;e3e--|"h6T!'RI NG OSClI LLATOR W TH VARI ABLE LOADI NG BACKGROUND OF THE

~I'NVENTION (1) Field.of the Invention The invention relates to a ring
oscillator circuit inanintegrated circuit device, and, nore particularly,
to aring oscillator circuit with variable capacitance | oading on internal
nodes. (2) Description of the Prior Art Hot carrier injection is one of the
major :reliability wearout nechanisns in-VLSlI circuits. Currently, hot
carrier robustness of a CMOS process is evaluated by stressing individual

devi ces at high stregayabdaganand yisasynbigaLhe, degradation of device

paranmeters, such as drain current, over tine. e cu tive degradation is
then used to extrapol ate device lifetines, defined as a certain percentage
degradati on, based on the operating voltage. For exanple, the power supply
may vary between the noniégg @gﬁﬁ& evgj nd_about 1.1 tinmes the' nom nal VDD
level .~ As technol ogi es 46 SCal &d Yo Bt S ENTIEBNi cron range, the hot
carrier effect increases dramatically. As a result, the degradation effects
.~ are nore pronounced. As a further result, the above-described nmethod,
~called &ati¢ HCl testing, for estimating device |lifetinmes has becone | ess
neanindﬁ | Bhelfess theistantiorhe 1 oss of correlation between testing and
actual reliability is because the static test does not adequately take into
account. the anmpunt of tine that the hot carrier injection (HC) effect

~occurs in areal circuit. For exanple, in a digital circuit that is

synchr oni ze@h@i invenigrk,e lCesmpp eniryngcoacitlatoy aisemld ipereent age o

time during each clock cycle. Therefore, a static HCl test may over :
esti matetedeatedntbtdwia [HElviefd,eand, Asioaer psuticulynay ccd@ diest net hods
have been devel oped: Referring nowto Fig. |, a ring oscillator circuit 10
i s shownciThetor ngioscid hator vE@ ieener capscseygeal 1onyaid idig siages Ul 14,
1118, 12 22, 13 30, and 14 26 that are coupled together in a feedback -
.ring. hodéhis exanple, five stages are used in the ring. In practi ce,
however, any odd nunber of stages can be used. Since an odd nunber of
inverting stages, including the NAND gate U 14, are used, the ring wll
osci |l l ate whenever the enable signal ENABLE 52 is high. The frequency of

~oscil | apj onpe W Gt 4 toPitGR) Ipy-;wer ¥-hi gh, will depend on the nunber of
inverting stages in the riing and on the |oading at each stage of
Hot carrier injection ie one ¢f the major reliability wear-
out mechanisms in-VLSI circuits. Currently, hot carrier
robustness of a CMOS process is evaluated by stressing
individual devices et high stress ﬁelfages and measuring the
degradation of device parameters, euch'as drain eurfent, over
-time. The cumulatiﬁe degradation is then used to extfapolate
. deviee lifetimes, defiﬁed as a certaip percentage degredafion,.
.based.on the operatingzvoltage.' For eXample;'the power seppiy
may vary between.the neminal VDD'level end about 1.1 times the

nominal VDD level.



the ring: Loading inverters A 38, I'$ 42, I~ 48, and 1o 44 are included to
simul ate loads .in a working circuit.- This ring oscillator circuit 10 can be
used. on an integrated circuit wafer as a dynam'c HCl test structure. For
exanpl e, the wafer may include an integrated circuit that is designed with
transi-stors of ‘the sanme length as the transistors in the ring oscillator
circuit 10. The ring oscillator circuit 10 can then serve as a test vehicle

- to sinulate HCl. effects that the will occur in the product design. To test

HCL, the ciicukt :ugyl%.VDD RO and the buffer VDD VDD, BUFFER are powered at
a stressing™Vo ?8%%, QULH® &4 SCANSS,. WY & OGP 8 PE GF SRuntfE e ENIELE 52
i's then forced. high %o alJowthe circuit to_oscillate at a very high
frequef€y. CHhELBht pht P ¥RTrIasem Frgntdes Lai - afdi 2i BR&PLToaditig and al so
drives the aoscillation signal offchip. As the circuit 10 operates under the
stressPR§rFortage YOEFRE 60EC dIRF HEL CEONEEES - WhF| achuseheegresiatti-on of the
transistor drain currents and the frequency of ring oscillator as a result.
An acckRgt abeXerdperatheh eoHprtedald est sttt iIHCHCEt tessind, operating
lifetime is possible since the HCl effect is sinulated under dynamc
swi t chier§lmendngi oasicehbintesings tee begouikl Latbomeéingudntyarad Idres OUTPUT
56 can provide a neasure of. HCl -i nduced damaged. A problemw th this prior
art rimgadsethitat ofhd0loss tdlatcdhe lagddinnpearethetebt Cii tampdes1A 116, B 20,
C 24, and D 28 is a fixed value based on the transistor sizes in the | oad
inverteedibBild8tyl Bs 42ecdusd & haand dtp A4 eslHowByer not Nadd@u Pt alaxdesign, a
.range of output loading is used. For exanple, in the product design, a
first ipver hbbgust agee Nayowld & afilne ansecend hpveriingestagrwhide the
second inverting stage drives four inverting stages. In this case, the | oad
- on the (secpndraver st StAYe 1ef10W; RS gheabgibian {he, Ipadon the
“first inverting stage. This situation is called fan-out. Fan-out™ can effect
HCl degnadatiomnaThes efpinrddi et WIRGY aRtoLe MEASURS, HLL PYELA T ange of
- fan-out conditions. Hoviever, since fixed inverfer Toads are used, it is not
possi b :0,Stu < ct HCl L.ng ingle ring oscillator
' circuiPﬁr%ggs%ug%aiﬁgbéggiéﬁg() q?é%ggﬁtdggihgle%%%r%%%?%d%ﬁ%%ﬁﬂ' t he range
of | tg i uni-gu i cillator circuits wuld have to be designed
and eagﬁgg?%%%t %o%?agt#%gg%lfzceﬁtvénaﬁa&geﬁse?%bﬂﬁt?n&l*—‘? ULt or e,
such a udy_.reguires five circuits . and 25 pads. Such an approach is very
expensﬁéé ?%f?%ghsi%fatﬁﬁﬁu%ﬁﬁ WRafer EpéaFgSt @%é&ﬁ%ﬁ BAVoreesh
inventionsl relate toring oscillator structures. U S. Patent 6,476,632 Bl
to LaROEE§18PA1 teaches a ring oscillator structure for use in on-chip
reliability testing. A prior art circuit shows an inverter-based, ring
oscillator having | oad capacitors at each stage. The preferred enbodi nent
of the invention includes a plurality of pass gates to provide access to
t he i nt er naRehobeE dInehexifricyi L, 8. r$ngPaseni 18t 625 2881itto Shyider et al
discloses, ring oscillator circuits for generating high frequency signals
for fufbhen- uSleeipind ghsdirldqirencyl 0scoepsings ofevarahi et ises .sthyesr i ng
oscillators are controlled by a DC current or a DC voltage. The voltage
controPli $4applik, tI2 tIe Jgat S800f ahke INMDE dext cese i doupled ivsfetdra@ second
inverters. U S. Patent 6,320,474 Bl to Kamiya et al describes a MOS
vari ablie sapesibark thiatg.i Snused si Rxampobt ageveostipdd ed-0saidd atorpkor
~driving a resonator or a crystal. SUMVARY.OF THE | NVENTI ON
ring. In practice, however, any odd number of stages can be

used. Since én-odd’numbgr of invertiﬁg stages, including the
.'ﬁAND gaté-Ul 14, are-uSed, the'ring will oscillate whenever the
enable signal ENABLE 52.i5 high. The frequency of.oécillatién,
 which is’typicaiiy-very high,'wili'depehd on- the number of
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A principal
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further . obj
~having a va
obj ect of t

obj ect of the preSentfinvehtion is'to'provfde ah ef fective and
cturable ring oscillator circuit. on an integrated circuit
device..- A further ‘object of the present invention is to provide a ring

circuit useful for evaluating dynam c hot carrier effects. A yet
ect of the present invention is to provide a ring oscillator

ri able capacitive |oading on internal nodes. A yet further

he. present invention is to provide a ring oscillator where the

capaci tive Ioadigg-nay be varied using a voltage signal. A yet further

obj ect B ke Br

havi ng a vo

BHES i WY ehit® oS Al proviige 122FARg B5cPtat DFaES ralli t
| tage-control l ed oscillation frequency. A yet further object of

" the pré¥entipAvehPronng sineprend de d8phasd2l odkdd.| eog dbricuiareusi ng a
novel rin% oscillator as a voltage-controlled oscillator. Another further
2
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osci Il at or
~of invertin

Hedptesennulaventoats il tao Wordvindge carmethod to test | oad

of a hot carrier injection effect in an integrated circuit

n accordance with the objects of this invention, a ring
circuit device is achieved. The device conprises an odd Nunber
Ghstagesg . okachl d inverdirg:ist age chasbanused on an

integrated circuit wafer as a dynamic HCI test structure. For

~example, the wafer may include an iﬁtegrated circuit that is

designed with transistors of the same length as the transistors

_in the ring oscillator circuit 10. The ring oscillator circuit

10 can theﬁ serve as a test vehicle to simulate HCT effeéts that

' the will occur in the product design. To test HCI, the circuit

suppl
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at a
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"simul

y VDD RO and the buffer VDD VDD BUFFER are powered at a
sing voltage, such as 1.1 VDD, while GND 68 is grounded.
E 52 is then forced.high to allow the circuit to oscillate
very high frequency. The output buffer I5 34 provides an

ional loading and also drives the oscillation signal off-

As the circuit 10 operates under_the stréssing voltage

O 60, any HCI effects wiil cauée degradation of the
istot.drain currents'and the ffeqﬁency of ring oséillator'
resﬁlf. An éccurate extra?olatién cdﬁpared.to_static HCI

s of operating lifétime is.possible since the HCI effect is
ated under dynamic s@itChing coﬁditi0ns.:Changes in the:
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i nput terminal and an out put terninal; The inverter stages are coupled in a
ring -such that the output termnals of preceding inverting stages are
coupled to the input term nals of subsequent inverting stages. A variable

- capacitor is included The variable capacitor conprises a conductive |ayer
overlying a bul k sem conductor region with a dielectric |ayer therebetween.

~ The conductive | ayer is coupled to the output termnal of one of the

- with the objects o

inverting stages. The value of the variable capacitor depends on a bulk
‘vol tag f Al o] 1o, t ) uctor _regi.on_Al so in accordance
pcidiakdof gp%ﬁﬁgﬁg%vgﬁfﬁg%%?a pﬁgggdf%ékgaoygg% TP ueVice is
- achi eveg.;_ i Ge. rises a phase detector having a first input
-ternina'} ggggggédggﬁggggterninal, and an output term nal. The out put
termnal carries a signal equal to a constant voltage plus a vol tage
proportional to a phase error between the first and second i nput term nals.
The first input %grninal is coupled to a periodic signal. A low pass filter
havi ng an i ApHECPErH Far ar P o Rt &lmigngrcidlased: 10hks | Evatpass
_filter'%npgt termnal is coupled to the phase detector output terminal. A
“vol t agdP® ¢OALHBPI 8W BRei FHEWt d1adas 2 iLé.i RcPlded. 27hi @nd b t2fyeis a
controlled oscillator circuit conprises an odd nunber-.of inverting stages.
Each i rv&ftli Hleeagespdsomntinpansdstionalsiand an oot pload ermieraiersThe
. inverter stages are coupled in a ring such that the output term nals of
precedilag3¥ nvbr ¢2nglstifgesndr & édupHedever; hin i tiputptehnitnales iah, sabsequent
inverting stages. A variable capacitor conprises a conductive |ayer
~overl yiragga bll kusewt chyrilictoriy egicon Wotrheaatdpekecini thé ayesdidier ebet ween.
- The conductive layer is coupled to the output termnal of one of the
_invertidegishagesfifhe inatare ofg tdegeamagbbeicapasi{os sepsngds on a bul k
- voltage that is coupled to the bul k sem conductor region. The bul k vol tage
is furtheerconpl stage wihied amPasedd Lakeeut RYt 858 Bl ve A QUff er stage
has an input termnal that is coupled to the output term nal of one of the

i nvert ifAgest 29§ Ssaage HAsT AR oW Q{étset,epcmen%adﬁ_?_ﬁaﬁlg,S@Cérgcgqi Gy sQigvi der

has an Wput term nal and an output term nal. e 1 nput termnal 1S coupled

to theshuttersstage @Eﬁé&“ﬁﬂéﬂﬂgrh%EanT%ﬁgOEBQHtoﬂefﬂ@r%&rééi#%t 8¢ to the

. phase detector second input termnal. 0 I n accordance w e 8giects

of -thi g¢hgyention, & MBLheg, 4iQ tc%itl.eho%gpggl%Pdﬁé‘&?oag%hf%glhgéoffce%;iﬁﬁét hod

~injection“effect In an integrated circul evice sz . .

dovt oo R R P S S S R b oF ST ARG cver @ !

' range of fan-out ;onditiohs,'However, since fixed inverter loads

'. are used, it is not poésible to study'fan—out effeéts on HCI

using a single :ing oscillator circuit; To study the effect of
fan-out on HCI degradation over the range of 1 to 5, five unique
fing oscillatgr.circuits would have to be.designed and éach
circuit would pequire five pads as shown in Fig. 1.7Theréfore,

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

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



stages. Each inverting stage has an input termnal and an output termnal.
The inverter stages are coupled in a ring such that the output termnals of °
precedi ng inverting stages are coupled to the input terninals of subsequent
inverting stages. .A variabl e capacitor conprises a conductive |ayer"
overlying a bul k-sem conductor region wth a dielectric |ayer therebetween.
The conductive |layer is coupled to the output :term nal of one of the

. inverting stages. The value of the variable capacitor depends on a bul k
vol tage thatSeiVsercgu% ed to the bul k sem cqonductor region. The inverting
 stages are powered W tRT a5t rebS Hy Vo1 AgE FeFFeqteREi 8ChELE R i ng
coscillator circuit_are neasured whi| e stepping the bul k voltage through a
range Of VAFHESSt oVdeter it He T .o%d”o%p@?déﬁcé%@agoﬁéﬁ ehr#t efeadhettd on
effect i.nthe integrated circuit device. BRI EF DESCRI PTI ON OF THE DRAW NGS
In the r&@@oﬁﬁ&ﬁ%ﬁgoar W Mg ¥ drifthgise it eni-ghipareléfrbihisy description,
there is shown: Fig: 1 illustrates a prior art ring oscillator circuit.

- Fig. 25eStd8er afeBTaCFi 25t piedwrlty ehantbadi renerserthesedesentgi nvention
showing. . a ring oscillator having variable capacitor loading. Fig. 3

i 11 ust P&césd leRerf hagingr bfad reabaridodismernt eocht béapeestnd prwdstian in a
cross section of an integrated circuit device. A variable capacitor is
shown iembegiacet wfthha OMBS\iimrerirerludeisga #lukblstyabespihe gapaci t ance
vari ation of a MOS capacitor over a range of gate voltages. Fig. 5

il | ust tat psosideconde ps ef @rtied erdzadiaremodels biethe circuit. U. s

Patent 5f625,288 to Snyder et al discloses ring oscillator
circuits for generating high frequency signals for-further use
iq high frequency streséing of on-chip devices. The ring:
oscillators are coﬁtrolled.by a DC curfent'or a DC voltage. The
voltage control is applied to the gate of the NMOS devices in
the first and second inverters. U. S§S. Patent'6,320,474 Bl to
Kamiya.et al déscribes a MOS varilable capacitor that is used in
a voltage éontrolled oscillator for driving a resonator 5: a

crystal.
SUMMARY OF THE INVENTION
A principal cbject of the present invention is to provide

- an effective and very manufacturable ring oscillator circuit on

an integrated circuit device.



" injection effect inan integrated circuit device. Fig. 6 illustrates a

third preferred enbodi nent of the present invention showing the ring
oscillator with nultiple variable capacitors on each node. Fig. 7
“illustrates a fourth preferred enbodi ment of the present invention show ng
a phase locked |l oop (PLL) circuit where the ring oscillator of the present
invention is used as the voltage controlled oscillator (VCO. DESCRI PTI ON

OF THE PREFERRED, ENBODI MENTS Th referred .enbodi,nents of the present
i'nvention dgé?nggeﬁcgkﬁacgs%gkﬁ%$d%r%ﬁ%ﬁ%ﬂﬁPW§ i-c8 ﬁﬁvFHQPEQYfﬁ%I%

- l'oadi ng.. The ci,rcuit is.partjcularly useful for testing HCl effects over a
vari et %ﬂgI°5§&9E6t85n8?£?8h§.u?%%%%é?¥:é“ﬁﬂé@@ipﬁcﬁgaaWprh9§ing the ring
oscillator .is disclosed. It should be clear to‘those experienced in the art
that tK&PréseftIFAYEnti on can be applied and extended without deviating
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 plefétr EdrehbodPheeet off tiie mresemt iimvention tenpoimsesvideaing
oscillator circuit 100. The circuit device 100 conprises an odd nunber of
invertiangiswagesillatlod, hatid®s vrikie IcRpht8tiandlbddidd. offi ve st ages
are shown in the ring as an-exanple. However, any odd nunber of stages can

- be used.ntEaclali nedeting stage has an input termnal and an output termn nal.

The inverter stages are coupled in a ring such that the output term nals of

preceding inverting stages are coupled to the input termnals of subsequent

- inverting stages. At |east one variable capacitor CA 126 is included. In
the nore pref gecedueaser Gopbat abf tohOfp\eaidnabliavearasht 05 St LA ABadls 130,
-.C~ 134, Co 142, aid CE 138, are used. é%e vari abl e capacitor i's coupled to

the outputinlyebBLAAl 20br eREL-d MRS td ) SAYR 10ading 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_circﬂit using.a novel ring oscillateor 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.



. The variabl e capacitors CA 126, C$ 130, C~ 134, CD 142, and CE 138
preferably conprise MOS capaci-tors where the gate el ectrode is coupled to
- the inverting stage output terminal. The bulk term nal of each MOS .
~capacitor is coupled to a bulk voltage FANOUT 154. Referring to Fig. 3, the
first preferred enbodi ment of the present invention is illustrated in a
cross section of an integrated circuit device. The variable capacitor 220
is shown integrated with a CMOS inverter conprising MOS transistors 212 and

216. The varl.ahl itor. .2 conpri ses nductive, layer_ 228 overlyin
a bul k seni (;L_:I:}n Sg%’_%.ggﬁé‘ai‘gﬁ’c%@“% 5 e%e%?lrlisclPX%Fl‘i%ﬂ ? het™® bet w)éeng
“Preferabl y,..the_conductjve | ayer, 228 conpris palysilicon and the

di o ectFCEAYEF SPACEOITERE d GATHE" “Fne TNESOEY LRG| SOBPS 94 Shd 21 6

~and the NOS ¢ aci%or 2' 20 are forned on.a substrate 200. The substrate 200
preferéﬁ*&n88ﬁgFi§ sTHBRDbEIYS 1295 SASCIAVErNIpHi StREBOMRPEM , the 12
substrate 200 is p-type. N-type wells (NW 208 are formed in the substrate
for the Btk "REHLBAL 2684 o1 t P PNDS dviinGd -2 ThcahBVRBESEhetd¥e%k 3%i on 208

of the MOS capacitor 220. Alternatively, a dual-well approach nay be used
wher e &9Piyfe 1iek| TEPYY sueh figiated-Horoutpa thifekmiagil encdf praecdivias devi ce
212. Preferably, the gates of the NMOS 212 and the PMOS 216 are forned
usi ng tileesdABgcehdoesi yee | eguriaP& aridiediicpatt teemingds @24 as used for he
.~ MOS capacitor. The conductive |ayer 228 of the MOS capacitor is coupled to
't he outspértsegeenicnahv¥NODES oft4dws i nvertamigbdeagepboited by thelwddpl i ng of

- the PMOS device 216 and the NMOS device 212 by the netal |ayer 240. O

parti char viarpeblancepatheobutdnpeigican 22@Bnandctihe soveceddeal yidegi ons 232
of the MOS capacitor are ntype. The p-type substrate 200 is typically
- bi ased o kt Bemk evREhcYOL t BgSI &N kg intAenatediel eyt GRONR: tBYe.f Or m ng
- the MOS capacitor bulk 208 as n-type, this bulk connection can be biased to
any poginel venvwattage beyaeens RAMNR ARG the taveserbrgaakdow: veld age of
- the NWPSUB junction. Referring nowto Fig. 4, the capacitance variation of
-a M5 qapachlRrt Mgl sRafengerd watg WH tagesahsabhbustpated,, The gate

vol tage of the MOS capacitor, with respect to the voltage of the bul k

201 0Ncke8eRh LT BALR ASPRISY Al UG (R.R1RASE! gg?vsﬁfﬁ- Wen the gate

voltage is negative, t regi on under the e Is un the

accunul_at i. tively, this node of operation corresponds to the

bul k rgg%%%ggggggarf%égiggéitive vol tage, such as VDD, while the gate is

~biased to ground. In the accumul ati on node, the capacitance value is |ow.

When the gate voltage is positive, the channel region under the capacitor

. gate is in iEversion. Al ernatiyﬁaﬁi this node of operation corresponds to

_the bul k regit6R bi'adBACT PR rouhd wHit%e PIEESt 8%i ERbF adRBERBIYDD.2 I n t he

i nversi on node, the_capacitance value is hi%h; I't can be seen fromthe

per for RRACE dAFLEdot PR e MBI apiftiitcsr itharhirEedar TABI @¥hpfaci t ance val ue
can be controlled bé the voltage on the bulk region. This is an inportant

f eat ur ECBPrLRESpReBRATE | FVEIR T UN haeMmer B Adragainrtd Feynimalas an

i nportant feature, the bulk regions of the MOS capacitors CA 126, CB 130,

C~ 134 secpndd2npahdt CEN1B8l arand uplad pudgsehai ned - t iee FANGHAL si gnal 154.

The val ues of the variable capacitors are controlled by the bia s voltage

on t he tEANOUZlstgnaled54 aisymygl tdmmadartcall ecaapantt anteaqs gprud ya descri bed

above. To set the capacitors on nodes A 106, B 110; C 114, D 116, and E 121

to smakbastgeabuesort henFANME Wildsage rirs rbbasedehotBe ppSH§i Vol t age such

as VDD. To set the capacitors to the largest values, the FANOUT voltage is
~ biasedsecond 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



- to gr'o'und Further, the FANOUT vol tage can be set to any vol tage between
VDD and ground to achl eve an internmediate | oading. The circuit 100 of the

~first enbodinent allows a range of capaci tance | oadi ng on each node of the

ring oscillator through the use of a single circuit desi gn. The circuit TOO
further conprises a stressing voltage input, VDD RO 158, a buffer voltage
i nput, VDD BUFFER 162, a ground input GND 166, and enable i nput ENABLE 146,
and. an out put OUTOUT 150.. The NAND gate Ul 104 allows the oscillator to be
turned O\Ita SL d g ﬁe ENABLE signal 146: - A buffer 15 122 couples the
ring oSOAHRCGF: 8SEREIBRDUT LAY Rt &S H& AowTPdSFYgltadea second.
preferred enbodi nent of the present inventionis illustrated. A nethod 500
to tesCAbadIdefeRdEhtE?bPT acwmcfarqqﬂ@rrhsr%ecu oAlePfechurearrd nt egrat ed
circuit device using the above-described test structure is shown. The
met hod ‘SOGTESRAr PERgCPpover Fihgl ATRT iindestiagg dpages Wipht atsrmiwsi mpdiol t age
in step 510. FOr -exanple, the ring oscillator supply; VDD RO 158, is
power edrattuarysl Fag@léﬁbeeﬂﬁ@glnmmsrt@lg%uppbypospthd asn la Iringres the
VDD | evel. This elevated VDD | evel wll cause elevated levels of HCl to -
occur. sNext than thetoatptbulﬂ(emulnaa]gae dfs phrieasedngnither EANDURt sgegnalrel 54 in
st.ep 520. The frequency of the ring oscillator circuit is-
coupled to the input terminals of subsequent inverting stages. A
variable capacitor_comprises a conductive layer overlying a bulk
semiconductor region with a'dielectrié layer therebetween. The
. conductive layer is coupled to the oﬁtput terminal of one of the
" inverting stages. The value of the variable capacitor depends on
- a bulk voltage that is coupled toc the buik semiconductor region.
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 output terminal. Finally, a frequency divider has an
input.terminal and an QUtput terminal. The input terminal is

coupled to the buffer Stage cutput terminal. The output terminal

is coupled to the phase detector second input terminal.

Alsc in éccordance with the_objects.of this invention, a
hethod to test load dependence éf a hot carrier injecticn effect
‘in an integratea circuit device is achieved. The method
comprises providing a ring oscillator circuit on an integrated

_.cifcﬁit device, The_cirgﬁit compriées an_odd number of inverting

'8




- accunul ation for nost of thé oscillation c

‘then neasured over - the Stteésing tihe'period in step 530. |f the-bqu 

. vol tage range has not been covered,. then the bulk voltage is increnented to

a new val ue in steps 555 and 560 to thereby change the capacitor |oading in
the ring oscillator in steps 540 and 550 prior to neasuring the oscillation
frequency again in step 530. This sequence is repeated until  the range of
‘bulk voltages is covered in step 550. The nethod 500 allows the | oading on
~each inverter stage in the ring oscillator to be varied across a range. At
the | argesfeuleg cyolihageryaku the - capaci. s_are.in
CLAY Bt Has Jﬁe{ﬁﬁﬁg.%%%fl%§%i33F P eQuEtt es of
- oper at i« QdynitRg .r | i itor value is.quite.low At the snallest
~ bul k VJ??§3§g3a|Egg(ékﬁffpgﬁegﬁﬁggigﬁﬁ%i 6lgﬁhré%iﬁ rhvdr 8Poh Fo7t nost of
~the osdi i C\ : pical frequenci es of ogperation, a |large '
]capaciﬁgﬁighﬁgﬁgdﬁggﬁ%gggécéyh%ﬁeQe%iﬂqrﬁﬁﬁeﬁi leégﬁﬁﬁﬁ BFeeﬁﬁﬁp%@gge can
be sno Ly, i ed.over a.range of values by sweeping the FANOUT
__voItagg&?ﬁﬁﬁl3%é§g§@%fffn%ﬁ% Yo S EF TR dar RSBy Béaf_asubed over a
range ofrh%%g%nga or.fanout; conditions in the ring oscillator. This range
of condiXi'6ms i §TREEOMPF i SHEY W §hAUC PG e ralBN§Tr PROT bEERY | aatiorlk est |
circuits _and w thout. groliferating pads. One circuit with six pads can test
a rangé BF CHRUFTEPONESIORF YR i hFlifhe Ata i daver shehebetpeed erfre
‘enbodi nent, of the_present invention is illustrated. In this enbodi nent,
mul ti pl@IMESteYFalPYBF slar e ERlRs b tideeasitorddéerninhk of ngnesef |diat or
~circuit, 300. Once again, an odd nunber of inverting stages Ul 302, I'1l 306,
T2 31017WV8Tr5129 ahaJIPE- 3T avalused tOecoaagaibne thpecstagesepsmishown in
. the ring. However, any odd nunber of stages can be used. In this case,
hovever, bd&hvadtiesa Bt Bs 308;p1@B12, the3b6lkandmEc328uchet wee dhe
inverting stages is coupled to three capacitors. NOde A 304 is coupled to
© MOS cafaei tovsrEig 32ds gEAZ 32 Giowant:dCA3 t332ashedes Bad0®1sagoupl ed to MOS
.. capacitors CBl 336, CBZ 340, and C$3 344. Node C 312 is coupled to MOS
capaci Foegunii848of CriZe 36219 angt1G13t356 ciMNede: Dy 3d 6k sscoupl.8f 10 MOS
capacitors Col 360, Co2 364, and Cp3 368. Node E 320 is coupled to MOS
‘capaci saeppChd BH@, LiEZ P/bsa AN HERZ P8, rgheeb!ﬂkkvéﬁ%gnéo (Heée]l}?ni
~capacitors are coupled to one of several signhals. In this exanp e,nﬁhere
are thneadbableNabi e B gnals cANTL 324, ; FANOLT2 396, gnd FANOUT3 398
" By carefully designing the size of the capacrtors; an y biasing the
FANCUT;n@ggfaE@@K@ﬂg&&g%idényéEANCUTS 398 signals appropriately, a much
| arger range of fanout conditions can be created. In addition, by adding
nore fanout pads, additional fanout scenari os can be created. For
exanple, if all the bul k voltages FANOUT1 394, FANOUT2 396, and FANOUT3 398
~are forced to VDD, such that capacitors are at |owest values, then a very
l ow capacitance loading is attached to each node. At the other extrene, if
all of the bulk-voltaﬁgizFANCUTl 394a FANOUT2 396, and FANOUT3 398 are
forced to G\ND, such t it i apicRIFLI1aNeC8t TRE gHRAWINGS ues, then a I arge
capaci tance | oading i's attached to each node. Further, a |arge range of
- values between these extrenes can be eval uated by biasing the bul k voltages
to different values. In general, this technique requires five standard pads
pl us one pathflohe SRIPRRROUNIc dpavings. fonmihe abuoves Ciade patrte offi ve
standard pads are VDD RO 388, VDD BUFFER 390, GND 392, ENABLE 384, and -
OUTPUTERSS. dsidicied tiver e thieget Rseehbrdependent , - fanout capacitors per node,
there are three fanout control signals shown as FANOUT1 394, FANOUT2 396,
and FANQUT3 398. To perform an anal ysis .over a fanout range of |-10 would
require five standard pads plus ten fanout pads. However, only one ring
- oscillator Zigcuitililmsneeded. al praddi &-0nriddhe, MG 1GARACIL QLS s¢an. be
"designed in different sizes. For exanple, five fanout .capacitors can be
sized such that three capacitors are of snallest area, one capacitor is
twi ce the'smallest ‘area,. and one capacitor is five tinmes the snallest area.
~I'n that case, ohly ' S ' - :



" five fanout pads are required to select a fanout | oading between 1 and 10 ’

in steps of 1.'This technique provides a single ring oscillator capable of
anal yzing a |l arge fanout range and results in very significant area
savi-ngs: Referring again to Fig. 2, the ring oscillator 100 with variable
capaci tor | oadi ng can _be used as a voltage-controlled oscillator. As the

capaci tance | oadi ng. CA 126; CB 130, C- 134, Cp 142, and CE 138 on each node

A-106, B 110,  C 114, D 116, and. E. 121 varies, the resulting frequency of
~osci |l ation _of the_gircuit al.so varies. |ncreasing capacitance reduces
operating fréduency 5H8t9?g%5v%r%%Esqﬁéﬁgkﬁﬁ@ﬁ;ﬁﬁgoﬁﬁﬁgnés@flt@ﬁoriof t he
present -invention forms a voltage-controlled oscillator (VCO where the.
bul k vEAIHEGEL LAVERIF$OBaSROWINDGT uby assritlleitort hevingquencgbbé operati on.
This VCO circuit 100 can take the formof a single variable capacitor on
any i n\VeRECAGOst dgedinge variabl e capacitor on each inverting stage (as’
shown), or nultiple variable capacitors on each inverting stage (as shown
in Fig. 6). Referring nowto Fig. 7, the novel VCO circuit can further be
applied to a phase-locked loop (PLL) circuit 400. This general PLL di agram
uses a VCO 408.i & coibshatten whd heixr S equanreycdi ¥hPeriddRs & | @y pass
filter 406, and a phase  detector 404. The VCO circuit 408 generates an
out put reicgral, 1OFERUT0A24n havidigs asddaQenrsy shhahtbsreasdl cisghe
frequency of an input signal, INPUT 416, nultiplied by a constant N

Fur t heidevtibe . OBt pati5hUBakadedi dsr SYNGEHM a@i@egea@ée-w%e@mﬁ the input
signal 416. A feedback loop is used to generate an error signa Pp 420

whi ch' ijgveemnverted into a DC control voltage V~0"t 422 that is used to
control the VOO 408. The unique VCO circuit 408 of the present invention
allows the PLZ circuit 400 to synchronize the output frequency 424 to the _
“input signal 416 nore quickly than prior art VCO circuits. This because the
vari abl.e | ogading,riy ' t can _ndve the.frequency in |arger steps
during the ?ngiglig a§€£+%%€ileﬁﬁ: aglﬁﬁpﬁﬁtvﬁFéagbﬂ%yO%sa bl et el y- out
of "l ocki .ange, The_ advantages qof the _present invention rmay now be
sunnar??ggFEgﬁge?Y%Et?v%mgﬁa eﬁV&ﬁhﬁﬁﬁﬁéﬁﬁFable ring oscillator circuit is
achieved. The ring oscillator circuit is particularly useful for evaluating
hot carrier effects. The ring oscillator has a variable capacitive | oading
on internal nodeg.,This capacitive Ioadin% may be varied using a voltage
signal . TheTrPng’ okt e Tid GRCKa®raIesredgerooRinent eef o | | ati on

. frequency. A phase | ocked loop circuit using the novel ring oscillator as a
vol t agBfEBRTF o BN b5 | TG & Feihededo Aerbt hoad tdepesiedwmad fdependence

of a hot carrier injection effect 20
“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 multiple :5

variable capacitors on each node.-

Fig._j iilustratés a fourth preférred eﬁbodiment of the
presenF invention showing a phase lockéd.loop.(PLL) circuit
.where the ring oscillatpr'of the.present invention is used:as

" the voitage_controlled_OSCiliator'(Vcoféznﬁ |
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in an integrated circuit device.is achieved. The nethod allows alarge
fanout range to be studied using a single ring oscillator circuit. As shown
in the preferred enbodi ments, the novel circuit device .and nethod 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 enbodi ments thereof, it will be
under st ood by those skilled in the art that various changes in form and

- details may be nmade without departing fromthe spirit and scope of the
“tnvention. What .is clained is: 1. Aring oscillator circuit device
conprising: an odd nunber of inverting stages wherein each said inverting
stage has an input term nal and an output term nal and wherein said
inverter stages are coupled in a 5 ring such that said output term nals of
precedi ng said inverting stages are coupled to said input termnals of
.subsequent said invg&%'%% stages; and _a variabl e capacitor conprising a
conductive |ayer oW -%ﬁ g TENb OF k TEEnFROFERRE O rENRQAIBENAGSt h a diel ectric 10
| ayer there between, wherein said conductive |layer is coupled to said
‘output term nal of one of said inverting stages and wherein the val ue of
sai d variabl e capacitor depends on a.bulk voltage that is coupled to said
bul k seniCOHBGCPB?f?éﬁ?@ﬂﬁmbOdiments of the present invention disclose

a ring oscillator circuit devicerhaving variable loading. The
‘circuit is particularly.useful for testing HCI effééts over a
-.variety of lcading conditions. Further, a phase-locked loop
.gsing the ring oscillator is disclqsed. It should berélear to
those experienced in the art that the present invenﬁion 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 presént invention is illustrated. Several important features

: éf'the preséht invgntion are shown and discussed beibw. The
first preferred embodiment of the present invention comprises a
ring oséillator circuit 100. The circuit device 1OOICOﬁbrises an
odd number of invérting stages U1 104, I1 108, I2 112, I3 118,

' rand T4 ;19.'FiVe stages are ShoWn.in_the ring'as'ah example.
quéver, any odd number of Stéges can be used. Each inverting
stage.has'an input terminal and an output términal; The.inverter

._stagés are coupled.in_é ring Such.that_the_output”ferminals of

11



- .2. The device according to Caim1 wherein said inverting stages conprise
CMOS inverters. 3. The device according to Caim1l further conprising a _
- plurality of:said variabl e capacitors wherein each said output termnal of
“each said .inverting stage is coupled to one said variable capacitor and
wherein all said variable 5 capacitor bul k sem conductor regions-are
coupl ed to said ", “bul k voltage. 4. The device according to Caim3 further
conprising a second plurality of said variable capacitors wherein each said
out put terminal of each said inverting stage is further coupled to said
conducPFoeeiayerinfeond brstegied 5r¢arPabledchpatit ot ¥\t %%ﬁpnﬁn@ééoﬁé |
- plurality and wherein all said bulk sem conductor regions of said second
pl ur al PEpsefiueRE i BbT taph&tedres -ar 8tcdBpFEAORD %@%%ékﬁﬁiQﬁHQFkﬁﬂrt§ge. 5.
The device according to Caim1l wherein one of said inverting stages
conpri $8§ as| bytkuded e Imavihey ercagdefeonal tapat 2 vyirmlitthatf i s coupl ed
to an enable ' signal. 6. The device according to Claim| further
conpri sanjablbutdpicstage hhatkhg @n JI3putCct &Bhi n&d Ud2at apsl Ceupl®ed to said
output termnal of one of said inverting stages and an output term nal that
i s theaout peédof Osai dhteh lee.capatitbireidevboplad cor dilmg dup@tai m | furt her
conprising a plurality of pad structures providing external access to
terminal of each inverting stage. ' s :

The variable capécitofs Ca 126, Ca 130, Cc 134, Co 142, and
Ce 138 preferabiy comp:iée MOS capacitors where the gate
eleétrode is céupled to the inverting stage output terminal. The
bulk terminél bf each MOS capacitor is coupled to é bulk wvoltage
FANOUT 154. Referring torFig. 3, the first preferred
embcdiment of the present invention is illustrated in a éross
section of an integrated circuiﬁ device. The vériable éapacitor
220 is shown integréted with a CMOS inveriter comprising MOS
transistors 212 and7216; Thé variable.capacitor 220 Comprises a
cénduCtive layer 228 overlying'a'bulk semiconductor region 208
with'a_dieleqtric layer 224 therebetween.'Preferably;-the
céndu;tive iayer 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 2OO preferably
comprises monocrystaliine.siliéon. In this embodiment,-the




circuit nodes for testing. 8 The device according to . Claiml| wherein said
‘conductive layer conprises polysilicon and wherei.n said dielectric. |layer
conprises oxide. 9. Aring oscillator circuit.device conprising: an odd
nunber of inverting stages wherein each sai-d inverting stage has an input
term nal -and an output terminal, wherein said inverter stages are coupled
ina 5 ring such that. said output term nals of preceding said inverting
~stages are coupled to-said input term nals of subsequent said inverting
'stages, wherein gne of said inverting sta%es conprises a logic gate having
an additPeHAPtEar i ApuR~ 1% ndl~ttRR vied leodpled2PB are ehabied 19 si gnal |
and wherein the other of said inverting stages conprise CMOS inverters; and
a pl ur &hier pubptyareabre apdeikiorzedseh 208npii $hagPHOS ofeviees VAL G aynest
overlying a bul k sem conductor region with a dielectric |layer there

bet weedcTwitBrebPrlkathg e d2 it putthes MOSr wiapakibrsard. i Alveetnaigiwtlages is
- coupled to said conductive ,layer of one of said variable capacitors,
~wher ei @ drielvakliésappraadhl may imblusedapaeireors pdeppadwehl a( bl kisvol t age
that is coupled to all of said bul k sem conductor regions. 10. The device
accor difiegmezd Ebai th® Hulk hergiconpri sihrg NMOSutited cst age. hewe Higr 51 ,nput
termnal that is coupled to said output term nal of one of said.inverting
st'ages tard gafepubputhé enmbmnatiz hatd ithd peogubpet aet saidedevitgy thke The
~device according to Claim9 further conprising a. plurality of pad
struct yhes peavidtNge eXigENal2 AGHRE A il ithGUi L apedes i ogs tesdd Ny

the MOS capacitor.

| The condugtive.layer 228 of the MOS capacitor is coupled to
.the'output terminal.VNODE of the invefting stage formed by the
~coupling of_the PMOS aevice 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 capacitor ‘are n-
type. The p-type substrate 200 is typically biased to the lowest
voitage.on the infégrated circqif GROUND. By_forming the MOS
”Capacitor bulk 208 as.n—type,'this bqlk connection can be biased
ﬁo any positive-voltage between GROUND and the reverse breakdown

voltage of the NW/PSUB junction.

Referringfnow'£o_Fig. 4, the'capaéitance variation of a MOS
capacitor over a iangé'gf gate voltages ié:illﬁstrated. The gate

- voltage of the MOS cépacitor,_with ﬁespeCt te the voltage of the
..bulk fegion, ié sWept_frbm a_negatifé vaiue to a positive_véiue.
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pol ysi‘l i con and wherein said dielectric l'ayer conprises oxide. 13. The
devi ce according to Claim9 further conprising a second plurality of said
~variabl e capacitors wherein each said output term nal of each said
inverting stage is further coupled to said conductive |ayer of one of said

. 5 variable capacitors of said second plurality and wherein said bulk

- sem conductor regions of said variable capacitors of said second
plurali are c e _second hul k voltage. 14. A phase | ock | oop
P oot Pl e BHRL o] afe SR ML ANE et B P RUBR P Sthd mar

~second jnput, term pal, and an output. term nal erein sajid output_term nal
Carrie§a§esﬂénépnkgﬁafc?%p%§%§ﬂﬁﬂeﬁﬁdgVoﬁg%§§n6$E¥EEYa-g%%faﬁgégﬁ%%ortional
to a phase error between Said first second_i.nput term nals and wherein

d .
sai d fiPEEH NPt CPEFRPRET ?st%dﬂﬁ?éﬂl%bf§gﬁgpiB&FEegiBﬂa?;p%s}%MW%ass

filter having an input termnal and an ', Qutgut termnal' wherein said
~ input t&HeAEr PECRoAPI BBPt 0B S die RdSe 1gedaeBr bat pLPURSr Mthdihe a
- voltage controlled oscillator circuit conprising: an odd nunber of '
i nvert iAfFUSHAGEIORNBPER n BRR ICARAM TaNcEr MiddgesiagéonasWann | HpRit9ate mi nal
and an output termnal and wherein said inverter stages are
_ voltage is positive, the channel region under the capacitor gate
is in inversion. Alternatively, this mode of 6peration
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 the variable capacitance value can be controlled

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

of the present invention.

Referring again to Figf 2, as-an important feature, the
bulk regions of the MOS capacitorsrcA.126, Cg 130, Cg 134, CD.142,
and Cg 138 are coupled together to the FANOUTISignal 154, The
values of the variable capacitors afe bontrolled by the.bias
voltage on thg FANQUT signai 154 using the variable capaciﬁance
property described above. To_set-fhe-capacitors on nodes A 166,
B 110, C 114, D 116, and E‘121 to smallest values, -the FANOUT
voltage ié biased to a positiVe vdltage such as VDD. To set the

| capacitors to the largest values, the FANOUT voltage is biased

14



115 coupled in a ring such that sald output terntnals of precedlng sald
inverting stages are coupled to said input terminals of subsequent said
inverting stages; a variable capaCItor conprising a conductive |ayer
overlying a bul k sem conductor region- wth a 20 dielectric |ayer there

- bet ween, wherein said conductive layer is coupled to said output termnal
~of one of ~said inverting stages, wherein the value of said variable
capaci tor -depends on a bulk voltage that is coupled to said bulk

 sem condugtBhnreckapynand WiershbaS saldgputiovaltage s 14y Lher. oupl ed

to sai W pass fer oufput term nal fer s age aV|ng %n i nput

~term nal C l ed to.said qut ut t er.m nal of said inverting
stages%hﬁggﬁgvyﬁa gﬁgo%tou?dt%ﬁrﬁéhaé) Ad %Bter ?gﬁﬁg X er havi ng .an

input termnal and an output termn nal mheretn sai d |nput termnal is
coupled to said buffer stage output term nal and wherein said output

termnal is_coupled to | d phase detector second input termnal. 15. The
devi ce accolf anlfﬁuﬁfaf§¢Iﬁgvﬁﬂﬁ(§H¥§§aFEbPH&@FPFn@l PUYe3 %%ﬁ%%ﬁ§% CMOS
inverters. 16. The_device according-to Caim214 further conprising a

pl-ur al iFBP36fT88FE VarFaRY LR AR TG WHetBRn réBENOSE HL Bk PN IRIGH nal  of
each said inverting stage is coupled to one said variable capacitor and
wher ei P&l USgapPd fafiadle & eepdeidesyidsul Eh§eﬁﬂé©héucl%@ fegilers are

coupled to said bulk voltage.
comprises a stre551ng voltage input, VDD RO 158, a buffer -

voltage 1nput, VDD BUFFER 162, a g;ound input GND 166, and
.enable input ENABLE 146, and an outpuc.OUTOUT 150. The NAND gate
Ul 104 allows the.oscillator to be turned ON and OFF by the
ENABLE signal 146.lA 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_cérrior injectioh effect in an integrated
circuit device using the above—described_test structure is
shown. The method 500 comprises powering the inverting stages

.with a stressing.voltage in step 510.-Fo; example,.the ring
'iosciilator supplpt-VDD_RO 158, is powored at a voltage exceeding
the nominél supply, suéﬂ ao 1.1 times'the.VDD'level. This
elévated VDD level will cause elevatéd levels of HCI to occur.
Next, an initiallbulk voltage is biased on the ﬁANOUT signal 154
in step 520. The frequepcylofﬂthe fing_oscillator circuit is

15



17. The device according to Caim 14 wherein one of said inverting stages
conprises a |l ogic-gate havi-ng an addltlonal i nput termnal that is coupl ed
to an enable signal. 18. A nethod to test | oad dependence of "a hot carrier
i njection effect in an integrated circuit device conprising: - providing a
~ring oscillator circuit on an integrated 5 circuit device, said circuit
conpri sing: an odd nunber of inverting stages wherein each said inverting
stage has an i nput terninal and an out put termnal and wherein said

invert sta es _are cou a ri.n uch that ald ou er s of 10
bt eced g s BEAEPRRE TTHD. Sighe S o s ro el i Aoer 13 Tl ooy
- 'subsequent ‘said invertin tages and a vari abl e capacitor conprising a
" conducP& Wa}EﬁgﬁvE????ﬁ@a%1QﬁHIP%ﬁ§n998ﬁ5ﬁ€%th?89 bA Bith YES %S el ectric

"~ layer there between, wherein said conductive |layer is coupled to said
“output1PeﬂﬁFﬁ§meBFe%n%°oﬁ R aferii RycPFages and whlref nhisieekial ue of
sai d variabl e capacitor depends on a bul k vol tage that is coupled to said

bul k sé&kipegRdGEEOFaPREHBAE LoD shvieY ithg Farg PR7EH A RYT stagdserniad? a
stressing vol tage: measuring frequencies of said ring oscillator circuit
‘whil e sneppiPAgpsabd buolkeaitiage e owgh ld atangefopaveancesaqaineirer mi ne
I oad dependence of a hot carrier injection 25 effect in said integrated

circui tsteevib@. This sequence is repeated until the range of bulk

voltages is covered in step 550.

The ﬁethod 500 allows-the loading on each inverter stage in
the ring oscillator to be varied across.a range.'At the largest
bulk voltage value (VDD), the MOS capacitors are in.accumulation
for most of the osciilation cycle..For typical fregquencies of
.operation, the fesulting MOS capeeitor value is quite low. At
the smallest bulk voltage value (GND), the MOS cepacitors are in
inversion. for most of the oscillation cycle. Fer typical |
freqﬁencies of operation, a large capaeitance is added te each
node..Further, the loading of each stage can bé emoothly
‘incremented over a range of vélﬁes by sweepiné the FANQUT

. voltage from VDD to GND. The'ﬁCI effect can thereby be measured
over a raﬁge of loading, cr_faneut, conditions in-the ring
'oscillatof. This_range_ef conditions:is'accomplished withouf_
proliferafing ring oscillator teet circuits andewithout
proliferating pads. One circuit wifh,six pads can test a range
of conditions}'
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- 19 The method according to C ai'm 18 wherein said i nverting stages conpri se
CMOS inverters. 20. The method according to Cl-aim 18 further conprising a
“plurality of said variable capacitors wherein each said output termninal of
each said inverting stage i's coupled to one said variable capacitor and
‘wherein all said variable 5 capacitor bul k sem conductor regions are
coupled to a said bulk voltage. 21. The met hod -according to Caim20
further conprising a second plurality of said variable capaci tors wherein
each said output termnal of each said inverting stage is further coupled
to said conductive | ayer of one of said 5 variable capacitors of said
second plurality and wherein a second bul k voltage is coupled to all of
sai d- bul k - s&rifeondugt new regi Bins. of, saitthisecond fpkyeal éhyoding?: Jhe. nmet hod
according to Caim21 wherein said step of nmeasuring frequencies of said
ring ostiel bateenti touentfaon tieri domyrazes.sttapphng sabdasesond bul k vol t age
t hrough a range of values. 23. The nethod according to Caim 18 wherein one
of sai cilnielti NgsStagesi CONPrisescugied ¢ ogabenhayhng; anc@ddifipnal i nput
termnal that is coupled to an enable signal. 24. The nethod according to

d ai m B8ckunther @Qﬁ@ui§|jﬁb51dﬂgé(3§d§ha9%nhéﬂhnﬁuﬁﬁe£n@Ptlﬁ@gftl that is
coupled to said output term nal of one of said inverting stages and having

- an out pylgter gingb2t hed i anoufpUt 1af s5ai d dgvige
_accordlnggto Claim 18 further conprising a pFﬂ?aF?t%lgfa%% §%¥ IE?lures

?/2\?7 ( iggﬁ?t g@ KT A f%@/ (CEWZX'(; %‘Z’lﬁfi@ii igvs%if@%( R AT A A
' A" A AL A T 45.7C

@0 AB0 s " 6 cnarantane

| @ @ @@3@4@ 90@ @ @ @160@ WZ%@ between@@e 1nve@;n8gABCDq OFYOx+
R T R L L EEE TR

MOS capacitors Cp1 324, Car 328, and Caz 332. Node B 308 is

-coupled to.MOS capacitors Cp1 336, Cgr 340, and Cp; 344. Node C
312 is coupled to MOS capacitors Cm_348,.CQ 352, and Ces 356.
Node D 316 is coupled to MOS capacitors Cpy 360, Cp; 364, and Cps
368. Node E 320 is.coﬁpled to.MOS capacitors Cg1 372, Cg 376, and

Cegz 380.

’Thé bulk regions cf the capacitors are coupled to one of’
several signals In this example, there .are three bulk voltage
signals, FANOUTl 394, FANOUTZ 396, and FANOUT3 398. By carefully
de51gn1ng the size of the MOS capac1tors,_and by b1a31ng the
FANOUT1 394, FANOUT2 396, and FANOUT3 398 signals appropriately,

_.a.much'larger rangé of fanputsconditions:can be C:eated. In
_taddition,.by.adding-moté fanout_pads,'additional fanout.
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. B. //308090\ 0044r 85899>ADDDDEhF{ F} Xsni d Z] cal ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] cal ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal ca] ca] ca] ca]ca] ca] ca] ca! { FFF3GhG#
1 JJj KI KENNSXYYY] ] O.°
al aaHcNcc" etteeggl xsni d Z] cal ca] cal ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caj ca
] ca] ca] ca] ca] ca] ca]ca] ca] ca] ca] ca] ca] ca] ca] ca] cal! ghhh| |1 / mm
gqgsst | tttquruvuuyyyyz#z$zx| | ~:;

&z upkf-a\ W ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal ca] ca] ca] caD] ca] ca] ca] ca] ca]ca] ¢

a]Ca]CQL&QL&%L%aL%ﬁ]Bg]Sgég?%ga]ﬁgé%ﬁﬁmkle, if all the bulk voltages
gggsstltttquruvuuyyyyz#z%z

D ajca]ca]ca]ca]c
o A o PR R B ¢ O(i%]r%%éf%:?\io W ()0
- f=.109 10% x~ & ( *10% & X
f— 1(%00/01/031%‘3?‘) %%16%3@3%}0{6\ %Pé‘? 1%)‘“% J@)@“%W&“@%&H@@g& ryry low
| p=.10% 0- & () - 9$i , uSAC 9-10% & ()-! % PG(10% , & ()-.!fPG 10%, J, & ()-. 10\ 10
\10\- Aapa &e( }o82Eng 1908 BEAF9d GFK9AOBCNOdER18t Hhe 1008EY ) - 4

tX=. 109%KX& () -4 P=.109%44& ()-4p"10% & ()- 10, 10, 10, Y*EqQP/\O P
- 10%4§%@r@F56 ff= aiéggéjgpf)b@ﬂknvoltages FANOUTl 394 FANOUTZ 396,

and FANCUT3 398_are_forced to GND, such that capacitofs are at
highest values, then a largé capacitance loading is attached to
each node. Furthar,'a large range of values between these
éxcremes can be evaluated by biasing the bulk voltages to

different values.

In general, this technique requires five standa;d pads plus
one pad for 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
capacitors per node, there are three fanout control signals
shown as FANOUT1 394,'FANOUT2 396, and fANOUTB 398. To perform
an analysis over a fanout range.of i—lO would require five
standard pads plus ten fanout:pads. However, only one ring
oscillatorrcirCuit is_aeéded. In addition, the MOS capacitors
can be dasighad in different sizésL For example, fivé fanout
capacitors can be.siZed'such that three'capacitors aré of

R smailest_area, oﬁe capacitor is-taice_the sﬁallest area,'and cne
_capacitor ia five;times the Smallest area.'In_that]case, only.
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flve fanout pads are requlred to select a. fanout loadlng between
1 and 10 in steps of 1. Thls technique provides a 51ngle rlng
oscillator capable of analyZLng a-large fanout range and results

in very significant area.savings.

:_Referring again to Fig. 2,.the ring oscillator 100 with
variable capacitor loadiﬁg can be used.as e ﬁeltage—controlled
oscillator. As the capacitance loading Cp 126, Cx 130, C¢ 134, Cp

j 142, and CE 138 on each node A 106 B-llO, C 114, D 116, and E
121 varies, the resulting frequency of oscillation of the
circuit also variee, Increasing capacitance reduces operatihg
frequency and vise versa; Therefore; the ring oscillator.of the

'epreeent invention forms a ﬁoltage—controlled oscillator (VCO)
'where.the builk voltage,_in this case.FANOﬁT 154, controls the

.,frquency of operation. This VCO circuit 100 can take the form
of a single variable capacitor on any inveiting'stage, one
_variable capacitor on eeeh in#erting stage (es shown), er
ﬁultipie variable capacitore on eech inverting stage (as shown

‘in Fig. 6).

Referring now to:Fig.'7, the novel VCO_eireuit ean further-
:be epplied‘to a phaSe;locked loop (PLL) circuit 400. This
general;ﬁLL diagram uses a VCO 408 inrcoﬁbination with a
frequehcf divider 412, a'ldw—paSS filtef_406,_aed a phase
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detector 404. The VCO circuit 408 generates-an output signal,

‘OGTEUT 424, having a frequenéy that is equal to the frequency of

an input signal, INPUT 416, multiplied by a constant N. Further,

the output signal 424 1is éynchronized {phase—-locked) to the

input signal 416. A feedback loop-is used to generate an error

signal Vpp 420 which is'converted-intb a DC control vbltage Veont

422 that is used to control the VCO 408. The unique VCO circuit
408 of the present invention allows the PLL circuit 400 to

synchronize the Oﬁtput frequency 424 to the input signal 416

more quickly than prior art VCO circuits. This because the

variable loading ring oscillator can move the frequency in .

larger steps during the initial phase lock when the output

frequency is completely out ©f locking range.

The advantages of the present invention may now be

‘summarized. An effective and very manufacturable ring oscillator

circuit 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 capacitiﬁe loading may be wvaried usiﬁg a voltage signal.

The ring oscillator circuit has a voltagemcontrolled_oscillation

frequency. A phase locked loop circuit using the noﬁel ring
oscillator as a'Voltagemcontrolled'bscillato: is achieved. A
method to test load dependence of a hdt'carrier injection effect

20-
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in an 1ntegrated circuit device is achieved. The method allows a
large fanout range to be studled usrng a single ring oscillator

circuit.

As shown in the preferred embodiments,  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 narticularly shown and
described with reference to the preferred embodiments thereof,
it will be understood by those skiiled in the art that various
changes in form and details may be made_without departing from

the spirit and scope of the invention.
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1. A ring oscillator circuit device comprising:
an .odd number of inverting stages wherein each said
inverting stage.has an input terminal and -an ocutput
" terminal and wherein said inverter stages are coupled in a
5 ring such that said output terminals of preceding said
inverting stages are coupled to said input terminals of
subsequent.said inverting stages; and
a variable éapacitor comprising a conductive layer
'bverlying a bulk semiconductor region with a dielectric
10 layer therebetwéen, wherein said conductive layer 1is
coupled to said output terminal of one of said inverting
stages and.wherein the walue of said wariable capacitor

‘depends on a bulk voltage that is coupled to said bulk

" semiconductor region.

2. The device according to Claim 1_Wherein said inverting

stages comprise CMOS inverters.

3. The deviée according to Claim 1 further'comprising a

plurality of éaid variable capécito;s whérein each said

“output terminal:of éach'said iﬁverting stage is coupied to
 'bne éaid-variaﬁie capacitor and wherein all said variable

22
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bulk voltage.

1111

4k Tﬁe device according to Claim 3 further comprising a
second plurality of said variable capacitors wherein eéch
said output terminal.of each said inverting stége is
further coupléd to said.condudtive iayer of oné of said

5 variable ca?acitors of said second plurality énd wherein
all said bulk semiconductor regions of said Secqnd
prlurality of wariable capacitors are coupled te a second

‘bulk voltage.

5.. The device according to Claim 1 wherein one cof said
inverting stages comprises a logic gate having an
additional Input terminal that is coupled tc an enable

signal.

‘6. The device according to Claim 1 further comprising a
buffer stage having an input terminal that is coupled to
said output terminaliof one of said invérting'stages and an

output terminal that is thé output of said device.
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7. The dévice according to Claim 1 further comprising a
'plurality of pad structures providing external access to

circuit nodes for testing.

8. The device according to Claim 1 wherein said conductive
layer COmprises polysilicon and wherein said dielectric

layer comprises oxide.

9. A ring bscillator circult device comprising:
an odd number of inVerting stages wherein each said
inverting stage has an input terminal and an output
. terminal, wherein said inverter sﬁages are coupled in a
5 ring such that said output terminals of pfeceding said
inverting stages are coupled to said input terminals of
subsequent séid inverting stageS} wherein one of said
' iﬁverting stages.comprises a logic-gafe having an
additional said input terminal that is coupled to an enable
10 signal, ahd Wherein the ofher of.said inverting stages |
comprise CMOS.inverters: and |
a plurality of variable capacitors each comprising.a-
conductive layer'overlying a_bulk semigonductor fegioh'with
a diélectrig layer therebetween, wherein each said oufpuﬁ
15 términal of said inverting stages is coupled to said’
conductive iayer of one of said.variable'capacitoré,:- g
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wherein the values of sald variable capacitors depend on a
bulk voltage that is coupled to all of said bulk

semiconductor regions.

10. The device according to Claim 9 further comprising a
buffer stage having'an_input terminal that is coupled to
said output terminal of one of said inverting stages and an

output terminal that is the ocutput of said device.

11. The device according to Claim 9 further comprising a
plurality of pad stractures providing external access to

circuit nodes for testing.

12. The device according to Claim 9 wherein said conductive
layer comprises polysilicon and wherein said dielectric

layer comprises oxide.

13. The device according to Claiﬁ 9 further Comprising a
;second plurality of said variable capacitors wherein each
said output terminal of each'said-inverting stage is
furthef coupled to said'gonductiVe layer of one of said
5 variable.capacitors of said second pluralify and wherein

- sald bulk semiconductor regions of said variable capacitors
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of said second'plu;ality are coupled to a sebond bulk

voltage.

14. A phase locked loop circuit device comprising:
a phase detector having first input terminal, second

input terminal, and an output terminal wherein said output

terminal carries a signal equal to a constant voltage plus

a voltage proportional to a phase error between said first

and second input terminals and wherein said first input

terminal is coupled to a periodic signal;

a low pass filter having an input terminal and an

~output terminal wherein said input terminal is coupled to

said phase detector output terminai;
a voltage.contrqlled oscillator circuit comprising:
an odd number_of inverting stages wherein each
said inﬁerting Stagg has an input terminal and. an
output.terﬁinal and-wherein.said inverter stages are
coupléd in a fing such that said bﬁtput terminals of
‘ preceding'said invérting stages are coupled to said
inpﬁt términais of subSequent_said inverting stages;
a %ariable capacitdr Comprising a'conduétive
léyer overlying a.bulk semicondugtor regionlwith a
dielectric layef the:ebetween, wherein sald cénductive
layer is.édupled“to:said outpﬁt terminal of Qne.of
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séid invertiﬁg stéges, wherein the_valué of said
.yariable CapaCitOr.depeﬁdé on a'bﬁik voltage that is
coupled to said bulk semiconductor region, and wherein
25 ~ saild bulk voltage is further coupled to said low pass
filter output terminal; and |
a buffer'Stage having an input terhinal that is
' qoupied to said oUtput'términal of one of said
ihverting stages and haviﬁg an output terminal; and
30 "a frequency divider.having an.input terminal and an
output.terminal whérein-said input-terminai is coupled to
sald buffer stage output téfmiﬁal and wherein said dutput
terminal is ccupléd to said'phése.detector second input

terminal.

15. The device according to Claim 14 wherein said inverting

stages. comprise CMOS inverters.

16. The device accordirig ﬁb Claim 14 further comprising a2

plurality of said variable capécitors wherein each said

-output termiﬁal of each_séid.invéfting stage-is coupled to

one said va;iable capacitor and wherein all said variable
5 capacitof bulk sémiconductdr regions are coupled to said

bulk voltage.
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17. The device_acéording to Claim 14 wherein one of said

s inverting stages comprises a'iogic_gate-haﬁing an

additional input terminal that is coupled to an enable

signal.

' injection effect in an integrated circuit device

comprising:

18. A method to test load dependence of a hot carrier

providing a ring oscillator circuit on an integrated

circuit device, said circuit comprising:

an odd number of inverting stages'wherein each

said inverting stage has an input terminal and an

- output terminal and wherein said inverter stages are

coupled in a ring such that said output terminals of

preceding said inverting stages are coupled

to said

input terminals of subseguent said inverting stages;

" and

a variable capacitor comprising a conductive

layer overlying a bulk semiconductor_region
dielectric layer therebetween, wherein said
layer is coupled to said output terminal of

said inverting stages and wherein. the value

with a
conductive
one of

of said’

‘variable capacitof depends on a bulk voltage that is

coupled to said bulk semicondubt@r;region;
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20 powering said_inverting'stages with a st?essing

vbltagé;

measﬁring.frequencies of said ring osciliator circuit
while sﬁepping said bulk voltage through a range of values
to determine load dependence of a hot carrier injection

effect in said integrated circuit device.

19. The'method according to Claim 18 wherein said inverting

stages comprise CMOS inverters.

20. The method according to Claim 18 further comprising a

plurality of said variable capacitors wherein each said

output terminal of each said inverting stage is coupled to
one said variable capacitor and wherein all said variable
capacitor bulk semiconductor regions are coupled to a said

bulk voltage.

21; The ﬁethod according to Claim 20 further comprising a
second plurality of said variabie capacitors wherein each
said output_terminal of eachrsaid iﬁverting stage is
further coupléd to said cohductife layer of éﬂe 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.
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-22. The method according to Claim 21 wherein said step of
measuring-frequéncies of said ring oscillator circuit
- further comprises stepping said second bulk voltage through

a range of values. .

23. The method according to Claim 18 wherein one of said
inverting stages comprises a logic gate having an
‘additional input terminal that is coupled to an enablie

~signal.

24. The method adcording to Claim 18 further comprising a
buffer stage having an input terminal that is coupled to
said output teiminai of one of said inverting stagés and

having an output terminal that is an output of said device.
25. The method according to Claim 18 further comprising'a

plurality of pad structures providing external access to

circuit nodes for testing.
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