4 JUN 20 RING OSCI LLATOR W TH VARI ABLE LOADI NG BACKGROUND OF THE | NVENTI ON
(1) Field of the Invention The invention relates to a ring oscillator
circuit in an integrated circuit device, and, nore particul arlas JUR i ng
oscillator circuit with variable capacitance |oading on internal nodes.

(2) Descripti-on of the Prior Art Hot carrier injection is one of the major
reliability wear- out nmechanisns in VLSl circuits. Currently, hot carrier
robust ness of a CMOS %§§%§ is_evaluated by stressing individual devices
at high stress voltaéﬁé3 CTe&8EPRNYITHeV R Blefat TAD IO devi ce paraneters,
such as drain current, over time. The cunul ative degradation is then used
to extrapolate device lifetines, defined as a certain percentage
degradati on, based on the operating voltage. For exanple, the power supply
may vary between the noni RACKGRPUNBvEF aWmd a7 IONM tinmes the nominal VDD
| evel . 1 24JUN26% As technol ogi es are scaled down to the subm cron range,
the hot carrier effect increases dramatically. As a result, the

{1} Field of the Invention

The invention relates to a ring oscillator circuit in an
integrated circuit device, and, more particularly, to a ring

oscillator circuit with variable capacitance loading on internal

nodes.
(2) Description of the Prior Art

Hot carrier injection is one of the major reliability wear-
out mechanisms in VLSI circuits. Currently, hot carrier
robuétnes; of a CMOS process is evaluated by stressing
individual devices at high stress voltages and measuring the
degradation of device parameters, such as drain current, over
‘time. The cumulative degradation is then used to extrapolate
device lifetimes, defined as a certain percentage degradation,
based on the operating voltage. For example, the power supply

may vary between the nominal VDD level and about 1.1 times the

nominal VDD level.




-degradation effects are nore pronounced. As a further result, the
above-descri bed nethod, called static HCl testing, for estimating device
lifetimes has becone | ess neaningful and less realistic. The |ﬁ§uﬂf2ﬂ§

. correlation between testing and actual reliability is because®he static
test does not adequately take into account the anmount of time that the hot
carrier injection (HC) effect occurs in a real circuit. For exanple, in a
digital «circuit that is synchronized with a clock, HCl may only occur
during a snmet$ perloentagesofartd meadudi dgwaaeb ehockuwved on rEhgeef ere, a
static HCl test may over estimate the cumul ative HCl effect. aresult,

dynam chéfCl céesteies Mds: Havecheen qdaxelopgd: yRedersing now tg Fig. 1, a
ring oscillator circuit 10 is shown. The ring oscillator 10 conprises

sever al degveddtigh sdagas s Ukeldorkl pi8noddc2d. A3 30,404,14.26,hat are

coupl ed together in a feedback ring. In this exanple, five stages are used

in the théngbotdldd AR RAWBKET 23R¥4O t.ages can be used.
Si nce an odd nunber of'inverting sfgges? ?ﬂ%?gg?%%It %5% Dfégte Ul 14,

are useds:Lhge Higdindde aseiddiate whengyer Lhe,  enable oignal ENABLE 52 is
hi gh. The frequency of oscillation, FERT s ?@%l%%ﬁqkpﬁéﬁbE‘ gheSGi | |
‘depend pg,{ her punber, of) 2 - -~ correlation between testing and actual
reliability is because the static-test does not adeqguately take
.into acecount the amount of time that the hot carrier injection
(HCI} effect occurs in a real circuit. For example, in a digital
circuit that is synchronized with a clock, HCI may only occur
during a small pefcéntage of time during each clock cycle.

Therefore, a static HCI test may over estimate the cumulative

HCI effect. As a result, dynamic HCI test methods have been

developed.

:Referring now to Fig. 1, a ring oscillator circuit 10 is
shown. The ring oscillator 10 comprises several inverting stages
Ul 14, 11 18, I2 22, I3 30, and I4 26 that are coupled together
in a feedback ring. In this example, five stages are used in the
ring. In practice, however, any odd number of stages can be
used. Since an odd number of inverting stages, including the
NAND gate Ul 14, are used, the ring will oscillate whenever the
enable signal ENABLE 52 is high. The frequency of oscillation,

which is typically very high, will depend on the number of
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2 4 JUN 2000 inverting stages in the ring and on the |oading at each stage
of the ring. Loading inverters |IA 38, IB 42, Ic 48, and ID 44 are

included to sinulate loads in a working circuit. This ring osc_ir#ai guurm
circuit 10 can be used on an integrated circuit wafer as a dyrfam c HCl

test structure. For exanple, the wafer may include an integrated circuit
that is designed with transistors of the sane |length as the transistors
inthe ring oscillator circuit 10. The ring oscillator circuit 10 can then
serve asnegetesig vatigae o Wienuliageak@l orf £ret Soddig dtheawh lstageurri n the
product design. To test HCl, the circuit supply VDD RO and the buffer VDD
'VDD_BUFEER aiey paveidicthati nive rateir@S i Ngs Vol .t age, 154eh 884 1r 14¥DP o While GND
68 is grounded. ENABLE 52 is then forced high to allow the circuit to

osci | | atecladled eryiniiigh d neaueney. aThe-puhput: buffer 15 34 provides an
additional |oading and also drives the oscillation signal off- chip. As the

circuit 10 operates under the stressing voltage VDD RO 60, any HCl effects
wi || cause degradation of the transistor drain currents and the frequency

of ring oscidlad orinfea nasild AR AGEUTAL e, ext L apol At on compared to
static HCl stress of operating lifetine s possible Sifcé™t he HO effect
's s muyaled under; dynam.g sy Lehlng gonditjops, . Shangss Jnthe .
| example, the wafer may include an inﬁegrated clircuit that is
designed with transistors of the same length as the transistors
iﬁ the ring oscillator circuit 10. The ring osciliator circuit
10 can then serve as a test vehicle to simulate HCI effects that
the will occur in the product design. To test HCI, the circuit
supply VDD RC and the buffer VDD VDD _BUFFER are powered at a
. stressing voltage, such as 1.1 VDD, while GND 68 is grounded.
ENABLE 52 is then forced high to allow the circuit to oscillate

at a very high frequency. The cutput buffer I5 34 provides an

additional loading and also drives the oscillation signal off-

chip.

As the circuit 10 operates under the stressing voltage
VDD_RO 60, any HCI effects will cause degradation of the
tr;nsistot drain currents and the frequency of ring 5scillator
as a result. An accurate extrapolation compared to static HCI
stress of operating lifetime is possible since the HCI effect is

simulated under dynamic switching conditions. Changes in the

3




3 4 JUN 20b oscillation frequency at the OUTPUT 56 can provide a neasure
of HCl -induced damaged. A problemw th this prior art ring oscillator 10
is that the loading on the circuit nodes A 16, B 20, C 24, angpm 1088 a
fixed value based on the transistor sizes in the |load inverter I'A 38, IH
42, |Ic 48, and I D 44. However, in the product design, a range of output
loading is used. For exanple, in the product design, a first inverting
stage may drive only a second inverting stage while the second inverting
stage defeebldorn firmcerdniong ast agesoutrnuthis caserdhieid eachearut-he,gecond
inverting stage is four tines greater than the load on the first inverting
stage. HbIsisddawd idandgedcal | ed fan-out. Fan-out can effect HCI
degradation. Therefore, it is inportant to neasure HCl over a range of
fan-out conditions. However, since fixed inverter |oads are used, it is
not possible to study fan-out effects on HCl using a single ring

oscill ator chroiiiienQuShi@hikhereblect ofof atcout, a0, HGly degradation over

the_range of 1 to 5, five unique ring osci or circuit's woul'd”"have to be

foes redhentogsel, o] A Ly IR, L AGR 05,8000 WLE 4

appr O_aCPij{éd VLY, SARENY V8 It %Iz’:ggsg];t})gséigehsl, pir\ll\agheer labra%a'inverters
Ta 38, Ip 42, Ic 48, and I, 44. However, iﬂ the.product design, a
range of output loading is used. For example, in the product
deéign, a first inverting stage may drive oﬁly a second
inverting stage while the second inverting stage drives four
invefting stages. in this case, the load on the second inverting
stage is four times greater than the locad on the first inverting
stage. This situation is called fan-out. Fan-out can effect HCI
degradation. Therefore, it is important to measure HECI over a
range of fan-out conditions. However, since fixed inverter loads
are used, it 1s not possible to study fan-out effects on HCI
using a single ring oscillator circuit. To study the effect of
fan-out on HCI degradation over the range of 1 to 5, five unique
ring oscillator cifcuits would have to be designed and each
circuit would require five pads as shown in Fig. 1. Tﬁerefore,

such a study requires five circuits and 25 pads. Such an

approach is very expensive in terms of test chip wafer area.




4 2 4 JUN 2000 Several -prior art inventions relate to ring oscillator
structures. U S. Patent 6,476,632 Bl to LaRossa et al teaches a ring
oscillator structure for use in on-chip reliability testing. g 2088 t
circuit shows an inverter-based, ring oscillator having | oad pacitors at
each stage. The preferred enbodinment of the invention includes a plurality
of pass gates to provide access to the internal nodes of the circuit. U

S. Patent 5,625,288 to Snyder et al discloses ring oscillator «circuits

for generatihgvéwgh drisguenty isivgnalisnkorelutéhes ©s@y ddrihigh Jir equency
stressing of on-chip devices. The ring oscillators are controlled by a DC

currentSDruatﬁfbonIage"E%h@ntVQLMa@$6QQnEEO£oi§aﬁ%&%é‘%¥téltﬁ%%cggge of the
NMOS devices in the first and second inverters. U S. Patent 06, ,374 B

to KanryagebsallriesersihasmctuMaSwar bl €,CaRaci Lo dhal,dsysed in a
voltage controlled oscillator for driving a resonator or a rystal .

SUMVARYt &6+t T, | ANVENTON A Qﬁ&QﬁﬁEa%hBQEegﬁl9&vé£@é§h§§en invention is to

provide an effective and very nmanufacturable ring osc 1949t Sr®ircuit on
an |ntegg@iggagéfq¢ggiﬂgﬂ@dga dapacitors at each stage. The preferred

embodiment of the invention includes a plurality of pass gates
to provide access to the internal nodes of tﬁe circuit. U. 8.
Patent 5,625,288 to Snyder et'al discloses ring oscillator
circuits for generating high frequency signals for further use
in high frequency stressing of on-chip devices. The ring
oscillators are controlled by a DC current or a bDC veitage. The
- voltage control is applied to the gate of the NMOS devices in
the first and second inverters. U. S. Patent 6,320,474 Bl to
Kemiya et al describes a MOS variable capacitor that is used in

a voltage controlled oscillator for driving a resonator or a

crystal.

SUMMARY OF THE INVENTION

A principal object of the present invention is to provide
an effective and very manufacturable ring oscillator circuit on

an integrated circuit device.




2 4 JUN 2005 A further object of the present invention is to provide a
ring oscillator circuit useful for evaluating dynamc hot <carrier effects.
A yet further object of the present invention is to provide a# ggu,zwﬁ
oscillator having a variable capacitive | oading on internal ndtes. A yet
further object. of the. present invention is to provide a ring oscillator
where the capacitive |oading may be varied wusing a voltage signal. A yet
further object of the present invention is to provide a ring oscillator
circuit havihghar ot agpgectnorolthedprosent | atven: farequeney prviat hurt her
obj ect of the present invention is to provide a phase |ocked loop circuit
usi ng arhoyebscilgtascidilrationr ase@uiVveblages ot 110} | 86886 hiat or . Anot her
further object of the present invention is to provide a nmethod to test

| oad depentdesce-tfec ot carrier injection effect in an integrated circuit
device. 6 ,2 4 JUN 200 In accordance with the objects of this invention, a
ring oscillator circuit device is achieved. The device conprises an

A yet further object of the present invention is to provide

a ring oscililator having a variable capacitive lvading on

internal nodes.

A yet further object of the present invention is to provide
a ring oscillator where the capacitive loading may be varied

using a voltage signal.

A yet further object of the present invention is to provide
a ring oscillator circuit having a voltage-controlled

oscillation frequency.

A yet further object of the present invention is to provide
a phase locked loop circuit using a novel ring oscillator as a

voltage-controlled oscillator.

Another further object of the present invention is to
_provide a method to test load dependence of a hot carrier

injection effect in an integrated circuit device.




odd nunber of inverting stages. Each inverting stage has an input termnal
and an output termnal. The inverter stages are coupled in a ring such
that the output terminals of preceding inverting stages are c plmﬂﬁthe
input termnals of subsequent inverting stages. A variable caggcitor IS
included. The variable capacitor conprises a conductive |ayer overlying a
bul k sem conductor region with a dielectric |ayer therebetween. The
conductive layer is coupled to the output term nal of one of the inverting
st ages. The {alrcyrcanse vathabhe obpacktorf Uependsyeortiarhulak niakt age t hat
is coupled to the bulk sem conductor region. Also in accordance with the
obj ect se®fii ol nviertuidn dearicphaseakbtkeddl oDpe cdawiid ddeyirdedss zachi eved.
The device conprises a phase detector having a first input termnal, a
second pdpututierm el inverd iag ettpet .t BRBhnahve ThEn U He Ha8f Bonal carries
a signal equal to a constant voltage plus a voltage proportional to a

phase eimput betmeeml had lansbuapdt seepndal NPihe tefyaNalS. st f Lrst i nput
terminal is coupled to a periodic signal. Alow pass filter "having an

input tesubled BNcth AMPEUERY thakniRal ohgp%egerﬁﬂ?aﬂso%ﬂo%%%cfei&iﬁqgf | nput
termnal 1s coupled to the phase detector output term nal. A voltage 7
14JUN20inverting stages are coupled to the input terminals of
subsequent inverting stages. A variable capacitor is included.
The variable capacitor comprises a conductive layer overlying a
bulk semiconductor region with a dielectric layer therebetween.
The ceonductive layer is coupled to the output terminal of one of
the inverting stages. The value of the variable capacitor

depends on a bulk voltage that is coupled to the bulk

semiconductor region.

Also in accordance with the objects of this invention, a
phasé locked loop circuit device is achieved. The device
comprises a phase detectorrhaving a first input terminal, a
sgcond input terminal, and an output terminal. The output
terminal carries a signal equal to a constant voltage plus a
'voltage proportional to a phase error between the first and
second input terminals. The first input terminal is coupled to a
periodic signal. A low pass filter having an input terminal and
an output terminal is used. The low pass filter input terminal

is coupled to the phase detector output terminal. A voltage

7




~controlled oscillator circuit is included. This voltage controlled
oscillator circuit conprises an odd nunber of inverting stages. Each
inverting stage has an input termnal and an output term nal. Tg%ui“nWter
stages are coupled in a ring such that the output term nals ofz recedi ng
inverting stages are coupled to the input term nals of subsequent
inverting stages. A variable capacitor conprises a conductive |ayer
overlying a bulk sem conductor region with a dielectric |ayer

t her ebeturenol The ocomuaidvelayer s ¢auplLadat orghe ity termnal of
one of. the inverting stages. The value of the variable capacitor depends

on a bubkty@n@@eoé@@hmzc%&lc%qtt%ohpﬁigagk Sf{*%xgg@&gﬁmg)u&e%ifo”- The

bul k voltage is further coupled to the Fow pass termnal. A

buffer shagechas ap idputc.termnpal . that i coupl ed to the output term nal
of one of the ?%ver??%\% st acgle?n%%r]fétlﬁgssg%g%ug%gta? eJrr%ﬁuntalFerﬂlﬁ’ﬁit‘Ll 7Pdg

frequen vl der . i-nput, term nal ~and an output_ term nal. The input
term naﬁMi gb]\!ﬂégﬁp?ée]%%rgﬁt'heln Suffer *$ag8 BEEPUETE e?“ﬁf%q TFhé ddsut

term na S pl.ed to the phase detector second input termnal. Also in
accor da%gghwt%%yt & B e t(?frmllll?iacsjtsi AveREFBRAIRY MY HOI D Stegies gae
dependence of ‘a hot carrier injection effect in an integrated circuit
devi ce Fguﬁgﬁ? VR AT Bt ASEM186HEr PEesUBFagREn hgl BV e g o sdisldest- oA
circuit on.an integrated circuit device. The circuit conprises an odd
nunber HFrFﬁQ%?t?%EFCltor comprises a conductive layer overlying a bulk

semiconductor region ﬁith a dielectric layer therebetween. The
conductive layer is coupled to the output t;;minal of oﬁe of the
inverting stages. The value of the wvariable capacltor depends on
a bulk voltage that is coupled to the bulk semiconductor regiomn.
The bulk voltage is further coupled to the low pass filter
output terminal. A buffer stage has an input terminal that is
coupled to the output terminal of one of the inverting stages
and has an ocutput terminzl. Finally, a frequency divider has an
inpu# terminal and an output terminal. The input terminal is
coupled to the buffer stage cutput terminal. The output terminal

is coupled to the phase detector second input terminal.

Also in accordance with the objects of this invention, a
method to test load dependence of a hot carrier injection effect
in an integrated circuit device is achieved. The method
comprises providing a ring oscillator circuit on an integrated

circuit device. The circuit comprises an odd number of inverting

8



8 Z4JUN204 stages. Each inverting stage has an input term nal and an
output termnal. The inverter stages are coupled in a ring such that t he
output term nals of preceding inverting stages are coupl ed Ii{

term nal s of subsequent inverting stages. A variable capacito orrprl ses a
conductive |layer overlying a bulk sem conductor region with a dielectric

| ayer therebetween. The conductive |layer is coupled to the output term nal
of one of the inverting stages. The value of the variabl e capacitor

dependssoages. bk dn violags dhat: zge ﬁ@%phﬁdlh?ulihgeﬁ’r&%als%fﬂoc nAUCHAN ¢
region. The inverting stages are powered with a stressing voltage:

Frequenebesi @411 hend i g, Q8¢ |s%ta%resc'a'§:%ul858§igdn?lqsé"ﬁe%%@&lc% SLgpping the

bul k vol tage through a range of values t termne ependence of a

hot cargjer t t t d circuit deV| ce. BRI EF
DESCRI PT] CJ\I0 1$'€H ﬁ%ﬂmwﬁvgﬁ% o %rtﬁ%%géégnggnggg "r AW RS ¥ MYy gdmat eri al

ing osePl Fator arr cirrhag' S U sk 0eh an%ema‘aéi#i%%e? aheer o

preferr99r§ggfglég%§cf¥o%'g%mprlses a conductive layer overlylng a bulk
semiconductor region with a dielectric layer therebetween. The
conductive layer is coupled to the output terminal of one of the
inverting stages. The value of the variable capacitor depends on
a.bﬁlk voltage that is caﬁpled to the bulk semiconductor region.
The inverting stages are powered with a stressing voltage.
Frequencies of the ring oscillator circuit are measured while
stepping the bulk voltage through a range of values to determine
load dependence of a hot carrier injection effect in the

integrated circuit device.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings forming a material part of

this description, there is shown:

Fig. 1 illustrates a prior art ring oscillator circuit.



present invention showing a ring oscillator having variable capacitor

|l oading. Fig. 3 illustrates the first preferred enbodi nent of the present
invention in a cross section of an integrated circuit device. i 008 e
capacitor is shown integrated with a CMOS inverter. Fig. 4 ill®uStrates the
capaci tance variation of a MOS capacitor over a range of gate voltages.
Fig. 5 illustrates a second preferred enbodi nent of the present invention
showi ng a nethod to test | oad dependence of a hot carrier injection effect

in an integraied £iycyide devw.ce. i Ll [,a . third preferred
embodi nent of ?he present inventﬁg%tsﬁgé#ﬁg§ %eé§$?é}%%ﬁﬁ Fﬁgng with

mul ti pl vari aple. capaci Lar n_each node. . Fig. 7 illustrates a fourth
'preferrgaeenbog?heﬁﬁgb t%ﬁ?ﬁ%g egeﬁ%npngéﬁ%ﬂgﬂggﬁongifﬁiWﬁﬁ%ﬁ?lﬁocked | oop
(PLL) ciLgui where,the ring oscillator of the present invention is used.
as the V%%%%a%(ﬂﬁ%?%ﬂqbd oscillator (VCO. 10 4 JUN 200 DESCRIPTI ON OF
THE PREFERRED EMBODI MENTS The preferred enbodi nents of the present
invention disclose a ring oscillator circuit device having variable

| oadi ng. The_, oo .
Fig. 3 illustrates the first preferred embodiment of the

present invention in a cross section of an integrated circuit

device. A variable capacitor is shown integrated with a CMOS

inverter.

Fig. 4 illustrates the capacitance variation of a MOS

capacitor over a range of gate veltages.

Fig. 5 illustrates a second preferred embodiment of the
present invention showing a method to test load dependence of a

hot carrier injection effect in an integrated circuit device.

Fig. 6 illustrates a third preferred embodiment of the
present invention showing the ring oscillator with mulitiple

- variable capacitors on each node.

Fig. 7 illustrates a fourth preferred embodiment of the
present invention showing a phase locked loop {(PLL) circuit
where the ring oscillator of the present invention is used as

the voltage controlled oscillator (VCO).

10



circuit is particularly useful for testing HCI effects over a variety of

| oadi ng conditions. Further, a phase-locked |oop wusing the ring oscillator
is disclosed. It should be clear to those experienced in the ¢ t‘n“aﬁﬂﬁhe
present invention can be applied and extended w thout deviatiﬁ% fromthe
scope of the present invention. Referring nowto Fig. 2, the first
preferred enbodi nent of the present invention is illustrated. Several

i nportant features of the present invention are shown and di scussed bel ow.
The first preferred enbodi nent of the present invention conprises a ring
oscillator circuit 100. The circuit device 100 conprises an odd nunber of
inverting stages Ul 104, Il 108, 12 112, 13 118, and 14 119. Five stages
are shown in the ring as an exanple. However, any odd nunmber of stages can
be used. Each inverting stage has an input term nal and an out put
termnal. The inverter stages are coupled in a ring such that the output

termnals of 11 24 ég%bg@pTI@ﬁqﬁQQhﬂgj#ﬁﬁﬁ%&&ﬁgEﬁéﬁgﬁgggig coupled to the

input termnals of subsequent I nverting ages. one vari abl e
- capacitor CA 126 is included. In the nore preferred case, a plurality of
vari abl e capacitors CA 126, CB 130, Cc 134, CD 142, and CE 138, are used.

One VariableTﬁé”ﬁ?é%éyré&;éﬁgggi%gnkg 5 etggt fgsent invention disclose
& ring oscillator circuit device having variable loading. The
circuit -is particularly useful for testing HCI effects over a
variety of loading conditions. Fﬁrther, a phase-locked loop
using the ring oscillator is disclosed. It should be clear to

those experienced in the art that the present invention can be
applied and extended without deviating from the scope of the

present invention.

Referring now to Fig. 2, the first preferred embodiment of
the p;esent invention is illustrated. Several important features
of 'the present invention are shown and discussed below. The
first preferred embodiment of the present invention comprises a
ring oscillator circuit 100. The circuit device 100 comprises an
odd number of invgrting stages Ul 104, I1 108, 12 112, I3 118,
and I4 119. Five stages are shown in the ring as an example.
However, any odd number of stages can be used. Each inverting
stage has an input terminal and an output terminal. The inverter

stages are coupled in a ring such that the output terminals of

3




. - ‘ . . . - . - 130
-termnal of each inverting stage. The variable capacitors CA 126, CB ,
Cc 134, CD 142, and CE 138 preferably conprise MOS capacitors where the

ate electrode is coupled to the inverting stage output term J NS
gul k term nal of each MOS capacitor is coupled to a bulk vol ta&aell' EANQJT

154. Referring to Fig. 3, the first preferred enbodinment of the present
invention is illustrated in a cross .secti on pf an i ntegrfated circuit
device. The variable capacitor 220 is shown integrated with a CMOS

i hSi MESndr st Qr 6., Jhe variabl e capacitor
| Iz%e::-z)rergfiggg(gﬁ;@gg;\ductr%gf/esaﬁ%?f%r %5%8%33@5??% %é %h%ulrrlkp%erﬁecrglﬁ&’lﬁilsopfr egi on

i i J : bet ._Preferahly, the  conductive
Izgser WZ%Ebg%‘gn%%fg%ﬁ%%ﬁdylgﬁeirsc%éléasﬁige%‘ %e?[ :A\gfg%?? ir‘gaxe i @?Af‘zcggﬁﬁr Fzes an
i de. MOS; istors 212 and 216 and the MOS capacitor 2: are
?)élr?rgd ggga subﬁs{%éeé'zgﬁ& e "SUbsPFafEr 580 Bfeterat W radipr icddes

i ilicaon. In this egbadiment, the 12 4 JUN 2* substrate 200
s b tyoer RS SR RAT IO T 208 are rbrmed e Ho ddBat PafeCt oS fne bul K
region 208 of éhe PMOS devi.ce 216 and for the bulk region 208 of the MOS
capaci t or - 220°4 Al Y AT NRLP CaRagdAPrwaF| capptehcte ndye biem@s@d where a

- PW is
p-type gg%%iéayvof each inverting stage.

The variable capacitors C, 126, Cs 130, C¢ 134, Cp 142, and

Cg 138 preférably comprise MOS éabaéifé;s where the gate
electrode is coupled to the inverting stage output terminal. The
bulk terminal of each MOS capacitor is coupled to a bulk voltage
FANOUT 154, Referring to Fig. 3, the first preferred
embodiment of the present invention is illustrated in a Cross
section of an integrated circuit device. The variable capacitor
220 is shown integratéd with a CMOS inverter comprising MOS
tranéistors 212 and 216. The variable capacitor 220 comprises a
conductive layer 228 overlying a bulk semiconductor region 208
with a dielectric layer'224 therebetween. Preferably, the

- conductive layer 228 comprises polysilicon and the dielectric

layer 224 comprises an oxide.

The MOS transistors 212 and 216 and the MOS capacitor 220
are formed on a substrate 200. The substrate 200 preferably

comprises monocrystalline silicon. In this embeodiment, the

12




formed for the bulk region of the NMOS device 212. Preferably, the gates
of the NMOS 212 and the PMOS 216 are forned using the sanme conductive

| ayer 228 and dielectric |layer 224 as used for the MOS capacihﬂguuﬁhﬂﬁ
conductive layer 228 of the MOS capacitor is coupled to the o ut

term nal VNODE of the inverting stage forned by the coupling of the PMOS
device 216 and the NMOS device 212 by the netal |ayer 240. O particul ar
i nportance, the bulk region 208 and the source/drain regions 232 of the

MOS capeehs©faed @00 ils/RetyHae pmxpg&y@ﬂﬂ% Saétey&iogﬂ\!ehyi?i ased to

the I owest voltage on the integratéed circuit y  formng the MOS

capact ek bl 208, 2% Yger L acBULk £gecetLen san beRlgosd, La,any

positive voltage between € reverse bre t he

NW PSUB | i rin ow.t 0. Fi 4, the, capacjtance variation of a
MOS _nggg?ﬁgéqgﬁgfﬁggééﬁggogfOgaggeng§aﬁ%%a?%t?$ﬁﬁg%r %gﬁFn?ﬁéV§$¥e
voltageaoéuéfg% La acitor, wth reépect to the voltage of the bulk
region, i s swept TromaatdgdtrveeviPEe YRR ppRTINRE vilde. (PWi318 4 JUN 20
When thg at ol tage.i s negative, the channel region under the gate is in
t he acctfli %%i%ﬁ:ﬁ%%épuiﬁté AaPPveFythe fW4OsiRy bfe Wger dtriedrrebivesponds

to the pulk regi on_biased to a positive
: he gateés of the NMOS 212 and the PMOS 216 are formed using the

same conductive layer 228 and dielectric layer 224 as used for

the MOS  capacitor.

The conductije layer 228 of the MOS capacitor is coupled to
the output terminal VNODE of the inverting stage formed by the
coupling of the PMOS device 216 and the NMOS device 212 by the
metal layer 240. Of particular importance, the bulk-region 208
and the source/drain regions 232 of the MOS capacltor are n-
type. The p-type substrate 200 is typically biased to the lowest
voltége on the integrated circuit GROUND. By forming the MQS
capaditor bulk 208 as n-type, this bulk connection can be biased

to any positive voltage between GROUND and the reverse breakdown

voltage of the NW/PSUB junction.

Referring now to Fig. 4, the capacitance variation of a MOS
capacitor over a range of gate voltages is illustrated. The gate
voltage of the MOS capacitor, with respect to the voltage of the

bulk regicn, is swept from a negative value to a positive walue.
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vol tage, such as VDD, while the gate is biased to ground. In the
accurul ati on node, the capacitance value is |ow. Wen the gate voltage i's
positive, the channel region under the capacitor gate is in i VED gN
Alternatively, this node of operation corresponds to the bul k regi on biased
to ground while the gate is biased to VDD. In the inversion node, the
capacitance value is high. It can be seen fromthe perfornmance curve of
the MOS capacitor that the variabl e capacitance value can be controlled

by t he Wotn age: arettchediakker @égi onga¥Thirs, | shanchamorl anlgifeatimeer ofiet he
present invention. Referring again to Fig. 2, as an inportant feature, the

bul k regionsiofit ithdVAGcoapaaitionsmGle 12681« Ehadd0e1Ge 1345 Gqd43s and CE
138 are coupl ed together to the FANOQUT signal 154. The values of the

var i abl epeapacit afcs =@ ceeRt £l kel BY1khechias bMAIdAYS anbhe FANOUT
signal 154 using the variable capacitance property descrlgéd above. To set

the capasitess andiodes Wol06ni1B 140, oG 118 A ANdEHAL kg ooBl | est

val ues, the ANCUT vol tage is biased fo a p05|t|ve voltage suc DD To

SRS G R DSBS MR U, PO g Bothos
Vol tagevobetyeer IR ANGY" R henARY £¥: 80 LIS B A 23 ”aat
.__is in inversion. Alternatively, this mode of operation
corresponds to the bulk region biased to ground while the gate
-is biased to VDD. In the inversion mode, the capacitance value
is high. It can be seen from the performance curve of the MOS
capacitor that thé variable capacitance value can be controlled

by the vecltage on the bulk region. This is an important feature

of the present invention.

Referring again to Fig. 2, as an important feature, the
bulkrregions of the MOS capacitors C, 126, Cg 130, C¢ 134, Cp 142,
and Cg 138 are coupled together to the FANOUT signal 154. The
~values of the variable capacitors are controlled by the bias
voltage on the FANOUT signal 154 using the variable capacitance
property described above. To set the capacitors on nodes A 106,
B 1106, C 114, D 116, and E 121 to smallest values, the FANQUT
voltage is biased to a positive voltage such as VDD. To set the

capacitors to the largest values, the FANOUT voltage is biased
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The circuit 100 of the first enbodi nent allows a range of capacitance
| oadi ng on each node of the ring oscillator through the use of a single

circuit design. The circuit 100 further conprises a stressing gkﬁﬁ@ﬁ&h
i nput, VDD RO 158, a buffer voltage input, VDD BUFFER 162, a &¥ und i nput

G\D 166, and enable input ENABLE 146, and an output OUTOUT 150. The NAND
gate Ul 104 allows the oscillator to be turned ON and OFF by the ENABLE
signal 146. A buffer 15 122 couples the ring oscillator to the output 150.
Ref erri hg ®ownd. Furtlsr,a tdecoadioprefrel rede eabhodidrendit afo ke venesgat
invention is illustrated. A nethod 500 to test | oad dependence of a hot
carri erbényeet i oD eff®eirdundand acegeatedn €h&uhdqdom Ce 48R the
above-descri bed test structure is shown. The method 500 conprises powering
the inverting stages wth a stressing voltage in step 510. For exanple,
the ring oscillator supply, VDDRO 158, is powered at a voltage exceedi ng

the nom nal BpPRtYscsUch o@s ok Lkl &?§skh§mﬂ%ﬁl&¥€'%ﬁﬂ§ a q!a%\é%t 8¢ VDD
X an

level will cause elevated |evels of HCl to occur. , ini“tial bul k

volt agecéﬁa@i@@&% qrbé&l%dzwﬁi %&aliuéﬁf'ﬁhé nrfltl p085c2' '1a-|‘::Q>ert Iil:%l?: ?JI%BCy of

the ring oscillator circuit is 15 en neasured ‘over ssing
tinme pephod,in Sfep ;%gglé'%iE%%it design. The circuit 100 further

comprises a stressing voltage input, VDD RO 158, a buffer
voltage input, VDD BUFFER 162, a ground input GND 166, and
enable input ENABLE 146, and an outpﬁgnbUTOﬁT 150.7The NANB gate
Ul 104 allows the oscillator to be turned ON and OFF by the

ENABLE signal 146. A buffer I5 122 couples the ring oscillator

to the output 150,

Referring now to Fig. 5, a second preferred embodiment of
the present invention is illustrated. A method 500 to test load
dependence of a hot carrier injection effect in an integrated
circuit device using the above-described test structure is
shown. The method 500 comprises powering the inverting stages
with a sﬁressing voltage in step 510. For example, the ring
oscillator supply, VDD RO 158, is powered at a voltage exceeding
the nominal supply, such as 1.1 times the VDD level. This
elevated VDD level will cause elevated levels of HCI to occur.
Next, an initial bulk voltage is biased on the FANOUT signal 154

in step 520. The freguency of the ring oscillator circuit is
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bul k vol tage range has not been covered, then the bulk voltage is
increnented to a new value in steps 555 and 560 to thereby change the
capacitor loading in the ring oscillator in steps 540 and 550 £
measuring the oscillation frequency again in step 530. This séﬁ ence IS
repeated until. the range of bulk voltages is covered in step 550. The

nmet hod 500 al l ows the | oading on each inverter stage in the ring
oscillator to be varied across a range. At the |largest bulk voltage val ue
(VDD), tihen VBS:oapatidvers thke skBeasthgut ahé oferfof 1DSic@f sthe escihbation
cycle. For typical frequencies of operation, the resulting MOS capacitor

val ue issunniteldays rAinget M@ sSABL| B8Enbubke VOl | aGf Y alHée Hi@ND) 011 MOS
capacitors are in inversion for nost of the oscillation cycle. For typical

f requencs esnoferRiefaat itN.a ackakgeucapacitansesds addedd ¢ eagh eﬂg
Further, the | oading of each stage can be snoothly |ncrenente5 er a

range O&hyﬁé@e@hénbéaﬁ%a¥oQg1%%8156“E%”£h%ﬁ%%%%f %Jfl g@%@ S@EBUTEEOHCI

ef fect can thereby be neasure over r ng,

condi ti t II o] Thi nge of condltlons
acconpl?gﬁe%g%n 5%{QQEF%%% g%gblﬁaer?%gl%g%? ?ai%ﬁe%uQQFybﬁﬁéﬁPténand

conay o) ore O4ld oA LRGeS ELDSULLL AN PIAPAT LA 1L R ranoe of

voltages is covered in step 550.

The method 500 allows the loading on each inverter stage in
the ring oscillator to be varied across a range. At the largest
bulk vcltage valuer(VDD), the MOS capacitors are in accumulation
for most of the oscillation cycle. For typical freguencies of
cperation, the resulting MOS capacitor value is quite low. At
the smallest bulk voltage value (GND), the MOS capacitors_are in
inversion for most of the oscillation cycle. For typical
_freqﬁencies of operation, a large capacitance is added to each
node. Further, the loading of each stage can be smoothly
incremented over a range of values by sweeping the FANOUT
voltage from VDD to GND. The HCI effect can thereby be measured
over a range of loading, or fanout, conditions in the ring
osciliator. This range of conditions is accomplished without
proliferating ring oscillator test circuits and without
proliferating pads. One circuit with six pads can test a range

of conditions.
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4 JUN 20 Referring nowto Fig. 6, a third preferred enbodi ment of the

present invention is illustrated. In this enbodinent, nultiple MOS
capacitors are coupled to each node in the ring oscillator ci uuuaﬂﬂ.
Once again, an odd nunber of inverting stages Ul 302, 11 306, 310, 13

314, and 14 318 are used. Once again, five stages are shown in the ring.
However, any odd nunber of- stages can be used. In this case, however, each
node A 304, B 308, C 312, D 316, and E 320, between the inverting stages
is coupled to three capacitors. Node A 304 is coupled to MOS capacitors
CAl 324, CA2 328, and CA3 332. Node B 308 is coupled to MOS capacitors CB1

336, CB2 340pesdshGB3 mdd + Nadg . Cs,312+j$ 60 capagltars 01
348, Cc2 352, and Cc3 356. Node D316 Psrgoﬁﬁ%ggf%‘%@ @Oc%%%&tt 6’rf2 Col

360, Cpins sk G3,- 368, Nade .s ;coupl ed.to capaci tors CEl
372, CE2 3 G%eand CE3e 380.n The %Elu%%rgglgt?gﬁsygfgghse %Ikaép%;li egl%s are coupl ed

Si anal s HANGUTL S SPARGITFS 396, AR PANBLTS 303, ‘Car GRS desi gni ng
t he si_ ZSS%W capaci Qs and _by  biasing the FANOUT1 394, FANOUT2
396, and Hgnal® -a prépfrater yan gdﬂu%lllf‘@eafrgféfr InRFE 180 f anout
ggg?'t |t B%gﬁg%%ﬁfyfi B edog N12dd it 9n. By aggcli_ "D T A e e

again, five stages are shown in the ring. However, any odd

number of stages can be used. In this case, however, each node 24

304, B 308, C 312, D 316, and § 320, between the inverting

stages 1s coupled to three capacitors. Node A 304 is coupled to

MOS capaciters Cuy 324, Cpy 328, and Ca; 332. Node B 308 is

coupled to MOS capacitors Cg, 336, Cgz 340, and Cgy 344, Node C

312 is coupled to MOS capacitors Ce 348, C¢p 352, and Ces 356.

Node D 316 is coupled to MOS capacitors Cp1 360, Cpz 364, and Cps

368. Node E 320 is coupled to MOS capacitors Cg 372, Cg 376, and

CE3' 380 .

The bulk regions of the capacitors are coupled to one of
several signals. In this example, there are three bulk voltage
signals, FANQUT1 394, FANOUTZ 396, and FANOUT3 398. By carefully
designing the size of the MOS capacitors, and by biasing the
FANOUT1 394, FANOUTZ2 396, and FANOUT3 398 signals appropriately,
a much larger range of fanout conditions can be created. In

addition, by adding more fanout pads, additional fanout

17




17 Z 4 JUN 20 scenarios can be created. For exanple, if all the bulk

vol tages FANOUT1 394, FANOUT2 396, and FANOUT3 398 are forced to VDD, such
that capacitors are at | owest values, then a very |ow capacit guN@ﬁﬁ ng
is attached to each node. At the other extreme, if all of the"bulk

vol tages FANOUT1 394, FANOUT2 396, and FANQUT3 398 are forced to GN\D, such
that capacitors are at highest values, then a | arge capacitance |loading is
attached to each node. Further, a large range of val ues between these

ext r emesceair D&s el uat ed-da i agiRg LhsL kUl k; Yol { pogs tbcdhlkdifofﬁ%g@%
pads plds  one

values. In general, this technique requires five standar

e VDD B 5. VHD ‘BORCER 995 GAD S88CCERABTE *ubatonsal SOTROF 306, i nce

there a h i ! t,..fanou capacitors per node, there are three
fanout'%gﬁ%rgﬁggfgﬁgﬁgﬂgéEbﬁﬁeaﬁgFZﬂEﬁf §§i?e?AN@%¥EE§§%?Qhﬁ "FANOUT3 398.
To perform an_analysis. over a fanout range of 1-10 would require five
standargaB%%ég%‘ﬂ% O%ﬁ%ﬁﬂuﬁﬁ ﬁ&%ﬁE.eﬁoﬁ@vg??hoﬂPQGOH%trﬁhﬁ;°§§9ﬁI | at or
circuit ig needed Iq%addition, the MOS capacitors can be designed in
di f f er et C5798s. TRt xingitle, Bl VPARGGES EABAETE 07 3¢ c AW 264 such
that three cagacitors are of

and FANOUT3 398 are forced to GND, such that capacitors are at

highest values, then a large capacitance loading is attached to
each node. Further, a large range of values between these

extremes can be evaluated by biasing the bulk voltages to

different values.

In general, this technique requires five standard pads plus
one pad fdr each fanout capacitor. In the above case, the five
standard pads are VDD RO 388, VDD BUFFER 390, GND 392, ENABLE
384, and OUTPUT 386. Since there are three independent, fanout
capagitors per node, there are three fanout control signals
shown as FANOUT1 394, FANOUT2 396, and FANOUT3 398. To perform
an analysis over a fanout range of 1-10 would require five
standard pads plus ten fanout pads. However, only one ring
oscillator circuit is needed. In addition, the MOS capacitors

- can be designed in different sizes. For example, five fanout
capacitors can be sized such that three capacitors are of
smallest area, one capacitor is twice the smallest area, and one

capacitor is five times the smallest area. In that case, only
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. smal |l est area, one capacitor is twice the snallest area, and one capacitor
is five tines the snallest area. In that case, only 18 - --------- - -
Z 4 JUN 20 five fanout pads are required to select a fanout Iagpung
between 1 and 10 in steps of 1. This technique provides a singi®™® ring
oscillator capable of analyzing a | arge fanout range and results in very
significant area savings. Referring again to Fig. 2, the ring oscillator
100 with variable capacitor |oading can be used as a voltage-controlled-
osci | | afdve Psndine mapacitanceuioad rg 641426, 5 C5. 130 1%&%3; b@@we%ﬁl and
CE 138 on each node A 106, B 110, C 114, D 116, and E 121 varies, the
resul ti Dgaiid equieneys afp 36 1l k08 Obchiequei LEULadl Sp HaLes . shper easi ng
capaci tance reduces operating frequency an I sa versa. ereforé€, the

ring OS@E&lEﬂé%oﬁﬁcéﬂﬁbh¥ﬁﬁ§%ﬁkl&%gﬁ?;éoﬂaiﬁégﬁagogglﬁﬁ%%&%%%t%%%?EgantrolS

oscillator (VCO where the bulk e, | i S case

the frequeocy ofy.0peralion. . Lhig YoQ.circuit 100 can take the form of a
singl e vari abl e capacitor on any invgrfing stage, one variable capacitor
on each inverting stage (as shown), or nmnultiple variable capacitors on
each inverting stage (as shown in Fig. 6).

Referring again to Fig. 2, the ring oscillator 100 with
variable capacitor loading can be used as a voltage-controlled
- oscillator. As the capacitance loading Ca 126, QB 130, Cc 134, Cp
'. 142, and Cgz 138 on each node A 106, B 110, C.ll4, D 116, and E
- 121 varies, the resulting frequency of oscillation of the
circuit also varies. Increasing capacitance reduces operating
frequency and visa versa. Therefore, the ring oscillator of the
present invention forms a voltage-controlled oscillator (VCO)
where the bulk veoltage, in this case FANOUT 154, controls the
frequency of operation. This VCO circuit 100 can take the form
of ansingle variable capacitor on any inverting stage, one
variable capacitor on each inverting stage (as shown), or

multiple variable capacitors on each inverting stage (as shown

‘in Fig. 6).

Referring now to Fig. 7, the novel VCO circuit can further
be applied to a phase-locked loop (PLL} circuit 400. This
general PLL diagram uses a VCO 408 in combination with a

frequency divider 412, a low-pass filter 406, and a phase

19




Referring nowto Fig. 7, the novel VCOcircuit can further be applied to a
phase-| ocked | oop (PLL) circuit 400. This general PLL diagramuses a VCO
408 in.conbination with a frequency divider 412, a | ow pass fgn,; g[mm,
and a phase 19 2 4 JUN 20 detector 404. The VCO circuit 408 géherates an
out put signal,. QUTPUT 424, having a frequency that is equal to the
frequency of an input signal, INPUT 416, nmultiplied by a constant N.
Further, the output signal 424 is synchronized (phase-locked) to the

i nput sPghaftam 6t0% fldedback disepiits408edenorgensrat eowpiar rsdynasi gnal  VPD
420 which is converted into a DC control voltage Vcont 422 that is used to
cont r ol SPRBUY/CE 408 1avTihe wnifgqegue@Oyciheti 1s 4982 Dftd hehprseptenicyvent i on
allows the PLL circuit 400 to synchronize the output frequency 424 to the
i nput ségnahpud6sigrorle quirekl vlthanupeipliadtbyYCO €btsiids v . Thusthecause
the variable loading ring oscillator can nove the frequency in |arger

steps dthéngutier isidrial 4omase lsgeknhwbenzthe (oni Pt o S LHUERL Y S ,
conpl etely out of |ocking range. The advantages of the present invention

may nowifeut sygvedi zads . An refdbeativecapd: ¥ery.aenyfastarahl e ring .

oscillator circuit is achieved. The ring oscillator circuit is

par ti cubaghy usgl ubof @k &y al Yald e Ny GaL & el E8RESo1 THELLIRY v,
422 that is used to control the VCO 408. The unigque VCO circuilt
408 of the present invention allows the PLL circuit 400 to
synchronize the output frequency 424 to the input signal 416
more gquickly than prior art VCO circuits. This because the
variable loading ring oscillator can move the freguency in

larger steps during the initial phase lock when the cutput

frequency is completely out of locking range.

The advantages of the present invention may now be
summérized. An effective and very manufacturable ring oscillator
circﬁit is achieved. The ring oscillator circuit is
particularly useful for evaluating hot carrier effects. The ring
oscillator has a variable capacitive loading on internal nodes.
~This capacitive loading may be varied using a voltage signal.
The ring oscillatér circuit has a voltage-controlled oscillation
frequency. A phase locked loop circuit using the novel ring
oscillator as a voltage-controlled oscillator is achieved. A

method to test load dependence of a hot carrier injection effect
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oscillator has a variable capacitive |oading on internal nodes. This
capacitive |l oading may be varied using a voltage signal. The ring
oscillator circuit has a voltage-controlled oscillation frequ?ﬂeﬁuuﬁmﬁhase
| ocked | oop circuit using the novel ring oscillator as a '

vol tage-control l ed oscillator is achieved. A nethod to test |oad
dependence of a hot carrier injection effect 20 A4 JUN 20 in an integrated
circuit device is achieved. The nethod allows a |arge fanout range to be
st udi ediusimgiraesinagleel cimguasciblirateris ciditidted AThshawinod bheopseferred
enbodi nents, the novel circuit device and nethod of the present invention
'providelangefﬁﬁnnﬁyean@@dtﬁabufaehu&a@lﬁsiﬁifﬁfﬁﬂﬂgmétﬂldgh%sﬁﬁ&@étéft

Wil e the invention has been particularly shown and described with
referencerdwit he preferred enbodi nents thereof, it wll be understood by
those skilled in the art that various changes in formand details nmay be
made w t hout departing from the spirit and scope of the invention. 21 14
JUN 200 1. Aring oscillator circuit device conprising: an odd nunber of

|nvert|ng stages pher %!%h%aﬁge§gkged embodlments, the novel circuit

device and method of the present invention provide an effective

and manufacturable alternative to the prior art.

While the invention has been particularly shown and
described with reference to the preferred embodiments thereof,
it will be understéod by those skilled in the art that wvaricus
changes in form and details may be made without departing from

the spirit and scope of the invention.
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inverting stage has an input termnal and an output terminal and wherein
saird inverter stages are coupled in a ring such that said output termnals
of preceding said inverting stages are coupled to said input gﬁggh“auﬁ of
subsequent said inverting stages wherein one of said invertin tages
conprises a logic gate having an additional input termnal that is coupled
to an enable signal; a plurality of first variable capacitors wherein each
said output term nal of each said inverting stage is coupled to one of
said first variable capacitors and wherein all said first variable
capacitor bulk sem conductor regions are coupled to a first bulk voltage;
and a plurality of second vari abl e capacitors wherein each said output
term nal of each said inverting stage is coupled to one of said second
vari abl e capaci tbrsiranbsatidraeior alikcsaktddsecoadcamstiadirey:capaci tor bul k
sem conductor regions are coupled to a second bulk voltage 22 4 JUN 200

wherein said enadh eodd ghalbersaifd ihivest 1Byl kt ¥kt agieer &1 Saitd ssagond bul k
vol tage are accessible for probe testing
' inverting stage has an input terminal and an output
terminal and wherein said'inverter.stagés are coupied in a
ring such that said output termiﬁals of preceding said
inverting stages are coupled to said input terminals of
subseguent said inverting stages wherein one of said
inverting stages comprises a logic gate having an
additional in?ut terminal that 1s coupled to an enable
signal;
a plurality of first variable capacitors wherein each
said output terminal of each said inverting stage is
.céupled to one of said first variable capacitors and
VWherein all said first variable capacitor bulk
seniconductor regions are coupled to a first bulk voltage:
and
a plurality of second variable capacitors wherein each
sald output terminal of each said inverting stage is
coupled to one of said second wvariable capacitois and
wherein all said second variable capacitor bulk

semiconductor regions are coupled to a second bulk voltage
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via pad structures. 2. The device according to Claim1 wherein said
inverting stages conprise CMOS inverters. 3. The device according to Caim
1 further conprising a buffer stage having an input term nal i@

coupled to said output termnal of one of said inverting stag and an
output termnal that is the output of said device.'4. The device according
to Caim1 wherein said conductive |ayer conprises polysilicon and wherein
said dielectric |layer conprises oxide. 5. A nethod to test |oad dependence
of a hot cawhé¢esinisyiebtanewlef sdgrailn aaifniapsatled kivddiagedevinde
conprising: providing a ring oscillator circuit on an integrated circuit
devi ce, saidatdrezeddnddnprd siolgaganaocddanoabeibbé Towertdhey tstsageg wher ein
each said inverting stage has an input termnal and an 23 2 4 JUN 20

out put ternvial paddstwherteimessai d i nverter stages are coupled in a ring such
that said output termnals of preceding said inverting stages are coupl ed
to said input termnals of subsequent said inverting stages;

2. The device according to Claim 1 wherein said inverting

stages comprise CMOS inverters.

3. The device according to Claim 1 further comprising a
buffer stage having an input terminsl that is coupled to
said output terminal of one of said inverting stages and an

output terminal that is the ocutput of said device.

4, The device according to Claim 1 wherein said conductive
layer comprises polysilicon and wherein said dielectric

layer comprises oxide.

.5. A method to test load dependence of a hot carrier
injection effect in an integrated circuit device
comprising:

providing a ring oscillator circuit on an integrated
circuit device, said circuit comprising:
an odd number of inverting stages wherein each

szid inverting stage has an input terminal and an
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and a variable capacitor conprising a conductive |ayer overlying a bulk
sem conductor region with a dielectric |ayer therebetween, wherein said
conductive layer is coupled to said output term nal of one of ga‘mﬁm
inverting stages and wherein the value of said variable capacig r depends
on a bulk voltage that is coupled to said bul k sem conductor region;
powering said inverting stages with a stressing voltage; neasuring
frequencies of said ring oscillator circuit while stepping said bulk
vol t age through @ty agmivgllyegd wbegeier pRh@ 10@WI D &TdFEaFSe 26F a hot
carrier injection effect in said integrated circuit device. 6. The nethod
according to C atomblavhemeian rgaiod surreEhahgsa st agespeonprirsaados
inverters. 7. The method according to Claimb5 further conprising a
plurality of saipreerdiall esdapdciveotsnghetegas each saimle®R4Z s£i3UN 2000
output- term nal of each said inverting stage is coupled to one said
vari abl e capaci t ofip@ndcashernreils alfl ssdisdgueati able Capact iroy duddes;
'sem conductor regi ons are coupl ed
' and :
a variable capacitof comprising a conductive

layer overlying a bulk semiconductor region with a

dielectric laver therebetween, wherein said conductive

layer is coupled to said cutput terminal cof cne of

said inverting stages and wherein the wvalue of said

variable-capacitor depends on a bulk voltage that is

coupled to Said bulk semiconductor region;

powering said inverting stages with a stressing

voltage;

measuring frequencies of said ring oscillator circuit

:while stepping said bulk wveltage through a range of_values

to determine load dependence of a hot carrier injection

effect in said integrated circuit device.

6. The method according to Claim 5 wherein said inverting

' stages comprise CMOS inverters.

7. The method according to Claim 5 further comprising a .

plurality of said variable capacitors wherein each said
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to a said bulk'voltage. 8. The method according to Caim?7 further
conprising a second plurality of said variable capacitors wherein each
said output term nal of each said inverting stage is further RO
said conductive | ayer of one of said variable capacitors of saifdl” second
plurality and  wherein a second bulk voltage is coupled to all of said
bul k sem-conduct or regions of said second plurality. 9. The nethod _
according to Claim8 wherein said step of nmeasuring frequencies of said
‘ring oscill@repPukiruninal aft kechcsapLi SB¥CEEEPHI PRI F sERIE ik
vol tage through a range of values. 10. The nmethod according to Claimb5
wher ei n onec¢ sald varpadrltd mgpsicages eonprhsesima dbyitright e havi ng an
additional ‘input termnal that is coupled to an enable signal. 25 4 JUN
26% 11. Theanethbe emooridioy bud kCsempcebnfluctber reohprs si g cuglfelder st age
havi ng an input termnal that is coupled to said output term nal of one of
sai d i nverttogastagesowlid vdlansdgeg an output terminal that is an output of
sai d devi ce. ' -

8. The method according tb Claim 7 further comprising a

second plurality of said variable capacitors wherein each

said output terminal of each said inverting stage is

further coupléd to said éonductive iayer of one of

- said variable capacitors of said second plurality and

wherein a second bulk voltage is coupled to all of said

bulk semiconductor regions of said second plurality.

9. The method according tc Claim 8 wherein said step of
measuring frequencies of said ring oscillator circuit
further comprises stepping said second bulk veltage through

a range of values.

10. The metheod according to Claim 5 wherein one of said
inverting stages comprises a logic gate having an
additional input terminal that is coupled to an enable

signal.
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12. The met hod according to Caim5 further conprising a plurality of pad
structures providing external access to circuit nodes for testing. 26

2.4 Jun 2006

11. The method according to Claim 5 further ccmprising a
buffer stage having an input terminal that is coupled to
said output términal of one of said inverting stages and
having an output terminal that is an output of

said device.
12. The method according to Claim 5 further comprising a

plurality of pad structures providing external access Lo

circuit nodes for testing.
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