top-right figure. The white regions are n' source
and drain diffusions, and the dark region surrounding the n’
regions 1s the p-well. An angle-lapped and stained cross sec-

tion is also shown in the fi-

gure, Side diffusion parame-

ters have bheen measured froa

the stained patterns and the

results are given in Table.

5.3.

Table 5.3 Measured diffusion parameters.

Wlask 3D spacing 6.7 um
Boron side diffu- ,
gion 5.6 nm
Arsenic side dif-

1.3 nm

ugion

Actual 3D spacing 3.1 pm

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 détermining the diffusion cha-
racteristics because; (1) to produce the double-diffused CuCS
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 enterrinto 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. For closer spacing, diffusion time and/
or tewperatures would need to be modified in order to obtain

the same threshold voltage.
D.2,3 lleagpured Transistor Characteristics

Drain curreht vs. drain voltage curves for n and p-channel
MOS transistors, and collector current vs. collector voltage
curves for the assocociated bipolar tfansistor with n-substrate
as a collector, are

shown in Fig. 5.6. Ys-0-10V.

The bipolar tran-
sistor is useful
when one wants to

drive a large ca- ki

pacitance. Thesge _
SGD SGD . B E
curves are for the — 11 L
/S
second-run-series p he é B X
n-sub
wafer with a boron n-DMOST p-MOST néﬁ-TR

dose of 1X 10 %cm™
for the p-well pre-

depogition.

Figure 5.6 Drain current versus drain voltage curves and collector
current versus collector voltage curves for the samples
with 1X10" c¢cm™® boron dose for the p-well predeposition.
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By varying the dose, the threshold voltage znd the transconduc-
tance of n-channel trangistors, the current gain of bipolar tran-
gistors 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\(1013 cm_2 occurs becau-—
se the transistor is in the depletion mode which permits a lea-
kage current between n-sgubstrate =znd n* diffusion.

It should be noted that in spite of the fact that the n-
channel device has 2 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 veltage
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 MOSTFET [58] . The preceding result indicates that the
proposed symmetrical double-diffused transistor also makes pos-—
sible a short channel device. Further experiments are now under

way.

A%10% em? 1 x‘l[]”l:m:E 3 x 10" e
BORON DO

Tigure 5.7 Drain current versus drain voltage curves for the n-
channel transistors with differing boron dose for the .

p-well
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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. TFor the n-channel
devices, the average threshold is 0.2 volts for a p-well boron
dose of 1 X104 cm"'z, and 1.2 volts for 3 %1074 ¢, The veri-
ation is seen to be larger in n-channel devices,

The breakdown voltage is 17 volts for devices made with a
1x 1014 c:m_2 p=well dose and is 12 volts for these having a 3X
ZI.O14 cm"2 The wvalue of Bipolar current gain B is 20 to 100

for 1)(1014 cm_2 and 20 to 25 for 3 ><1014 cm—z.

b

BORON
3%x10" cm2

N MOS DEPLETION

MODE
-3 0 3 P MOS N MDS
" | BORON  110"m? 3+10"m?
1%x10" em
i i
| M— 12 l:i -
-3 0 3
Ix10™ ¢m2
P M0OS [ N M0OS
— !a " i ﬁ; A J
-3 0 , 3 4
THRESHOLD VOLTAGE (V) GATE VOLTAGE (V)
Figure 5.8 Threshold voltage variations for varicus p-well doses. Figure 5.9 Subthreshold characteristics of MOSFETSs.
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Figure 5.9 shows subthreshold characteristics of the
trangistoers. This figure reveals that in order to operate the
CHO3 circuits in a dynamic mode, a dosge of l><’lOl'ﬂr cm"2 is in-
sufficient becazuse considerable amount of subthreshold tail
current exists when the gate voltage 1is zero. In the n-chan-
nel transistors with 3)(1014 cm"z'p—well dose, the shape of the
log ID - VG curve at the current level of lO_7A to 10*4

somewhat different from that of standard #M05 transistor that

A is

was measured in Section 3.2. This arises from the non-uniform
boron doping along the channel. That 1s, the transistor has
higher threshold voltage at the source and the drain end of the
channel, thus, effective channel length becocmes shorter with
decreasing the gate voltage because the effect of the difference
of threshold voltage on channel conductance at each posgition
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 device.
Further modification
of the processing ap-
Pears necessary on
this point.

The gyumetrical
n-channel double-dif-

fused KOSPAET discus-

ged so far has a p+

diffusion for biasing o

. ﬂ?ﬁﬂg};

the p-well to the same

potential as source. sl : e
Figure 5.10 shows the  WITH p DIFFUSION . %ﬁi?ﬁiﬁT:S-T ,  
difference of ID - VD

. Figure 5.10 Drain current versus drain voltage curves for devices
curves for the device with and without the p* diffusion for hiasing the

p-well.
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with and without the p+ diffusion. It is seen that current

kinks a@re observed in the device that does not have the p+ dif-
fusion., This is agsociated with the fact that the p-well is floa-
ting. That 1s, once weak avalanche occurs at the drain depletion
layer, the hole current charges up the p-well to a slightly posi-
tive voltage. Then 1t happens that the drain voltage is above &
certain value, a iatersal bipolsr Itransistor is activated, and ex-
cess current is added to the normel drain current. This mechanism
is exactly the same as the kinks observed in & silicon-on-s&ppliire
H0S transistor in that p-substrate is also floating. (5], [£] Since
the current kinks occur at three to five volts depending on the ga- -
te biag, 1t 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

gegsured inverter transfer curves are shown in Fig. 5.11.
The inverter consists of n

BORON  1x10™zm 2 BORDON

and p-channel transistors 14 3x10"ep 2

with channel widths of 125 | Yooty

pim agnd mask source to drain

|
spacings of six microns. 1012

These transfer curves are +-£

esgentially the same ag | B

the ones obtained for con- i 4

ventional CMOS. Figure ‘ |

5.12 illustrates the mea- . _

sured delay time for the '

VUIJ!' (V}

Vv 10 0 v, W) 0

inverter cell, The mea-— Figure 5.11 Dec-transfer curves for the double-diffused CMOS
inverter,

surements were carried out

by using a seven stage
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chain of inverters followed by a s
50 ohm load resistor. The channel
chain were 62.5 pn for both device
cings were also. In
cal delay/stage is 8 to 13 nanosec

T

eix microns.

4 to 5 nanoseconds at 10 volts.

the high temperature predeposited
ries arises because the boron conc
tions is high.
and higher threshold voltage. The
series was approximately two wvolts
tage was 9.5 volts. In the second
also taken with wafer cleaning and
tation. This resulted in
a lower surface-state den-—

sity and a higher mobili-

ource follower circuit with
widths for the cell of the
s and source to drain spa-

ion-implanted wafers, typi-
onds at 5 volts and it is
he relativaly large delay in
wafers in the first run se-

entration at the n+~p Junc-—

This results in increased Jjunction capacitance

threshold for the first run
and the drain hreakdown vol-
run series, specilal care was

annealing after ion-implan-

ION IMPLANT THERMAL
ty. BORON
40F 3x10Me? i
30" ]xwm
—_ cm2
Zont
)—
<1
—_
=10t i
U n 1 1 i I 1 .
0 5 10 15
SUPPLY VOLTAGE (V)
Figure 5.12 Delay time/stage of the inver‘ter as a function of the
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supply voltage. The curve marked “Thermal” was
measured on devices made with high temperature
predeposited boron p-wells in the first run series.



5.3 Analysis and Design of Symmetrical Double-Diffused HH0SFET

The numerical anslysis of the doubie—diffused HO0SFETs
discussed in Sectiorn 3.5 wig applied to the analysis of the
symmetrical double-diffused MOSFET used in the proposed CMOS.
Figure 5.13 is = comparison of the results of the analysis
with the measurements for the device with & boron dose of 3 X
101 e for the p-well. The asgreement is seen to be good
when the gate voltage is low a&nd when the device is in non-
saturation region. However, at high gate voltage snd in satura-
tion region, the analysis predicts lower current than the mea-
surement. This is sttributed to an incorrect assumption of the
velocity-field relationghip in the analysis, because the satu-
ration of the current in = short channel devices is determined
oy the wvelocity saturation.

Figure 9.14 shows variations of guesi-Termi potential and
mobility along the channel in the device shown in Fig. 5.13.
Generally, the shape of the potential curves is siniler to that
of conventionzl MO0S trangistor in that the field is highst at the
drain end of the channel., However, high field region is again
gseen at the source end. Corresponding to the high field znd high
concentration 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 moopility were cal-
culated for a convenitional MOSFET having a substrate doping con-
centration that is equal to the doving at the source end in the
symmetrical DMOSFET. 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 exisgts only

in the double-diffused HMOSFET. This feature was also seen in the
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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 Calcnlated drain eurrent 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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asymmetrical DHMOSFET. In both cazses a highly doped region in the
vicinity of the source junction causes the high field region be-
cause bthe threshold voltage is highest there.

The high field obtained in the double-diffused HOSTETs resuits
in & higher current thsn that for standard type MOSFET. This is

because the current is determined by

IDzzquEy( y=01 . (5.1)

The calculated curves in Figs. 5.13 and 5.15 show that the wvalue
of the current in the symmetrical double-diffused #{O0SFET is zppro-—
ximately twice as hizh as that of the standard HOSFET when the ga-
te voltage is low, for instance, at four volts.

The behavior of the symmetrical double-diffused »OSTFET, how-
ever, differs from the agymmetrical oneg when the device is biased
near or above pinch-off condition. For example, the pinch-off vol-
toage for the device shown in Fig. 5.13 is approximately 2.7 volts
when the device is biased at VG=:6 V, whereas the asymmetrical
MOSPET shown in Fig. 3.42 exhipits a pinch-off drain voltage of
around 4.5 voltg in the same biag condition. The reason Ffor this
is that the pinch-off of the channel depends mostly on the dopiag
density near the drain junction. Thus, the pinch-off voltages
shown in Fig. 5.13 are almost identiecal to those for YC3FET with
unifornly doped substrate as shown in Fig. 5.15. Conseguently,
the gaturation current is higher for asymmetrical double-diffused
HOSFET than for symmetrical double-diffused HO3IFLT,

The preceding discussion indicates that if one designs & syui-
metrical MOSFAET for uge in the present CHMO3S circuit so that the
chznnel conductance would be as high as possibie, it is desirable
to have a doping profile that has a2 low doped region in the middle
portion of the channel, becauge & high mobility and a low thresnold
voltage, in other words, a high channel conductance ig expected in

that portiomn.

|
=
no
(93]
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In actual cases, the doping of the symmetrical device for
use in the present Ci0S5 should be determined assuming a parasitic
M0S transistor that exists between the n' diffusion and the sub-
strate. Pigure 5.17 shows some of the design considerations for
the parasitic MOS transistor. The left figure indicates s cross-~
section of the symmetrical double-diffused MOSFET toward the di-
rection along the chammnel. The right figure indicates a cross-
section at the middle portion of the channel toward the direction
perpendicular to the cross-section 1. In the cross—-section L, it
is required that the depletion layer underneath the channel should
not exceed tha depth of the p-well region. Once this happens, &
large lezkage 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 merge.

Thus, the condition Xnin? xdep’ must be satisfied at any bias con-

ni
ditions.

It should also be noted that another parasitic effect occurs
in crosg-gsection 2. This is a double-diffused HMCS transistor with
the substrate as a drain and |
with the channsl as a source. PARASITIC MOS
The threshold voltage of the

varasitic M0S transistor ie

determined by the doping Nmin

2t the center of the channel

and the thickness TOXF of the
field oxide. This is because

Nmin

the transistor has the inver-

i
i
1
Y
L}
i
i
1

I R R L

—

gion layer as a source, and

1 - CROSS SECTION 1 CROSS SECTION 2
the threshold voltage in such

- . . i - i -diffused MOSFET.
DIOSFET is determined by the Figure 5.17 Cross-sections for the double-diffuse )

The left figure shows a cross-section
along the channel. The right figure shows a
perpendicular cross-section in the middle portion

ce diffusion of the channel.

doping at the edge of the sour-
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Therefore, the doping ﬁmin should be deterumined so that the thre-
shold of the parasitic MOSFAT would be higher than the gate vol-
tage, especially when the circuit needs to D¢ operated with a low
power dissipation. In some cases the existance of the parasitic
MOSFET 1s allowed vecause the parasitic MOSFET has considerably
low iransconductance and doesg not affect the circuilt operation.
However, in 'such cases, one has to allow additional power dissipa-

tion due to the parssitic MOS when the inverter output 1is low.
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5.4 Conclusion

A new CHWO3 integrated circuit techmology that utilizes
a symmetrical double-diffused n-~channel #0SFET has been demon-
strated. Features of the technology are the use of five masks,
a gelf 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:OS devices and lowers
the procesging cosgts., |

Integrated circuits, fabricated using boron implantation
for the p-well dose and'p+ diffusion, and arsenic implantation
for the n” diffusion, exhibit a ﬁ—channel threshold of -1.8
volts and an n-channel threshold of 1.2 volts with a p-well
dbse of;3x1014 cm_g. An inverter chein of seven cells hes
been operated witn 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 at 10 volts. :

The analysis and some design consideration of the syn-
metrical n-channel double-diffused OSFET was presented. It
was shown that the proposed device has higher transconductance

than standard MOSFET at low gate bias.



CHAPTER 6 CONCLUSIONS 4AND SUGGESTIONS FOR FURTHER STUDY

JZOSFET models and analyses for low voltage 403 integrated
circuits, properties of enhancement-deplation (E/D ) static and
dynamic circuits, and a new simplified CHOS process have been stu-
died throughout the thesis.

It wag revealed that increaged power delivered to large-scale
integrated circuits sets & 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 mekes it necessary to investigate
behavior of MOSFET near the threshold condition. An accurate and,
at the same fime; practical model that applies over a wide range
of current including the subthreshold region must be developed.

A new model for the standard HOSFET having a constant doping under-
neath thé:gateQ was proposed for this purpose. This model utilizes
analytical current equations divided into three operating regions
for the MOSFET: thé non-saturation region, the gsaturation regiocn
and the subthresheold or "tail-current! region. The eguations are
derived based on an accurate calculation of the surface potentials
at the source end of the channel and at the pinch-off point. The
comparison of the current-voltage characteristics between theory
and experiments was performed for a wide range of oxide thicknesses
(220 to 5030 &), substrate doping densities (7 X10%3 to 4 X 10T2cm™>)
and temperatures (220 to 343 X). Good agreement was observed both
in log 1. - V. curves and log I
AN
10 to 10 A,

In order ro reduce the voltage needed to operate MOS digital
circuits, low threshold enhancement and depletion mode devices are
desirable., Threshold contrel by ion-implantatiorn 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

D~ VD curves in a current range



negative direction. However, the characteristics of the trensis-
tors at low currents are strongly influenced by the implentation
condition. For instance, boron implantation in an n-channel device
causes less steep log ID_VG curves in compared to unimplanted cage.
Thig places 2 significant 1limit on the use of low supply voltage
because 1t 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 mekes possible 2

nearly parallel shift of the log I, - V., curves. The double-layer

implantation can also be used to rgalize MOSFETs having a residual
current and less steep log ID - VG curves than standard devices.
These featuregs are reaslizsed independent of the control of the th-
recshold voltage.

The double-diffused HOSFET { DWOSFET ) has a number of advan-
teges 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 arey; (1) 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 DMOSFET dc-cur-
rent vs. voltage characteristics was carried out. The analysis is
based on: (1) accurate charge eguations, (2) dependence of mobili-
ty on gate &nd drain field and doping. The analysis is capable of
handling vearious DNMOSFET 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 asymmetrical DHMOSFHET and
p-p -p type symmetrical DMOSFET. The agreement was quite good in
the non-saturation region. In the saturation region descrepancies
were observed. This was attributed to an inaccurate velocity-fie-

1d relationship in the vicinity of the saturation velocity.
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Degign and experiments of enhancement/depletion (E/D ) cir-
cuits were discussed. A general design approach for stetic 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 anc at 1.5 volts. The design indiczted that the power-delsy
product will be as low as one picojoule for a load capacitance of
1 pF at 1.5 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 &/D inverter and a random-access memory
utilizing the dynamic E/D decoder znd push-pull driver were desig-
ned and fabricated. Both A1203/8102 double 1ayer enhancement-type
devices and PSG/SiO2 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 guiescent power dissipation. However, its very complex
processing has resulted in a low yield and low circuit density.

A new simplified CMOS process for large scale integrated circuilt
was proposed; This utilizes a syﬁmetrical double-diffused MOSFET
for the n-channel devices. The features of the new technology
were : (1) the use of only five masks which 1s siupler than any
exigting CMOS technologies, (2) the avoidance of the need to align
the p-well to the source and the drain déiffusions of n-channel de-
vices. This has made possible a fifty percent reduction of the
cell size as compared to conventional CH03 processes. A detailed
anzlysis of the n-channel gymmetrical DHOSFET in the Cu0S 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. MOSPETs having channel iength of even
less than & micron will be developed. Thus, modification of the
present analyses will be needed. The emphasis should be on : {1)
inclusion of short channel effects, (2) more accurate vslocity-
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 desirasble to consider HMOSFET struc-
tures that are insensitive to the shrinking of the channel length.

FPurther reduction of the supply voltage will extend the 1imnit
of integration density. It 1s expected that the operation of #H0S-
FETs in the weak inversion region will become more and more impor-
tant. Dynamic operation of the depletion-load MOS and of CmOS will
greatly help to reduce power. Study on new circuilt techniques 1in
these areas will be one of the key points for large scale integra-—

tion in the future.
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