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Abstract: 
This paper tlescri bcs ii tlif'fcrciitiat h a l i n g  galc 
capacilancc matching mcnsurctncnt tcchtiiqtic that offcrs n 
significant iiiiprovcincnt in rcsohition ovcr those 
prcvious l y rcportcd. It's m a t  ler tli fl'crential (iutjiiit 
voltagc can be tneasuretl to a miich tiighcr prccisioti than 
that of n stnntlarrl structure, In atldition, tlic difrcrcnliiil 
tcchnique offers superior c;rticcll;iricin (11' parasitic uvcrlnp 
capacitance cflccls. Our tcchniqiie W I S  sucuessfiilly 
clcinotrilratcd ( i n  a 0.5~ti11l analog BiCMOS tcchnology. 

1. Introduction 
?'hc ahility o f  a prtrccss to nienuhcturc ioatchccl pairs of  
capacitors is an itnportant rcquircinciit Lbr aiiali>g 
applications. Analog-to-digital arid digital-tn-analog 
convcrters are only twn of thc nmny lypcs [)I' circiiitry thal 
rlepcnd on injitchcd or prccisdy ratioed capacitors. The 
floating gaic test structure is m e  nf the simlilcst availahlc 
for iticasiring capncitancc tiiatchirig, and advanccs i n  iis 
cvoluticiii hnvc hccn prcsentcrl nt past sessions of this 
confcrcncc [ I  ,2,3]. Whcn wc trictl to reproduce thc 
tectmiqtic licrc :it Cadcncc, wc fotind. we were limitccl hy 
thc resolution of our niensiirctiient cquipnwiit. I<atticr 
than rcly on lirnc consuming wet aging techniques as 
proposctl in [Z], wc dcvised an itiiprovcd, diffcrcntial 
vcrsioi~ of tlic lcsl structure, whish involvcs thc 
mcnsurcmcnl of a much stnallcr rliffcrential voltsge. 'I'tiis 
rlil'fcrcntinl signal can be measured to a grcatcr prccisioti 
than the outpiit volt~gc of the standartl floating gate 
structure. 

2. Thc Conventional Floating Gatc Capacitor 
Matching Tcst Striicturc 

A schcnidc  of thc convcntinnal t loa~ing gnlc tcst 
sbmcturc is sliowii i n  Iigurc 1 , It consists of o syminctric 
capncitivc voltngc divillcr ihnt binscs thc gaic or n pmos 
soiirce followcr. Whcn C1 and C2 arc equal, and 
parasitics c m  bc ncglcctecl, half of the input voltagc (Vin) 
appears wt thc gate (Vg). Whcn C I and C2 nre not ctlual, 
a dil'fcrcnt proporlionality conslant will hc ohscrvctl. Tlic 
sourcc I'ollowcr Is in  saturation with a rixcd ourimt 
supplicil hy an cxlcrnal zurrcnt soiircc Clowing ltirough i t ,  
Thc outpiit voltagc (VOUI) will be cliitnpcrl to R veluc ol': 

:::::k:::Cpar 
............_. 

i 
! 

* 
Figlire 1: Schcniatic of Conventional 
Flnating Gatc Capacitaiice Matching 
Tcst Striictiirc. 

wticrc Cpar is tlic parasitic gate to drain ovcrlap 
cnpacitancc (Cgtl), ant1 Vt is 1Iic thrcsliold or thc Piuosfct. 
Thc VtwtiVin transfer curve shoultl he a linear ramp with 
slopc: 

'I'hc caiivcnfiotial structure is mcasured by 
acquiring two Vout vs Vin swccps [Z]. First, CI is 
conncctcd to Vin, with C2 bcing grounded. 'rhc resulting 
Vout vs Vin swccp is lincar with s l o ~ ~ c  SI. Tticn C1 and 
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Vout 

Ideal Floating Gate Data 
(Conventional Structure) 

J Casea. 

Figure 2 : Idcid Vout/Vin data for threc cnscs: 

a. 

h. 

c. 

No inistiintcti, and C p i ~  cnti be ncglcctcd, 

No niistnntch, h i t  Clpar not  ticglcctcil. 
S, = Sz = Q.S*( I -Cpar/2C) 

Mismatch, ancl C p I  iioi ncglectcd. 
S1 -- CI/(CI t C2 + Cpar) 
Sz = C24C I + C2 + Cpar) 

S I  = 52 = 0.5 

C2 arc sw;~pped, witti Vin coiiiicc~cd to C2, and CI 
grtiirndcd. Ttic mensureinciit i s  rcpcntcd, yiclrling a 
s c c o i ~ I  slope S2.  An irieal cxainple of tlicsc 
mcasurelticnts is shown in I'igiirc 2. I (  rhcre is t i 0  

ii~istnatch and Cgd is much sinal Icr than C I and can be 
nc.glcctcrI, then both SI and S2 slioiilrl equal (iiic Iinlf. Lf 
thcrc is 110 misnintch, hut Cgd cannot bc igiwcrl, then SI 
will still cqiinl 52, hut hoth bc decrcasetl IYom tlicir idcal 
V;I~LICS of otlc t l d E  by Ihc factor (CgcI/ZC), as shown in  
figure 2. I f  tiicrc is  also tnistiintch hclwccn CI and C2, 
lhcii ~ h c  two slopes wIll split f r c m  thcir 'rtintcticrl' valucs 
b y  cgual and op[iositc ainrmnts. I f  C1 i s  lnrgcr than C2, 
llicn SI will bc slighlly largcr ihati its iclcal vnluc, with 52 
hcing smnllcr hy tiic same nninutit. This i s  iiiiportani, 
hccnusc the value (]I' Cyd iloes bavc a d i i m  cffcct o n  ttic 
tnsgnitudc or Voul, arid tlic s h p c  of (VouVVin), which 
ultitiintcly tlcicrniirics thc prccisirm to which niisniatch 
cnti tic incasurcrl. 

LJsing siinplc nritlunctic as proposed iii [Zl ,  Ihc 
L'irst-otrlcr d'fccts of Cpnr, thc parasitic cnpacitnncc 
rcsulting froin the chin-to-gntc o ~ ~ c r l i i 1 ~  cnpncitancc arc 
ncutral izctl: 

c1 
C1 + C2 + Cpnr 

S I  = 

c2 
U1 + C2 + Cpur 

s 2  = 

which gives: 

S I - S 2  

'[he main drnwbnck wc found with ttic stmirlard 
Ilonting galc siructiirc i s  that wc wcrc cquiptncnt liiniicd. 
A sntiiple of tlic tilciIsLid [lata For i i  3OLF capacitor pair is 
stiowti iii thc uppcr hnlr of figiirc 3. Vnut (shown on thc 
Icl't Y-axis) rtingcd Iron) 2 to 4 volts, aiid tlic rcstilrition of 
otir tncnsurcnicnt tinit (HP4 142 with stalidnrrl 42424 

Q 05 I 1.5 1 21 . 1 

vn[wrsl 

Figiirc 3: Typicid Standard Floating Gate Data 
Top: 30fV Pair, (AC/C)=hl2ppnt. 

Bottom: 2pP Pair, (AC/C)=495ppni. 
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SMUs) at that rangc WAS 4OOuV. The two slopes are 
diffcrctit, but sincc the diI'Kcrcncc bctwccn thc two Vouts 
(showa 011 thc right Y-axis) is  quantized hy the tniniinutn 
resolution of 1hc imlcr, thc differences bctwcen the two 
slopes cannot hc mcasurcd with the clcsircd precision. 'I'hc 
si tuuti on is 

4u 

FinalIy we have.. . 
(ACR- MI.) 

2C 
SI-S2= 

CVCII worsc whcn wc look at thc data from i~ Iitrgc (2111:) 
pair, shown in the Iowcr hall  o f  l'igtm 3, wherc thc 
tnistnntcb is much smallcr. Thc currcnt way of dcnling 
with this problem i s  IO avcragc a largc numbers of 
rerldings[2] I 

To accuralcty discern SO parts per million (ppm) wc 
would need to accurarcly rncnsurc dif't'crcnces on the ordcr 
of 20OuV. 1'0 liavc uonl'idcncc in this rcsiilt, we feel that 
lhc mctcr's rcsolution should bc at least a factor of tcn 
lower, or 2OuV. Most standard iiihtriiincii~s call achicvc 
this precision 011 lhcir smollcr scalcs, so what is redly 
needed, is a struclurc with n tnuck s~nnllcr output voltage. 
We believe we have thc answcr with our dirrcrcniint 
floating structiirc, which i s  rlcscrihcd ncxt in  scction 3. 

3. The Diffcrcntial Ploiiting Gate Cap;witor 
Matching Test Structurc 

A sclieinatic of ttic ~liffcrcntial struclurc, along with Ihc 
~neilsitr~iirent circuit, is sIiown i n  figurc 4. It i s  b~rsiually 
two parallel staIidi1rd structures, sharing pads Ibr their 
drains ntid capacitor conneclions. Kelvin sourcc pntls 
wcrc nildcd IO incrcasc the prccision for Vout. 

The riicasurctnent tccliriiquc closcly rcscmhlcs 
that o f  thc convcnti~iiial structurc. An cxamplc of idcnl 
tneasuretnent data is shown in figure 5. 

Vout represents the tliffercntial vi>ltitgc hctwccn 
thc outpiits of thc two sub-struclurcs, arid is much sinallcr, 
on the ordcr of rriillivolts. This is tnucb smallcr ttim ttic 
otitput voltage of ttic ccirivetitiorial structure, wtiich was 
scveral volts, as shown carlicr in  figure 3 .  The accuracy 
of B voltagc mcasurcmcnt is n rtinctinn 01. thc Ilill-scalc 
rcading of Ihe rangc that the insrrurncnt is opcrating o n .  
This [ncatis that thc output voltage of the rliflcrcntial 

Vin, 

@ 

Vout 

W 
k'igiirc 2: Schematic of Differential Floating Gate 
Capacitance Matching Tcst Structiire 

structure cnti bc tncasurcd rriiich rnorc nccuratciy ihan that 
of thc conventional structure. 

Anottm itiiportant itnprovetncnt is that thc 
pnrasitics are n Kinction ok' tbc dil'l'crcncc of the two gatc 

Itleal Uiffercntid Floating Gntc Data 

I. , . . - .  -. - 

Vi11 

Figarc 5: Idcal iMcasiirctncnt Data frmn a 
Diffcrcntinl Ftnating Gatc Tcst Structerc 

t o  drain r~vcrlap capacitanccs. 'I'his is niucti stnallcr than 
thc tuagnittidc r ) l  the cnlirc capacitaricc, which is thc 
parasiric tcrm ror thc convcntiunal striiuture. B y  
swapping tiic upper and lower capacitors, renrensiaing, 
finding a sccontl slope, and tticn taking the tliffcrcncc 
betwcen the two slopes, dl parasitic tcrnis again drop oitt, 
;IS shown on ttic next page: 
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Finally wc have.,. 

Mismatch is usunlly cxpresscd as the sigma of 
the inismatch of a population, fi(AC/C). I f  onc assumcs 
that thc distributions (if (AC,/C) and (ACR/C) are equal, 
have R tileitti of m o ,  and nre intlcpcndciit of each (ither, 
then we can rcl;itc thc sigma (if (AUC) to tbat of 
\(ACRIC)- CACl]C)l, ancl ultimntcly (Sl-SZ) by: 

Figure 6 sh(iws n samplc o f  dam frotn a typical 
structure for two capacitor sizes. Vriull nnd Vout2 iirc 
ttic two (differcniial) outputs, (iiic for each ciriciitnlion of 
the ciipacitive rlividcr, a i d  iirc plottcd on ~ h c  Icft sidc Y- 
axis. Thcir diffcrcnce i s  plottcd on the riglit sitlc Y-axis. 
Tlic slopc nf this crirvc, mulliplicil by thc square rooL of 
twi), is thc sigma(AC/C) of tlic set ol' four capacitors 
within rhc structurc. Clearly, Uic rlntii from thc 
tliffcrciitinl structurcs (figure 6) i s  lcss noisy, atiil supcriot 
ti) tha t  of thc sainc structurcs tcstctl ;is coirvcntioti;il 
F1u;iting gatc striiciiircs (stiowti ciirlicr in figurc 31, 

An important dilktciice hctwccri the slandnrd 
;ind clill'crcatial tcchniqucs i s  h n t  for thc s~andnrr l  
striictuw, thc parasitic tcrm that drops oiit hy srlhtracting 
thc two slopes i s  Cpw, (or Cgd}, whilc L'or ttic diff'crcnliill 
rcch niquc. ~ h c  ciirrcspontli ng psr.as itic ~ C I ' I H  is (CpnrK- 
Cpiir,.), which can also hc written iis(CgdR-CgdI,), which 
is a much stnnllcr quantiiy. 'I'tiis, almg with tlic sinallcr 

Dlllerent~al Floatlng G81e Cap Matchlng Strucrure 
(Cl = C2 30fF) 

. ................................. 
1 amo2 

Figlire 6: Slopcs SI and S2 (nil left Y-axis) and [Sl-521 
on right Y axis from a differential floating gatc test 
structurc. 

Top: C = 30W, AC/C = 452ppm. 

Uottom: C: = 2nF. ACK = 22nnm 

inagniludc o f  output voltage, is why mcasiircinent data 
frotn thc dil'lcrcntinl floating gacc structure is supcrior tu 
ilint of thc stanrlml onc. 

6:  Hcsults: 
Our technir]iic WLIS tlctnonstratcd o n  a 0.Ylurii aii;ilog 
UiCMOS proccss. This priwss fcaliiiul an aiialog 
double poly pixcision capacitor option. 'I'hc intcrpoly 
rliclectric tliickiicss was 3I)OA, which givcs il spcci6c 
ci1piIcitarlcc o f  appcnxirnatcly I I I t~/wn''. ~tructiires witti 
l ive tlil'lbrcnt sizcs nl' capnciiiws wcrc rcsied: 2,0pF, 
l,OpF, SOOHF, 301311:, and 3OtF. At1 cxainplc of n layclut 
iil' o w  such strucliirc is shown i n  figurc 7. Tlic tlmting 
n o d s  o f  tfiis structiirc I'ciiturc n rliotlc 10 protcct the 
Iloating t d c  lrotn exccssivc cliorging tluriiig Ihbricntion 
L3l. 

Sincc the biggest Lwor nfrcctitip capncitnncc 
matching is ditncnsir)nal variation, dcsigncrs usually 
protcct trintchcd c a p c  ilwrs f r i i i n  I<iaili ng-iiitlucctl ctch i ng 
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ii(iii-iiii i lor ni i h  by cnc losing tlicin i n  a h i l  i i ig ‘rlu ti1 m y ’  
ring. ‘1’0 assess ttic valiic d s u c h  rluinniy r i t y s ,  the 100fF 
rlcvicc wiis d s u  instruntinted without tlicin. 11 was 
cxpcctctl that the inatchirig OF thc 1OOIF dcviccs with thc 
rliuiimics would bc bettcr than that of tlic I O O l F  dcviccs 
without thctii. 

Tlic r l a~a  
sliows ii clcnr agrccmcnt with tlic iiivcrse sqiiarc root 
bchavinr prcdiclcd by Pclgroin’s law (41. ‘I’ticy show n 
I/(Aren)” dcpcndencc, with n-0.532. As cxpectcd, tIic 
1001F dcviccs w i h  tluininics inntclied Ixtter than thc 
1001’1: rlcviccs without thctn. 

‘I’he differential sttiicturc could alsri hc iiiciisuicil 
as n p i t .  of stnridnrd structurcs as dcscrihctl in scctiori 1 .  
A coniparison of ttlc results for fitting thc data ~ r i  thc 
tnodcl a(AC/C) = W(Aren)” Tor ihc s m c  sci oi‘ structures 
using hoth diffcrciitial and non-diffcrctitinl tncthotls is 
shown in  tnhlc I ,  

l’lic rcsults arc shown on l’igure 8. 

Table I : Camparisoil of diffcrcntial vs non- 
diffcrctitinl mcasurcnicnt mcthods 

Mode 
Di ffcrcntial 

I Mcasurcmcnt I K I n I R-vduc I 

t 285 I 0.532 0.907 I 

7’hc staticlard (non-rliffcrcntial) annlysis 
tcchniqiic ovcrcstiinatcd thc ~iiianiatc ti, as sliawii by (tic 
lnrgcr valucs OF K iii tnblc 1 .  ‘rhc data fmrn the 
ilifferctitial annlysis also showvcd it hcttci Iniitch with the 
invcrse square root of area dcpcnilcncc as  prcdictcd by 
Pclgrciiri’s law. This is cvidcnceil by the tiiglicr gciodncss 
of  Fit R-value and an II valtic that is closer to onc-half for 
the diffcrcntinl milysis .  

7: Conclusian: An itnprovctl tliffcrcntial iloaling giitc 
capacitmcc matchiiig struclurc WAS tlcveloped and 
demonstrated. 11 rclics 011 incasurciticn~ of a inucti 

sinal ICr (dif‘L‘crcntial) vo1t;tgc h i n  the standwil Icchniqiie, 
niicl can hc tncasurcd t o  ;I miicti fiiicr ~~rccision. In 
subtfiictitig h c  twti slopcs I’rom Ihc two IiiriisitrciIictlt 
aricnintiniis, thc tcrin that cimccls ut11 is ihc inncli sinallcr 
tlit’fercncc of parasitic c;\piiciiaiicc, rather [Ixtii the 
parmitic onpacitniiccs tlic~iisclvc~. Vcry good rcsults 
wcrc trhtaincrl wittiout ~iiiic ctiiisuntitig i~vcragiiig 
tcchiiiqucs, which dcitmistratcs tha t  the floating p l c  
tccliniquc uaii bc cxtcndctl into ;I wiilcr rangc of cnpnciroi. 
si/.ca. Uiic t c  tlic supcrior rcsolution, i t  i s  possible to 
ITICBCLII’C Iiirgcr capacitors that ilrc ~ypically WCII tilatctlctl. 
Aiitl rluc tn thc supcrior first ortlcr c;inacllation ( i r  

pnrmitic ovcrlnp capac i twx cfkcts,  i t  is possilde to 
nccurntcly I ~ C ~ S L I I ‘ ~  tlic inisnintch of  sinallcr sixcs of 
capacitors tlinn is prcscntly possiblc witti rtw convcntioiiai 
floating gnre strticturc. 
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1:igiit-c 4 : Idayout of diffcrentinl cap rnatctiiiig striicturc 

2500 

2000 

Experimental Data vs Cap Matching Model: 
Conventional and Differential Matching vs Area 
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:: Non-differential (with dummies) .:. Non-differential (without dummies) 
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Figiirc 8: Experimental data: tliffercntid vs non-differcntial 
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