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ALlsorption ol' H! and CO on Nh, en. Ni anLl Pd films was lTlonitorcd hy chan!!es (11'the film resi~lance during lhe expnsure to the gases.
Films wilh Ihickncsscs v.lrying from 6 to 400 11mwere dcposiled onlo mica or sapphirc suhstralcs. The increase in rcsistancc was measured
llcar room tempcraturc during cxposure to 1000 Langllluir of either lb (Ir CO. Whell the gas dosing was disconlinued am! the chamber was
l'vacuated. the film resistalH.'e decreased until it reached its initíal valuc. The changl' in resistancc of very thin. rough Cn and relativcly thid,
smooth en, Nh ami Ni '¡Ims upon exposure to either lb or cn ale comp;lfahle in magnitude. Therc is a rdationship hetwcen this effect and
surface roughncss. 'fhe change in resistace is related to v.'eakly ;ldsorbeJ st~lles of ¡hese llloleeules close lo Ihe surface. On Ihe other hand.
lile changt.: in resislance of Ihin Pd films is relah.'d to the diffusioll 01"atolllic hydnl~l'll intollll' hull-.nI' lile films.

K/'.nnml.l": Thin films: transition metals: resistivilY: hydrogen: carhon lllOIl(l\ide

La adsorcIón tic II~ y CO por películas delg<ldas de Nb, eo. Ni y Pd fue l'studiatla por el clInhio de resistividal! que experimentaron eslas
películas cuamlo fueron expuestas a esos gases. Las películas con grosores quc variaron enlre (J a .too 11mfueron depositadas sohre sustratos
dc mica () satiro. El camhio de resistividad fue medido a lemperatura amhiente cuando las películas fueron expuestas a una dosificación
de ]()(X)Langrnuir de Ih o CO. Cuando se cierra el flujo de gas y la dmara de vacío es l'vacuada. la resistividad de las películas vuelve
a su valor inicial. El cambio de resistencia quc experimentan pL'lícul;1dc eo. lllUYdel!!adas y rugosas. es dc la misma magnitud que el
cambio que experimentan películas de Nb, Co o Ni. mucho mas gruesas pero muy lisas. hajo 1<.1misma dosificación de lb o CO. Existe una
relación entre este efecto de cambio de resistividad y la rugosidad superlicial. El Cllllhill dc resistividad en estas películas está relacionado a
e....lados superliciales de 112 y ca dchi lmente ligados. P\II"otro lado, el C:llllhio (le resistcllci;1 en películas de Ptl expuestas a hitlnlgeno cstj
relacionado con hidrógeno atómico difundido en el inll'ri(lr de la película

Ik,HTi{110l"/',\': Películas delgadas: Il1l'lalcs de transición; rcsislivitl;H,Lhídn'l,!!.ello:motloxido de carhono

PACS: H2.65}.Iy: XI.60.Bn: ¡tiZO, Ea: n.50.Yg: Rl.15.Ef

1. Introductinn

There are sotlle issues reialed lo gas adsorption hy surfaces
that have nol nccn extensively studied yel. OIle 01' Ihese issues
is the conncclion nctwecn adsorplion ami its c1lcct on lhe
cleclrical conductivity nI' lhe sunslrate. In Ihe case 01' slrong
"dsorption 01"gaseous Illolccllles hy lllelaJlic surfaccs. il is
r('asonablc- lo expecI a 11l0diticalion 01"the surfacc electrical
conductivily nf lhe melal. Thus. studying changes in Ihe SUI"-

face condllctivily of the suhstrate produced hy gas adsorption
Illight yicld additional information of the adsorptioll mecha~
nis11l. Since the surfacc and hulk contri hule to Ihe tOlal clcc-
trical condllctivity 01"the suhstrale, surfacc conductivity only
hccomes dominanl when Ihe suhslrate's Ihickncss is rcJuced
to smal1 valucs. Such is Ihe case 01' thin lihns. COllscquelllly.
an etle(;l tille In adsorption 011lhe sllrfacc conl!uclivily \VOllld
hl' more readily dClectahlc in a Ihin lIIm than in a melal foil
tll"single crysta!.

On the olher hand. the proccss nI' hydrogen ahsorption-
dcsorptioll hy palladiulll and palladiulll allnys is well known.
This metal or its alloys are cxcellcnl candiJatcs for rcsistivity
sludics wllL'rc Ihe hull\ properties of lhe lilms shoulJ domi-
nale over surl"ace ellcc\s v,dlcn lhe lilm is c-xposed lo hydro-
gen atmospheres. DllC lo Ihese uniquc diflusion properties for
hydrogcn. \Id 1llL'lIIhl"ancs are used in a \'ariety of hydrocar-
hon catalytic pnlL'esscs although deiails 01" the has k mech~
anisllls are Ilot clearly understood and Illcmhrane failures is
,lill a problcmlll.

\Ve llave Illeasurcd Ihe hydrogen desorplion spectra
(TDS) ni I'd. I'd allny' 12-1]. Ni and eo loi" 151 and
rOllnd grea\ ditlcrellccs het\veen Pd ami the other metals.
The desorplion 01' hydrogen from Pd implies hulk ahsorption,
whereas in Ihe case of Ihe other Illctals the hydrogen is con-
tined to lhe surfacc.

Shanaharger studied Ihe adsnrplion of hydrogen on thin
Ni IG. 71 and Fe 1-"1 II1ms lrolllthc surface rcsistivity change
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01 Ihe lilms whcn Ihe aosorption of hydrogcn occurclL Pie'"
,'1 01. I~l. 10] and Strongin c{ l/l. [111 pcrformco more cardul
l'\pcrillll:n(S of H:2 adsorption in Nh lihns measuring changc
nI"rcsislanec of Ihe lllms. The changc in the rcsistivity of Ihc
Nh lilllls upon the adsorption of 112 \Vas similar (O those 011-
"I.-'r\'l'd hv Shal1abargcr. Pie k and Slrongin dcvelopcd an al1-
aly[il',tl ~'\pre"si(}n 10 tit thc rcsislivity dala \vhich is quitc
lllli\'l'I'"al and \\'hich call he applied 10 ahsorptinn in lhe hulk
olllll' lilm or ahsorplion conlined only al the surface 01"the
1¡lm (ad"orplion).

Tlk' IIHhl plausihle c\planalions of why Ihe n:sislance of
[111.'1l11'lallic lilms changcs \\'hen H,1 (or gas in general) is ad~
""rhcd or ahsorbcd in il is Ihe standard scaltering of conduc-
lion ckclrol1s hy impurities Ihcory. In particular ror surfaccs,
lhe Ftlchs~SondhciIller model [1:2] hypolhesil.es thal lhc sur-
facc ;ldsorhed molccules incrcase lhe resistancc 01' lhe film
hy increasing lhe difTusive scatlering nI" specularly rellcctcd
Cíllllilll'lioll cleclmns fmm lhe gas-solid interface. This is as-
'lI111ing lhat lhe surfacc morpholog:y of Ihe film is perh.'l'lly
planaL Inlhe case ofhydrogcn ahsorhed in rhe hulk. Ihe slall-
danl "catlering 01' nmdUClion cleclrons hy impurilies Iheory
hllld".

¡\ 1;lrgcr rcsistance change in a Pd 111mexposcd lo 112 is
l'\Pl'l"l'd "illee Pd absorbs hydrogell in the hulk. In lhis case
[he scallering ccnlers (hydrogcn aloms lIissolvell in lhe hulk)
will be localed Ihroughout Ihe film <lnd the resistance changl'
01 Ihe film wi¡¡nOl he (111)'cOlllinell to Ihe surfacc. The resis-
lance changc curve \\'ould carry kinemalic information of lhe
adsorplion alld/or dillusioll of H in lhe lilm.

2. Experimental

Therlllal desorption and resislivil)' were mcasured hn Co,
Ni and Nh lilms exposed lo 11:,1 tlr CO in a modilied At\lE-
TI:K (Thl'rIIH)X Inslrulllcnts l)ivisi(lIl) syslem dcsigned 1"1)1'
g;l" analysis. The experimcntal chamher consists 01' a 6-way
",;¡ink"" slcel eros s (hase pressurl' arollnd 1 x lO-'f Ton)
IIIPUllled 011a pumping sysleIll. cquipped \\'ith a s;¡mple 11I;1-
llipulalOr. an Ar ion spu!tering gun. a quadrupolc mass SPL'C-
Irollleler. a \'ariahle leak valvc ami a glass viewport. Change
uf resislivily 01"lhe Pd lilms cxposed lo H2 was Illcasured in
a glass chamber at pressures helwcen ¡-20 Torr.

Samples of PlI anll Co films \\'ere evaporatcd on mica
subSlratcs lIsing physical vapor dcposilion (PVD): Pd lilms
01 I 1, .Wor 54 nm Ihickncss werc cvaporalcd onlo pieces 01'
lllil'a 01 approximalely 1,{) x 1.0 x 0.0) cm dimension: Co
l¡lnls (JI'6. lj (JI'30 nlll thickncss werc evaporatell onlo mica.
Tlll'"e "amples \\'cre prepared in ultrahigh vacuulll (UHV)
and 1II01lnled on Ihl' manipulalor (Jf nur tesling sysletll. F(H
"Vil lilllls the rrol'cdure \Vas Ihe following: Oncl' the rainl
101'l'onlacls had dried, the mica was maskcd wilh alUlllinlll11
foil ka\'ing an arca nI' approxilllalcly O.S x n.s cm c.xposl'd
WI!L'l'l'the Pd or eo lilms wcre deposiled. The lilms Wel"l'
n:II)(l["all'd wilh a hackground pressurc in Ihc low lO-K Torr
;IIHllhe lilm thickncss was mcasurcd with a quart!. Ihickncss
ll1onitor within a I()£/('crror.

Samples of ..lO. 200 and ..lOO I1Ill lilms 01' Nh ano 2(X) nm
01' Ni anl! 200 nm eo films (=:: n.!] x 0.:3 cm:! area) sputtercd
01110 Ixl cm sapphirc suhstrales [(0,0.1) orienlation I \Vere
aiso preparcll. The thickncss 01' lhese tlIms was dctermined
from smal! angle XRD,

Pd ami en ingols ,IIHINIl. eo and Ni targcls with a purity
01' l)l).l,lL)l) '!r. \Verl' uSl'd rOl"lhc cvaporalion 01"Ihe lilms.

The nat picec nf mica 01' sapphire was painlcd al Ihe ends
01"¡he facc \\.'herc lllL' l1\l'tallic lilm was located wilh a con~
ducti\'e painl in urde!" to attaeh l'!el'lrical conlacts for lhe rc-
"i"li\"iIY rncasurcllk'nls. The condllL'li\'e rainl used was Lnc-
tite "Quick Grid" - an l'llllllsion 01' slllall mctal particlcs in
ethyl acclale. Each sidl.-'oflhc film where Ihe conollcli\"e pail1l
was placed, WilSspol~welded lo a piccc or inslllated gold wire
\vhich was aiso spol-weldl'd lo a pin of a UlIV fecdlhrough
on lhe olller end. The deCldcal feedlhrough was cOllnccled
lo a Keithley MicroOhlllllleler. model 580 lo mcasurc Ihe re.
sislance of lhe ¡ilm. i\lorl' dC'tails nf this system can he fllunl!
else\\'hel"e [Ul.

The Pd lilm" were also eharaclcri/cd hy T.';¡nsmission
Elcclron i\licroscopy (rE~1l lIsing a Philips ElvBOO sys~
lcm [L,II. Electron-lransparcl1l Pd lihnswere ohlained hy
lhinning Ihe mica slIb"trale layer hy layer ulllil only Ihe Pd
lilms relTlained. Typically. 1\1 films 01' 500 Á were used ror
Ihis characleril~lli()n.

In order lo clean lhe Surl~ICC( for Ihe experiments done
in ultra high vacullm ) the samples wcre subjc((cd lo lwo cy.
eles of heating up !tI ..l50 K rolhm'cd by Al' ion sputlering.
Ar ion sputtering ""as carried out on a 1 x 1 l'1I1:!arca with
an ion currenl 01' 1 11t\ for 1\V1lminutes which removed less
Ihan I 11mor ml'lal. {\ssllmill~ the ahsence of conl;lminams
a!"ter lhi" proccss, tlle samples \\'ere exposcd lo I()()() L.(1 L =
10-(; Torrx s) 01' hydrogell or cn al 320 K while lhe resisliv-
ily \vas Illl'asurcd. hll' e;(ch exposure, lhe c1eaning cyclc was
repealed prior lo Ihe gas expusure.

3. ReslIlts al1ll disClIssinll

J.I. Surfacc n.'sisti\'ity ('hall~('

The resiSfi\'iLy (JI' Ihe <. 'o, Ni :lIld NIJ films increasell during
l'Xposurc lo hydro~l'll 01' CO (ill 320 K) and decreased lo
appru\irnalCI)' lhe inilial value when Ihe gas \Vas rcmoved
frol11 l!le challlhl'L Thesc changes werc quile reproducible
and a "saw-lOolh" p;¡llCrn was ohlaincd for c)'eles nI' adsorp-
¡i(ln/desorptioll (JIl films tll dillcrent lhickncsscs.

Figure I shows Ihe resislancc changc of a ..lO 11m(curve
a) amI a ..lOO nm (curvc h) Nh films upon c.xposure lo hydro-
gen. The llIms are cxpnsl'd lo hyllrog:en for limes hetween
¿¡OOs and Ison s in lhe graph. The gas is then lurncd off ami
pumped out of the c!lamheL \Vhcn Ihe gas is pumpell out. Ihe
resistancc lIecreases (times helween 1500 and 2500 s). Fig. 2
SIH)WSthe reSiSI;IIIl'l' changes Ilfthe same 4{) 11111(curve a) and
..lOOnm (curvc h) Nh tilms whl'n exposcd lo eo. In hnlh fig-
ures, lhe llIaXilllLlIll resislancl' challgc decrcases 10 times l(jr
the ..lOOI1lll Iilm will! !"l'SPCl'1to thc -lO 11mfilm sincc lhis Sllr-

Rl'l' .• \/1'\. 1-"/\, -l-l SI (]lJlJl'i) 1-)
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FHiURE 1, Rcsislance changes 01' Nh tllms when cxposed lo 112 rOl

1000 s and ••fter rClIloval orIlle gas. (a) 40 nm: (h) -lOO 1lI11.
f-J<iURE .h. ResislalKc changcs 01" en filrns cxposed to en
rOl" 1000 s ami afler rCllIoval 01" lile gas. a) 200 IIm-spu!tcrcd
deposilcd-Co film: h) (¡ nm-PVD dcposiled-Co lilm.

2.5

FIC;URE 2. Resislance changes of Nb t¡\ms exposed lo el> rOl

\000 s and afler rl'mO\Td (lf Ihe gas. (a) 40 11m Nh film: (h) 400
I1I1l Nh film.

surl"acccffecI dC('fcascs proportionally lo Ihc Ihickness uf lile
lilms. Thc rcsiSlancc changc for a gi\.en lilm thickness is al-
1110:-.tIhe same independently of \vhclher the gas is eo or H~,
intiicating Ihat l!len: is no hydrogcn Jifussion in the tilm.

Figure 3a shows the rcsistance changes 01' 200 1I1ll-
spultereJ dcposilCd (curve a)-and 6 IIm-PVD dcposiled
(curvc h)-Co lilms whcn c\posed lo ca. One striking
fealUn: 01' this tigurc is thal the resislancc increasc uf ;¡

:lOO IlIll-spUtlcred dcposiled-Co film undcr ca is almos!
Iwice as large as lhe resistance increase 01"Ihe 6 nm-PVD
dcposilcd-Co tilm under (he same alllount 01'ca dosagc.
Nevertheless. we haJ expecled to sec a dccrease in the resis~
tallce proportional lo lhe ralio 61200, sil1ce Ihis sur1'ace dfccl
dct:reases proporlionally to Ihe Ihickncss 01'Ihe 1II1ll.

Figure 3h shO\vs lhe resislancc chi.lllges 01"200 11111-
sputlcrcJ deposited-Ni film exposed (o 3,600 L (curvc al
ami 1.000 L (curve h) 01'CO. The change 01'resistancc 01'Ihe
200 IIlll Ni film al 1000 L orco is ahoul 1/2 (he chan~e oh-
ser ved in lhe 200 I1Illen tilm at the salllc eo exposurc. illdi-
caling that en is more readily adsorbeJ un lo Cn Ihan onlo Ni.

The resistilllt:e change 01' Ihe film cxposcd 10 H! llr en
can he titted wilh al1exprcssion devclopcd by Pick, Slrungin
l" l/l. [9]. The analylical exprcssions whkh lit the data arc Ihe
following:
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In Ihis eaSl', lher!: ¡¡rc ¡\\'O lllorC t:ollstanls Lo lit, Yo and c.

Typical Jata sueh as lhe (lnc displaycd in Fig. 1. Fig. 2
and Fig. J can he direl'lly fitlcd with Eq. (1) ror rcsistance in-
crease and Eq. (2) for rcsistance dccrcase. This was done ror
rcsistancc increasc and Ihe lit is displayed as solid lines 1'01"
(hrcc curvcs sl1uwn in Hgs. 2 and J. In the three cases lJ = :¡
and (1 cqu<.I1lo (U)()()5 S-I rol' 40() nm of Nh: 0.0026 s~ 1 ror
4tl 11111 {lf Nh: <Iml O.O()I4 s- I ror () nm of Co.

Piek ('1(//. [~J[ rclaled the t,;llllstanls (J ami b wilh physical
paralllclcrs involv!:d in Ihe ahsorplion proccss as fol1ows:

F]{;lIl{I: Jh. R('sist:llll'C changes of 2()Onm -spultcl"cd deposited.Ni
lilrn~ l'\r(l~ed lo eo ror a) 600 s al G x lO-b Tmr amI after re-
llloval tlf lIJe gas amI hJ IOOUs al 1 x lO-fi Tml" and after removal
orIbe ~as.

.'J is lh!: normalized resistancc changc due to lhe surface ad-
sorbed l11olL'cules:(.'1 = 0.R/0./{IIl<lX.)' t is lime. aud a and lJ
arl' paramelcrs oblaincd fmm Ihe curve lit.
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r is lhe llux 01' H"2 molecules at a given pressure. 1111-
pinging I Clll2 01' l1lelallic surfacc per second: So is lhe film
stickin~ coefficient \vl1icl1 in our case has a valuc near to 1:
.\", is tlll' nlll1lher of metal aloms per cm2: .\'¡ is Ihe nllmher
()flaycrs in Ihe film: alld !\- is lhe rale conslant for absorplion.

The rate constant follows an Arrhenius t1'pe 01' law:

time (s)

FIGURE 4. Resistance chang:e of Pd films when exposed to differ.
cot H2 prcssures: 11 nm Ihick at 2.5 Tore 30. mn thick at 2 Tore
and 54 nm Lhick at .+ Tmr
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1\'" is the prc-cxponential factor. E is lhe activation cncrg1'.
fj is the ~as constant. ami T is Ihe lemperalure. The pre-
C\pOllellti:ll/\-" has a value <lroulld 101:1 [0. ID}.

By comhilling Eqs. (3). (4) and (5). the following rela-
liollShip is ohtained:

]. ]- -"2L'jHT\ = \ oC . (5) ers 118. 1!)J had re!ated surl"ace rOllghness at lenglh scales 01"
1-10/1111 \,,'ith changcs in the resislivity of gas- covereu sil-
ver lilms llsing \ isihle alld infrared radiation (wave Icngth
hetween 23/1111 and 136 nl11). AII these results poinl out that
therc is dcllnitely a conneclion helween surface roughness at
rneso-scalc amI tillo'resislivity incrL'ase dlle to the gas-covered
sllrface.

J.2. Hulk rcsistivity incrl'asc
Prom Eq. (6). Ihe desorption cncrgy can he ohtained us-

ing the litling parameters (J and h ami it can he comparcd
\Vitll TDS results. Values 01' desorption energy for ca un Co
(wllich produccd a resiSI<lnCe cllallgc in the film) agreed \vell
willl our TDS results on that syslcm [5].

The resistancc 01' J11clallic fllms decreases if lhe lillll
sllloothness inLTcases 11::).lGJ. Tlle "scatlering !lypothe-
,'ii'i.. ll~] is the Illost appropiale mudel to explainlhese results.
Will1in t!lis mode!. surface roughness alfects the lotal film re-
sisLancc ami thus adsorbed Illolecules onl1' increasc Ihe frac-
¡ion \Ir .'iGlttering centers on lhe surface. whicll in turn cause
dillu.'ic scatrering 01' conduction electrons. The efreel (Jf ad-
.'iorhed molecules on film resistance would lhen be less pro-
nOllllced for rougl1 films than rOl" smooth tilms, in agrccment
willt Ollr reslllts.

Lmv ;lllgle XRD seans were laken rOl"lhe films in spcell-
lar ;ll1d off speclllar arl"angelllent 117]. In the case 01"Nb. Ni
ílnd eo lilms grown ontn s<lpphil"c lIsing a spllltering tech-
nique. lhe difkrence betwcen intensities obtained in specular
and ol"f spcclIJar arrangelllent is more than 15 times indicating
a very smootl1 sllrfacc. In Ihe case of lhe en lilms grmvn hy
!'VD. there is no sllbstanti<J1 intensity dil"ferellccs. indicating
thal lhe surfaces of these films are rough.

The main issue remaining is related to !he length scales 01"
lhe rollghlless. Thc adsorption-desorplion 01' hydrogcll or eo
as sellsed hy rcsistivily measurelllents is possihly alTccled in
a lirst ordcr hy Ihe simple increase in (he surface arca nI" the
lilms. This is directly relatcd to lhe low angle X-ray dillrac-
tion IlIcasurcments that werc done to Ihe lilms. Lmv angle
X-ray' dilfraction dClccts rollghness at a length scale of 50
JlI11vvhich is larger than alomic length scales. Other rcsearch-

The films deposited hy the PVD tccllniqllc onlo mica sub-
strates are homogL'neolls. polycrystalline ami free 01' dcfecls
as uL'termined hy TEf\1 inspectioll I~O].

The resistivity of Ihc Pd 1¡lm increased during exposure to
H:! and lkcreascd to approxim<llely Ihe initial valuc when lhe
112 \Vas rellloved I"rom the cOlllrollcd allllosphere chamber.
Thcsc changes \vere quite reproducible and a "S<l\\'-toolh"
paltern \Vas ohtained Cm a cyclc of absorption/dcsorption for
¡ilms ul" dilTL'rcnt thicknesses. This rcsistance change as a
1"1Inctiol1uf time is displayed in Fig. 4 for'Pel IiIms of I L 30
anel 5,,) nm cxposed (o H2 pressures 01"2.5.2 and 4 Torr. re-
spectivel)'. \Ve Iried to pL'rrorm the experimenls al a const<lnl
film lemperalure near room tempL'rature hUI this varicd hc-
t\veen 29 I ami 30? K.

Piek e/ o/. also I"L'lated the resislivity increase in Nh tilms
to the h)'drogell cOl1cL'ntration in the film. Jt can he easily
demonstratcd lhat the h1'drogen conccnlration in Ihe tlIm is
proportional lo the s<]lIare mot ofthe H2 pressure [9.10]. The
change in resistancc (~R) is propmlional to lhe atomic frac-
lion.1' and this irnplies Ihal the Ill<lximum change in resislance
(RIl1a:J is also prop0rlional to the maximum atomic fmction
01"H .. rllla". In t/lis casL'.I! in Eq. (1) ami Eq. (2) is the nOI"-

malized atomic fraclion 01"Hin Ihe hlllk (1] = .r¡'fllla,,),

The reSiSlaIK.e ehangc of Ihe Pd filllls increascs lIntil il
rcaches a saluralioll val LIC. This saturation valuc is uhtained
wllen no more hydrogen is dissul\'ed in the f111ll.Wc plot.
lel! 1111.'rclative resislancc challge al a saturalion value as a
!"llllclion {JI the square mot of the H"2 pressurc fOl"cach Pd
film studied. The curves of the rclative resislance changc as a
lünclion of the square mot (Ir the H:! prcssurc overlarred ror

Rel'. ¡1,1cx. ¡¡ú. 44S1 (1l.Jl.JX) 1-)
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all the Pd lllms and il has a linear dependence 00 the pl/).. A
li!le oheying lhe following equalion lits almost al! the dala:

This is a slrong indication Ihat Ihe resistaIH.:e change in
Pd is caused hy hydrogen in Ihe hulk (resistance change due
to surface adsorption decreases invcrscly proportional (o lile
film thickness). The data for the three Pd tilms slart lo devi-
ale fmm Ihe linear rclaliollship at a value of 13 Torr due 10
complele saturation 01' the fllms.

The tit 01' Ihe resistance increase lIsing Eq. (1) was done
ami it is displaycd as solid lines rOl" Ihe three curves shown in
Fig. 4. In Ihe three cases ¡, := 1 and ti is equal to {).024 S-I
rOl"54 11m;O.()..t.3 S-l for 30 nm; and (l.OSÓ S-I ror 11 11m.
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